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Guest Editorial

THE PROPER CHOICE OF DATA

In 1975, the ICRP published comprehensive data in order to define ‘Reference
Man’ as a typical individual in its Publication 23, which is still a valuable document.
Since then, new data have been reported and the scope for radiological protection
has been broadened with respect to gender and age groups. With this ICRP pub-
lication, reference values for anatomical and physiological parameters are presented
which can be used for estimation of radiation doses from external as well as internal
sources of ionising radiations in the mentioned broader sense. The data presented
make it possible to perform such dose estimations, not only for the total body but
also for specific tissues and organs.

An enormous amount of information on anatomical and physiological parameters
can be found in the literature from all continents and many countries, but the most
comprehensive data are available from people of both sexes living in Europe or
North America. The latter regions are thus the main basis for the calculation of
reference values, although values may not be representative for the populations of
all countries. Wherever possible, comparisons between values from different popu-
lations have been made, as it is the aim of the ICRP to present information that is
relevant for males and females all over the world. However, it seemed reasonable to
construct only one set of reference values.

For some parameters, such as height and many organ masses, the worldwide
variability appears limited (variabilities within 5-10%), but there are other para-
meters where large differences in the values between certain populations and the
reference values are observed. This seems to be the case for some physiological and
metabolic parameters in particular; for instance, the mass of fat in an adult male
from China is only around 50% of the reference value given in this report. Such
differences can have significant impacts for dose estimates from the incorporation of
certain radioactive substances. If the corresponding parameters for specific popula-
tions are available, it may be appropriate to use these values for the prospective
determination of radiation doses.

The problems that are connected to these variabilities have been discussed inten-
sively within the ICRP community. As a result of this, it has been considered useful
to give reference values as guidelines even for such problematic situations. Besides
the differences between populations from different parts of the world, individual
variability can influence dose estimates significantly. In particular, this will be the
case if individuals with pathophysiological conditions have to be studied and dose
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estimates have to be performed retrospectively for such individuals. In such situa-
tions, it may again be reasonable to allow for more individually based parameters
where they are available or can be inferred for defined pathophysiological or
pathobiochemical pathways. However, also under such circumstances, the reference
values will be good guidelines. This ICRP report discusses cases of such a nature.
The report provides a comprehensive compilation of published anatomical and
physiological parameters.

CHRISTIAN STREFFER



PREFACE

The ICRP has long recognised the importance of having a standardised set of anato-
mical and physiological parameters for radiation protection purposes. The most exten-
sive previous ICRP publication of such ‘reference values’ was Publication 23, ‘Report of
the Task Group on Reference Man’ (ICRP, 1975). The main purpose of that document
was to provide a comprehensive set of reference values for a young adult male, referred to
as ‘Reference Man’, although some age- and gender-specific data were also presented.

In 1984, a new Task Group on Reference Man (REM) was formed and charged
with updating Publication 23 and formulating reference values for adult females and
children. The original intent was to publish the updated and expanded information in a
single comprehensive document, but REM was later directed to provide separate
reports on selected topics as a way of expediting the publication of data needed by other
ICRP task groups. Since then, REM and other task groups of the ICRP, working in
conjunction with REM, have developed reference values or baseline models for a
number of different organ systems. These efforts have resulted in the publication of
ICRP reference values for anatomical and physiological data in different documents.

This publication collects, unifies, and expands the updated ICRP reference values
for the purpose of providing a comprehensive and consistent set of age- and gender-
specific reference values for anatomical and physiological features of the human
body pertinent to radiation dosimetry. The reference values given in this report are
based on three general sources of information: (a) anatomical and physiological
information not published before by the ICRP; (b) recent ICRP publications con-
taining reference value information such as Publication 66 on the human respiratory
tract (ICRP, 1994), Publication 70 on the skeleton (ICRP, 1995a), and Publication 88
on the human embryo/fetus (ICRP, 2001); and (c) information in Publication 23 that
is still considered valid and appropriate for radiation protection purposes.

The following individuals have served on REM during some period of time since
its formation in 1984:

1999—present

B.B. Boecker (Chairman) K.F. Eckerman R.W. Leggett
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1991-1999
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X. Chen G.V. Iyengar F.M. Martin
M. Cristy G.D. Kerr G. Tanaka
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C.R. Richmond (Chairman) M. Cristy G.D. Kerr
X. Chen G.V. Iyengar G. Tanaka

Corresponding members or other contributors during the period 1984-1999

A.L. Brooks H. Kawamura A.R. Reddy M.C. Thorne
R.G. Cuddihy F.M. Martin M. Roy D.R. White
G.D. Howells O. Matsuoka M. Stabin E. Wright
L.R. Karhausen D. Michelson J.B. Stubbs
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Abstract-This report presents detailed information on age- and gender-related differences in
the anatomical and physiological characteristics of reference individuals. These reference
values provide needed input to prospective dosimetry calculations for radiation protection
purposes for both workers and members of the general public.

The purpose of this report is to consolidate and unify in one publication, important new
information on reference anatomical and physiological values that has become available since
Publication 23 was published by the ICRP in 1975. There are two aspects of this work. The
first is to revise and extend the information in Publication 23 as appropriate. The second is to
provide additional information on individual variation among grossly normal individuals
resulting from differences in age, gender, race, or other factors.

This publication collects, unifies, and expands the updated ICRP reference values for the
purpose of providing a comprehensive and consistent set of age- and gender-specific reference
values for anatomical and physiological features of the human body pertinent to radiation
dosimetry. The reference values given in this report are based on: (a) anatomical and physio-
logical information not published before by the ICRP; (b) recent ICRP publications containing
reference value information; and (c) information in Publication 23 that is still considered valid
and appropriate for radiation protection purposes.

Moving from the past emphasis on ‘Reference Man’, the new report presents a series of
reference values for both male and female subjects of six different ages: newborn, 1 year, 5
years, 10 years, 15 years, and adult. In selecting reference values, the Commission has used data
on Western Europeans and North Americans because these populations have been well studied
with respect to antomy, body composition, and physiology. When appropriate, comparisons
are made between the chosen reference values and data from several Asian populations.

The first section of the report provides summary tables of all the anatomical and physio-
logical parameters given as reference values in this publication. These results give a compre-
hensive view of reference values for an individual as influenced by age and gender.

The second section describes characteristics of dosimetric importance for the embryo and fetus.
Information is provided on the development of the total body and the timing of appearance and
development of the various organ systems. Reference values are provided on the mass of the total
body and selected organs and tissues, as well as a number of physiological parameters.

The third section deals with reference values of important anatomical and physiological
characteristics of reference individuals from birth to adulthood. This section begins with
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details on the growth and composition of the total body in males and females. It then
describes and quantifies anatomical and physiological characteristics of various organ systems
and changes in these characteristics during growth, maturity, and pregnancy. Reference values
are specified for characteristics of dosimetric importance.

The final section gives a brief summary of the elemental composition of individuals.
Focusing on the elements of dosimetric importance, information is presented on the body
content of 13 elements: calcium, carbon, chloride, hydrogen, iodine, iron, magnesium, nitrogen,
oxygen, potassium, sodium, sulphur, and phosphorus.
© 2003 ICRP. Published by Elsevier Science Ltd. All rights reserved.

Keywords: Anatomy; Physiology; Reference Man; Dosimetry; Radiation protection



1. BASIS OF ICRP REFERENCE VALUES
1.1. General purposes of reference values

(1) Calculations of radiation dose to a human body from external or internal
sources require information about the anatomical and physiological characteristics
of the exposed individual. The need for this information is particularly important
when calculating doses to various body organs and tissues from internally deposited
radionuclides. To have consistent and reproducible radiation protection guidance
for different types of exposure, it is important that a consistent set of reference
values be used to describe, prospectively, various anatomical and physiological
characteristics of an exposed individual. An important attribute is that these reference
values for tissues and organs, when summed, define a reference individual. Con-
sideration of an entire reference individual helps to ensure that there will be an
internal consistency about how the volume, mass or functional characteristics of
various organs or tissues are specified.

(2) This report presents detailed information on age- and gender-related differences
in the anatomical and physiological characteristics of reference individuals. These
reference values provide necessary input to prospective dosimetry calculations for
radiation protection purposes for both workers and members of the general public.
Although intended for international use, some national authorities may choose to
modify these reference values for particular situations with which they are dealing.
Also, retrospective dosimetry calculations and analyses for specific individuals in
specific exposure situations should use values appropriate for the individuals
involved when this information is available.

(3) Evaluation of the transport of ionising radiation within the body and its energy
deposition in organs and tissues requires use of three-dimensional representations of
the anatomical features. Reference values for the size and composition of the organs
provided in this report provide primary design criteria for such models of the anatomical
features (often referred to as phantoms). Examples of the construction and use of
these models are given in publications such as Snyder et al. (1978), Kramer et al.
(1982), and Petoussi-Henss et al. (2002). Other information presented in this report
will also be a valuable resource in the design and formulation of realistic anatomical
models for the adult worker (male and female) and members of the general public.

1.2. Historical development of reference individuals

(4) The need to specify a reference individual for dosimetric purposes has long
been recognised by the ICRP. Data for the first ICRP reference individual, called
‘Standard Man’, were presented and formalised in 1949 at the Chalk River Conference
on Permissible Dose (1950). Some of the adopted values had general acceptance
among investigators before that time. In the following decade, additional information
was obtained on factors affecting calculations of permissible dose. This led to the use
of a modified Standard Man as the basis for Publication 2 on permissible doses to
workers from internally deposited radionuclides (ICRP, 1960).
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(5) In 1963, the ICRP established a new task group under Committee 2 to revise
and extend the Standard Man concept. The name of the reference individual was
changed from ‘Standard Man’ to ‘Reference Man’, and the task group on Revision
of Reference Man was formed. Although the primary objective was to develop an
improved model of the typical worker, the charge to the Task Group acknowledged
the changing needs in radiation protection (Publication 23, ICRP, 1975, pp. 2-3):

Because of the increased emphasis on exposure of the population, it is desirable
that the specifications of the previous Standard Man be reviewed and revised to
take account of present needs for evaluation of exposure to radiation. The task
group should review those characteristics of man that relate directly or indirectly
to intake, metabolism, and distribution in the body, and retention of the var-
ious isotopes of concern. In particular, it is desired to define Reference Man, in
the first instance, as a typical occupational individual, and it is important that
some indication of variability of the occupational group about this norm be
indicated. In addition, differences due to age, sex, or habits should be indicated
where possible with particular emphasis on fetuses, infants, and children.

(6) The resulting Reference Man document, Publication 23 (ICRP, 1975), was a
monumental work containing a wealth of information on the anatomical, morpho-
logical, and physiological characteristics of humans related to the biokinetics or
dosimetry of internally deposited radionuclides. This collection of information has
been widely used by scientists in medicine, toxicology, and a variety of other fields in
addition to radiation protection.

(7) In 1984, Committee 2 of the ICRP decided to update Reference Man for two
main reasons. First, much additional information related to the biokinetics and
dosimetry of radionuclides had been published since the compilation of data used in
Publication 23. Second, by that time, there was a very strong emphasis on exposures
of the public and, consequently, a considerably increased need to develop reference
characteristics for children or other subgroups of the population. A new task group
was formed, and this group was charged with updating the features of Reference
Man, giving more emphasis to the normal variations of persons and providing more
information on young members of the population.

(8) Initially, the intention was to revise all of Publication 23 (ICRP, 1975). In
addition, the Task Group decided to broaden the type of information that would be
included in view of the usefulness of the original Reference Man information to
investigators outside the field of radiation protection. When it became apparent that
the biological literature had become too extensive and funding for such compilations
had become too limited, Committee 2 took an alternative approach. In 1991, it decided
that the Task Group should be selective in determining which parts of Publication 23 to
revise, and that the revised parts should be published separately in order to expedite the
publication of the information most needed for completion of other ICRP documents.
Following that approach, the ICRP issued Publication 70, ‘Basic Anatomical and
Physiological Data for Use in Radiological Protection: The Skeleton’ (ICRP, 1995).
Other reports prepared by task groups of ICRP Committee 2 have provided much
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additional information about values for Reference Man. These efforts include
Publication 66, ‘Human Respiratory Tract Model for Radiological Protection’
(ICRP, 1994), Publication 88, ‘Doses to the Embryo and Fetus from Intakes of
Radionuclides by the Mother’ (ICRP, 2001), and one report in preparation, ‘Human
Alimentary Tract Model for Radiological Protection’. Task-group-related publications,
such as one on suggested reference values for regional blood volumes in humans
(Leggett and Williams, 1991) and another on a proposed blood circulation model for
Reference Man (Leggett and Williams, 1995), are also available. In addition to ICRP-
sponsored work, additional reports have been published on the characteristics of
other populations around the world as discussed below. Thus, this is an appropriate
time to revise and extend the information on Reference Man given in Publication 23.

1.3. Purpose of the present report

(9) The purpose of this report is to consolidate and unify important new infor-
mation on reference anatomical and physiological values that has become available
since Publication 23 was published by the ICRP in 1975. There are two aspects of this
work. The first is to revise and extend the information in Publication 23 as appropriate.
The second is to provide additional information on individual variation among grossly
normal individuals resulting from differences in age, gender, race, or other factors.
Recognising that the necessary information comes from many different sources, it is
desirable that all appropriate information be assembled in one report to ensure ease
and consistency of use. On this basis, this report combines information from three
general sources: (a) scientific information that has not been published before by the
ICRP; (b) reference values published in other recent ICRP reports; and (c) infor-
mation from Publication 23 that is still considered to be appropriate for the stated
dosimetric uses. It should be noted here that there is a broad range of additional
data available in Publication 23, beyond the needs of the present report, that are still
valid and useful for a number of purposes.

1.4. Characteristics of the present report
1.4.1. Focus on dosimetric needs

(10) The Task Group has focused its attention on those human characteristics that are
known or likely to be important for prospective calculations of radiation doses received
from sources within or outside the body. The use of these reference values specifically for
radiation protection purposes is also emphasised in the title of this report.

1.4.2. Definition of reference individuals

(11) Consistent with the approach taken in Publication 23 (ICRP, 1975), the Task
Group reiterates that it is neither feasible nor necessary to specify a reference indi-
vidual as being representative of a well-defined population group. To construct a
useful reference individual, it is important to have a full set of consistent results so

9
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that the sum of the parts adds up to a proper value for the total body. We have
chosen to use data on Western Europeans and North Americans as the basis for
defining ICRP reference values because these populations have been well studied
with respect to anatomy, body composition, and physiology. Also, scaling of data
for body size is not required for these generally similar populations. The criteria
used by the Task Group in selecting a reference value involved judgements regarding
the quality of the data set, the completeness of the data, and its consistency with
other anatomical parameters.

(12) Good-quality data for most aspects of these comparisons are also available
for several Asian populations including Japan (Tanaka and Kawamura, 1979, 1996;
Tanaka, 1992), China (Wang et al., 1999), and India (Jain, 1995). These results and
others have also been presented in a study of the characteristics of Asian individuals of
different ages and both genders in a report from the IAEA (IAEA, 1998). Information
given in this report was derived from studies in Bangladesh, China, India, Japan,
Republic of Korea, Pakistan, Philippines, and Vietnam. The results from China, India,
and Japan were the most comprehensive and these are compared with the data for
Western Europeans and North Americans in several places throughout this report. No
attempt has been made to construct more than one set of reference values for use in
radiation protection. In terms of total body values, the reference values for height
and body mass are higher than those reported for the various Asian populations.
However, the reported masses of individual organs and tissues, particularly those
from China and Japan, are similar to the values obtained for Western Europeans
and North Americans. In a number of instances, the Asian values have been included
for consideration when reference values were being determined.

(13) In Fig. 1.1, mean organ masses reported for adult males from China, India,
and Japan are compared, on a normalised basis, with the reference values presented
in this report. It can be seen that many of these values are very close to the respective
reference values presented for adult males in this report. A similar relationship was
observed for adult female values. Thus, the reference values for individual organ and
tissue masses will be useful for prospective radiation protection analyses around the
world. In those situations where national authorities require additional considera-
tion of national characteristics, they can use the references given above to begin their
examination of possible differences.

(14) In this report, reference values are given for a series of radiation-exposed
individuals that represent subgroups of the population that are separated by age and
gender. This report focuses on six postnatal ages (newborn; 1, 5, 10, and 15 years; and
adult) and both genders. Consistent with other ICRP usage, adults are generally con-
sidered to be in the age range of 2050 years in this report. When it is necessary to use a
specific age for tabulating or plotting the ‘adult’ value, an average age of 35 years is used.

1.4.3. Variability in reference values

(15) Due to the international use of Reference Man values for both workers and
members of general populations, it is important to examine and understand the
range of values associated with any parameter due to differences in age, gender, race,

10



ICRP Publication 89

2.0

1.5

g

—]
——
—

—

0.5 L

Organ mass relative to reference values

0.0

Brain Heart Kidneys Liver Lungs PancreasSpleen Thyroid
Organs

Fig. 1.1. Normalised comparison of organ masses (mean+1 SD) for adult males from three Asian
countries with the ICRP reference values presented in this report (ICRP values=1.0). O, China; @,
India; [, Japan (IAEA, 1998).

or other factors. A substantial amount of information on the influence of these factors
is given in this report. Of particular note are the data from non-European, non-
North American populations that have become available in the last decade. There
are some important differences among populations that might have significant
bearing on related radiation protection activities of national authorities (e.g. risk
assessment). For example, iodine metabolism differs widely because of differences in
dietary intake of iodine; water balance depends strongly on climate and intensity of
physical labour; and some respiratory functions depend on body size, climate, and
physical labour. However, differences in body size and organ masses among popula-
tions, which are the focus of many who develop separate reference humans, are gen-
erally of less importance in many of the related radiation protection activities. Due to
the inherent variability in the values used to select reference values, the reference values
given in this report are generally given to a level of two significant figures.

(16) This report is focused on reference values that are generally applicable for
workers or members of the general population. Although the text mentions certain
factors, such as health status, environmental conditions, etc., that might influence
the selection of dosimetric parameters, consideration of the broad range of possible
influencing factors that may or may not be important for dosimetric purposes is
beyond the scope of this report.
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1.4.4. Literature references

(17) There is an inherent difference in the amount of referencing that is provided
in various sections of this report because the report has been prepared from several
different sources. To avoid needless duplication of large lists of references, it was
decided that the full lists of references given in support of reference values derived in
other ICRP publications would not be included here. In this report, ICRP publica-
tions, such as Publications 23, 66, and 88, are clearly referenced where used. The
interested reader desiring additional background information and references is
referred to the underlying ICRP publications.

(18) Where references are given, it will be noted that there is a wide range of dates
associated with various topics. As this is, in part, an update of Publication 23 (ICRP,
1975), most of the references were published over the past 25 + years. Research interests
and activities in anatomy and physiology have changed over the years, just as
they have in other disciplines. For some topics, the best references to illustrate a
particular point were published much earlier in the 20th century and these have been
included as appropriate.

1.5. Organisation of the report

(19) This report can be considered as comprising four sections dealing with vari-
ous aspects of the reference values. The first section, Chapter 2, provides summary
tables of all the anatomical and physiological parameters given as reference values in
this report. These results give a comprehensive view of reference values for an indi-
vidual as influenced by age and gender. Inclusion of all these values at the front of
the report facilitates their use by individuals who need the reference values but not
necessarily the associated background information. All reference values in this
report are printed in bold type to signify their status.

(20) The second section, Chapter 3, describes characteristics of dosimetric impor-
tance for the embryo and fetus. Information is provided on the development of the
total body and the timing of appearance and development of the various organ
systems. Reference values are provided on the mass of the total body and selected
organs and tissues, as well as a number of physiological parameters.

(21) The third and largest section, Chapters 4—12, deals with reference values of
important anatomical and physiological characteristics of reference individuals from
birth to adulthood. This section begins with details on the growth and composition
of the total body in males and females. Subsequent chapters describe and quantify
anatomical and physiological characteristics of various organ systems, and changes
in these characteristics during growth, maturity, and pregnancy. Reference values
are specified for characteristics of dosimetric importance.

(22) The final section, Chapter 13, gives a brief summary of the elemental com-
position of individuals. In accordance with the decision to focus on the elements of
dosimetric importance, information is presented on the body content of 13 elements:
calcium, carbon, chloride, hydrogen, iodine, iron, magnesium, nitrogen, oxygen,
potassium, sodium, sulphur, and phosphorus. It is recognised that biokinetic mod-
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elling efforts can also benefit substantially from information on the naturally
occurring levels of trace elements in the body. The reader is referred to Publication
23 (ICRP, 1975) for this information because no new information is provided on
this topic in this report.

(23) The report ends with a detailed list of the references used.
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2. SUMMARY OF REFERENCE VALUES
2.1. Introduction

(24) As noted above, this report is focused specifically on providing reference
values of anatomical and physiological parameters that are needed for dosimetry
calculations for radiation protection purposes. Chapters 3—13 contain a substantial
amount of anatomical and physiological information on the various parts of the
human body. Reference values are presented in each chapter accompanied by sup-
porting text, figures, and tables as appropriate. These reference values are all given
in bold type. Although such a presentation provides a good linkage between the
reference values and supporting text, it does lead to a scattering of the values
throughout the report.

(25) As an aid to individuals wishing to see all of the reference values in one
place, these values have also been collected and organised in this chapter.
Section 2.2 is devoted to values for the prenatal period, and Section 2.3 presents
information for the postnatal period. In most of the tables associated with the
postnatal period, values are given for six ages: newborn; 1, 5, 10, and 15 years;
and adult. The adult values are considered to be generally applicable to the age
range from 20 to 50 years. In graphical presentations, the adult is considered to
be 35 years old. Collectively, these results provide a substantial amount of
information on the characteristics of reference individuals from birth to adult-
hood.

2.2. Prenatal period

2.2.1. Anatomical data

Table 2.1. Reference values for body mass of the fetus (Section 3.2.2)

Fetal age (weeks) Mass (g)
8 4.7
10 21
15 160
20 480
25 990
30 1700
35 2700
38 3500
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Table 2.2. Reference values for surface area of the fetal body (Section 3.2.3)

Approximate percentage of surface area of:

Fetal age (weeks) Surface area (cm?) Head Trunk Upper extremities Lower extremities

8 27 40 40 8 12
10 70 36 36 12 16
15 290 30 36 14 20
20 620 25 34 16 25
25 990 23 33 16 28
30 1400 22 33 16 29
35 1900 21 32 17 30
38 2300 21 32 17 30

Table 2.3. Reference values for the specific gravity of the fetus (Section 3.2.4)

Body mass (g) Specific gravity (g/cm®)

<1000 0.97
1000-2000 0.99
2000-3000 1.00

> 3000 1.02

Table 2.4. Reference values for masses of organs and tissues in the developing fetus (g) (Section 3.3)

Fetal age (weeks)

Organ/tissue 8 10 15 20 25 30 35 38
Brain 3.9 6.7 23 62 120 200 300 370
Thyroid 0.011 0.022 0.077 0.18 0.36 0.63 1.0 1.3
Heart 0.038 0.15 1.1 3.0 6.0 9.9 15 20
Adrenals (2) 0.016 0.06 0.38 0.98 1.9 3.0 4.6 6.0
Marrow, active 0.070 0.30 2.4 6.9 14 24 38 50
Kidneys (2) 0.024 0.13 1.3 3.8 7.6 13 20 25
Liver 0.21 0.87 6.5 19 38 63 100 130
Lungs 0.096 0.63 5.8 15 26 38 51 60
Pancreas 0.39 0.69 1.5 2.3 3.1 3.8 4.5 5.0
Spleen 0.00049 0.0035 0.069 0.36 1.1 2.7 5.8 9.5
Thymus 0.011 0.022 0.45 1.5 3.2 5.8 9.7 13
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2.2.2. Physiological data

Table 2.5. Reference values for oxygen consumption of the fetus (Section 3.4.1)

Fetal age (weeks) Oxygen consumption (ml/min)
8 0.03

10 0.1

15 1.2

20 3.8

25 7.9

30 13

35 21

38 28

Table 2.6. Reference values for urinary output of the fetus (Section 3.4.3)

Fetal age (weeks) Urine output (ml/h)
10 -
15 -
20 4
25 13
30 27
35 39
38 45

Table 2.7. Reference values for body composition of the fetus (Section 3.5.1)

Constituent (g)/100 g body mass

Fetal age (weeks) Body mass (g) Water Protein Lipid Other
8 4.7 95.0 3.2 - 1.8
10 21 91.5 6.7 - 1.8
15 160 89.5 8.1 0.1 2.3
20 480 88.6 8.8 0.1 2.5
25 990 85.7 9.4 2.4 2.5
30 1700 80.7 10.6 6.3 2.4
35 2700 76.4 11.6 9.3 2.7
38 3500 74.0 12.0 11.2 2.8
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2.3. Postnatal period

Table 2.8. Reference values for masses of organs and tissues as a function of age (g)

15 years Adult
Organ/tissue Newborn 1 year 5 years 10 years M F M F  See Section
Adipose tissue* 930 3800 5500 8600 12000 18700 18200 22 500 11.1.2
Separable adipose 890 3600 5000 7500 9500 16 000 14 500 19 000 11.1.2
tissue, excluding
yellow marrow
Adrenals (2) 6 4 5 7 10 9 14 13 11.2.1
Alimentary system
Tongue 35 10 19 32 56 53 73 60 6.3.4
Salivary glands 6 24 34 44 68 65 85 70 6.3.2
Oesophagus
Wall 2 5 10 18 30 30 40 35 6.3.8
Stomach
Wall 7 20 50 85 120 120 150 140 6.3.9
Contents 40 67 83 117 200 200 250 230 6.4.5
Small intestine
Wall 30 85 220 370 520 520 650 600 6.3.10
Contents 56 93 117 163 280 280 350 280 6.4.5
Large intestine
Right colon
Wall 7 20 49 85 122 122 150 145 6.3.11
Contents 24 40 50 70 120 120 150 160 6.4.5
Left colon
Wall 7 20 49 85 122 122 150 145 6.3.11
Contents 12 20 25 35 60 60 75 80 6.4.5
Rectosigmoid
Wall 3 10 22 40 56 56 70 70 6.3.11
Contents 12 20 25 35 60 60 75 80 6.4.5
Liver 130 330 570 830 1300 1300 1800 1400 6.3.12
Gallbladder
Wall 0.5 14 2.6 4.4 7.7 7.3 10 8 6.3.13
Contents 2.8 8 15 26 45 42 58 48 6.3.13
Pancreas 6 20 35 60 110 100 140 120 6.3.14
Brain 380 950 1310/1180  1400/1220 1420 1300 1450 1300 11.3.1
Breasts 15 250 25 500 11.4.1
Circulatory system
Heart — with blood* 46 98 220 370 660 540 840 620 7.1.1
Heart — tissue only 20 50 85 140 230 220 330 250 7.1.1
Blood 290 530 1500 2500 4800 3500 5600 4100 7.4
Eyes (2) 6 7 11 12 13 13 15 15 11.7.1
Fat (storage fat)* 370 2300 3600 6000 9000 14 000 14 600 18 000 4.3.3
Integumentary system
Skin 175 350 570 820 2000 1700 3300 2300 10.5
Muscle, skeletal 800 1900 5600 11 000 24 000 17 000 29 000 17 500 11.8.3
Pituitary gland 0.1 0.15 0.25 0.35 0.5 0.5 0.6 0.6 119
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15 years Adult
Organ/tissue Newborn 1 year 5 years 10 years M F M F  See Section
Respiratory system
Larynx 1.3 4 7 12 22 15 28 19 5.3.1
Trachea 0.5 1.5 2.5 4.5 7.5 6 10 8 5.3.2
Lung — with blood* 60 150 300 500 900 750 1200 950 533
Lung — tissue only 30 80 125 210 330 290 500 420 5.3.3
Skeletal system
Total skeleton® 370 1170 2430 4500 7950 7180 10500 7800 9.2.3
Bone, cortical 135 470 1010 1840 3240 2960 4400 3200 9.2.6
Bone, trabecular 35 120 250 460 810 740 1100 800 9.2.6
Bone, total® 170 590 1260 2300 4050 3700 5500 4000 9.2.11
Marrow, active 50 150 340 630 1080 1000 1170 900 9.2.13
Marrow, inactive 0 20 160 630 1480 1380 2480 1800 9.2.13
Cartilage 130 360 600 820 1140 920 1100 900 9.2.12
Teeth 0.7 5 15 30 45 35 50 40 9.2.14
Miscellaneous 20 45 55 90 155 145 200 160 9.2.15
Spleen 9.5 29 50 80 130 130 150 130 11.10.1
Thymus 13 30 30 40/35 35 30 25 20 11.11.1
Thyroid 1.3 1.8 34 7.9 12 12 20 17 11.12.1
Tonsils (2 palatine) 0.1 0.5 2 3 3 3 3 3 6.3.6
Urogenital system
Kidneys (2) 25 70 110 180 250 240 310 275 8.2.1
Ureters (2) 0.77 2.2 4.2 7.0 12 12 16 15 8.2.2
Urinary bladder 4 9 16 25 40 35 50 40 8.2.3
Urethra 0.48/0.14>  1.4/0.42  2.6/0.78 4.4/1.3 7.7 2.3 10 3 8.24
Testes (2) 0.85 1.5 1.7 2 16 35 8.2.5
Epididymes (2) 0.25 0.35 0.45 0.60 1.6 4 8.2.5
Prostate 0.8 1.0 1.2 1.6 4.3 17 8.2.6
Ovaries (2) 0.3 0.8 2.0 35 6 11 8.2.7
Fallopian tubes (2)  0.25 0.25 0.35 0.50 1.1 2.1 827
Uterus 4.0 1.5 3 4 30 80 8.2.8
Total body (kg)* 35 10 19 32 56 53 73 60 4.2.1

2 This entry duplicates other mass information in this table and should not be included in the whole-body sum of reference
values for tissue masses.

b Male (M)/female (F) values.

¢ The body components listed above represent 96% of the total body mass. Separable connective tissues and certain
lymphatic tissues account for most of the remaining 4% of body mass.

Table 2.9. Reference values for height, mass, and surface area of the total body (Sections 4.2.1 and 4.2.2)

Height (cm) Mass (kg) Surface area (m?)
Age Male Female Male Female Male Female
Newborn 51 51 35 35 0.24 0.24
1 year 76 76 10 10 0.48 0.48
5 years 109 109 19 19 0.78 0.78
10 years 138 138 32 32 1.12 1.12
15 years 167 161 56 53 1.62 1.55
Adult 176 163 73 60 1.90 1.66
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Table 2.10. Reference value for water content of lean body mass in adults: 73% (Section 4.3.2)

Table 2.11. Reference values for lengths of alimentary tract segments (Section 6.3)

15 years Adult
Newborn 1 year 5 years 10 years M F M F

Oesophagus 10 13 18 23 27 26 28 26
Small intestine 80 120 170 220 270 260 280 260
Large intestine

Right colon 14 18 23 28 35 30 34 30

Left colon 16 21 26 31 35 35 38 35

Rectosigmoid 15 21 26 31 35 35 38 35

Large intestine total 45 60 75 90 100 100 110 100

Table 2.12. Reference values for volume of blood plasma and red blood cells (ml) (Section 7.3)

Male Female
Red blood cells 2300 1500
Plasma 3000 2400

Table 2.13. Reference values for distribution of blood in the vascular system of adult man (Section 7.6)

Region Total blood volume (%)
Heart chambers 9
Pulmonary 10.5
Arteries 3
Capillaries 2
Veins 5.5
Systemic 80.5
Aorta and large arteries 6
Small arteries 10
Capillaries 5
Small veins 41.5
Large veins 18
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Table 2.14. Reference values for regional blood volumes in adults (Section 7.7.2)

Blood content (% total blood volume)

Organ or tissue Male Female
Fat 5.0 8.5
Brain 1.2 1.2
St h and phagus 1.0 1.0
Small intestine 3.8 3.8
Large intestine 2.2 2.2
Right heart 4.5 4.5
Left heart 4.5 4.5
Coronary tissue 1.0 1.0
Kidneys 2.0 2.0
Liver 10 10
Pulmonary 10.5 10.5
Bronchial tissue 2.0 2.0
Skeletal muscle 14 10.5
Pancreas 0.6 0.6
Skeleton 7.0 7.0
Red marrow 4.0 4.0
Trabecular bone 1.2 1.2
Cortical bone 0.8 0.8
Other skeleton 1.0 1.0
Skin 3.0 3.0
Spleen 1.4 1.4
Thyroid 0.06 0.06
Lymph nodes 0.2 0.2
Gonads 0.04 0.02
Adrenals 0.06 0.06
Urinary bladder 0.02 0.02
All other tissues 1.92 1.92
Aorta and large arteries 6.0 6.0
Large veins 18 18

Table 2.15. Reference values for the mass of ‘fixed’ lymphatic tissue in adults (Section 7.8.2)

Male 730 g
Female 600 g

Table 2.16. Reference values for the total mass and distribution of lymphocytes (Section 7.8.2)

Distribution of lymphocytes (%)

Age Mass of lymphocytes Red Blood Spleen, lymph Outside haematopoietic
(2 marrow nodes, etc. tissues
Newborn 150 5.0 0.3 16 78.7
1 year 650 3.0 0.2 12 84.8
5 years 650 3.0 0.2 12 84.8
10 years 9200 4.5 0.2 9.5 85.8
15 years 1250 6.0 0.2 7.5 86.3
Adult male 1500 7.0 0.2 7.0 85.8
Adult female 1300 7.0 0.2 7.0 85.8
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Table 2.17. Reference values for characteristics of the ureters (Section 8.2.2)

Thickness of epithelium 65 um
Thickness of wall 0.7 mm
Thickness of muscularis (three layers) 0.5 mm
Water as percentage of total mass 70%

Table 2.18. Reference values for division of bone mass in adult male or female (Section 9.2.6)

Compact bone 80%
Trabecular bone 20%

Table 2.19. Reference values for volume and surface area of bone in the adult male (Section 9.2.7)

Volume of bone tissue (i.e. inside the periosteal envelope and outside the endosteal envelope)

All bone tissue 2710 cm3
Cortical bone 2130 cm3
Trabecular bone 580 cm?

Surface:volume ratio
Cortical bone 3 mm?/mm? (30 cm?/cm?)
Trabecular bone 18 mm?/mm? (180 cm?/cm?)

Total surface area

All bone 17 m?
Cortical bone 6.5 m?
Trabecular bone 10.5 m?

Table 2.20. Reference values for density of skeletal components (Section 9.2.10)

Density (g/cm?)

Whole skeleton, adults 1.3

Dry, mineralised collagenous bone matrix, adults 2.3

Hydrated cortical bone
Newborn 1.65
1 year 1.66
5 years 1.70
10 years 1.75
15 years 1.80
Adult 1.90

Table 2.21. Reference values for content of calcium and phosphorus in bone ash (Section 9.2.11)

Ash content (% by mass)

Age Ca P
Newborn 36.5 18
1 year 36.5 18
5 years 37 17.5
10 years 37 17.5
15 years 37 17.5
Adult 375 16.5
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Table 2.22. Reference values for ash content of the skeleton (Section 9.2.11)

Age Mass (%)
Newborn 20
1 year 23
5 years 24
10 years 24
15 years 26
Adult 29

Table 2.23. Reference values for the calcium content of bone (Section 9.2.11)

Age Wet mass (%)
Newborn 16.5

1 year 17

5 years 19

10 years 20

15 years 20.5
Adult 21.5

Table 2.24. Reference values for masses of skeletal tissues* and skeletal calcium (g) (Sections 9.2.11-9.2.15)

15 years Adult
Newborn 1 year 5 years 10 years Male Female Male Female
Total skeleton 370 1170 2430 4500 7950 7180 10 500 7800
Bone 170 590 1260 2300 4050 3700 5500 4000
Active marrow 50 150 340 630 1080 1000 1170 900
Inactive marrow 0 20 160 630 1480 1380 2480 1800
Cartilage 130 360 600 820 1140 920 1100 900
Miscellaneous 20 50 70 120 200 180 250 200
Skeletal Calcium 28 100 240 460 830 760 1180 860

2 As defined here, the skeleton does not include periarticular tissue or blood, but does include teeth, peri-
osteum, and blood vessels (masses included in ‘miscellaneous’).

Table 2.25. Reference values for thickness of the epidermis in males and females (Section 10.3.2)

Thickness (pm)

Newborn 45
1 year 45
5 years 45
10 years 50
15 years 60
Adult 70
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Table 2.26. Reference values for body surface area (Section 4.2.2)

Area (m?)
Age Male Female
Newborn 0.24 0.24
1 year 0.48 0.48
5 years 0.78 0.78
10 years 1.12 1.12
15 years 1.62 1.55
Adult 1.90 1.66

Table 2.27. Reference values for the mass of epidermis, dermis, and total skin (g) (Section 10.5)

Males Females
Age Epidermis Dermis Total skin Epidermis Dermis Total skin
Newborn 12 163 175 12 163 175
1 year 24 326 350 24 326 350
5 years 39 531 570 39 531 570
10 years 56 764 820 56 764 820
15 years 100 1900 2000 80 1620 1700
Adult 120 3180 3300 85 2215 2300

Table 2.28. Reference values for eye lens depth and size in adult males and females (Section 11.7.2)

Lens depth and size

(cm)
Anterior aspect of lens to anterior pole of cornea 0.3-0.4
Anterior aspect of lens to anterior aspect of closed lid 0.8
Equator of lens to anterior of corneal border 0.3
Equatorial diameter of lens 0.9
Axial thickness of lens 0.4
2.3.2. Physiological data
Table 2.29. Reference values for basal metabolism and total energy expenditure (Section 4.4.1)

Basal metabolic rate (kcal/h) Total energy expenditure (kcal/day)

Age Male Female Male Female
Newborn 8.5 8.5 500 500
1 year 24 23 800 750
5 years 45 43 1600 1400
10 years 53 48 1900 1700
15 years 63 51 2400 1800
Adult 68 52 2800 1800
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Table 2.30. Reference values for water balance in adults (Section 4.4.2)

Male Female

Water intake in food and fluids (ml/day) 2600 1960
Oxidation of food (ml/day) 300 225
Losses (ml/day)

Urine 1600 1200

Insensible loss? 690 515

Sweat 500 375

Faeces 110 95

2 Assumed to be divided equally between the lungs and skin.

Table 2.31. Reference values for respiratory volumes and capacities® (Section 5.4.4)

15 years Adult
3 months 1 year 5 years 10 years Male Female Male Female
TLC () 0.28 0.55 1.6 29 5.4 4.5 7.0 5.0
FRC () 0.15 0.24 0.77 1.5 2.7 2.3 33 2.7
VC () 0.20 0.38 1.0 2.3 4.0 33 5.0 3.6
Vp ()P 0.014 0.020 0.046 0.078 0.13 0.11 0.15 0.12

2 Rounded values from Table 7 in Publication 66 (ICRP, 1994). See Annex B of Publication 66 for pub-
lished data on various populations.

b These are secondary values calculated by scaling the airway dimensions for body height.

TLC, total lung capacity; FRC, functional residual capacity; VC, vital capacity; Vp, dead space.

Table 2.32. Reference values for respiratory parameters at different levels of physical activity® (Section 5.4.4)

Activity Resting (sleeping) Sitting awake Light exercise Heavy exercise
Maximal 8 12 32 64
workload (%)
Breathing Vr B fr Vr B fr Vr B fr Vr B fr
parameters @ (@*h) (@@mn') @O @@h) @min') @A (@@3*h) (@min~') @ (@@3h) (min")
Age
3 months 0.039 0.09 38 N/A N/A N/A  0.066 0.19 48 N/A N/A N/A
1 year 0.074 0.15 34 0.10 0.22 36 0.13 0.35 46 N/A N/A N/A
5 years 0.17 0.24 23 0.21  0.32 25 0.24 0.57 39 N/A N/A N/A
10 years
Male 0.30 0.31 17 0.33 0.38 19 0.58 1.1 32 0.84 22 44
Female  0.30 0.31 17 0.33 0.38 19 0.58 1.1 32 0.67 1.8 46
15 years
Male 0.50 0.42 14 0.53 0.48 15 1.0 1.4 23 1.4 2.9 36
Female  0.42 0.35 14 042  0.40 16 0.90 1.3 24 1.1 2.6 38
Adult
Male 0.63 0.45 12 0.75 0.54 12 1.3 1.5 20 1.9 3.0 26
Female  0.44 0.32 12 046 0.39 14 0.99 1.3 21 1.4 2.7 33

2 Rounded values from Table 8 of Publication 66 (ICRP, 1994). See Annex B of Publication 66 for data
from which these reference values were derived.
Vr, tidal volume; B, ventilation rate; fg, respiration frequency; N/A, not applicable.
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Table 2.33. Reference values for daily time budgets for members of the general population (h/day)® (Section 5.4.4)

Time budget (h/day)

15 years Adult
Location 3 months 1year Syears 10years Male Female Male Female
Indoors
At home: Asleep 17 14 12 10 10 10 8.5 8.5
Awake 7" 5¢ 6¢ 8¢ 74 9d 7¢ 9.5¢
Elsewhere (e.g. at work) 4° 3¢ 3¢ 44 3d 6.5¢ 4°
Outdoors 1¢ 3c 3c 3e 2f 2f 2f

2 Modified from Table 5 in Publication 71 (ICRP, 1995b) and Table B.16 in Publication 66 (ICRP, 1994).
b Light exercise.

¢ One-third sitting + two-thirds light exercise.

4 One-half sitting + one-half light exercise.

¢ Two-thirds light exercise + one-third heavy exercise.

f One-half sitting + three-eighths light exercise + one-eighth heavy exercise.

Table 2.34. Reference values for daily time budget and ventilation parameters at each exercise level for
members of the public at various ages (Section 5.4.4)*

3 months 1 year 5 years
Exercise level h m3/h m3 h m3/h m3 h m3/h m3
Sleep 17 0.09 1.5 14 0.15 2.1 12 0.24 2.9
Sitting 33 0.22 0.73 4.0 0.32 1.3
Light exercise 7.0 0.19 1.3 6.7 0.35 2.3 8.0 0.57 4.6
Heavy exercise
Total 2.8 5.1 8.8

10 years 15 years (male) 15 years (female)
Exercise level h m3/h m3 h m3/h m3 h m3/h m3
Sleep 10 0.31 3.1 10 0.42 4.2 10 0.35 35
Sitting 4.7 0.38 1.8 5.5 0.48 2.6 7.0 0.40 2.8
Light exercise 9.3 1.1 10.3 75 1.38 10.4 6.8 1.3 8.8
Heavy exercise 1.0 2.92 29 0.25 2.6 0.65
Total 15.2 20.1 15.8

Adult (male)

Adult (female)

Exercise level h m3/h m3 h m3/h m3
Sleep 8.0 0.45 3.6 8.5 0.32 2.7
Sitting 6.0 0.54 3.2 5.4 0.39 2.1
Light exercise 9.8 1.5 14.7 9.9 1.3 12.9
Heavy exercise 0.25 3.0 0.75 0.19 2.7 0.52
Total 22.2 18.2

2 Rounded values derived from Table 6 of Publication 71 (ICRP, 1995b) and the tables given above.
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Table 2.35. Reference values of daily ventilation rates for dosimetric modelling: adult workers* (Section
5.4.4)

Air breathed (m3/day)
Sedentary worker Heavy worker

Activity Male Female Male
Sleeping (8 h) 3.6 (3.6)° 2.6 (29) 3.6 (3.6)
Occupational (8 h)

1/3 sitting 9.6 (9.6) 7.9 (9.1)

2/3 light exercise

7/8 light exercise 13.5 (9.6)

1/8 heavy exercise
Non-occupational (8 h)
4/8 sitting
3/8 light exercise 9.7 (9.6) 8.0 (9.1) 9.7 (9.6)
1/8 heavy exercise

Total air breathed (m3) 22.9 (22.8) 18.5 (21.1) 26.8 (22.8)

2 From Table B.17 in Publication 66 (ICRP, 1994).
b Values in parentheses from Publication 23 (ICRP, 1975).

Table 2.36. Reference values for daily secretions into the gastrointestinal tract of the adult (Section 6.4.2)

Destination Substance Secretion (ml/day)
Stomach Saliva 1200
Gastric juices 2000
Small intestines Pancreatic juices 1200
Bile 700
Brunner’s gland secretions 50
Otbher secretions 2000
Large intestine All secretions 60
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Table 2.37. Reference values for transit times of luminal contents through major segments of the alimentary
tract (Section 6.4.3)

Age group
Adult
Newborn 1 year 5-15 years Males Females
Mouth
Solids - 15s 15s 15s 15s
Liquids 2s 2s 2s 2s 2s
Total diet 2s 12s 12s 12s 12s
Oesophagus — fast (90%)
Solids - 8s 8s 8s 8s
Liquids 4s 5s Ss Ss Ss
Total diet 4s 7s Ts Ts Ts
Oesophagus — residual (10%)
Solids - 45s 45s 45s 45 s
Liquids 30s 30s 30s 30s 30s
Total diet 30s 40 s 40s 40 s 40s
Stomach
Solids - 75 mins 75 mins 75 mins 105 mins
Liquids — caloric 75 mins 45 mins 45 mins 45 mins 60 mins
Liquids — non-caloric 10 mins 30 mins 30 mins 30 mins 30 mins
Total diet 75 mins 70 mins 70 mins 70 mins 95 mins
Small intestine® 4h 4h 4h 4h 4h
Right colon® 8h 10 h 11h 12h 16 h
Left colon® 8h 10h 11h 12h 16 h
Rectosigmoid® 12h 12h 12h 12h 16 h
2 Intestinal transit times apply to all material.
Table 2.38. Reference values for the mass of faeces excreted per day (Section 6.4.4)
Mass (g/day)
Age Male Female
Newborn 24 24
1 year 40 40
5 years 50 50
10 years 70 70
15 years 120 120
Adult 150 120
Table 2.39. Reference values for cardiac output (Section 7.5)
Cardiac output (I/min)
Age Male Female
Newborn 0.6 0.6
1 year 1.2 1.2
5 years 34 34
10 years 5.0 5.0
15 years 6.1 6.1
Adult 6.5 5.9
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Table 2.40. Reference values for regional blood flow rates in adults (Section 7.7.2)

Blood flow rate (% cardiac output)

Organ or tissue Male Female
Fat 5.0 8.5
Brain 12 12
Stomach and oesophagus 1.0 1.0
Small intestine 10 11
Large intestine 4.0 5.0
Coronary tissue 4.0 5.0
Kidneys 19 17
Liver 6.5 (arterial) 6.5 (arterial)
25.5 (total) 27.0 (total)
Bronchial tissue 2.5 2.5
Skeletal muscle 17 12
Pancreas 1.0 1.0
Skeleton 5.0 5.0
Red marrow 3.0 3.0
Trabecular bone 0.9 0.9
Cortical bone 0.6 0.6
Other skeleton 0.5 0.5
Skin 5.0 5.0
Spleen 3.0 3.0
Thyroid 1.5 1.5
Lymph nodes 1.7 1.7
Gonads 0.05 0.02
Adrenals 0.3 0.3
Urinary bladder 0.06 0.06
All other tissues 1.39 1.92

Table 2.41. Reference values for daily urinary excretion (Section 8.3.2)

Excretion (ml/day)

Age Male Female
Newborn 300 300
1 year 400 400
5 years 500 500
10 years 700 700
15 years 1200 1200
Adult 1600 1200

Table 2.42. Reference values for urinary excretion of creatinine (Section 8.3.4)

Amount excreted (g/day)

Age Males Females
Newborn 0.05 0.05

1 year 0.11 0.11

5 years 0.33 0.33
10 years 0.65 0.65
15 years 1.4 1.0
Adult 1.7 1.0
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Table 2.43. Reference values for bone remodelling rates (Section 9.3.1)

Remodelling rate (% /year)

Age Cortical bone Trabecular bone
0-3 months 300 300
1 year 105 105
5 years 56 66
10 years 33 48
15 years 19 35
Adult 3 18

Table 2.44. Reference values for blood flow to organs of the non-pregnant and pregnant woman near term
(Section 12.2.7)

Blood flow rate (% cardiac output)

Organ/tissue Non-pregnant Pregnant
Fat 8.5 7.8
Brain 12.0 8.8
Gastrointestinal tract 17.0 12.5
Heart 5.0 3.7
Kidneys 17.0 16.6
Liver 27.0* 20.0*
Arterial 6.5) 4.8)
Portal (20.5) (15.2)
Lungs 2.5 1.8
Muscle 12.0 8.8
Pancreas 1.0 0.7
Skeleton 5.0 3.7
Skin 5.0 8.7
Spleen 3.0 2.2
Thyroid 1.5 1.1
Uterus 0.4 12.0
Breast 0.4 35
Other 3.2 33
Cardiac output (I/min) 5.9 7.3

2 Total of values in parentheses.
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3. EMBRYO AND FETUS
3.1. Development of the embryo and fetus

(26) The terminology used to describe the development of the conceptus from
conception to term is somewhat varied in the literature. However, three main phases
of development are recognised: a pre-implantation period, an embryonic period of
major organogenesis, and a fetal period of organ growth. For dosimetric purposes,
the pre-implantation and embryonic period are usually combined and referred to as
the embryonic period.

3.1.1. Developmental phases

Pre-implantation

(27) Fertilisation of the ovum by a spermatozoon to form the single-cell zygote
typically occurs around 2 weeks into the menstrual cycle. Fertilisation takes place in
the uterine tube and is followed by a series of embryonic developmental stages.
During the early developmental stages, the embryo migrates through the uterine
tube and enters the uterus. Implantation of the embryo into the uterine lining begins
a series of events leading to formation of the early placental structures. The whole
period encompassing fertilisation and implantation takes about 2 weeks.

Embryonic period

(28) During the embryonic period, extensive cell differentiation takes place so that
the general layout of the organ systems is present at 8 weeks. These developments,
beginning about 3 weeks postconception, are characterised by a rapid increase in
embryonic mass. By 4 weeks postconception, the basis for most of the maturing
organ systems is established. The period of organogenesis (organ formation) may be
considered to last up to 8 weeks, at which time the developing embryo still weighs
less than 10 g (Moore and Persaud, 1998). Formally, the embryo consists of those
derivatives of the fertilised ovum that eventually become the offspring. The Carnegie
stages are a classification system used by embryologists to describe the apparent
maturity of embryos. An embryo is assigned a Carnegie stage (numbered 1-23)
based on its external features. These stages group the development of the human
embryo from Day 1 to Day 57 until the start of fetogenesis (O’Rahilly and Miiller,
1986). Embryos that might have different ages or sizes can be assigned the same
Carnegie stage based on the external appearance (see Fig. 3.1).

Fetal period

(29) There is not a distinct change in the nature of the developmental process that
marks the end of the embryonic period and the beginning of the fetal period. The basis of
the organ systems is established in the embryonic period. During the fetal period, the
developing organism is clearly recognisable as having human characteristics and thus this
period is one of further growth, development, and maturation of the organ systems.
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Fig. 3.1. Carnegie stages in embryo development (adapted from Smith et al., 1999).

A notable change occurring during the fetal period is the relative slowdown in the
growth of the head compared with the rest of the body. The rate of body growth
during the fetal period is rapid, especially between Weeks 9 and 16, and the increase
in fetal mass is phenomenal during the weeks prior to birth (see Fig. 3.2).

9 12 16 20 24 28 32 36 38 Full term

Fig. 3.2. The fetal period, extending from Week 9 to birth (Reprinted with permission from Moore et al.,
1994 Color Atlas of Clinical Embryology ©W .B. Saunders Co., Philadelphia, PA.).
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3.1.2. Haematopoiesis

(30) In utero, haematopoiesis is thought to take place initially in the embryonic
yolk sac, followed by the liver and, finally, the bone marrow. The spleen of mid-
gestation human fetuses, unlike the spleen of fetal rats, does not normally function
as an active site of granulocytopoiesis or erythropoiesis (Calhoun et al., 1996).
Recent experimental data, however, strongly suggest that haematopoiesis is estab-
lished from an intra-embryonic source of stem cells arising in the vicinity of the
developing aorta (Peault, 1996; Campagnoli et al., 2000). Morphological and radio-
logical studies undertaken on human embryos and fetuses have determined that
primary bone marrow is not present up to Week 10 of gestation, although some
ossification is evident, e.g. in the clavicle. By Week 11, bone marrow is evident in the
clavicles (Enzan et al., 1983; Ogata and Uhthoff, 1990). There are suggestions that
progenitor stem cells in the fetal liver are intrinsically different from those in the
bone marrow (Slayton et al., 1998). Further understanding of the chronological
sequence in the development of bone marrow can be expected as research is directed
towards the identification of the haematopoietic progenitors as potential targets for
gene transfer and in the diagnosis of major genetic disorders.

3.2. Anatomical data

(31) Studies of prenatal growth using traditional anthropometric techniques are
based on measurements performed at different gestational ages in embryos and
prematurely delivered infants. These cross-sectional data are then combined to
obtain a longitudinal representation of growth. Early fetal growth curves were based
on information collected at a time when prenatal care may have been less than
adequate by current standards (Streeter, 1920; Scammon and Calkins, 1929; Trolle,
1948; Lubchenco et al., 1963; Hendricks, 1964; Gruenwald, 1966; Hellman et al.,
1969). More recently, fetal growth curves have been published from predominantly
white and relatively affluent populations (Usher and McLean, 1968; Babson et al.,
1970; Sterky, 1970; Jakobovitz et al., 1972; Wong and Scott, 1972; Milner and
Richards, 1974; Birbeck et al., 1975; Brenner et al., 1976; Naeye and Dixon, 1978;
Miller and Merritt, 1979; Blidner et al., 1984; Nishida et al., 1985; Rooth et al.,
1985; Guihard-Costa and Larroche, 1995). In addition, various studies have been
performed in different ethnic groups in less affluent populations (Freeman et al.,
1970; Penchaszadeh et al., 1972; Lin and Emanuel, 1972; Gebre-Medhin et al., 1978;
Taha, 1978; Olowe, 1981; Juez et al., 1984).

(32) In studies of fetal growth, the determination of fetal age (or conceptional age)
is difficult. True fetal age, the time since fertilisation of the ovum, is practically
impossible to determine, except for cases of in-vitro fertilisation. Most studies of
fetal growth use gestational age as a measure. Gestational age is estimated from the
last menstrual period (LMP), usually rounded to the nearest week, which typically
exceeds fetal age by 12-14 days. However, in the literature, it may not always be
clear which measure of age is being applied. Additional uncertainty arises when age
is expressed in months, particularly when it is not stated whether the measure is
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calendar months (28-31 days) or lunar months (28 days). Reference values tabulated
in this report are stated for the estimated time since fertilisation of the ovum, i.e.
fetal age expressed in weeks. Gestational age (time since LMP) was converted to
fetal age (time since fertilisation) by subtracting 2 weeks. Thus, for example, after a
gestational period of 40 weeks, the 38-week-old fetus is delivered.

3.2.1. Dimensions of the embryo and fetus

(33) The use of ultrasound to assess fetal development has considerably expanded
the diagnosis of abnormal growth patterns. The fetal gestation sac can first be
detected in the uterus at 5 weeks of gestation, and reliable measurement of
embryonic size, using the crown—rump length (CRL) measure, can be performed
between 6 and 14 weeks of gestation (Robinson, 1973). At 13 weeks, it is also possible
to determine the fetal biparietal diameter (BPD) as a measure of head growth. Since
the CRL is not easily determined in older fetuses and the growth of the head (BPD)
does not reflect body growth accurately, other measurements are also used, including
the thoracic diameter, abdominal diameter, abdominal circumference, femur length,
etc. The pattern of fetal growth revealed by ultrasound measurements is similar to
the more traditional anthropometric measurements.

Crown—rump length

(34) The CRL is the most commonly taken anthropometric measurement. It is
defined as the greatest distance between the vertex of the skull and the ischial
tuberosities, with the fetus in the natural curled position (Jones et al., 1986). Guihard-
Costa and Larroche (1995) reported post-mortem measurements of CRL for 462
fetuses distributed in age from 6 to 39 weeks. These data are shown in Fig. 3.3.

Biparietal diameter

(35) Another common fetal measurement is the BPD which serves as a measure of
the growth of the head. The BPD measurements show that growth is almost linear in
the early weeks of pregnancy, but there is a progressive reduction in growth rate,
especially during the final weeks. Guihard-Costa and Larroche (1995) reported on
the ultrasound measurements of BPD as shown in Fig. 3.4.

3.2.2. Mass of the fetus

(36) Fetal growth curves reported by various investigators have a similar shape.
Up to about Week 14-16 of gestation, the absolute incremental growth in fetal mass
is relatively small. This period is followed by one of greater increase up to 33-34
weeks of gestation. Between this time and term (birth), the slope of the growth curve
falls off (see Fig. 3.5). The fetus gains more mass during the last 2 months than at
any comparable time period before or after birth (Rugh, 1973). The fetus adds about
14 g fat/day during the last 2 weeks and by birth is about 16% body fat by mass. A
broad maximum in the growth rate occurs at about 32 weeks with a growth rate of
about 200 g/week (Guihard-Costa and Larroche, 1995).
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Fig. 3.3. Growth in the crown-rump length during the fetal period. Adapted from Guihard-Costa and
Larroche (1995).

(37) The most recent set of fetal growth curves is the extensive compilation of
biometric data for the prenatal period by Guihard-Costa and Larroche (1995). The
objective of this work was to establish a set of normalised data for clinical charac-
terisation of fetal growth and development. Their analysis involved nearly 5000
fetuses, some studies post mortem and others by ultrasound. Reference values for
the body mass of the developing fetus are as follows.

Reference values for body mass of the fetus

Fetal age (weeks) Mass (g)

8 4.7
10 21
15 160
20 480
25 990
30 1700
35 2700
38 3500
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Fig. 3.4. Growth of the biparietal diameter during the fetal period. Adapted from Guihard-Costa and
Larroche (1995).

(38) Attempts have been made to express fetal mass in terms of one or more
anthropometric parameters that can be measured in situ, using ultrasound. The
equation of Warsof (1977) is:

log(M ) = 1.7492 + 0.166- BPD + 0.046- AC — 0.002646- AC- BPD

where Mg is the fetal mass (g), BPD is the biparietal diameter (the maximum
distance between the parietal tuberosities) in the coronal plane (cm), and AC is the
abdominal circumference (cm).

(39) The human fetus shows a gender difference in mass (Miller and Merritt, 1979;
Pederson, 1980; Lieberman, 1982; Jones et al., 1986). Tabulated in Table 3.1 are
suggested ‘standard’ birth masses established by Miller and Merritt (1979). The 50th
percentile value for males exceeds the corresponding value for females by over 100 g
in both firstborns and babies born to multiparas. In a later study, the average birth
mass of boys (n=49) was found to be 40 g higher than that of girls (= 52) (Pederson,
1980). Lieberman (1982) suggested that the difference observed in the birth mass (in
an American population) between females (3.4040.57 kg) and males (3.50+0.53 kg)
reflects differences in prenatal growth patterns.
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Fig. 3.5. Growth in the body mass of the fetus, adapted from Guihard-Costa and Larroche (1995). The error
bars represent the lower and upper value observed at each age. The line is a locally weighted least squares fit.

Table 3.1. Suggested ‘standard’ birth masses (kg) for full-term Caucasian infants

Percentiles
10 50 90

Males

Firstborn 3.08 3.57 4.00

Born to multiparas 3.19 3.61 4.08
Females

First born 2.97 343 3.92

Born to multiparas 3.05 3.50 3.95

Adapted from Miller and Merritt (1979).

(40) Fetal growth curves are used in screening for high-risk neonates. With the
recent improvements in neonatal intensive care, which have increased the survival
rate for preterm infants, such curves are no longer just of academic interest. Mater-
nal nutrition is, of course, a major factor in fetal development; however, there are
ethnic and secular differences in the data. Figure 3.6 compares the reference values
for the body mass with data for a number of ethnic populations. Data for additional
groups are given in Table 3.2.
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Fig. 3.6. Fetal total body mass near term for a number of countries compared with the reference values
(®). Other data from: ([J) Nishida et al. (1985); () Pecorari et al. (1985); (A -female, A-male) Beiring et
al. (@-mutipara, ll-primipara) (1985); and Rooth et al. (1985).

3.2.3. Surface area of the fetus

(41) Meban (1983) measured the surface area of 79 human fetuses (mass between 8
and 4080 g) using a geometric method. It was found that the surface area of the
body increased from about 30 cm? at 11 weeks of gestation to about 2200 cm? at full
term; an increase by a factor of 70. Meban’s equation for the surface area is:

S = 6.4954- M3 L%

where S is the surface area (cm?), Mg is the body mass (g), and L is the CRL
(cm). The surface area as a function of fetal age is shown in Fig. 3.7.

(42) The ratio of surface area (cm?) to volume (cm?) for fetuses of body mass 3250
and 500 g are 0.65 and 1.30, respectively (Meban, 1983). Reference values for the
surface area of the total body are tabulated below with data on the contribution of
the four major subdivisions of the fetal body. The contributions of the regions are
given as percentages of total surface area formed by the surface areas of the respec-
tive regions. The contributions are given to the nearest 1%.
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Table 3.2. Mass at birth for various ethnic groups

Country Birth mass (kg) Reference

Italy Median Pecorari et al. (1985)
3.26 Genova 1970
3.52 Trieste 1966-1968
3.40 Trieste 1980-1982

Japan Mean=+SE Nishida et al. (1985)
Male:
3.17£0.41 primipara
3.33+0.40 multipara
Female:
3.11£0.37 primipara
3.2240.37 multipara

Iceland Median (10, 90 percentiles) Beiring et al. (1985)
Male:
3.59 (3.08, 4.18) primipara
3.75 (3.16, 4.36) multipara
Female:
3.46 (2.95, 4.01) primipara
3.60 (3.06, 4.19) multipara

African countries Mean Adapted from Ransome-Kuti (1985)
3.07 Cameroon 1971-1973
3.24 Nigeria 1979
3.18 South Africa 1983
3.23 Ethiopia 1978
3.07 Tanzania 1955-1963

India 2.60 rural average Bhargava et al. (1985)
2.70 urban average

Sweden 3.5540.07 primipara Rooth et al. (1985)
3.63£0.09 multipara

Reference values for surface area of the fetal body

Approximate percentage of surface area of

Fetal age (weeks) Surface area (cm?) Head Trunk Upper extremities Lower extremities

8 27 40 40 8 12
10 70 36 36 12 16
15 290 30 36 14 20
20 620 25 34 16 25
25 990 23 33 16 28
30 1400 22 33 16 29
35 1900 21 32 17 30
38 2300 21 32 17 30
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Fig. 3.7. The change in body surface area with fetal age based on Meban’s equation (Meban, 1983).

3.2.4. Specific gravity of the fetus

(43) Reference values for the specific gravity as a function of body mass, adapted
from Meban (1983), are tabulated below.

Reference values for the specific gravity of the fetus

Body mass (g) Specific gravity (g/cm?)

<1000 0.97
1000-2000 0.99
2000-3000 1.00

> 3000 1.02

3.3. Masses of organs in the developing fetus
3.3.1. Brain

(44) The general area of the neural plate in humans can be discerned as early as 16
days and the neural groove first appears at 18 days (O’Rahilly and Gardner, 1979).
During the next week, the neural plate is transformed into a closed, hollow, fluid-filled
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cylinder, called the neural tube. Towards the end of Week 4, the greatly expanded
neural folds fuse to form three primary brain vesicles: the forebrain or prosence-
phalon, the midbrain or mesencephalon, and the hindbrain or rhombencephalon.
Figure 3.8 shows the growth of the embryonic and fetal brain.

(45) During the fetal period, the brain mass increases with body mass and repre-
sents as much as 15% of the body mass. The brain mass fraction drops to below
12% at birth because the increase in body mass is largely associated with an increase
in body fat content during the last month of the fetal period. Guihard-Costa and
Larroche (1995) reported the measurements of brain mass (g) for 291 samples
weighed prior to fixation and 432 samples that had been fixed in 10% formalin for
4-10 weeks. The measurements on the fresh brain are shown in Fig. 3.8 as a function
of fetal age. The mass at birth [38 weeks or 40 weeks since the last menstrual period
(LMP)] is about 400 g with a range (10-90 percentiles) of 355-458 g. The rate of
increase in brain mass exhibits a broad maximum at 35 weeks (LMP) corresponding
with a gain of about 25 g/day. The mass values obtained from the fixed brain tissues
(n=432) are somewhat higher. Reference values for the mass of the brain in the
developing fetus follow.

400
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Fig. 3.8. Mass of fetal brain as a function of fetal age.
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Reference values for mass of the fetal brain

Fetal age (weeks) Mass (g)
8 39

10 6.7

15 23

20 62

25 120

30 200

35 300

38 370

3.3.2. Thyroid gland

(46) The thyroid gland develops from an outpouch of the pharynx arch and is first
visualised at 16-17 days of gestation. At 34 weeks, it appears as a flask-like vesicle with
a narrow neck attached to the buccal cavity. It becomes bilobed and by 6 weeks is
composed of a solid mass of tissue expanding laterally as it descends caudally while still
connected to the tongue. By 7 weeks, it reaches its final position in the anterior lower
neck and now weighs 1-2 mg. The gland continues to increase in mass to approximately
50 mg by the end of the first trimester (12 weeks), after which the rate of increase
becomes very rapid, to about 0.27 g by the end of the second trimester, and 1.3 g at
term. By 10 weeks, single layers of cells have formed tiny lumen of follicles, and colloid
formation begins by 12 weeks. The development of the anterior pituitary coincides with
initiating the synthesis of hormones including thyroid-stimulating hormone.

(47) Costa (1986), Aboul-Khair et al. (1966), Evans et al. (1967), and Ares et al.
(1995) have investigated the mass of the fetal thyroid. These data are shown gra-
phically in Fig. 3.9 and reference values are given below.

Reference values for mass of the fetal thyroid

Fetal age (weeks) Mass (g)
8 0.011
10 0.022
15 0.077
20 0.18
25 0.36
30 0.63
35 1.0
38 1.3
3.3.3. Heart

(48) The cardiovascular system is the first organ system to function in the embryo;
blood begins to function by the end of Week 3. Heart development is first indicated
at 18 or 19 days in the cardiogenic area (Moore, 1977). Paired, longitudinal endo-
thelial channels called heart tubes develop before the end of Week 3 and begin to
fuse into the primitive heart tube. By Day 21, the paired heart tubes have linked up
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Fig. 3.9. Thyroid mass as a function of fetal age. Data are from: (@) Aboul-Khair et al. (1966); (O)
Evans et al. (1967); (l) Ares et al. (1995); and ([J) Costa (1986).

with blood vessels in the embryo, connecting stalk, chorion, and yolk sac to form a
primitive cardiovascular system (Moore, 1977). Jackson (1909), Potter and Craig
(1975), and Shepard et al. (1988) have reported measurements of the mass of the
heart. Luecke et al. (1995) recently expressed the mass of the heart as a power
function of the total body mass. The mass values for the heart in the developing
fetus shown in Fig. 3.10 are based on similar functional dependence on total body
mass using the fetal mass data of Fig. 3.5. Reference values for the fetal heart follow.

Reference values for mass of the fetal heart

Fetal age (weeks) Mass (g)
8 0.038

10 0.15

15 1.1

20 3.0

25 6.0

30 9.9

35 15

38 20
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Fig. 3.10. Mass of heart as a function of fetal age.

3.3.4. Adrenal glands

(49) Jackson (1909), Potter and Craig (1975), and Shepard et al. (1988) have
examined the mass of the developing adrenal glands (both glands). Luecke et al.
(1995) recently expressed the mass of the adrenals as a power function of the total
body mass. The mass of the adrenal glands shown graphically in Fig. 3.11 is based
on a similar functional dependence on the total body mass data of Fig. 3.5. Refer-
ence values for the adrenal glands in the developing fetus are given below.

Reference values for mass of the fetal adrenals

Fetal age (weeks) Mass (g)
8 0.016

10 0.060

15 0.38

20 0.98

25 1.9

30 3.0

35 4.6

38 6.0
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Fig. 3.11. Growth of the adrenal glands (both) during the fetal period.

3.3.5. Active marrow

(50) Hudson (1965) reported the mass of active (red) marrow in the fetus as a
function of fetal age. Luecke et al. (1995) recently expressed these data in terms of a
power function of the total body mass. The mass of the active marrow shown gra-
phically in Fig. 3.12 is based on a similar functional dependence on the total body
mass data of Fig. 3.5. Reference values for the mass of the active marrow follow.

Reference values for mass of fetal active marrow

Fetal age (weeks) Mass (g)
8 0.070

10 0.30

15 2.4

20 6.9

25 14

30 24

35 38

38 50
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Fig. 3.12. Mass of active (red) marrow as a function of fetal age.

3.3.6. Kidney

(51) The mass of both kidneys as a function of fetal age has been examined by
Jackson (1909), Potter and Craig (1975), and Shepard et al. (1988). Luecke et al.
(1995) recently expressed these data as a power function of the total body mass. The
mass of the kidneys shown graphically in Fig. 3.13 is based on a similar functional
dependence on the total body mass data of Fig. 3.5. Reference values for the mass of
two fetal kidneys are given below.

Reference values for the mass of fetal kidneys

Fetal age (weeks) Mass (g)
8 0.024

10 0.13

15 1.3

20 3.8

25 7.6

30 13

35 20

38 25
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Fig. 3.13. Mass of kidneys (both) as a function of fetal age.

3.3.7. Liver

(52) Jackson (1909), Potter and Craig (1975), and Shepard et al. (1988) have
examined liver mass as a function of fetal age. Luecke et al. (1995) recently expressed
these data as a power function of the total body mass. The reference values for mass
of the liver tabulated below are based on a similar functional dependence on the
total body mass data of Fig. 3.5. The growth of the liver during the fetal period is
shown in Fig. 3.14.

Reference values for the mass of fetal liver

Fetal age (weeks) Mass (g)
8 0.21

10 0.87

15 6.5

20 19

25 38

30 63

35 100

38 130
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Fig. 3.14. Mass of liver as a function of fetal age.

3.3.8. Lungs

(53) The mass of the lungs as a function of fetal age has been examined by Jackson
(1909), Potter and Craig (1975), and Shepard et al. (1988). Luecke et al. (1995)
recently expressed these data as a power function of the total body mass. The
growth of the lungs during the fetal period shown graphically in Fig. 3.15 is based
on similar functional dependence on the total body mass data of Fig. 3.5. Reference
values for mass of the fetal lungs are given below.

Reference values for the mass of fetal lungs

Fetal age (weeks) Mass (g)
8 0.096

10 0.63

15 5.8

20 15

25 26

30 38

35 51

38 60
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Fig. 3.15. Mass of lungs as a function of fetal age.
3.3.9. Pancreas

(54) The mass of the pancreas as a function of fetal age was examined by Schulz et
al. (1962) as reported in Publication 23 (ICRP, 1975). Luecke et al. (1995) recently
expressed these data as a power function of the total body mass. The growth of the
pancreas during the fetal period shown in Fig. 3.16 is based on a similar functional
dependence on the total body mass data of Fig. 3.5. Reference values for the mass of
the pancreas are also given.

Reference values for mass of fetal pancreas

Fetal age (weeks) Mass (g)
8 0.39

10 0.69

15 1.5

20 2.3

25 3.1

30 3.8

35 4.5

38 5.0
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Fig. 3.16. Mass of pancreas as a function of fetal age.

3.3.10. Spleen

(55) Jackson (1909), Potter and Craig (1975), and Shepard et al. (1988) have
examined the mass of the spleen as a function of fetal age. Luecke et al. (1995)
recently expressed these data as a power function of the total body mass. The
growth of the spleen during the fetal period shown in Fig. 3.17 is based on a similar
functional dependence on the total body mass data of Fig. 3.5. Reference values for
mass of the spleen follow.

Reference values for the mass of fetal spleen

Fetal age (weeks) Mass (g)
8 0.00049

10 0.0035

15 0.069

20 0.36

25 1.1

30 2.7

35 5.8

38 9.5
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Fig. 3.17. Mass of spleen as a function of fetal age.

3.3.11. Thymus

(56) Jackson (1909) and Shepard et al. (1988) have examined the mass of the thy-
mus as a function of fetal age. Luecke et al. (1995) recently expressed these data as a
power function of the total body mass. The growth of the thymus during the fetal
period shown in Fig. 3.18 is based on a similar functional dependence on the total
body mass data of Fig. 3.5. Reference values for the mass of the thymus are given
below.

Reference values for mass of fetal thymus

Fetal age (weeks) Mass (g)
8 0.011

10 0.022

15 0.45

20 1.5

25 3.2

30 58

35 9.7

38 13
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Fig. 3.18. Mass of thymus as a function of fetal age.

3.4. Physiological data

(57) The fetus receives all the nutrients required to sustain normal growth through
the placenta, a fetal organ in close contact with the maternal circulation (see Chapter
12). Oxygen and nutrients present in the maternal blood cross the placenta by various
mechanisms and enter the fetal circulation. Nutrients may also reach the fetus via the
amniotic fluid. During the second half of gestation, the fetus swallows amniotic fluid and
can digest and/or absorb some material from the fluid. However, compared with
uptake from the placenta, this is a negligible source. A limited number of exploratory
techniques can be employed to study the metabolism of the human fetus.

3.4.1. Oxygen consumption

(58) Oxygen consumption of the fetus near term has been measured in women
undergoing Caesarean section and found to average 5 ml/kg/min (Romney et al.,
1955). In normal-size, full-term babies maintained at 35-37°C, hence not requiring
extra energy consumption to maintain body temperature, oxygen consumption ranged
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from 5 to 5.5 ml/kg/min (Hill and Robinson, 1968). More indirect estimates, such as
differences in maternal oxygen consumption before and after delivery (Sandiford
and Wheeler, 1924), suggest higher fetal oxygen consumption, approximately 8.4 ml/
kg/min. This figure, despite its indirect nature, has been considered a more reliable
estimate (Sparks et al., 1980) given the similarity with values for other species. Thus,
a value of 8 ml/kg/min is adopted here. Reference values for the consumption of
oxygen are given below.

Reference values for oxygen consumption of the fetus

Fetal age (weeks) Oxygen consumption (ml/min)
8 0.03

10 0.1

15 1.2

20 3.8

25 7.9

30 13

35 21

38 28

3.4.2. Energy needs

(59) The fetus needs energy for metabolic processes, for physical growth, and for
physical activity. Since the mother provides the fetus with a 37°C environment, no
energy would be consumed to maintain body temperature. It has been estimated
that a 3.5-kg fetus near term consumes about 53.3 kcal/kg/day to enable a mass gain
of 120 g in the last week (Rosso, 1990). That estimate is based on an oxygen usage of
5 ml/kg/min. If an oxygen usage of 8§ ml/kg/min is assumed, the energy requirement
is 74.6 kcal/kg/day; the mass gain requires about 17.5 kcal/kg/day. The daily energy
requirement for the 3.5-kg fetus is 260 kcal, which is quite small relative to the adult
daily intake of 2000-2800 kcal.

3.4.3. Urine production

(60) The normal bladder may be seen as early as 15 weeks because only a few
millilitres of urine are required for visualisation. Bladder emptying occurs frequently
in the fetus, varying from every 30 min at 28 weeks gestation to every hour near
term. Evaluation of the bladder size by ultrasound every 2-5 min allows a calcula-
tion of hourly fetal urine production, maximal bladder volume, and effectiveness of
bladder emptying (Rabinowitz et al., 1989). Hourly fetal urine production increased
from 5 ml/h (maximal bladder volume of 1 ml) at 20 weeks gestation to 51 ml/h
(maximal bladder volume of about 40 ml) at term. Emptying was complete in only
28% of the cases studied with the residual volume varying from 25 to 65% of the
capacity (based on Mevorach and Kogan, 1995). Van Otterlo et al. (1977) observed
a fetal urine production rate near term of approximately 26 ml/h. Takeuchi et al.
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(1994) noted a decrease in urine output in the last 2 weeks of gestation, declining
from a value of about 46 ml/h for the 35-36-week-old fetus to 38 ml/h at term.
Reference values for the hourly urine production for the developing fetus (n=110)
are given based on the data of Mitra et al. (1995) shown in Fig. 3.19.
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Reference values for urinary output of the fetus

Fetal age (weeks) Urine output (ml/h)
10 -
15 -
20 4
25 13
30 27
35 39
38 45

60

50

40

Urine output (ml/h)

10

Fig. 3.19. Fetal urine output with advancing fetal age. The curve is a spline fit to the data of Mitra et al.
(1995, O). The data of Takeuchi et al. (1994, @) are plotted at the midpoint of the age interval with the

+1 SD error bars.

30

20

Fetal age (weeks)
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3.4.4. Blood flow in the embryo and fetus

(61) Throughout the fetal stage of development, the maternal blood supplies the
fetus with oxygen and nutrient and carries away its wastes. In the fetal circulatory
system, the umbilical vein transports blood rich in oxygen and nutrients from the
placenta to the fetal body. Figure 3.20 provides a simplified schematic of this circu-
lation. The umbilical vein enters the body of the fetus through the umbilical ring to
the liver. About half of the blood flow enters the liver, and the other half enters a
vessel called the ductus venosus which bypasses the liver. The oxygenated blood
from the placenta is mixed with the deoxygenated blood flowing from the tissues of
the body. The mixture of oxygenated and deoxygenated blood enters the atrium of
the right heart; however, a large proportion of the flow enters the left heart via a
shunt, called the foramen ovale, between the chambers. Most of the blood leaving the
right heart bypasses the lungs by entering a fetal vessel called the ductus arteriosus.
The small fraction of blood flow to the lungs serves to sustain the lung tissues. The
oxygenated blood, which entered the left heart through the foramen ovale, is mixed
with the small amount of deoxygenated blood from the lungs and the mixture is
pumped into the aorta. This mixture flows to the various fetal tissues as well as passing
into the umbilical arteries leading to the placenta where the blood is oxygenated.

(62) The inflation of the lungs at birth reduces the resistance to blood flow into the
lungs, resulting in increased flow into the lungs and left heart. The increased pressure in
the left atrium causes the foramen ovale to close and the heart chambers are then in series.
The ductus arteriosus, which connected the right heart to the systemic circulation,
closes within 1-2 days after birth. When the umbilical cord is cut, the umbilical vein
and arteries with the newborn’s abdomen and the ductus venosus degenerate.

(63) In the embryo, the blood flow is unidirectional by the end of Week 6, and by
the end of the Week 8, the heart attains its definitive form. The peripheral vascular
system develops slightly later, and is completed by the end of Week 10 (Lyons and
Levi, 1983). Rudolph et al. (1971) found the mean cardiac output to be 363 ml/kg/min

Vena cava
Ductus
y Foramen
ovale
Umbilical Liver :
veliln | Left Right
Placenta Portal T Other heart 1_‘ heart
vein tissues
Lower
| S body Aorta Lungs
tissues
Umbilical Duc_:tus
arteries T arteriosus T

>
>4

Fig. 3.20. Simplified schematic of fetal circulation. Note the parallel arrangement of the placenta with the
fetal circulation and a parallel arrangement of the left and right chambers of the heart. The lung receives
only enough flow for tissue growth.
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(range 175-660 ml/kg/min) for 11 human fetuses, weighing 64-225 g. The carotid
arterial blood pressure and fetal heart rate for five human fetuses weighing 104-225
g are shown in Table 3.3 (Rudolph et al., 1971). The heart rate ranges from 120 to
140 beats/min.

Table 3.3. Carotid arterial blood pressure and fetal heart rate

Mass (g) Systolic/diastolic pressure (mmHg) Mean pressure (mmHg) Heart rate (beats/min)

104 33/22 28 126
118 37/26 28 140
120 30/27 28 120
185 46/27 35 140
225 43/27 34 130

(64) Rudolph et al. (1971) also reported on blood flow for several organs. Table 3.4
contains data derived from 11 fetuses, weighing 64-225 g. The adrenals have the
highest value (for the organs studied) of 340 ml/min/100 g, and the lowest values are
for the upper body with 12 ml/min/100 g and the placenta with 11 ml/min/100 g.

Table 3.4. Blood flow to fetal organs

Organ Flow (ml/min/100 g)

Mean Range
Placenta 11 2-49
Gastrointestinal tract 101 18-235
Kidneys 155 56-249
Adrenals 340 105-595
Lower body 31 10-52
Heart 165 61-366
Brain 25 2-48
Upper body 12 7-19

3.5. Composition of the embryo—fetus
3.5.1. Total body water, lean body mass, and total fat

(65) The total water content of the embryo decreases with increasing gestational
age (Gellen et al., 1973). Fee and Weil, Jr. (1963) found that the water content varied
from 17.0 g at 11 weeks gestation to 1602.7 g at 33 weeks, while the percentage of
the total body mass varied from 91.1% in a young fetus to 77.4% at 37 weeks. These
values may be low because the mother was dehydrated at time of delivery. For
infants of 25 or more weeks of gestation, the mean percentage of water on a fat-free
basis is 85.6%. Malina (1986) reported that in two 6-month-old fetuses of 401 and
491 g body weight, the muscle mass was 22.75 and 22.75%, respectively. Gellen et al.
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(1973) stated that the dry matter content of embryonic tissue increased with gesta-
tional age; the average dry matter content was 8.1 g/100 g fresh tissue in embryos
40-90 days old (after onset of last menstrual period) (n=78); and the average
chloride content for embryos of the same gestational age (n=58) was 70.0 mEq/kg.
For chloride content, there was no change with gestational age.

(66) Protein and lipid content increase with gestational age (Ziegler et al., 1976).
Fee and Weil, Jr. (1963) estimated that the total body fat increases from 1.9% (of
total mass) at 11 weeks to 8.5% at 33 weeks gestation. Reference values for the
composition of the fetus are given below as adapted from Ziegler et al. (1976).

Reference values for body composition of the fetus

Constituent (g)/100 g body mass

Fetal age (weeks) Body mass (g) Water Protein Lipid Other
8 4.7 95.0 3.2 - 1.8
10 21 91.5 6.7 - 1.8
15 160 89.5 8.1 0.1 2.3
20 480 88.6 8.8 0.1 2.5
25 990 85.7 9.4 2.4 2.5
30 1700 80.7 10.6 6.3 24
35 2700 76.4 11.6 9.3 2.7
38 3500 74.0 12.0 11.2 2.8
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4. TOTAL BODY
4.1. Introduction

(67) This chapter provides background information and reference values on the
size, composition, and rate of growth of the total body during the postnatal period.

4.2. Anatomical data
4.2.1. Height and mass of the body

Pattern of human growth

(68) The growth period for the human body is unusually long among mammalian
species, requiring more than a quarter of the normal life span. The human growth
curve shown in Fig. 4.1 has a distinctive shape that reflects changes in the postnatal
growth velocity that are not found in other mammalian species. This long growth
period is associated with a delay in nearly all aspects of bodily development, espe-
cially skeletal and endocrine maturation (Watts, 1986).

(69) Total body mass continues to increase after maturity, but the rate of increase
is slowed considerably after about age 18 years in males and about age 16 years in
females. This is illustrated in Fig. 4.2, which summarises measurements of body
mass made in the extensive NHANES II survey of nutritional status in the USA
during the period 1976-1980 (NCHS, 1987, Burmaster and Crouch, 1997). In this
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Postnatal age (years)

Fig. 4.1. Increase of body mass during growth as a percentage of mass at age 25 years. Based on central
estimates for Western males as described in this document.
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Fig. 4.2. Body mass as a function of age and gender in the US population, as determined in a cross-
sectional study conducted during the period 1976-1980 (NCHS, 1987; Burmaster and Crouch, 1997).

study group, consisting of more than 20 000 subjects, body mass tended to increase
to age 40-50 years and to level off or decline thereafter.

(70) The precise pattern of change in body mass during adulthood varies from one
population to another. For example, data for British adults (Table 4.1) indicate a
substantial increase in body mass after age 50 years, in contrast with the data for the
US population addressed in Fig. 4.2.

(71) The rate of increase in height declines gradually with age from early life until
the adolescent growth spurt, which typically begins at about age 11 years in girls and
about age 12—-13 years in boys. The rate of growth typically peaks at age 12—13 years
in girls and age 14-15 years in boys, and declines sharply over the next 2-3 years
(Fig. 4.3). There is little increase in height in males after age 17-18 years or in
females after age 1516 years. Height begins to decrease slightly during the fourth or
fifth decade of life.

(72) In European countries, boys are at least as tall, often slightly taller, than girls
of the same age, on average, through the first 9-10 years of life (Eveleth and Tanner,
1976, 1990; Ulijaszek et al., 1998). As the adolescent growth spurt begins earlier in

Table 4.1. Median increases in body mass in British adults®

Increase in mass (kg)

Attained age (years) Males Females
30-39 2.5 2.5
40-49 4.5 4.5
50-64 2.5 7.0

4 From Lentner (1984).
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Fig. 4.3. Adolescent spurt in height growth for boys and girls. The curves are for subjects who have their
peak growth velocities during the modal ages 12-13 years for girls and 14-15 years for boys. After
Tanner (1962).

girls than in boys, European girls are taller and heavier on average than European
boys during the age interval 11-13 years.

(73) Data from cross-sectional studies (studies conducted on a population at one
point in time) indicate a continual loss of height after young adulthood. This
appears to be the net result of three factors. First, there is some actual shrinkage in
height that begins during the fourth or fifth decade of life. Second, there has been a
secular trend towards earlier maturation and larger body size since the early 1900s,
although this trend appears to have slowed dramatically or stopped in many coun-
tries (Tanner, 1981). Third, among the elderly, there are fewer tall individuals and
more short individuals than among young adults, i.e. there appears to be a differ-
ential mortality associated with body size (Lentner, 1984).

(74) Results of a longitudinal study (subjects are followed over a period of time)
conducted in Norway indicate a loss of height in both sexes of about 3 cm from young
adulthood to age 70 years (Table 4.2). This is about one-half of the loss usually seen in
cross-sectional studies, i.e. from combined secular and individual losses in height.

Selection of reference values for body mass and height

(75) The rate of growth of the human body from infancy to early adulthood has
been studied extensively in European populations (Eveleth and Tanner, 1976, 1990).
The studies include both urban and national samples. Reported central estimates (in
most cases, mean values) of total body mass and height for ages 1-18 years, as
determined in the 1970s and 1980s for study groups from 19 European countries, are
summarised in Fig. 4.4. In addition to curves showing the range of these central
values, a curve for a single population (Spain) is included to show the shape of the
full curve for an individual country. Data for birth to age 1 year are given separately
in Table 4.3 to provide greater detail for this period of rapid growth.
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Table 4.2. Decrease in height in a northern Norwegian population®

ICRP Publication 89

Height decrease after 5 years (cm)

Attained age (years) Male Female
25-29 0.0 (925) 0.0 (1138)
30-34 0.0 (1012) 0.0 (1179)
35-39 0.1 (1304) 0.1 (1302)
40-44 0.3 (1352) 0.3 (1386)
4549 0.4 (1326) 0.4 (1344)
50-54 0.4 (1221) 0.4 (1219)
55-59 0.6 (984) 0.6 (1012)
60-64 0.6 (790) 0.7 (735)
65-69 0.5 (470) 0.8 (483)
4 From Lentner (1984).
b Population size given in parentheses.
7071 70t
601 60}
£ 40} < 40|
@ 30t @ 30|
= 20¢ = 20f
10+ Boys 10} Girls
% 2 4 6 81012141618 % 2 4 6 81012141618
Age (years) Age (years)
200 200
180 180T
€160 g1607
2140} =140}
2120} =120}
(5] ()
L1007 T 100
80 Boys 80 Girls
60 60 = :

02 46 81012141618

Age (years)

02 4 6 8101214 1618

Age (years)

Fig. 4.4. Summary of central estimates of body mass and height for boys and girls, as determined in 19
European countries in the 1970s and 1980s (based on data compiled by Eveleth and Tanner, 1990). In
each panel, the upper and lower (grey) curves show the span of reported central values in these studies.
The intermediate (black) curve shows the pattern of growth using data from Spain as an example of

results from an individual study group.
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Table 4.3. Height and mass of European infants®

Height (cm) Mass (kg)

Age Boys Girls Boys Girls
Newborn 51+£0.9 51+1.5 3.5+0.05 3.440.04
4 weeks 55+0.9 54+0.8 42403 3.940.2
3 months 61+0.8 60+1.2 6.0+0.3 5.6+0.2
6 months 69+1.2 67+1.1 8.0+£0.4 7.3£0.2
9 months 73+1.4 72+1.3 9.5+04 9.0+0.5
1 year 77+0.9 754+0.9 10.4+0.3 9.9+0.5

4 Unweighted mean=standard deviation of mean values tabulated by Eveleth and Tanner (1990) for
studies in three to seven European countries. Number of subjects per study ranged from 80 to 225 subjects.

(76) For some European countries, a modest secular increase in height is suggested
by comparison of data for the periods 1957-1974 with data for the late 1970s and 1980s
(Eveleth and Tanner, 1990). The secular trends are not uniform across European
countries, however, and a possible secular decrease in height is suggested by data for
some ages in some countries. Moreover, the central tendency of the collective European
data from the period 1957-1974 is not significantly lower than that of the more
recent data. Thus, for purposes of constructing reference values for height, possible
secular trends in the European data do not appear to be an important consideration.

(77) Reference values for height are central estimates for the European populations
addressed by Eveleth and Tanner (1976, 1990). The values for adult males and
females are based on data for 18-year-old males and females, respectively, on the
basis of results of longitudinal studies indicating that both genders have attained
virtually their maximum height by age 18 years (Tanner, 1977, 1978).

Reference values for body height

Height (cm)
Age Male Female
Newborn 51 51
1 year 76 76
5 years 109 109
10 years 138 138
15 years 167 161
Adult 176 163

(78) Reference values for body mass are also based on the European data on body
growth, together with consideration of the long-term increase in body mass after the
apparent end of the growth period. Specifically, the reference value for body mass in
the adult male is 10% greater than the central value determined for European males
at age 18 years, and the reference value for adult females is 10% greater than that
determined for European females at age 16 years.
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Reference values for body mass

Mass (kg)
Age Male Female
Newborn 35 3.5
1 year 10 10
5 years 19 19
10 years 32 32
15 years 56 53
Adult 73 60

4.2.2. Surface area of the body

(79) Several authors have developed formulae to estimate the surface area of the
body (Dubois and Dubois, 1916; Boyd, 1935; Gehan and George, 1970; Haycock et
al., 1978; Lentner, 1984). These formulae generally are of the form:

SA = apHY M*

where SA4 is surface area (m?), H is height (cm), and M is mass (kg).

(80) The reference values for body surface tabulated below are based on the above
formula, using the age- and gender-specific reference heights and masses tabulated
earlier. The following parameter values were applied: oy =0.0235, «;=0.42246, and
a>,=0.51456. These values were derived by Gehan and George (1970) from mea-
surements on 401 subjects with surface areas ranging from 0.11 to 2 m2. Parameter
values derived from studies of Dubois and Dubois (1916), Boyd (1935), or Haycock
et al. (1978) give reasonably similar results.

Reference values for body surface area

Area (m?)
Age Male Female
Newborn 0.24 0.24
1 year 0.48 0.48
5 years 0.78 0.78
10 years 1.12 1.12
15 years 1.62 1.55
Adult 1.90 1.66

(81) Estimates of Boyd (1935) of portions of the total surface area associated with
various subdivisions of the body are given in Table 4.4.
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Table 4.4. Subdivision of the total surface area of the body*

Percentage of total surface area of body

Age Head Trunk Upper extremities Lower extremities
Newborn 20.8 31.9 16.8 30.5
1 year 17.2 34.4 17.8 30.6
2 years 15.2 33.6 18.5 32.7
3 years 14.4 33.6 18.8 33.2
4 years 13.7 33.1 19.4 33.8
5 years 13.1 33.0 19.6 34.3
6 years 12.6 33.4 19.6 34.4
7 years 12.4 33.5 19.3 34.7
8 years 12.0 334 19.6 35.1
9 years 11.5 33.5 19.2 35.7
10 years 10.9 33.6 19.4 36.2
11 years 10.4 334 19.5 36.6
12 years 10.0 333 19.5 37.2
13 years 9.6 33.0 19.7 37.6
14 years 9.2 32.5 20.3 38.0
15 years 8.8 319 21.4 37.9
16 years 8.4 31.6 21.5 38.5
17 years 8.2 31.7 21.2 38.8
18 years 7.9 32.5 20.8 38.8
Adult 7.5 34.6 19.4 38.5

4 From Boyd (1935).

4.2.3. Relative growth of different sections of the body

(82) Studies of maturity gradients in the upper and lower limbs indicate that
development occurs most rapidly in the distal parts of both region, and that girls are
ahead of boys even in early childhood (Simmons, 1944; Tanner, 1962). In general,
growth and development tend to occur most rapidly in the head end of the body and
least rapidly in the caudal end. Figure 4.5 shows the length of the head and neck, the
trunk, and the legs as a percentage of total body length at various stages of prenatal
and postnatal growth. The trunk represents about one-third of the length and nearly
half of the volume of the entire body at all stages of development, but the thoracic
portion of the trunk develops more rapidly than the pelvic region. As one illustra-
tion of the consequences of this slower development of the pelvic region, the urinary
bladder is an abdominal organ in infancy and does not attain its adult position and
shape until about age 6 years (Fig. 4.6).

4.2.4. Relative growth of organ systems

(83) There is a marked difference in the growth of the various organ systems from
birth to maturity. The total body increases in mass roughly 20-fold from birth to
early adulthood. At birth, the skeleton represents approximately 11% of the body
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Fig. 4.5. Percentage of total body length due to head and neck, trunk, and legs in boys at various stages
of prenatal and postnatal growth (after Tanner, 1978).

mass. Its postnatal growth parallels that of the body as a whole and also increases in
mass about 20-fold by maturity. Its chemical composition, however, is different in
newborns and adults, with the newborn skeleton being mostly cartilaginous. The
skeletal muscle system forms about 25% of the body at birth and about 40% in the
adult male. The central nervous system forms about 15% of body mass at birth and
2-2.5% in the adult male. The brain is the largest contributor to the mass of the
central nervous system. Information is sketchier on the peripheral nervous system and
the skin, but both appear to undergo a considerable reduction in relative mass in the
postnatal developmental period (Scammon, 1953, p. 38). The visceral group as a whole
forms about 9% of the body mass in the newborn and about 5-7% in the adult male.

(84) As indicated in Fig. 4.7, organs may be divided into four main patterns of
postnatal growth: general, neural, lymphoid, and reproductive. Examples of each
type are given in the figure legend. The ordinate is size attained as a percentage of
total postnatal growth, i.e.:

(mass at given age — birth mass)/(adult mass — birth mass) x 100%
(85) Scammon (1953) summarised the four main patterns of organ growth.

A. The structures of the lymphoid group (excluding the red pulp of the spleen
but including the thymus) are large at birth, grow rapidly until later childhood,
and then decline in absolute mass.

B. The neural group includes brain, spinal cord, and eyeballs. These structures
grow rapidly and complete >90% of their postnatal increase by the end of
early childhood.
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Fig. 4.6. Position of urinary bladder. (a) Infant. The bladder is almost entirely an abdominal organ.
(b) Adult. As the pelvis expands with growth, the bladder sinks into it, so that when empty it does not
extend into the abdominal cavity. Reprinted by permission from Sinclair (1985) Human Growth after
Birth, 4th ed. © Oxford University Press, Oxford, UK.

C. The general group includes the digestive, respiratory, and urinary organs, the
heart, and the spleen as a whole. These organs increase rapidly in mass in
infancy and the first part of early childhood. In the latter part of early
childhood and in middle childhood, they grow slowly. They enter a second
phase of rapid growth in the prepubertal period, and this is followed by a
terminal phase of slow increase in adolescence. In general, the growth of the
organs of this group is similar to the growth of the body as a whole.
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Fig. 4.7. Growth curves of different parts and tissues of the body, showing four main patterns of growth.
All the curves are of the same size attained (as a percentage of the total gain from birth to maturity) and
plotted so that size at age 20 years is 100 on the vertical scale. A= Lymphoid type: thymus, lymph nodes,
intestinal lymph masses. B=Neural type: brain and its parts, dura, spinal cord, optic apparatus, many
head dimensions. C= General type: body as a whole, external dimensional (except head), respiratory and
digestive organs, kidneys, aortic and pulmonary trunks, musculature, blood volume. D = Reproductive type:
testis, ovary, epididymis, prostate, seminal vesicles, Fallopian tubes. After Publication 23 (ICRP, 1975).

D. The organs of the [reproductive] group (all genital organs with the exception
of the uterus) grow very slowly until the prepubertal period, when they enter a
phase of rapid increase that extends into or through adolescence.

(86) The organs that do not fall under any of the preceding categories are the
suprarenal (adrenal) glands (which decline considerably in size in the first 1-2 years
of life), the uterus, the hypophysis, and, possibly, the thyroid gland. The uterine
pattern is similar to that of the adrenal glands.

(87) A recent analysis of the relative growth of organ systems was made by
Kawamura and Tanaka (2000). They used anatomical characteristics of Japanese
male and female subjects of the detailed studies of Tanaka (1992). Data on organ
mass were obtained from a total of 5500 subjects (4000 males and 1500 females) that
were autopsied within 12-24 h after death. Part of the analysis involved calculation
of an ‘adult index’ (A.l.), defined as the ratio (net weight gain from birth to a given
age): (net mass gain from birth to the age interval 20-29 years). These indices,
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Fig. 4.8. Adult index (percentage net mass gain after 0—1 months) of the thymus, brain, body mass, liver,

and testes in Japanese males. Age 25 years represents the mean of 20-29 years. After Kawamura and
Tanaka (2000).

expressed as percentages, appear to be calculated in the same manner as was done in
Fig. 4.7. Results for several organs in males, as plotted by Kawamura and Tanaka
(2000), are shown in Fig 4.8.

(88) The shapes of the curves for organs and tissues show good agreement with the
curves of Scammon. The curve for thymus A.l. shows the same peaked response
shown by Curve A in Fig. 4.7 for lymphoid tissues. The curve for brain A.I. mirrors
Curve B for the neural-type tissues. Curves for the A.I. values for the liver and total
body reflect Curve C for general organs, and the A.I. curve for the left testis reflects
Scammon’s Curve D for reproductive-type tissue.

4.2.5. Changes in anatomic topography

(89) Organs and organ systems differ not only in the relative amount of growth
and in patterns of growth but also in their positions with respect to the body and to
each other (Fig. 4.9). Some of these changes occur rapidly. For example, during the
neonatal period, there are marked changes of trunk topography from that of the
fetus (Scammon, 1953). The lungs expand and are pushed laterally, and their medial
anterior margins are forced medially, so that they cover a larger portion of the heart
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Fig. 4.9. Right lateral views of the newborn infant and adult male reconstructed to the same height
(Scammon, 1953). (a) The skeleton, (b) the musculature, subcutaneous tissue, and skin, and (c) the major
visceral mass and the central nervous system.

70



ICRP Publication 89

and usually most of the thymus. The heart descends about one vertebral level. The
thymus is compressed between the medial borders of the lungs and is often elongated.
The stomach expands and its curvature and its relationship to the liver changes.
The colon loses much bulk and some length. The adrenal glands shrink to about
half of their birth mass, also causing some changes in their relationships with other
organs.

(90) Marked changes in abdominal and pelvic topography occur after the infant
adopts the erect posture, the lumbar spine increases in length, and the pelvic cavities
increase in relative size. One example of this is the transition of the urinary bladder
from an abdominal organ to a pelvic organ (Fig. 4.6).

(91) According to Scammon (1953), the caecum, appendix, kidneys, bladder, and
stomach all descend to a variable degree, and a larger proportion of the small
intestines occupy the pelvic cavity. These changes occur relatively rapidly at first and
then continue slowly, sometimes to adolescence. There are also changes in liver
topography, because of its relatively large size at birth and slower postnatal rate of
growth, especially that of the left lobe. Changes in topography of the thoracic
organs are less striking, since the thorax is relatively more mature at birth than is the
more caudal part of the trunk. There are also marked changes in the topography of
the head because of the early development of the central nervous system. ‘The
growth of the neural portion of the skull, including the brain case, the orbits, and
the ethmoidal region of the nose, is fairly complete by 6 or 7 years, and further
changes come about mainly by increase in thickness, either general or local, of the
bony walls’ (Scammon, 1953, p. 54). These structures follow the neural growth pattern.
The face and jaws lag behind. The major changes in infancy are in the jaws, which
have to accommodate the teeth. Growth of the face (Fig. 4.10) seems to follow the
general pattern of growth, including a spurt during adolescence.

Fig. 4.10. Growth of the face. The newborn skull and the adult skull have been drawn to the same height
of the cranial vault (the distance between the planes A and B). Notice the great increase in the facial
skeleton in the adult. Reprinted by permission from Sinclair (1985) Human Growth after Birth, 4th ed. ©
Oxford University Press, Oxford, UK.
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4.3. Body composition
4.3.1. Lean body mass (fat-free mass)

(92) Changes in body composition during growth have been investigated extensively.
Data developed through the mid-1980s were reviewed critically and re-analysed in a
book by Forbes (1987). The following discussion of changes with age in body com-
position is based largely on information presented in that book.

(93) The body can be viewed as consisting of two compartments; lean body mass
(LBM) and fat. Lean body mass includes the stroma of adipose tissue and structural
lipids in cells such as membrane lipids. Since neutral fat does not bind water or
electrolytes, all of the body’s water and electrolytes are usually assigned to the LBM
compartment.

(94) Components of the total body that are almost entirely contained in the LBM,
such as water and potassium, are often expressed as fractions of LBM rather than of
total body mass. This is because body fat and thus total body mass are much more
variable than LBM.

(95) Since the relative sizes of organs change during growth, the relative con-
tributions of the various organs to the LBM also change. The relative mass of the
skeleton does not change greatly from birth to maturity, but its composition changes
radically, being considerably less mineralised at birth than in later stages of life. The
skeletal muscle system comprises approximately 25% of body mass at birth and 40%
at maturity in adult males. The brain is also relatively much larger in infancy than
later in life. These changes are important in interpreting body-composition data and
for other basic functions as well (e.g. basal metabolic rate).

(96) Figure 4.11 shows idealised changes with age in LBM in males and females
from birth to age 35 years, based on estimates of Forbes (1987) for the US population.
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Fig. 4.11. Estimated changes with age in lean body mass in males and females from birth to age 35 years,
based on data given by Forbes (1987).
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Boys apparently have more LBM than girls, while girls have a slightly higher per-
centage of body fat, especially after age 5 years. Large differences in LBM between
genders begin to appear after the onset of the adolescent growth spurt in boys. By
early adulthood, LBM typically represents about 80% of total body mass in males
and 70% of total body mass in females.

(97) Results of cross-sectional studies suggest that LBM as a percentage of total
body mass decreases substantially between young adulthood and old age. Extrapo-
lating from cross-sectional data for the US population, Forbes (1987) estimated that
LBM typically represents about 82% of total body mass in young adult males and
72% in elderly males in the USA. Corresponding estimates for young and elderly
females in the USA were 72% and 58%, respectively.

4.3.2. Changes in composition of LBM

(98) The percentage of water and its distribution within the body change with age.
Electrolytes, minerals, and solids also undergo important changes, as illustrated in
Fig. 4.12 for the extensively studied element, potassium.

(99) The body cell mass is the collection of cellular components of muscle, viscera,
blood, brain, and other organs. The concept of body cell mass encompasses those tissues
most likely to be affected by nutrition, disease, or physical activity over relatively short
intervals of time — days or weeks. In practical terms, it excludes those tissues such as
bone and connective tissue that have slower turnover rates. Muscle, viscera, and brain
account for most of the oxygen consumption of the body (Forbes, 1987).

(100) Extracellular fluid is the blood plasma plus the interstitial fluid which surrounds
cells. Intracellular fluid is the fluid within cells. Transcellular fluids are various specialised
fluids: intra-ocular, synovial, and cerebrospinal fluids, and the fluid within the lumen
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Fig. 4.12. Plot of total body potassium as a function of age. Idealised curves based on data in Wagner et
al. (1966), ICRP (1975), and Forbes (1987).
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of the gastrointestinal tract. When splitting total body water into extracellular and
intracellular, transcellular water is often grouped with the extracellular water.

(101) The relative amounts of intracellular and extracellular water change with age
(Fig. 4.13). According to Widdowson and Dickerson (1981): ‘One of the character-
istic changes that take place during development is a decrease in the proportion of
water in the fat-free body tissue and an increase in that of dry mass. The fall in the
proportion of total water is due above all to the sharp reduction in the amount of
extracellular fluid, more than offsetting the rise in intracellular fluid due to the
increase in the proportion of the body occupied by cells. Paralleling these changes there
is a decrease in extracellular sodium and chloride, and an increase in the primarily
intracellular constituents potassium, phosphorus, and nitrogen. This applies to all
soft tissues as well as the body as a whole.’

(102) Forbes (1987) determined the following relationship between extracellular
fluid (ECF) and total body water (T'BW) based on data from several laboratories
derived by similar methods (7BW itself is an index of total body size):

ECF(1) = 0.414 x TBW(1) + 0.306

(103) The regression was based on combined data for males and females. No sig-
nificant difference between males and females was found.

(104) The distribution of the extracellular water among plasma, interstitial fluid
and lymph, dense connective tissue, bone, and transcellular fluid is shown in
Table 4.5 for the adult.

(105) Reported measurements of the water content of LBM in adult animals and
human subjects are generally in the range 71-74% (Pace and Rathburn, 1945; Wid-
dowson and Dickerson, 1964; Lukaski et al., 1981; Forbes, 1987; Ellis, 1990).

Reference value for water content of Lean Body Mass in adults 73%

2.0
Combined sexes
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ECF:ICF ratio
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Fig. 4.13. Ratio of extracellular fluid:intracellular fluid volume as a function of age. After Forbes (1987).
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Table 4.5. Distribution of water and electrolytes (young adult male). From Edelman (1961), as reported
by Forbes (1987)

Water (%) Sodium (%) Chloride (%) Potassium (%)

Plasma 7.5 11.2 13.6 0.4
Interstitial fluid — lymph 20 29 37.3 1.0
Dense connective tissue — cartilage 7.5 11.7 17.0 0.4
Bone 7.5 36.5 15.2 7.6
Transcellular fluid 2.5 2.6 4.5 1.0
Total extracellular 45.0 91.0 87.6 10.4
Total intracellular 55.0 9.0 12.4 89.6
Total 100 100 100 100

(Total exchangeable content) (100) (70) (94) (90)

4.3.3. Body fat

(106) Body fat is a chemical entity and corresponds to two histological entities;
‘essential’ fat and ‘non-essential’ fat. Essential fat is composed of constituents of
cells and represents roughly 2% of LBM. Non-essential fat either accumulates or is
used in response to an alteration in caloric balance. It occurs as closely packed fat
cells in a loose connective tissue called adipose tissue, which is found mainly in the
subcutaneous tissue. Accumulation of adipose tissue also occurs in the omentum,
mesenteries, major joints, and other sites.

(107) Determinations of the mass of body fat as a function of age and gender have
been made by a number of investigators. Reported values vary from one study to
another but reveal clear differences between males and females, and distinctive patterns
of change with age for each gender. The mass of non-essential body fat expressed as
a percentage of total body mass increases from birth to about 5 months of age, at
which time fat represents about one-quarter (range 18-34%) of total body mass.
The percentage begins to decrease slowly at about 6 months of age and continues to
decrease gradually to adolescence. During this period, girls may have slightly more
fat on average than boys of the same age, but it is not until adolescence that the
difference between genders becomes striking. Boys and girls both gain body fat early
in adolescence. The gain later stops in boys, while girls continue to put on fat as
adolescence proceeds. Both genders continue to put on fat during adulthood
(Fomon, 1966, 1967; Forbes, 1987; Lloyd and Mays, 1987).

(108) Gender- and age-specific changes with age in the mass of non-essential body
fat as a percentage of total body mass are indicated in Fig. 4.14. These idealised
curves are central estimates based on collected measurements and models (Fomon,
1966, 1967; Burmeister and Bingert, 1967; Durnin and Wormersley, 1974; ICRP,
1975; Fomon et al., 1982; Forbes, 1986, 1987; Lloyd and Mays, 1987; Ellis, 1990).

(109) The reference values for the mass of non-essential body fat tabulated below are
consistent with these curves. Reference values for adults are based on estimates for age 35
years. The reference values for body fat include interstitial fat and yellow bone marrow,
whose masses are included in specific organs and tissues in Table 2.8 of Chapter 2.
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Fig. 4.14. Idealised curves representing gender- and age-specific mass of body fat as a percentage of total
body mass. Based on data given in Fomon (1966, 1967), Burmeister and Bingert (1967), Durnin and
Wormersley (1974), ICRP (1975), Fomon et al. (1982), Forbes (1986, 1987), Lloyd and Mays (1987), and
Ellis (1990).

Reference values for mass of body fat®

Mass (g)
Age Male Female
Newborn 370 370
1 year 2300 2300
5 years 3600 3600
10 years 6000 6000
15 years 9000 14 000
Adult 14 600 18 000

2 Excludes essential body fat. Includes interstitial fat and yellow bone marrow.

4.4. Physiological data
4.4.1. Energy expenditure

(110) The amount of metabolic fuel used each day varies widely due to individual
differences in activities (Table 4.6), body size, and body composition. Usage of
metabolic fuel is normally balanced by variation in food intake, but the stores of
triglycerides in adipose tissue can shrink or expand to accommodate imbalances in
fuel intake and expenditure. Muscle is the major consumer of metabolic fuel and
even at rest accounts for about 30% of the oxygen consumed. A 73-kg man may
consume roughly 2000 calories a day on average but may require only about 1200

76



ICRP Publication 89

Table 4.6. Typical energy expenditure at different levels of exertion (based on data summarised in FAO/
WHO, 1973; Layton, 1993)

Activity Multiple of basal metabolism
Sitting 1.3
Standing 1.6
Walking 3.5
Light industry 2.1-3.8
Vacuuming 3.8
Office work (sedentary) 1.7
Cooking 2.7
Volleyball 3.0
Table tennis 3.0
Cycling 5.3
Swimming 5.3
Dancing 5.3
Heavy industrial work 10
Strenuous sports activity 10-22

calories during complete bed rest or as much as 6000 calories with prolonged phy-
sical activity. For example, marathon running may consume about 3000 calories in 3
h (Johnson, 1998).

(111) At rest, an individual on a typical diet might derive roughly half of his or her
daily energy needs from the oxidation of glucose, a small fraction from consumption
of protein, and the remainder from fat. During starvation or prolonged exercise,
carbohydrate reserves are quickly exhausted unless some restriction is placed on
carbohydrate consumption by muscle, whose fuel needs can be met by increased
utilisation of fat. If muscle can utilise fat, its ability to consume carbohydrate is
restricted. Hormonal regulation of energy balance is accomplished largely through
adjustment of availability of energy-rich fatty acids and their derivatives to muscle,
and the consequent sparing of carbohydrate and protein (Johnson, 1998).

(112) Typical values for energy expenditure in humans are difficult to obtain, not
only because of the high variability resulting from individual differences in activity,
body size, and body composition but also because of the absence of suitable methods
for measurement. Investigators have usually relied on measures of energy expenditure
that do not represent average or typical 24-h free-living expenditure, such as resting
metabolic rate or 24-h energy usage in a respiratory chamber. Other estimates have
been obtained from surrogate measures such as dietary energy intake, which are also
difficult to determine with high accuracy and are subject to reporting bias (Schulz
and Schoeller, 1994).

(113) A potentially more accurate method that has found increased use in adults
in recent years is the doubly labelled water method, based on the differential kinetics
of hydrogen and oxygen in body water to assess total carbon dioxide production
over periods of days to weeks (Schulz and Schoeller, 1994).

(114) Reported measurements of daily energy expenditure in healthy adults vary
by a factor of about 3 in women and a factor of nearly 4 in men (Schulz and
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Schoeller, 1994). Some recent studies have been designed to identify the factors
contributing to this high variation. Schulz and Schoeller (1994) used the doubly
labelled water method to determine total daily energy expenditures in healthy adults
with widely varying levels of activities, body sizes, and body compositions. The
study included 126 male and 173 female subjects aged 18—78 years, separated into
four groups: elite athletes, a selected inactive group, people in developing countries,
and all others. Ages, masses, and energy expenditures for the four groups are
summarised in Table 4.7. Except for the male athletes (four cyclists engaged in the
Tour de France), the total energy expenditures in the different groups were reasonably
similar despite considerably different energy budgets. Persons from developing
countries are physically smaller on average than persons from developed countries
and, therefore, may expend less energy at rest. On the other hand, persons from
developing countries expend more energy in the types of activities they perform, so
that the sums of activities for the two groups do not vary much. Statistical analysis
indicated that age and fat-free body mass accounted for about two-thirds of the
variation in energy expenditure. The authors suggested that individual differences in
physical activity should account for most of the remaining variance, although a
small proportion of the variance was probably due to measurement error.

(115) For purposes of medical investigation, energy expenditure is measured under
standardised conditions, usually in the morning after fasting and at a neutral tem-
perature. The quantity measured is referred to as the basal metabolic rate, the
energy expenditure at rest, or the resting metabolic rate (RMR). The goal is to
determine the thermal loss associated with cellular metabolism and physiological
functions such as blood circulation, respiration, digestion, and involuntary muscle
tone, sustained in a resting, reclining position.

(116) The RMR generally represents a large proportion of a person’s total energy
expenditure (TEE). This is indicated in Fig. 4.15, which summarises reported means
of TEE and RMR for various populations (from a review by Goran, 1995). The
regression line TEE =(2.15*RMR)—800 kcal/day was derived from these data.

(117) Reference values for basal metabolism and TEE are tabulated below. The
TEE values are based on food energy intake determined in a recent study of the US

Table 4.7. Comparison of energy expenditure (means and standard deviations) in four groups of adults
(adapted from Schulz and Schoeller, 1994)

Athletes Inactive group Developing countries All others

Males
Mean age (years) Not reported 42+16 27414 32+ 14
Mean mass (kg) 69.2+5.86 87.2+27.4 58.6£5.9 83.5+£25.6
Total energy expenditure (MJ/day) 29.440.99 12.0+2.54 16.2+4.47 14.24+2.86
Females
Mean age (years) 26+3 31+13 23+4 35+£10
Mean mass (kg) 52.4+4.09 106.2+£32.7 51.7£5.2 72.5+£17.6
Total energy expenditure (MJ/day) 11.8+1.31 11.7+£1.85 8.67+2.16 10.3+£1.88

78



ICRP Publication 89

B 4000 A= young adults

ke, YM = young men

% 3500 FEM = elderly men YM(USA)

< EW = elderly women YM (UK)*

w OW = obese women YA (Holland .
g 3000 rIG = inactive group YM (U(SA) ) _

g é=_ iﬂﬁﬁ?nts OW (USA) IG (USA)
£ 2500 F EM (USA)}.’ JEM (USA)

§- OW (USA) —~*p (UK)

& 2000 | o EW (USA)

§ OW (UK)

£ 1500 [-© (USA)

% > TEE = (2.15 x RMR) - 800

P 1000 '

| Il | Il
800 1000 1200 1400 1600 1800 2000
Resting metabolic rate (RMR, kcal/day)

Fig. 4.15. Relationship between the resting metabolic rate and the total energy expenditure. Adapted
from Goran (1995).

population (McDowell et al., 1994). The values are reasonably consistent with a
number of studies on populations from developed countries. The basal metabolic
rates are based on the above regression between the RMR and TEE, and reasonably
consistent standard values published earlier (Altman and Dittmer, 1968).

Reference values for basal metabolism and total energy expenditure

Basal metabolic rate (kcal/h) Total energy expenditure (kcal/day)
Age Male Female Male Female
Newborn 8.5 8.5 500 500
1 year 24 23 800 750
5 years 45 43 1600 1400
10 years 53 48 1900 1700
15 years 63 51 2400 1800
Adult 68 52 2800 1800

4.4.2. Body water balance

(118) To maintain a constant amount of water, the body must eliminate an
amount equivalent to that ingested in fluids and food plus that produced by meta-
bolism. The regulation of total body water is based primarily on a sensing system
that responds to plasma osmolality, which is determined by the total solute content
in the plasma and the total plasma water volume. Na*, Cl—, and HCOj3 are the
major solutes in plasma and hence the primary determinants of plasma osmolality
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(Johnson, 1998). Intake of elevated quantities of table salt, for example, will lead to
increased plasma osmolality, thirst, and increased intake of water.

(119) Water is absorbed in the upper small intestine and distributed by way of the
lymph and blood into the tissues and cells of the body. It is eventually excreted
through four channels: kidneys, skin, lungs, and intestines. Various salts accompany
the water excreted in urine, sweat, and intestinal secretions (Orten and Neuhaus,
1982).

(120) Typically, an adult would take in about 2-3 | of water each day in fluids and
food (ICRP, 1975; Orten and Neuhaus, 1982; Johnson, 1998). In addition to water
ingested in food and fluids, metabolism of foodstuffs leads to production of water,
carbon dioxide, and other metabolic byproducts such as urea and creatinine. Metabolic
production of water varies with the diet but is probably about 200400 ml/day in adults
(Brobeck, 1979; Orten and Neuhaus 1982; Antoine et al., 1986; Johnson, 1998). It has
been estimated that metabolism of 100 g fat yields 107 g water, 100 g starch yields 55 g
water, and 100 g protein yields 41 g water (Orten and Neuhaus, 1982).

(121) Results of a study on an adult population in France with a mean food
energy intake of 2837 kcal/day indicate that the mean total water intake was about
2.7 1/day (Antoine et al., 1986). This included ‘invisible’ intakes such as endogen-
ously produced water (348 ml) and water contained in food, fruit, or dairy products
(1008 ml), and ‘visible’ intakes such as tap water (650 ml), bottled water, fruit juices,
sodas, fruit drinks, and alcoholic drinks (678 ml for the last five sources combined).

(122) Daily consumption of water in fluids and food varies markedly from one
person to another, depending on individual habits such as dietary habits and exer-
cise, and environmental factors such as air temperature and humidity, as well as age
and gender. Measurements of water turnover in 171 healthy Swiss children (88 girls
and 83 boys), aged 6 weeks to 15 years, indicate water loss of about 160 ml/kg at age
3 months, 100 ml/kg at 12 months, 65 ml/kg at 3 years, and 40 ml/kg at 15 years.
Water balance studies on 21 healthy German children aged 6-11 years indicate daily
water intake from food and drink (but excluding metabolically produced water) of
about 43 ml/kg (Ballauff et al., 1988). These findings suggest that the daily intake
plus metabolic production of water is roughly 1000 ml for ages 3 months to 6 years
and that it gradually increases to more than 2000 ml by age 15 years. Daily intake
plus metabolic production of water may be about 2500-3000 ml on average in young
and middle-aged adult males (ICRP, 1975; Antoine et al., 1986; Johnson, 1998), but
water intake, at least, is probably somewhat less in elderly males (Ershow and Cantor,
1989; Gaspar, 1999). Water intake and metabolic production are expected to be
lower in adult females than in adult males (ICRP, 1975; Ershow and Cantor, 1989).

(123) Typical ‘tap water’ intakes in the USA as a function of age and gender are
indicated in Fig. 4.16 (Ershow and Cantor, 1989). The indicated water intakes
include drinking water, water added to beverages, and water added to foods during
preparation, but not water intrinsic in food as purchased. Thus, the indicated values
are substantially higher than intake of drinking water but lower than the total intake
of water in food and fluids.

(124) The main route of output of water under sedentary conditions is urine. The
amount of water lost in urine each day varies with age, gender, diet, exercise, and
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Fig. 4.16. Tap water intake in the USA as a function of age and gender. Adapted from Ershow and
Cantor (1989) and USEPA (1999).

other factors. In adults, the 24-h urine volume is typically about 1200-2000 ml
(ICRP, 1975; Orten and Neuhaus, 1982; Asplund and Aberg, 1992; Borghi et al.,
1996; Leiper et al., 1996; Johnson, 1998). A reasonable central estimate for a 73-kg
adult male may be about 1600 ml/day, or about 22 ml/kg/day. A similar value
(22.5+7.7 ml/kg/day) was determined in 21 healthy German children, aged 6-11
years (Ballauff et al., 1988). With excessive water intake, urine output can be as high
as 10% of the glomerular filtration rate or approximately 250 ml/kg/day (Johnson,
1998). During prolonged periods of high water loss or low water intake, urine output
may decrease to as little as 67 ml/kg/day (Johnson, 1998).

(125) The ability of the kidneys to produce concentrated urine is a major deter-
minant of the ability to survive for an extended period without water. The human
kidney can produce a maximal urinary concentration of about 1400 mosmol/l
(1 osmole =the molecular weight of a solute, in grammes, divided by the number of
ions or particles into which it dissociates in solution). As the urea, sulphate, phosphate,
and other waste products excreted each day amount to approximately 600-700
mosmol, the obligatory water loss required for urinary excretion is roughly 0.5 1/day.
Thus, as long as the kidneys are properly excreting waste products, daily excretion
of urine will amount to at least 0.5 1/day even in the absence of water intake. If the
body could produce urine with an osmolality of a few thousand mosmol/l, the water
produced in the body by oxidation of foodstuffs might be ample for water balance;
this is the case for the kangaroo rat, a desert rodent that never drinks water (Vander
et al., 1980).

(126) Average losses of water in sweat are difficult to quantify, not only because of
difficulties in measuring total loss of sweat during normal activities but also because
of the high variability in sweat production associated with such factors as ambient
air temperature, level of activity, body size, and body composition. Large amounts
of water may be lost in sweat in a warm environment or during exercise, and as
much as 3.5 1/h may be lost during vigorous exercise in a hot environment (Johnson,
1998). In 13 male subjects, the average sweat rate during competition in a triathlon
(canoeing, cycling, and running) was estimated as 940+£163 ml/h (Rogers et al.,

81



ICRP Publication 89

1997). Daily evaporative water losses determined in nine astronauts who averaged 1
h/day of exercise were 1750+ 37 ml during preflight training, and 1560+26 ml during
space flight (Leach et al., 1978). For a 70-kg male living in a temperate environment
and engaged in light, indoor activities for 8 h/day, average sweat loss has been esti-
mated as 650 ml/day (ICRP, 1975).

(127) In addition to sweat (visible water loss), there is considerable insensible loss
of water through the skin, even during rest and at normal room temperature.
Reported measurements of insensible loss through the skin generally fall in the range
100-800 ml/day and average about 350—400 ml/day for an adult male, although it
appears that much greater losses can occur under warm, dry, or windy conditions or at
low barometric pressure (Lamke et al., 1977; Reithner, 1981; De Luca et al., 1984; Jeje
and Koon, 1989; Ratnatunga and Thevaranjan, 1991; Yamaguchi, 1999; Westerterp et
al., 2000). For ambient temperatures of 22, 27, and 30°C and a relative humidity of
30%, the average total insensible perspiration in healthy adult volunteers was esti-
mated as 381 £18, 626425, and 695+35 ml/day, respectively (Lamke et al., 1977).
Measurements on elderly human subjects indicated an insensible water loss through
the skin of about 300 ml/day (De Luca et al., 1984).

(128) As expired air is nearly saturated with water at body temperature and
inspired air is not usually saturated with water, a considerable amount of insensible
water loss can also occur through respiration. Losses by respiration are increased
under many of the same conditions that increase cutaneous insensible loss of water,
such as exercise, high ambient temperatures, and low humidity. Measurements on
adults and infants indicate that, under average conditions, the amount of water lost
daily from the lungs may be roughly the same as that lost through insensible perspiration
(Reithner et al., 1980; Guyton, 1982; Riesenfeld et al., 1987, 1995; Johnson, 1998).

(129) Insensible water loss has been studied extensively in infants because of the
importance of rapid water loss in preterm infants (Hammarlund et al., 1977; Rutter
and Hull, 1979; Bell et al., 1980; Stornowski and Hornchen, 1981; Maurer et al.,
1984; Riesenfeld et al., 1995; Agren et al., 1998). Transepidermal water loss was
estimated as 41.5+11.5 g/kg/day in infants of less than 30 weeks of gestation,
22.447.6 g/kg/day in infants of 30-33 weeks of gestation, and 11.1+4.1 g/kg/day in
infants of at least 34 weeks of gestation (Maurer et al., 1984). Similar results were
obtained in a study by Rutter and Hull (1979). Mean water loss from the skin was
estimated as 6.6 g/m?/day (10.2 ml/kg/day) in babies weighing more than 1.85 kg but
was up to three-fold higher in smaller babies (Stornowski and Hornchen, 1981).
Respiratory water loss was estimated as 25 g/day in 12 full-term newborn infants, at
an ambient temperature of 32.2°C and an ambient humidity of 50% (Riesenfeld et
al., 1987). Respiratory and transepidermal water loss appeared to be of approxi-
mately equal magnitude in full-term infants at an ambient humidity of 50%, while
transepidermal water loss constitutes a larger proportion than respiratory loss in
preterm infants (Riesenfeld et al., 1995). In a study involving 12 infants, total insensible
mass loss was estimated to be constant at about 1.9 g/kg/h over the first year of life,
and most of this was attributed to insensible water loss (Hendrikson et al., 1985).

(130) Although a large volume of fluid is secreted into the gastrointestinal tract
each day, most of it is re-absorbed before it reaches the end of the colon and rectum.
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For a normal diet, water loss in faeces is typically about 100 (50-150) ml/day (ICRP,
1975; Guyton, 1982). This can increase dramatically as a consequence of diarrhoea
or vomiting.

(131) The following estimates for the average adult male were based on the above
information and the constraint that daily intake plus metabolic production of water
must balance losses in urine, faeces, insensible losses, and sweat: intake in food and
fluids, 2600 (2000-3000) ml; oxidation of food, 300 (200—400) ml; urinary excretion,
1600 (1200-2000) ml; insensible losses, 690 (300—-1000) ml, with equal losses through
the lungs and skin; faeces, 110 (55-165) ml; and sweat, 500 (300-700) ml. The central
estimates are adopted as reference values for water balance in adult males. Refer-
ence values for adult females are taken as 75% of the corresponding values for
males except for faeces, which is assumed to be 85% of that for males for con-
sistency with reference values for the mass of faeces excreted per day by adult
males and females.

Reference values for water balance in adults

Male Female

Water intake in food and fluids (ml/day) 2600 1960
Oxidation of food (ml/day) 300 225
Losses (ml/day)

Urine 1600 1200

Insensible loss® 690 515

Sweat 500 375

Faeces 110 95

2 Assumed to be divided equally between the lungs and skin.

4.5. Comparisons of reference values with Asian data

(132) A considerable amount of information has been published during the past
decade on characteristics of several Asian populations. Included are reports on
Japanese populations (Tanaka and Kawamura, 1979, 1996; Tanaka, 1992), Chinese
populations (Wang et al., 1999), and Indian populations (Jain, 1995). The most
extensive effort has been the 5-year effort conducted under the auspices of the IAEA.
In this effort, characteristics of populations in Bangladesh, China, India, Japan,
Republic of Korea, Pakistan, Philippines, and Vietnam were examined and compared
(IAEA, 1998). This IAEA report presented comparative information on height,
weight, other anthropomorphic measurements, organ masses, daily dietary intake,
pulmonary function, and water balance. Also included in the IAEA report were the
results of a model prepared by Tanaka giving suggested reference values for Asian male
and female subjects at these six ages: newborn; 1, 5, 10, and 15 years; and adult.

(133) The authors of this report noted major questions that arose relating to the
adequate and appropriate characterisation of reference values for Asian populations.
These uncertainties included: ‘(1) significant variations between and even within
national populations and (2) secular trends within a given population as a result of
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changes in food distribution and dietary habits. The problem of population variations
on a regional or even national scale is analogous to the difficulty in defining a
worldwide ‘Reference Man’ given differences in major ethnic populations.’

(134) As an example of a secular change, data on the height of 17-year-old Japanese
males were compared for the years 1977 and 1991. The mean height had increased
from 169.1 to 170.6 cm and this shift was evident throughout the distribution of
heights. The authors also noted that there was no acceleration of growth in Western
European and North American countries, and secular trends could be ignored. In
contrast, the acceleration of growth in body height and mass should be considered
for developing countries.

(135) In addition to secular trends, the authors had to deal with variations within
national populations from different geographical locations, as well as different ethnic
and income distributions. Limited funding also restricted the measurement programme,
and national data obtained for other purposes were sometimes included in the analyses.

(136) Means and standard deviations were presented for the distributions of
height and total body mass for each of these eight Asian countries. The height
results are given in Table 4.8. Reference values assigned in the present document are
included for comparison. Both male and female heights for these eight countries are
3-7% lower than the corresponding reference values.

(137) A similar approach was used to present the results on total body mass from
these eight countries in Table 4.9. The mean values for males ranged from 12 to 29%
lower than the reference value. Female values ranged from 12 to 24% lower than the
reference value. Total body masses derived in the model presented by Tanaka in the
TAEA report (1998) are also included for comparison.

(138) Using a distribution of ages consistent with those used in the present report,
the authors of the IAEA report gave values for total body mass as a function of age.
These results are given for Asian males and females in Tables 4.10 and 4.11,
respectively. These results and other information given in the IAEA report (1998)
provide a good resource for national authorities who may wish to use country-specific
results for particular applications.

Table 4.8. Height in adult Asian males and females compared with ICRP reference values®

Males (cm)®© Females (cm)®

Pakistan 171+6.4 158+£6.7
China 169+5.8 158+5.4
Japan 168 +5.7 155+£5.2
Republic of Korea 167+5.5 1554+4.9
Bangladesh 164+£12.8 155+5.6
Vietnam 164+5.2 154+4.5
Philippines 163+£13.8 151+£5.4
India 163+7.5 151+6.5
ICRP reference values 176 163

4 Modified from IAEA report (1998).
b Mean=SD.
¢ Country entries sorted according to male values.

84



ICRP Publication 89

Table 4.9. Total body mass in adult Asian males and females compared with ICRP reference values®

Males (kg)° Females (kg)®

Pakistan 63.9+38.1 52.6+8.5
Republic of Korea 63.8+7.7 54.5+6.5
Japan 63.6+8.8 523+7.4
China 58.3+6.4 51.1+6.4
Bangladesh 57.8+£9.0 479479
Philippines 56.6+8.3 49.2+8.7
Vietnam 51.8+5.4 46.8+5.3
India 51.5+8.5 44.2+£8.0
Tanaka model 60 51

ICRP reference values 73 60

4 Modified from IAEA report (1998).
b Mean=+SD.
¢ Country entries sorted according to male values.

Table 4.10. Total body mass (mean values) in Asian males as a function of age compared with ICRP
reference values®

Newborn 1 year 5 years 10 years 15 years Adult®

Pakistan 32 - 20.3 34.2 51.6 63.9
Republic of Korea - - - 30.7 53.2 63.8
Japan 32 9.6 19.0 32.5 57.2 63.6
China 32 9.1 16.3 27.0 48.6 58.3
Bangladesh 2.4 8.1 16.4 27.2 43.9 57.8
Philippines - 9.3 15.2 24.3 43.1 56.6
Vietnam 3.0 7.6 14.8 23.5 40.9 51.8
India 2.9 8.5 14.6 22.9 38.3 51.5
Tanaka model — 11 19 30 54 60

ICRP reference values 3.5 10 19 32 56 73

4 Modified from IAEA report (1998).
> Entries ranked according to adult values.
¢ Data not available.

Table 4.11. Total body mass (mean values) in Asian females as a function of age compared with ICRP
reference values®

Newborn 1 year 5 years 10 years 15 years Adult®

Republic of Korea < - - 30.6 49.3 54.5
Pakistan 3.3 - 15.7 19.1 46.9 52.6
Japan 32 9.1 18.6 32.8 51.6 52.3
China 3.1 8.5 15.8 27.1 46.3 51.1
Bangladesh 2.5 7.0 16.4 26.7 42.5 49.9
Philippines - 9.0 15.2 25.7 433 49.2
Vietnam 2.9 7.8 14.5 27.0 40.5 46.8
India 2.8 8.1 14.2 22.9 38.7 44.2
Tanaka model - 11 19 31 49 51

ICRP reference values 3.5 10 19 32 53 60

4 Modified from IAEA report (1998).
> Entries ranked according to adult values.
¢ Data not available.
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5. RESPIRATORY SYSTEM
5.1. Introduction

(139) The ICRP published a wealth of information on the anatomical, physio-
logical, and dosimetric characteristics of the human respiratory tract in Publication
66, ‘Human Respiratory Tract Model for Radiological Protection’ (ICRP, 1994).
This chapter summarises the background information and reference anatomical
and physiological parameters presented in that publication, as well as additional
data in some areas. The interested reader is encouraged to consult Publication 66
for more detailed information and related references. The references included here
are given only for data or figures taken directly from publications other than
Publication 66.

5.2. Structure and function of the respiratory system

(140) Anatomically, the respiratory system includes the nasal passages, mouth,
pharynx, larynx, trachea, bronchi, and lungs. Several different morphometric models
have been used by the ICRP for the purpose of describing the deposition and
retention of an inhaled particulate aerosol. The model currently being used for this
purpose by the ICRP, as described in Publication 66 (ICRP, 1994) and clarified in
Supporting Guidance 3 (ICRP, 2002), is called the Human Respiratory Tract Model
(HRTM). A schematic anatomical representation of the HRTM is given in Fig. 5.1.

(141) In the HRTM, the respiratory tract is treated as two tissues: the extra-
thoracic airways (ETs) and the thoracic airways (THs). These two tissues are, in
turn, divided into five regions based on considerations of anatomy, physiology,
radiobiology, deposition, and clearance.

(142) The ETs comprise the anterior nose (ET;) and the posterior nasal passages,
larynx, pharynx, and mouth (ET,). The main task of the extrathoracic region is to
condition and clean the inspired air and conduct it to the trachea and lungs. Inspired air
flows through the anterior nares into the nasal vestibule and continues into the nasal
cavity, both divided by the nasal septum. Inspired air leaves the nasal cavity through
the posterior nares, turns downwards into the wide pharynx (nasal part) and continues
vertically through the oral part of the pharynx into the larynx and trachea.

(143) The THs are divided into three regions: bronchial, bronchiolar, and alveo-
lar-interstitial. The bronchial region (BB) consists of the trachea, main bronchi, and
intrapulmonary bronchi, beginning with the trachea as Generation 0 and ending
approximately with Generation 8. The purpose of this region is to conduct air and
adjust the humidity and temperature of inspired air. The airway tree begins with the
trachea, a single tube. It first divides into two (extrapulmonary) main bronchi (with
walls like that of the trachea) that divide into the lobar bronchi: three enter the right
lung and two enter the left lung, according to the number of lobes on each side.
Segmental bronchi, branching off the lobar bronchi, lie in the centre of the segments
and subdivide further. In the human lungs, the bronchi divide in a dichotomous
manner of relatively little irregularity into daughter branches that become progressively
reduced in diameter.
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Fig. 5.1. Anatomical regions of respiratory tract as defined in the Human Respiratory Tract Model
(ICRP, 1994).

(144) The bronchiolar region (bb) is the second part of the air-conducting system
within the thorax. It consists of the bronchioles comprising Generations 9—15. The
branches of the last generation are called terminal bronchioles; all airways beyond
the terminal bronchioles carry alveoli and are not ciliated. The bronchioles are airways
without cartilage and glands.

(145) The alveolar-interstitial (AI) region comprises the respiratory tract system
distal to the terminal bronchioles, i.e. approximately Generations 16-26, which are
the respiratory bronchioles and the alveolar ducts. The main function of this region
is to exchange gases, although other roles are also important, for example, endocrine
and defence functions. The respiratory bronchioles branch into alveolar ducts. In
these airways, the whole circumference is occupied by alveoli. The gas-exchange
region terminates in alveolar sacs that are closed at the peripheral end by a group of
alveoli. Since respiratory bronchioles are partly alveolated, they are considered,
along with alveolar ducts and sacs, as the transitory zone between the air-conducting
system and the alveoli, which in their entirety comprise the gas-exchange region of
the lungs.

(146) All four regions contain lymphatic tissue (LT) or components of it. Basic
information needed for calculating the doses to various regions of the respiratory
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tract is given below. Additional detailed information is provided in Publication 23
(ICRP, 1975) and Publication 66 (ICRP, 1994).

5.3. Anatomical data
5.3.1. Larynx

(147) The larynx is a tubular organ attached to the upper end of the trachea. It has
a framework of cartilage and elastic membranes from which the vocal cords are
formed. The dimensions of the larynx in adult males and females are such that the
volume of the larynx in adult females is about one-quarter smaller than in adult
males (ICRP, 1975). Reference values for the mass of the larynx in adult males and
females are given as 28 g and 19 g, respectively. Reference values for laryngeal
masses at other ages have been scaled from these adult values using the reference
values for whole body mass.

Reference values for mass of the larynx

Mass (g)

Age Male Female
Newborn 1.3 1.3
1 year 4 4

5 years 7 7

10 years 12 12

15 years 22 15
Adult 28 19

5.3.2. Trachea

(148) The trachea can be defined as an elastic tube having walls that are held apart
by cartilaginous rings, which forms the continuation of the larynx and extends to the
point at which it divides into the two main bronchi of the lungs (ICRP, 1975). Due
to its elastic nature, the diameter of the trachea changes during inspiration and
expiration. Data on the length of the trachea given in Publication 23 (ICRP, 1975)
range from an average of 4 cm in newborn children to an average of about 12 cm
in adults. Corresponding diameters of the tracheal lumen are given as 3.6 mm in
the antero-posterior direction and 5.0 mm for the transverse direction in newborns,
and 17 mm in the antero-posterior direction and 15 mm in the transverse direction
in adult subjects. Data such as these were used in Publication 23 (ICRP, 1975) to
estimate reference values for tracheal masses in adult males and females.
Reference values for tracheal masses at other ages given below have been obtained
from these adult values by scaling based on the reference values for whole body
mass.
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Reference values for mass of the trachea

Mass (g)

Age Male Female
Newborn 0.5 0.5

1 year 1.5 1.5
5 years 2.5 2.5
10 years 4.5 4.5
15 years 7.5 6
Adult 10 8

5.3.3. Lungs

(149) There is considerable variability in reported masses of the lungs. This could
result largely from differences among investigators in the amount of blood drained
from the lungs at autopsy. Another difficulty is that there is a progressive accumu-
lation of fluid in the lungs after death that may have resulted in overestimates of
lung mass in some studies.

(150) Age-specific data for the lung masses, including blood, of males and females
in the USA, as given by Boyd (1941, 1952), are tabulated in Table 5.1.

(151) In a recent study, French investigators published autopsy data on Caucasoid
male and female adults who died of external causes and showed no pathological
changes (de la Grandmaison et al., 2001). All autopsies were conducted within 48 h
of death and the masses were obtained before the lungs were opened. The masses of
the lungs in 355 males (mean+SD) were: right lung, 663 £239 g; left lung, 583+216
g. In 329 females, the right lung was 546207 g and the left lung was 467+174 g.
These values lead to mean masses for the total lung of 12464322 g for males and
1013+£270 g for females. As indicated by the results of these and other studies
(ICRP, 1975), the mass of the right lung is usually about 15% greater than that of
the left lung. The techniques used in these studies are such that the lung masses are
presumed to include blood as well as lung tissue.

(152) Different methods have been used to obtain the mass of the lungs without
blood. Forster (1962) used the lungs of cadavers, perfused them with saline to wash
out the blood, blotted the tissue, and removed the large airways and vessels. After
such treatment, the whole lungs weighed 470-620 g. Spitzka (1904) weighed the
nearly bloodless lungs of six electrocuted men between the ages of 23 and 41 years.
The average mass of both lungs was 536 g (range 461-676 g). Using positron emission
tomography, Brudin et al. (1987) obtained a central estimate of 420 g for 15 subjects
based on a difference between total lung mass and the blood volume of the lungs.
Gump (1978) determined a mean drained mass of 432 g from careful studies of five
normal pairs of lungs removed post mortem.

(153) Based on reference values given elsewhere in this document, the pulmonary
blood represents 10.5% and the bronchial blood represents 2% of the total blood
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Table 5.1. Age-specific lung masses in US males and females®

Male Female
Age n Mass (g) n Mass (g)
Newborn 92 52 71 51
0-3 months 46 69 47 64
3-6 months 53 94 52 93
6-9 months 72 129 S5 115
9-12 months 49 142 63 142
1-2 years 78 170 84 175
2-3 years 76 246 62 244
3—4 years 51 305 34 266
4-5 years 32 314 21 312
5-6 years 18 261 27 320
67 years 8 400 17 358
7-8 years 15 365 10 404
89 years 5 405 7 382
9-10 years 5 376 5 358
10-11 years 15 475 4 571
11-12 years 8 466 4 535
12—-13 years 4 459 3 682
13-14 years 6 505 4 602
14-15 years 12 693 6 517
15-16 years 12 692 13 709
16-17 years 9 747 6 627
17-18 years 12 777 13 695
18-19 years 20 875 15 655
19-20 years 19 1036 12 785
20-21 years 13 953 28 793
20-40 years 259 1169 150 886

a From Boyd (1941, 1952).

volume in the resting 35-year-old male. The reference value for the total blood
volume in the adult male is 5300 ml. Assuming a specific gravity of blood of 1.06,
the total mass of blood in the lungs is estimated as 700 g. In the data given in
Table 5.1 for adult males, the mean total mass of the lungs, including blood,
rounds to 1200 g. Based on these values, the mass of the whole lungs without
blood would be approximately 500 g in the adult male, in reasonable agreement
with the directly measured values discussed above. This implies that the mass of
the lung tissue, including blood vessels but not blood, represents about 42% of the
total mass of the lungs, and blood represents about 58% of the total mass. This
relationship between total lung mass with blood and lung tissue mass was assumed
in the selection of age- and gender-specific reference values for the lung masses given
below.
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Reference values for the mass of both lungs

Mass (g)
Including pulmonary and bronchial blood Excluding blood
Age Male Female Male Female
Newborn 60 60 30 30
1 year 150 150 80 80
5 years 300 300 125 125
10 years 500 500 210 210
15 years 900 750 330 290
Adult 1200 950 500 420

5.3.4. Characteristics of target tissues

(154) Although knowledge of the total lung mass with or without its complement
of blood is interesting, use of the HRTM requires mass values for each of the target
tissue regions in the model. Derived values presented in Publication 66 (ICRP, 1994)
are given below.

Extrathoracic airways
ET, region

(155) The wall of the ET region (nasal vestibule) is lined by a keratinised squamous
epithelium (skin) on which radionuclides can be deposited. For the dosimetric model
described in Publication 66 (ICRP, 1994), the following morphological dimensions
were provided.

Average thickness of keratinised stratified squamous epithelium, 50 pm.
Average depth of nuclei of cells (basal) at risk, 40-50 pum.

Total surface area, 2x1073 m? (20 cm?).

Equivalent average diameter of air passage, 5x1073 m (5 mm).

ET, region

(156) Most of the wall of the nasal passages and part of the pharynx and larynx in
ET, are covered by ciliated, pseudostratified epithelium. Parts of ET, (the oropharynx
and glottic part of the larynx) are covered by stratified squamous epithelium. The
oropharynx and part of the larynx were selected for dose calculations because the
incidence of tumours in the naso-oropharynx is much higher than in the nose per se,
and the major tumour type is squamous cell carcinoma.

(157) The following morphological dimensions were provided for region ET,.

e Equivalent average diameter of air passage (calibre), 3x1072 m (3 cm).
e Average thickness of mucous layer, 15 pm.
e Average thickness of stratified squamous epithelium, 50 pm.
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e Average depth of nuclei of cells (basal) at risk, 40-50 um.
o Total surface area, 4.5x1072 m? (450 cm?).

Thoracic airways
BB region

(158) The bronchial or BB region, the upper part of the air-conducting system in
the thorax, includes the trachea, main bronchi, and the intrapulmonary bronchi. It
begins with the trachea as Generation 0 and ends approximately with Generation 8.
The associated lymph vessels and lymph nodes are included in this region.

(159) Cartilaginous rings keep the trachea open. The wall of the trachea is covered
by respiratory mucosa and contains many glands. Ciliary activity moves a mucous
sheet on top of the respiratory epithelium towards the pharynx. The bronchi are also
covered with respiratory mucosa lined with ciliated epithelium that moves the
mucous layer towards the trachea.

(160) In general, the bronchi divide in a dichotomous manner into branches that
become progressively smaller in diameter with each generation. The average length
of a branch also decreases with increasing generation number. Several different
dimensional models have been developed to describe these airways in the adult male
subject. Table 5.2 gives the model values that were adopted for use in the HRTM
(ICRP, 1994). Other morphological dimensions needed for calculating doses to the
BB region are as follows.

Volume of bronchi and trachea, 5x1073 m?.

Surface area of bronchi (Generations 1-8), 2.9x 1072 m?.
Bronchial wall:

— average calibre, 5x1073 m (5 mm)

— average thickness of mucous (gel) layer, 5 um

— average thickness of cilia (sol) layer, 6 um

— average thickness of epithelium (without cilia), 55 pm

— average depth of nuclei of secretory cells at risk, 1040 pm
— average depth of nuclei of basal cells at risk, 35-50 pm.

bb region

(161) This region consists of the bronchioles in Generations 9-15 that are also
described in Table 5.2. Airways in the last generation of branches in this region are
called terminal bronchioles and are the last branches to contain ciliated epithelium.
Beyond this generation, all generations are alveolated to some extent. These
bronchioles are airways without cartilage and glands. Clara cells are especially pro-
minent secretory cells in the terminal bronchioles, and the nuclei of these cells are
considered to be the radiosensitive targets. The morphological dimensions assigned
to the bb region are as follows.

e Volume of non-respiratory bronchioles (Generations 9-15), ~5x10~> m3.
o Surface area of non-respiratory bronchioles, 2.4x10~! m?2.
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Table 5.2. Dimensional model of the tracheobronchiolar tree in an adult male used in the HRTM to cal-
culate aerosol deposition and bronchial-bronchiolar dose®

Diameter® J branch®  Gravity angle?

Region Generation (m) Length® (degrees) (degrees)
Bronchial (BB) 0 Trachea 1.65x10~2¢ 9.1x1072 0 0

1 Main bronchi 1.20x102 3.8x1072 36 20

2 0.85x1072 1.5x1072 35 31

3 0.61x1072 0.83x1072 28 43

4 0.44x10~2 0.90x10~2 35 39

5 0.36x1072 0.81x1072 39 39

6 0.29%10~2 0.66x10~2 34 40

7 0.24x1072 0.60x 102 48 36

8 0.20x 1072 0.53x10~2 53 39
Bronchiolar (bb) 9 Bronchioles 0.1651x10~20  0.4367x10~2 54 45

10 0.1348x 102 0.3620x 102 51 45

11 0.1092x10~2 0.3009x102 46 45

12 0.0882x 1072 0.2500x 102 47 45

13 0.0720x 102 0.2069x10—2 48 45

14 0.0603x 102 0.1700x10~2 52 45

15 Terminal 0.0533x102 0.1380x102 45 45

bronchioles

4 From Table 2 in Publication 66 (ICRP, 1994).

 These values were used in the derivation of target tissue masses in Table 5.3.

¢ J branch: Branching angle of the daughter segment is defined as the change in direction of bulk air
flow from the segment into the daughter segment.

4 Gravity angle: The inclination of the segment to gravity = angle between bulk airflow direction during
inspiration and the force of gravity.

¢ Diameter of trachea, dj, used to scale extrathoracic and bronchial airway dimensions in different
subjects relative to the adult male.

" Diameter of first-generation bronchiole, do, used to scale bronchiolar airway dimensions in different
subjects relative to the adult male.

e Bronchiolar wall:
— average calibre, 107> m (1 mm)
— average thickness of mucous (gel) layer, 2 um
— average thickness of cilia (sol) layer, 4 um
— average thickness of epithelium (without cilia), 15 pm
— average depth of nuclei of cells at risk, 4-12 um.

Al region

(162) The Al region consists of the respiratory system distal to the terminal bronchioles,
approximately Generations 16-26. These generations, which are the respiratory
bronchioles and alveolar ducts, also include the interstitial lymphatic tissues, lymph vessels,
and bronchial lymph nodes. The respiratory bronchioles, which are partially alveolated,
branch into alveolar ducts whose entire circumference is occupied by alveoli. Thus, the
entire Al region is considered to be the gas-exchange region of the respiratory tract.
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(163) The target cells in the Al region are the Clara cells of the respiratory epi-
thelium and type II epithelial cells that cover part of the alveolar surface. Other
important features of the Al region are as follows.

Total volume of respiratory bronchioles, 2x 10~ m?3.
Total surface area of respiratory bronchioles, 7.5 m?.
Air volume of alveolar ducts and sacs, 4.5x 1073 m3.
Total surface area of the alveoli, 140 m2.

(164) Information on how airway dimensions should be scaled for age and gender
is given in Publication 66 (ICRP, 1994).

5.3.5. Derived masses of target tissues

(165) Derived values for the masses of epithelial target tissues in the ET;, ET,, BB,
bb, and Al regions are given in Table 5.3 for subjects ranging in age from newborn
to adulthood. These values were obtained from Table 5 of Publication 66 (ICRP,
1994). All of these values were scaled from the adult male values as described in
Publication 66.
5.3.6. Specific gravity of the lungs

(166) The specific gravity of adult lungs free of air but with the blood vessels
completely filled is approximately 1.05. The specific gravity of adult lungs containing

Table 5.3. Derived masses of target tissues in the respiratory tract as a function of age*®

Mass (kg)
Subject ET, ET, BB.® BBy  bb AIY LNgr¢ LNy
Newborn 24x107% 53x10~° 1.8x10~* 9.1x10~° 8.1x10~° 0.052 7.0x10~* 7.0x10~*
3 months 2.8x107% 6.3x107> 2.5x10~% 1.3x107* 5.0x10~* 0.090 1.2x10~3 1.2x1073
1 year 41x107° 9.3x107> 3.1x10~* 1.6x10~* 6.0x10~* 0.15 2.1x1073 2.1x1073
S years 8.3x107°% 1.9x107* 4.7x10% 2.3x10~* 9.5x10~* 0.30 4.1x1073 4.1x103
10 years 1.3x107° 2.8x10~* 6.2x10~* 3.1x10~* 1.3x10~3 0.50 6.8x10~3 6.8x1073

15 years (male) 1.9%107> 42x10~* 82x10~* 4.1x10~* 1.8x10~3 0.86 1.2x1072 1.2x1072
15 years (female) 1.7x107> 3.8x10~* 7.6x10~* 3.8x10~* 1.6x10~> 0.80 1.I1x1072 1.1x1072
Adult (male) 2.0x107° 4.5x107* 8.6x10~* 4.3x10~* 1.9x1073 1.1 1.5x1072 1.5x1072
Adult (female) 17107 3.9%x107% 7.8x107% 3.9x107* 1.9%x1073 090 1.2x1072 1.2x1072

4 From Table 5 of Publication 66 (ICRP, 1994).

b Secondary values of two significant figures.

¢ BB, mass of bronchial epithelium through which secretory cell nuclei are distributed; BBy, mass of
bronchial epithelium through which basal cell nuclei are distributed. These masses are derived from the
surface areas defined by airway lengths and diameters, which are scaled for each subject.

4 Including blood, excluding lymph nodes.

¢ Mass of lymphatic tissue is assumed to be the same in extrathoracic and thoracic regions.
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air is approximately 0.25. The specific gravity of blood- and air-free human lung
parenchyma is approximately 1.0 (ICRP, 1975).

5.4. Physiological data

(167) Respiratory physiological parameters such as breathing rates and lung
volumes play important roles in the doses received by the tissues and cells of the
respiratory tract after an inhalation exposure to radioactive particles or gases. These
physiological parameters and the factors that can influence their magnitudes have
been presented and discussed in the HRTM (ICRP, 1994). Of particular importance
in that report were analyses of the possible effects of age on these parameters and the
related dose calculations. The following text summarises this physiological information.
Readers wishing for greater detail than is presented here are referred to ICRP (1994).

5.4.1. General aspects

(168) The anatomical structure of the respiratory tract was described in Section
5.2. From a physiological point of view, a person can breath through his/her nose or
mouth or both, depending on the required ventilatory needs. Nasal breathing is the
predominant mode of breathing in healthy subjects at rest. In this way, inspired air
is conditioned with respect to temperature and humidity, and some particles are fil-
tered out of the air. The anatomical structure of the extrathoracic airway is char-
acterised by high resistance to air flow, accounting for one-half of the total airway
resistance value. In adults, the average total resistance for both nares is close to 0.15
kPa/l/s. In most healthy subjects, there is an unequal resistance to flow between the
two nares that tends to cycle from side to side (about every 3 h). The distribution of
air flow can change as much as 20-80% between the two nostrils without any sub-
jective discomfort. This cycle disappears in elderly persons, during exercise, and
during emotional upset. When a higher rate of ventilation is required, the subject
may switch to oronasal breathing because the mouth offers much lower resistance to
air flow.

(169) In oronasal breathing, subjects breathe partly through the nose and partly
through the mouth. Subjects who are normally nose breathers may switch to
breathing through the mouth only when demanded by heavy exercise (nasal augmen-
tation). Persons who habitually are ‘mouth breathers’ generally breathe oronasally all
the time. This response to exercise is shown in Table 5.4.

(170) Inspired gases in the conducting airways in the thoracic region down
through the terminal bronchioles do not undergo exchanges with blood. However,
the gases can be retained in mucous, depending on the solubility, and transferred to
blood through the epithelium. Physiologically, this non-exchange region is called the
‘anatomical dead space’. In the alveolar or gas-exchange regions, oxygen and carbon
dioxide are exchanged between the inhaled air and the blood. At least 70% of the
alveoli are involved in this process, but this proportion decreases with age. The non-
functional alveolar region, plus the anatomical dead space, constitutes the ‘physio-
logical dead space’.
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Table 5.4. Fraction of total ventilatory air flow passing through the nose in nasal augmenters (normal
nose breathers) and in mouth breathers®

Fraction through the nose

Level of exertion Nasal augmenter Mouth breather
Sleep 1.0 0.7
Rest 1.0 0.7
Light exercise 1.0 0.4
Heavy exercise 0.5 0.3

4 From Table 11 of Publication 66 (ICRP, 1994).

5.4.2. Normal breathing dynamics

(171) Figure 5.2 illustrates the various lung volume and capacity terms used to
describe various inspiratory and expiratory volumes of the functioning lungs during
the process of respiration. Volumes such as the tidal volume or vital capacity are
measured directly in pulmonary function tests. Helium re-breathing is used to
determine the residual volume and calculate the functional residual capacity and
total lung capacity.

5.4.3. Variability in respiratory physiological parameters

(172) During the preparation of the HRTM publication, recent publications of
biometric and respiratory physiological data were screened for results obtained by
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Fig. 5.2. Respiratory volumes and capacities. TLC, total lung capacity; VC, vital capacity; RV, residual
volume; IC, inspiratory capacity; FRC, functional residual capacity; IRV, inspiratory reserve volume;
Vr, tidal volume; ERV, expiratory reserve volume (ICRP, 1994).
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current standardised methods. These data were then used in regression analyses
against age in years (A), mass in kg (W), and standing height in m (H). The resulting
regression equations for respiratory volumes and air flows in healthy adult Caucasian
subjects are given in Tables B.1 and B.2 in Annex B of the HRTM (ICRP, 1994).

(173) Similar types of regression analyses were carried out for groups of Cauca-
sian children of different ages. Complete sets of reference data were not available at
the time the HRTM was published (1994), but a considerable number of regression
equations for respiratory function parameters for various age ranges are sum-
marised in Table B.4, Annex B of ICRP (1994).

5.4.4. Reference values for physiological parameters

(174) As noted above, dosimetric calculations for inhaled radioactive particles and
gases require reference values for lung volumes and ventilation parameters as a
function of age and gender. Tables of reference values are given in the HRTM to
summarise the broad range of information included in its Annex B on Respiratory
Physiology (ICRP, 1994). These reference values are presented in the following text.

Lung volumes

(175) The following table, drawn from Table 7 in the HRTM, gives reference
values for respiratory volumes and capacities as a function of age from an age of 3
months to adulthood, and for gender.

Reference values for respiratory volumes and capacities®

15 years Adult
3 months 1 year 5 years 10 years Male Female Male Female
TLC (D) 0.28 0.55 1.6 2.9 5.4 4.5 7.0 5.0
FRC (1) 0.15 0.24 0.77 1.5 2.7 23 33 2.7
VC () 0.20 0.38 1.0 2.3 4.0 33 5.0 3.6
Vp ()® 0.014 0.020 0.046 0.078 0.13 0.11 0.15 0.12

2 Rounded values from Table 7 in Publication 66 (ICRP, 1994). See Annex B of ICRP (1994) for published
data on various populations.

b These are secondary values calculated by scaling the airway dimensions for body height.

TLC, total lung capacity; FRC, functional residual capacity; VC, vital capacity; Vp, dead space.

Breathing parameters

(176) The amount of air inhaled in a given period of time is a function of the
tidal volume, V-, and the respiration frequency, fr. These parameters, in turn, are a
function of the type of activity being performed at that time. Four different activity
categories have been considered: resting (sleeping), sitting awake, light exercise, and
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heavy exercise. Reference values for V and fy, as well as the resulting ventilation per
hour, B, are given in the following table, based on Table 8 of the HRTM (ICRP, 1994) for
persons of ages ranging from 3 months to adulthood at each of these four activity levels.

Reference values for respiratory parameters at different levels of physical activity®

Activity Resting (sleeping) Sitting awake Light exercise Heavy exercise
Maximal 8 12 32 64
workload (%)
Breathing Vi B fr Vi B fr Vi B fr Vi B fr
parameters @ (@3h) (min~') @O @@3h) (min-') (A (@m3*h) (min-') @) (m3h) (min~")
Age
3 months 0.039 0.09 38 N/A N/A N/A  0.066 0.19 48 N/A N/A N/A
1 year 0.074 0.15 34 0.10 0.22 36 0.13 0.35 46 N/A N/A N/A
5 years 0.17  0.24 23 0.21 0.32 25 024  0.57 39 N/A N/A N/A
10 years
Male 030 031 17 033 0.38 19 0.58 1.1 32 084 2.2 44
Female 0.30 031 17 033 0.38 19 0.58 1.1 32 0.67 1.8 46
15 years
Male 050 0.42 14 0.53 048 15 1.0 14 23 1.4 2.9 36
Female 042  0.35 14 042 040 16 0.90 1.3 24 1.1 2.6 38
Adult
Male 0.63 045 12 0.75 0.54 12 1.3 1.5 20 1.9 3.0 26
Female 044  0.32 12 046 0.39 14 0.99 1.3 21 1.4 2.7 33

2 Rounded values from Table 8 of Publication 66 (ICRP, 1994). See Annex B of ICRP (1994) for data from
which these reference values were derived.
Vr, tidal volume; B, ventilation rate; fg, respiration frequency; N/A, not applicable.

(177) Values for daily ventilation must include the types of activity involved. The
following table gives reference values for time budgets associated with different
activity levels performed in indoor and outdoor locations. The values are based on
information given in the HRTM (ICRP, 1994) and Publication 71 (ICRP, 1995b).

Reference values for daily time budgets for members of the general population (h)*

Time budget (h/day)

15 years Adult
Location 3months 1year Syears 10years Male Female Male Female
Indoors
At home: Asleep 17 14 12 10 10 10 8.5 8.5
Awake 7° 5¢ 6° 8¢ 74 9d 7¢ 9.5¢
Elsewhere: (e.g. at work) 4° 3¢ 3¢ 44 3d 6.5¢ 4°
Outdoors 1¢ 3¢ 3¢ 3¢ 2f 2f 2f

2 Modified from Table 5 in Publication 71 (ICRP, 1995b) and Table B.16 in Publication 66 (ICRP, 1994).
b Light exercise.

¢ One-third sitting + two-thirds light exercise.

4 One-half sitting + one-half light exercise.

¢ Two-thirds light exercise + one-third heavy exercise.

f One-half sitting + three-eighths light exercise + one-eighth heavy exercise.
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(178) The information in the two preceding tables on ventilation and time budgets
has been used to calculate reference values for the amount of air inspired/day by
members of the general public ranging in age from 3 months to adult. In the fol-
lowing table of reference values for ventilation for members of the general public,
the total volume of air inspired/day is allocated among the four levels of exercise
considered above.

Reference values for daily time budget and ventilation parameters at each exercise level for members of the
public at various ages?

3 months 1 year 5 years
Exercise level h m3/h m3 h m3/h m3 h m3/h m3
Sleep 17 0.09 1.5 14 0.15 2.1 12 0.24 2.9
Sitting 33 0.22 0.73 4.0 0.32 1.3
Light exercise 7.0 0.19 1.3 6.7 0.35 2.3 8.0 0.57 4.6
Heavy exercise
Total 2.8 5.1 8.8
10 years 15 years (male) 15 years (female)
Exercise level h m3/h m3 h m3/h m3 h m3/h m3
Sleep 10 0.31 3.1 10 0.42 4.2 10 0.35 3.5
Sitting 4.7 0.38 1.8 5.5 0.48 2.6 7.0 0.40 2.8
Light exercise 9.3 1.1 10.3 7.5 1.38 10.4 6.8 1.3 8.8
Heavy exercise 1.0 2.92 2.9 0.25 2.6 0.65
Total 15.2 20.1 15.8
Adult (male) Adult (female)
Exercise level h m3/h m3 h m3/h m3
Sleep 8.0 0.45 3.6 8.5 0.32 2.7
Sitting 6.0 0.54 3.2 5.4 0.39 2.1
Light exercise 9.8 1.5 14.7 9.9 1.3 12.9
Heavy exercise 0.25 3.0 0.75 0.19 2.7 0.52
Total 22.2 18.2

2 Rounded values derived from Table 6 of Publication 71 (ICRP, 1995b) and the tables given above.

(179) In a similar way, values for daily ventilation rates are given for workers. The
following table gives reference values for a set of activity levels for sedentary male
and female workers, and males conducting heavy work like firemen, construction
workers, farm workers, etc. Included for comparison are corresponding daily venti-
lation rates given in Publication 23 (ICRP, 1975). The two sets of numbers agree
quite well except for males conducting heavy work. For this category, the ventilation
rate given in the HRTM (ICRP, 1994) is about 40% higher than the earlier Pub-
lication 23 value, which actually related to light activity.

100



ICRP Publication 89

Reference values of daily ventilation rates for dosimetric modelling: adult workers®

Air breathed (m3/day)

Sedentary worker Heavy worker

Activity Male Female Male
Sleeping (8 h) 3.6 (3.6)" 2.6 (2.9) 3.6 (3.6)
Occupational (8 h)

1/3 sitting 9.6 (9.6) 7.9 (9.1)

2/3 light exercise

7/8 light exercise 13.5 (9.6)

1/8 heavy exercise
Non-occupational (8 h)

4/8 sitting

3/8 light exercise 9.7 (9.6) 8.0 (9.1) 9.7 (9.6)

1/8 heavy exercise
Total air breathed (m?) 22.9 (22.8) 18.5 (21.1) 26.8 (22.8)

2 From Table B.17 in Publication 66 (ICRP, 1994).
b Values in parentheses from Publication 23 (ICRP, 1975).

(180) All of the preceding ventilation calculations are based on the concept of
prorating hourly ventilation rates associated with different levels of exercise to the
number of hours/day budgeted to each exercise level. In addition to the excellent
discussion of the factors underlying these ventilation parameters and their uncertainties
given in the HRTM (ICRP, 1994), the interested reader is referred to discussions
given in Publication 71, ‘Age-Dependent Doses to Members of the Public from Intake
of Radionuclides: Part 4 — Inhalation Dose Coefficients’ (ICRP, 1995b), and to
Appendix C of Volume 2 of ‘Probabilistic Accident Consequence Uncertainty
Analyses — Uncertainty Assessment for Internal Dosimetry’ (Goosens et al., 1998).

5.5. Comparisons with Asian data

(181) Age-related data for males and females from four relatively detailed studies
(Boyd, 1941, 1952; IAEA, 1998) are shown in Fig. 5.3. The Boyd data are those
given earlier in Table 5.1. From these graphs, one can see that the Japanese and
Chinese results fall generally in the same locations as the data of Boyd. The values
for India, especially for adult males, are lower.

(182) Table 5.5 provides age-related data for the mass of the lungs, with blood, for
Japan, China, and India taken from the IAEA report (1998). When these values are
compared with the reference values given in this report, one can see that the Japanese
and Chinese values are quite similar to the reference values but the values for Indian
males and females are about 30% lower.
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Fig. 5.3. Mass of the lungs, including blood, in males and females as determined in four autopsy studies.
(O) Western data (Boyd, 1941, 1952); (A\) Japanese data; (+) Chinese data; (<) Indian data (IAEA,
1998).

Table 5.5. Mass of the lungs, with blood, as a function of age in Asian populations compared with ICRP
reference values®

Mass (g)

Newborn 1 year 5 years 10 years 15 years  Adult

Males Japan 90 190 320 550 910 1170
China 61 210 360 560 940 1060
India 63 120 250 460 650 840
Tanaka model - 190 320 520 930 1200
ICRP reference values® 60 150 300 500 900 1200
Females  Japan 90 190 260 450 640 910
China 57 190 350 470 770 840
India 63 98 210 410 600 670
Tanaka model - 190 310 540 710 910
ICRP reference values® 60 150 300 500 750 950

4 Asian values taken from IAEA report (1998).
b From this report.
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6. ALIMENTARY SYSTEM
6.1. Introduction

(183) The ICRP is preparing a publication on the human alimentary tract that
provides updated information on features of the alimentary system and associated
tissues pertinent to biokinetic and dosimetric modelling for radionuclides. This
chapter lists reference values selected by the ICRP Task Group on the Human Ali-
mentary Tract, and summarises the information on which those values were based.

6.2. Structure and functions of the alimentary system

(184) The alimentary system (Fig. 6.1), also referred to as the digestive or gastro-
intestinal system, includes the mouth, tongue, salivary glands, pharynx, oesophagus,
stomach, intestines, liver, gallbladder, and pancreas. This system is concerned primarily
with the intake, digestion, and absorption of nutrients (alimentation), and elimination
of unabsorbed material and endogenously secreted material from the body. The upper
portion of the alimentary system possesses some respiratory features, since the mouth
and parts of the pharynx are shared alimentary and respiratory pathways. Two of its
glands, the pancreas and liver, play more general systemic roles in the body.

g&y-— Parotid salivary gland

Salivary glands:

Sublingual
Submaxillary

4

[w

Stomach

Liver

Gallbladder - & -Pancreas

Duodenum !

: "oy Left colic flexure
Hepatic flexure \ R

— Transverse colon
Ascending ( Descending
colon

Caecum

lleum
Sigmoid flexure

Fig. 6.1. The human alimentary tract and associated structures (reprinted with permission from Orten
and Neuhaus, 1982 Human Biochemistry, 10th ed. © C.V. Mosby Co., London, UK).
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(185) Essentially, the alimentary tract is an epithelium-lined muscular tube capable
of propelling ingested material through a series of different physiological environ-
ments created by its secretory and absorptive epithelia. The motility of the tract
depends mainly on muscles within its wall, controlled by the autonomic nervous
system. In the case of the mouth and anus, motility depends on skeletal muscles
under voluntary motor control. Food broken down mechanically by the teeth is
exposed to digestive enzymes that break down large molecules into smaller
molecules that can be absorbed by epithelial cells. The absorbed molecules then
pass into the vascular system for circulation within the body. As the interior
surface of the alimentary tract is continuous at the mouth and anus with the
external surface of the body, material within its lumen can be regarded as being
outside the body. Material enters the interior milieu (the systemic circulation and
tissues) only in the form of small molecules and ions that traverse the epithelial
lining of the tract.

(186) The glands lining the tract supply the water, enzymes, and chemical envir-
onment required for digestion and the movement of material through the tract.
Small glands are present in the wall of the tract, e.g. gastric glands of the stomach,
while larger glands are connected to the tract by secretory ducts. These larger glands
are the major oral salivary glands (parotid, submandibular, and sublingual), the
pancreas, and the liver.

6.3. Anatomical data
6.3.1. Mouth

(187) Digestion begins in the mouth with chewing, which breaks up large food
particles into smaller pieces that are easily swallowed. The cavity of the mouth is
divided into an anterior vestibule or labial cavity (between the lips, cheeks, and
teeth) and a posterior cavity or buccal cavity that lies within the dental arches and
communicates with the oral pharynx.

6.3.2. Salivary glands

(188) A salivary gland is any cell or organ discharging a secretion into the oral
cavity. Distinction is made between the major salivary glands, located at some dis-
tance from the oral mucosa, with which they connect by extraglandular ducts, and
the minor salivary glands that lie in the mucosa or submucosa, opening directly
through the mucosa or indirectly through many short ducts. The major salivary
glands are the paired parotid, submandibular, and sublingual glands. The minor
salivary group includes those in the tongue, the lingual glands, and the labial, buccal,
and palatal glands.

(189) The mass of the parotid glands is roughly twice that of the submaxillary
glands and four to five times that of the sublingual glands (ICRP, 1975). The total
weight of the salivary glands at birth is about 6 g (ICRP, 1975). It has been esti-
mated that the salivary glands triple their birth weight in the first 6 months and by
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the age of 2 years are five times as large as at birth (Sinclair, 1985). The salivary
glands acquire their adult structure by age 2 years (Sinclair, 1985), but continue to
increase in size and weigh about 85 g in the adult male (ICRP, 1975).

(190) For purposes of assigning reference values, it is assumed that the mass of the
salivary glands is 6 g at birth and that it increases four-fold by age 1 year. The mass
is assumed to increase at the same rate as total body mass after age 1 year, reaching
85 g in the adult male and 70 g in the adult female. A mass ratio of 10:5:2 is assumed
for parotid, submaxillary, and sublingual glands.

Reference values for mass of pairs of major salivary glands

Mass (g)
15 years Adult
Glands Newborn 1 year 5 years 10 years Male Female Male Female
Parotid (2) 3.5 14 20 26 40 38 50 41
Submaxillary (2) 1.8 7 10 13 20 19 25 21
Sublingual (2) 0.7 3 4 5 8 8 10 8
Total 6.0 24 34 44 68 65 85 70

Specific gravity of soft tissues in the alimentary system

(191) The specific gravity of the salivary glands is approximately 1.045 (1.04—1.05).
Approximately the same value has been determined for all soft tissues of the ali-
mentary tract (ICRP, 1975).

6.3.3. Teeth

(192) Reference data for the teeth are given in Chapter 9, which addresses the
skeleton.

6.3.4. Tongue

(193) The tongue is a highly muscular organ of deglutition, taste, and speech. It is
partly oral and partly pharangeal in position, and is attached by its muscles to the
hyoid bone, mandible, styloid processes, soft palate, and the wall of the pharynx. A
covering mucosal layer is firmly attached to the underlying muscle. The dorsum
(upper surface) is generally convex in all directions at rest. Numerous mucosal irreg-
ularities and elevations called papillae cover the anterior dorsum. Some of the
papillaec contain taste buds. The posterior dorsum is devoid of papillaec but has low
elevations due to lymphoid nodules embedded in the submucosa, collectively termed
the lingual tonsil.

(194) Reported masses of the tongue in the adult male are generally in the range
65-94 g (ICRP, 1975). Reference values for the mass of the tongue are based on the
assumption that the tongue represents 0.1% of total body mass.
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Reference values for mass of the tongue

Mass (g)

Age Male Female
Newborn 35 3.5
1 year 10 10

5 years 19 19

10 years 32 32

15 years 56 53
Adult 73 60

6.3.5. Pharynx

(195) The pharynx is situated behind the nasal cavities and mouth. It is a musculo-
membranous tube with three regions: the nasopharynx, which is solely respiratory in
function; and the oropharynx and laryngopharynx, which are both respiratory and
alimentary. The nasopharynx lies above the soft palate, the oropharynx extends to the
upper border of the epiglottis, and the laryngopharynx connects to the oesophagus.
The oropharynx opens into the mouth.

6.3.6. Tonsillar ring

(196) The tonsils are well-outlined, subepithelial lymphatic organs located in the
mucous membrane of the digestive tract in the region where the oral cavity commu-
nicates with the pharynx. The two palatine tonsils, the lingual tonsil, and the pharangeal
tonsil form an almost complete ring, with smaller collections of lymphoid tissue in
the intertonsillar intervals.

(197) The palatine tonsils are often referred to simply as ‘the tonsils’. They are
located on either side of the oropharynx. The palatine tonsil is typically ovoid in
shape, but its size and appearance vary with age and with tissue changes involving
hypertrophy and inflammation. The tonsils increase rapidly in size for the first 5 or 6
years of life. They reach a maximum size at puberty and project noticeably into the
oropharynx. Tonsillar involution begins at puberty when the lymphoid tissue begins
to undergo atrophic changes. Little tonsillar tissue remains in old age.

(198) The palatine tonsils are poorly developed in the newborn. The mass of one
palatine tonsil has been estimated as 0.4 g at age 2 years, 0.8 g at age 5 years, slightly
more than 1 g in the second decade, and 1.5 g in adults. These figures are based on
the entire tonsil including adherent and interstitial connective tissue (Scammon,
1923). They are not consistent with the typical growth pattern for lymphoid
tissue, that is, maximum development before puberty and a decline thereafter in
both relative and absolute size (see Section 4.2.4). According to Sinclair (1985),
the maximum size of the tonsils and adenoids is usually attained by the age of 6
years.
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(199) Reference values for the mass of the palatine tonsils are rounded values
based on the reported masses indicated above, but assuming that the maximal mass
is attained between ages 5 and 10 years.

Reference values for mass of two palatine tonsils

Mass (g)

Age Male Female
Newborn 0.1 0.1

1 year 0.5 0.5
5 years 2 2

10 years 3 3

15 years 3 3
Adult 3 3

(200) The lingual tonsil is located in the dorsum or root of the tongue. It is not
well defined but composed of 30-100 follicles arranged in longitudinal rows. The
tonsillar tissue spreads over the entire root of the tongue in infants and children but
covers only a small area in adults.

(201) The nasopharangeal tonsil hangs from the roof of the nasopharynx. In surface
view, it is an oblong pyramid with apex pointing towards the nasal septum. When
enlarged, it is commonly referred to as the adenoid or adenoids. It increases rapidly
in size during the first few years of life. Involution begins at about the sixth year and
is usually complete before puberty, although it may still be found in adults.

6.3.7. General features of the alimentary canal

(202) The alimentary canal is a continuous hollow tube that extends from the
pharynx to the anus. Some authors also include the mouth as part of the canal.

Layers of the canal

(203) Throughout its length, the alimentary canal is made up of four concentric
layers. From the lumen outwards, these layers are the mucosa, submucosa, muscularis,
and adventitia or serosa.

(204) The mucosa, or mucous membrane, has three components: a superficial
epithelium; an underlying stroma composed of a vascularised, highly cellular, reticular
connective tissue (lamina propria); and a thin layer of smooth muscle (muscularis
mucosae). The epithelium functions as a barrier and the site of secretion and
absorption. The protective function against mechanical, thermal, and chemical
injury is most evident in the oesophagus and terminal part of the rectum, where the
epithelium is thick and stratified and is covered in mucous which acts as a protective
lubricant. Elsewhere in the gut, the epithelium is simple, either cuboidal or colum-
nar, and includes cells for absorption and various types of secretory cells. The bar-
rier function and selectivity of absorption is assisted by the presence of tight
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junctions over the entire epithelium. The surface area of the epithelium is increased
by the presence of mucosal folds and pits (plicae and rugae), by crypts, by villi, and
by glands, while microvilli on the surface of individual absorptive cells considerably
increase the area of plasma membranes presented to the contents of the gut. Some
glands lie in the lamina propria and some in the submucosa, and the liver and pancreas lie
outside the wall of the gut. All glands drain into the lumen of the gut through individual
ducts. There are also scattered endocrine cells within the epithelial lining.

(205) The epithelial layer is constantly renewed by cell division and differentiation,
originating from stem cells located in the basal layer of the epithelium of the oeso-
phagus (as for the oral cavity and pharynx) and in the crypts in other regions. The
depth of the stem cells from the intestinal lumen varies between regions.

(206) The submucosa is a fibrous layer that in some places contains accumulations
of lymphatic tissue as well as glands that extend from the mucosa. The submucosa is
a vascular service area containing large blood vessels that send finer vessels into the
layers that represent the specific organ functions, the mucosa and the muscularis.

(207) The muscularis contains two or more layers of muscle. This muscle is
smooth in all parts except the upper oesophagus and the anal sphincter. Contrac-
tions of the inner, circular layers constrict the lumen, and contractions of the outer,
longitudinally arranged layers shorten the tube. At the various sphincters and valves
along the length of the tube, the layer of circular muscle is greatly thickened.

(208) The adventitia of the tract is composed of several layers of loose connective
tissue, alternating between collagenous and elastic tissue.

Blood and lymphatic vessels

(209) Most regions of the alimentary canal are richly supplied with blood, lym-
phatic vessels, and nerves. The largest arteries are arranged longitudinally in the
submucosa, and smaller branches also run in the adventitia. In the small intestine,
each villus usually contains a single central lymphatic vessel known as a lacteal.

(210) Reference blood volumes and blood flow rates for tissues of the digestive
system are given in Chapter 7.

Lymphatic tissue

(211) The lymphatic tissue of the oesophagus, stomach, and intestines occurs primarily
in the lamina propria and may be in the form of diffuse lymphatic tissue, solitary
lymphatic nodules, or aggregate nodules. Diffuse lymphatic tissue occurs under the simple
epithelia of the intestines. The degree of cellularity has been related to the bacterial count
in the lumen. This layer represents a barrier to foreign organisms and large molecules.
The most abundant cells are macrophages, plasma cells, and eosinophils. Solitary
nodules are found in the oesophagus, in the pylorus of the stomach, and along the entire
length of the small and large intestine. Aggregate nodules, or Peyer’s patches, are found
in the small intestine and the appendix. These are oval bodies, usually 1-4 cm long
but occasionally larger, and are composed of 10-60 closely packed nodules. These
patches occur mainly in the lower part of the ileum, but a few are found in the
jejunum and lower abdomen. Aggregate nodules are always present in the vermiform
appendix but do not occur elsewhere in the large intestine.
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6.3.8. Oesophagus

General features of the oesophagus

(212) The oesophagus is a muscular tube extending from the pharynx to the sto-
mach. The proximal oesophagus is striated, the lower oesophagus is smooth muscle,
and there is a transition zone with a mixture of smooth and striated muscle (Meyer
et al., 1986; Johnson, 1998). The oesophagus may be divided into four anatomical or
functional segments: cervical portion, representing ~20% of the total length; thor-
acic portion, ~65%; diaphragmatic portion, ~5%; and abdominal portion, ~10%
(ICRP, 1975). In the living person, the lumina of the cervical and abdominal por-
tions are closed except during the passage of food, but the thoracic portion is more
or less open and contains some air.

Thickness of the wall of the oesophagus

(213) The mucous membrane layer of the oesophagus lies in many folds except
during the passage of a bolus. The oesophageal wall is thinner in the newborn than
in the adult, but the epithelium thickens rapidly after birth (Scammon, 1923). Older
measurements of the thickness of the oesophageal wall of the adult are generally in
the range 3.5-5.6 mm (ICRP, 1975). Measurements on living adult subjects based on
modern imaging techniques indicate a central value in the range 2.1-3.6 mm (Chen,
1994; Lahoti et al., 1995; Kishimoto et al., 1998; Berkovich et al., 2000).

Diameter of the oesophagus

(214) The diameter of the distended oesophagus in the adult has been estimated as
13-19 mm at the level of the constrictions and 16-22 mm at the level of the dilated
segments (ICRP, 1975). Early studies of the rate of growth of the oesophagus do not
provide reliable absolute estimates of its diameter, but suggest a substantial increase
in the diameter between infancy and ages 12—16 years and only a slight increase after
age 16 years (data summarised by Scammon, 1923; Blackfan, 1933).

Length of the oesophagus

(215) The length of the oesophagus as determined in older autopsy studies is generally
in the range 23-30 cm in adult males and 20-26 cm in adult females (Scammon,
1923; ICRP, 1975). Autopsy measurements on infants and children indicate an
oesophageal length of about 8-10 cm at birth, 12 cm at age 1 year, 18 cm at 10 years,
and 19 cm at 15 years (ICRP, 1975). The similarity in the values for ages 10 and 15
years is inconsistent with the rate of growth of the upper body during that period,
and suggests that the subjects may not have been representative.

(216) The length of the oesophagus has been determined in a number of modern
studies by external imaging techniques. Reported values vary considerably, appar-
ently due mainly to differences in the definition of ‘oesophageal length’ in medical
studies and, to a lesser extent, to intersubject variability. In a study of 51 normal
adults (27 males and 24 females) from the USA, oesophageal length, defined as the
average distance from the proximal end of the upper oesophageal sphincter to the
distal end of the lower oesophageal sphincter, was 28.34+2.4 cm (Awad et al., 1999).
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(217) The length of the oesophagus as determined by external imaging is slightly
greater on average in adult males than adult females (Wang, 1991; Li et al., 1994),
and is correlated with body height in children and adults (Beckstrand et al., 1990;
Song et al., 1991; Awad et al., 1999). A number of linear relations between body
height and ‘oesophageal length’ are given in the literature, but these were generally
developed for medical applications (insertion of orogastric or nasogastric tubes) and
refer to distances from the upper incisors or nares to the oesophagogastric junction,
which are greater than the actual length of the oesophagus. The formula:

length of oesophagus = 0.15 x height (cm) +2 cm

agrees with central estimates of the distance from the proximal end of the upper
oesophageal sphincter to the distal end of the lower oesophageal sphincter in infants
and adults. This formula was used to derive reference values for the length of the
oesophagus at ages 1-15 years.

Reference values for length of the oesophagus (cm)

15 years Adult

Newborn 1 year 5 years 10 years Male Female Male Female

10 13 18 23 27 26 28 26

Mass of the oesophagus

(218) For purposes of deriving reference values for the masses of the oesophagus, sto-
mach, and intestines, Tipton and Cook (1969) and collaborators at the New York Med-
ical Examiner’s Office determined the masses of these tissues in 49 male and 12 female
cadavers. Measured values for mass of the oesophagus are shown in Tables 6.1 and 6.2.

Table 6.1. Measured mass of the oesophagus in 49 adult males (Tipton and Cook, 1969)

Mean+SD Median Range
Age (years) 43412 41 22-68
Body mass (kg) 7317 74 59-86
Height (cm) 169+6 169 157-183
Oesophagus mass (g) 37+6 36 23-50
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Table 6.2. Measured mass of the oesophagus in 12 adult females (Tipton and Cook, 1969)

Mean+SD Median Range
Age (years) 43+9 45 28-55
Body mass (kg) 65+6 64 59-82
Height (cm) 166+3 165 159-170
Oesophagus mass (g) 3417 34 25-50

(219) Rounded values of 40 g and 35 g are selected as reference values for the mass
of the oesophagus in adult males and females, respectively. Reference values for
younger ages are based on the assumption that the rate of growth of the oesophagus
is similar to that of the body as a whole, which seems consistent with available
information on the dimensions of the oesophagus.

Reference values for mass of the oesophagus (g)

15 years Adult

Newborn 1 year 5 years 10 years Male Female Male Female

2 5 10 18 30 30 40 35

6.3.9. Stomach

General features of the stomach

(220) The stomach is a hollow bag that initially stores ingested material. It is
connected to the oesophagus at an opening called the cardiac orifice, and is con-
nected to the intestine at an opening called the pyloric orifice. The stomach lies in
longitudinal folds, or rugae, when the organ is not distended with food. In man, the
gastric epithelium is a single column. At the cardiac opening, the cells are con-
tinuous with the basal layer of the stratified epithelium of the oesophagus. The lining
of the stomach is indented by numerous pits that supply several million tubular
glands. The glands are divided into three categories: the cardiac glands occur in the
first 5-40 mm from the cardiac orifice; the pyloric glands occur near the intestine;
and the gastric glands lie between these two extremities. The cells of the cardiac and
pyloric glands all appear to be of the mucous type. The epithelium of the gastric
glands is more diversified, containing enzyme- and acid-secreting cells as well as
mucous cells.

(221) The mucous membrane of the stomach is 0.3—1.5 mm thick, being thinnest in
the cardiac region. Underlying the epithelium is a richly vascularised lamina propria.
Smooth muscle fibres extend upwards from the muscularis mucosae around the
glands, and their shortening probably aids in the expulsion of secretory products.
The submucosa consists of coarse collagenous bundles and elastic fibres, blood vessels,
and lymphatic vessels, and clusters of fat cells are common in older people. The
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muscularis is composed of three layers of fibres with different orientations. The serosa
consists largely of connective tissue and is continuous with the peritoneum.

(222) The size, shape, and position of the stomach vary considerably due to such
factors as its state of filling, the degree of contraction of its musculature, the pre-
sence or absence of peristaltic waves, the respiratory phase, the position of the body,
the pressure exerted by contraction of the abdominal wall, and the amount of filling
of adjacent intestines. The size, shape, and position of the stomach may also vary
from one person to another due to differences in the build of the body. The stomach
may be cylindrical or roughly crescent-shaped when empty of food, or pear-shaped
when partially distended, but the most common form in the upright posture is the
fish-hook or J-shape. Typically, the stomach lies obliquely in the upper left quadrant
of the abdominal cavity and is directed caudally, anteriorly, and to the right.

(223) The stomach may be subdivided into two main parts: (1) the first or cranial
portion, which includes the cardial portion, the fundus, and the body; and (2) the
second portion, which includes the pyloric portion and the pylorus. The first and
second portions represent 60% and 40% of the total stomach, respectively.

Mass of the stomach

(224) Data on the mass of the stomach as determined in the study by Tipton and
Cook (1969) are summarised in Table 6.3 for adult males and Table 6.4 for adult
females. The central estimates of stomach mass are reasonably consistent with esti-
mates of Scammon (1919) based on collected data for adult subjects (n=839).

Table 6.3. Measured mass of the stomach in 49 adult males (Tipton and Cook, 1969)

Mean=+SD Median Range
Age (years) 43+12 41 22-68
Body mass (kg) 73+7 74 59-86
Height (cm) 169+6 169 157-183
Stomach mass (g) 150+46 140 110450

Table 6.4. Measured mass of the stomach in 12 adult females (Tipton and Cook, 1969)

Mean+SD Median Range
Age (years) 43+9 45 28-55
Body mass (kg) 65+6 64 59-82
Height (cm) 166+3 165 159-170
Stomach mass (g) 140+18 140 110-170

(225) Scammon (1919) also collected reported measurements of stomach mass for
subjects (n=1543) in the first two decades of life. The data for all age groups are sum-
marised in Table 6.5. These data indicate that the growth rate of the stomach in postnatal
life is equal to or slightly greater than that of the body as a whole (Scammon, 1919).
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(226) Reference values for the mass of the stomach wall in adult males and females
are based on data of Tipton and Cook (1969). Reference values for ages 0—15 years

are based on data summarised in Table 6.5.

Table 6.5. Mass of the stomach as a function of age (Scammon, 1919)

Age n Average mass (g)
Newborn 167 6.5
0-3 months 34 10.9
3-6 months 39 14.1
6-12 months 71 18.3
1-2 years 62 27.1
2-4 years 55 37.9
4-7 years 48 51.8
7-14 years 35 89.8
14-20 years 32 128.9
20-60 years 839 154.5

Reference values for mass of the stomach wall (g)

15 years Adult

Newborn 1 year 5 years 10 years Male Female Male Female

7 20 50 85 120 120 150 140

6.3.10. Small intestine

General features of the small intestine

(227) The small intestine is a thin-walled tube about 3 m (2.3-3.8 m) long in the
adult. It extends from the pylorus of the stomach to the colon.

(228) Most digestion and absorption occurs in the small intestine. Large molecules of
intact or partially digested carbohydrate, fat, and protein are broken down by enzymes
into monosaccharides, fatty acids, and amino acids that can be absorbed across the
membranes of the epithelial cells by diffusion or mediated transport. Other organic
nutrients, as well as salts and water, are also absorbed in the small intestine.

(229) The lining of the small intestine possesses gross and microscopic devices for
increasing the surface area available for digestive and absorptive activities. The surface
is studded with numerous villi, or mucosal projections, which serve as absorptive units
and which are unique to this segment of the alimentary tract. At their bases are
simple tubular invaginations, called crypts of Lieberkiihn, that extend to the muscularis
mucosae but do not penetrate it. The villi have a single columnar epithelial cover
and a core of highly cellular reticular connective tissue (lamina propria). The villi
vary in height and form in different regions of the human small intestine. Each villus
contains an artery, a capillary network, and a vein, as well as a central lymphatic or
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lacteal. The vascularity of the villi is considerably greater than that of the tissue
around the crypts.

(230) With regard to structural characteristics as well as functional and histologi-
cal criteria, the small intestine may be divided into three portions: duodenum, jeju-
num, and ileum. The upper duodenum is characterised by Brunner’s glands, which
are submucosal in position. Secretions from these glands empty into the intestinal
crypts and probably serve to lubricate the entering gastric contents and separate and
suspend solid food particles.

(231) Differences in the form of the villi occur in the three regions. In the duode-
num, the villi are short, leaf-like folds; the villi in the jejunum are rounded, finger-
like projections; and those in the ileum tend to have a club-like form. Villi are typi-
cally taller and more numerous in the jejunum than in the ileum.

Length of the small intestine

(232) The anatomical length of the intestine represents length as measured at
autopsy or from material removed during surgery, while the physiological length
represents length as measured in a living person. Anatomical lengths are often given in
standard textbooks of anatomy. These values are usually higher than the physiological
lengths, unless they were measured shortly after death when shortening of the intestines
may be observed. Soon after death, the tissue loses its tonus, resulting in elongation.

(233) Reference values for the length of the small intestine given here refer to the
physiological length. Reference values for newborns and adults are based on central
estimates of data summarised in Table 58 of Publication 23 (ICRP, 1975). For both
newborns and adults, the central estimates of the length of the small intestine are
approximately 1.6 xbody height. This relation is assumed to hold for ages 1-15 years
and for adult females.

Reference values for the physiological length of the small intestine (cm)

15 years Adult

Newborn 1 year 5 years 10 years Male Female Male Female

80 120 170 220 270 260 280 260

(234) In the adult, the duodenum, jejunum, and ileum represent approximately
8%, 37%, and 55%, respectively, of the total physiological length of the small
intestine (ICRP, 1975).

Diameter of the small intestine

(235) The diameter of the lumen of the small intestine changes with age and varies
with location within the intestine. Values in the range 1.2-2.6 cm have been esti-
mated for the small intestine in newborns (ICRP, 1975). For the adult, estimates are
in the range 3-6 cm for the first part of the small intestine and decrease to 1.5-2.5
cm for the last part (ICRP, 1975).
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Mass of the small intestine

(236) Data on the mass of the small intestine as determined in the study by Tipton
and Cook (1969) are summarised in Table 6.6 for adult males and Table 6.7 for
adult females.

Table 6.6. Measured mass of the small intestine (g) in 49 adult males (Tipton and Cook, 1969)

Mean+SD Median Range

Age (years) 43+12 41 22-68

Body mass (kg) 73+7 74 59-86
Height (cm) 169+6 169 157-183
Small intestine mass (g) 650478 650 460-830

Duodenum 56+9 55 35-70
Jejunum 280+39 290 200-380
Ileum 310+£33 300 220-380

Table 6.7. Measured mass of the small intestine (g) in 12 adult females (Tipton and Cook, 1969)

Mean=+SD Median Range

Age (years) 4319 45 28-55

Body mass (kg) 65+6 64 59-82
Height (cm) 166+3 165 159-170
Small intestine mass (g) 60076 590 470-750

Duodenum 57+10 60 45-75
Jejunum 250+39 230 200-330
Ileum 290+29 290 220-350

(237) Reference masses of the small intestine in adult males and females are based
on the data summarised in Tables 6.6 and 6.7, respectively. Reference values for ages
0-15 years are based on the assumption that the rate of growth of the intestines
parallels that of the stomach.

Reference values for mass of the small intestine wall (g)

15 years Adult

Newborn 1 year 5 years 10 years Male Female Male Female

30 85 220 370 520 520 650 600
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6.3.11. Large intestine

General features of the large intestine

(238) The large intestine, or colon, begins at the ileocaecal valve and consists of a
caecum and appendix; the ascending, transverse, and descending segments; the sig-
moid colon; and a terminal portion, the rectum, ending at the external orifice of the
anus. Data on the large intestine, particularly data related to the motility of the
luminal contents, are often reported in terms of the right colon, left colon, and rec-
tosigmoid region or simply the rectosigmoid. The right colon is defined as the
ascending colon including the caecum, plus the proximal half of the transverse
colon. The left colon is the distal half of the transverse colon plus the descending
colon. The rectosigmoid is the sigmoid colon plus the rectum.

(239) In contrast to the small intestine, the mucosa of the large intestine lacks villi.
It has deep, straight glands about 0.5 mm deep. The lamina propria contains many
solitary lymphatic nodules, often so large as to extend into the submucosa. The
submucosa differs from other regions of the tract mainly in its large accumulations
of fat cells. The muscularis of the colon and caecum has circular and longitudinal
arrangements of fibres that allow considerable constriction of the lumen, and re-
arrangement and movement of the contents.

(240) The rectum is divided into upper and lower parts. The upper part extends from
the third sacral vertebra to the pelvic diaphragm. The lower part, called the anal canal,
continues down to the anus. The lining of the upper rectum lies in large, circular folds.
The mucous membrane is similar to that of the colon, but its glands are longer and are
composed almost entirely of mucous cells. Solitary lymphatic nodules and a continuous
layer of longitudinal muscle are present. The serosa of the rectum is replaced by
adventitious connective tissue. The anal canal is 2-3 c¢cm in length and roughly elliptical
in cross-section. At the anus, its lining becomes continuous with the external skin. In
the anal canal, the epithelium changes abruptly from simple columnar to stratified.

Length of the large intestine and its segments

(241) Most reported estimates of the length of the large intestine refer to anatomical
length determined after death. These may overestimate the length in the living person by
~50%. Central estimates for the physiological length of the large intestine of the new-
born and adult are ~45 cm (range 20-70 cm) and 110 cm (range 91-125 cm), respectively
(Table 6.8; ICRP, 1975). These central estimates are used as reference values for the
newborn and adult. Values for ages 1-15 years are based on the assumption that the
length of the large intestine is linearly related to height. Reference values for body height
and for the length of large intestine for newborns and adults give the following linear
relation:

length of intestine = 0.52 x height (cm) + 18.5 cm

(242) Reference values for segments of the large intestine commonly considered in
studies of colonic transit times are scaled from anatomical lengths given in Publication
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23 (ICRP, 1975) for the adult male (Table 6.8). Estimates are also provided for the
mass of colon segments addressed in Publication 23 (ICRP, 1975) and in the study of
Tipton and Cook (1969).

Reference values for the physiological length of the large intestine and its segments (cm)

15 years Adult
Segment Newborn 1 year 5 years 10 years Male Female Male Female
Right colon 14 18 23 28 30 30 34 30
Left colon 16 21 26 31 35 35 38 35
Rectosigmoid 15 21 26 31 35 35 38 35
Total 45 60 75 90 100 100 110 100

Table 6.8. Estimated values for the physiological length of segments of the colon divided as in Publication
23 (ICRP, 1975)

15 years Adult
Segment Newborn 1 year 5 years 10 years Male Female Male Female
Ascending?® 7 9 11 14 15 15 17 15
Transverse 14 18 23 27 30 30 33 30
Descending 9 12 15 18 20 20 22 20
Sigmoid 11 15 19 22 25 25 27 25
Rectum 4 6 7 9 10 10 11 10
Total 45 60 75 90 100 100 110 100

4 Includes caeccum.

Mass of the large intestine and its segments

(243) Data on the mass of the large intestine as determined in the study by Tipton
and Cook (1969) are summarised in Table 6.9 for adult males and Table 6.10 for
adult females.

Table 6.9. Measured mass of the large intestine (g) in 49 adult males (Tipton and Cook, 1969)

Mean+SD Median Range

Age (years) 43+12 41 22-68

Body mass (kg) 73+7 74 59-86
Height (cm) 169+6 169 157-183
Large intestine mass (g) 370+£73 370 200-650
Upper large intestine 210+£38 210 100-350
Ascending colon 9115 90 65-150
Transverse colon 12024 120 40-190
Lower large intestine 160+36 160 100-300
Descending colon 88+21 85 50-190
Sigmoid colon/rectum 75+17 75 50-110
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Table 6.10. Measured mass of the large intestine (g) in 12 adult females (Tipton and Cook, 1969)

Mean+SD Median Range

Age (years) 4349 45 28-55

Body mass (kg) 65+6 64 59-82
Height (cm) 166+3 165 159-170
Large intestine mass (g) 36050 350 270-460
Upper large intestine 200+27 190 150-260
Ascending colon 89+ 14 85 75-120
Transverse colon 110£14 110 75-130
Lower large intestine 160+24 150 120-200
Descending colon 88+13 90 65-110

Sigmoid/rectum 6911 65 55-95

(244) For adult males and females, reference values for the mass of the large
intestine and of the segments usually considered in studies of transit times through
the lumen are based on the data summarised in Tables 6.9 and 6.10, respectively.
Reference values for ages 0—15 years are based on the assumption that the rate of
growth of the intestines parallels that of the stomach. Estimates of mass are also
provided for the divisions of the colon addressed in Publication 23 (ICRP, 1975) and
in the study of Tipton and Cook (1969) (Table 6.11).

Reference values for mass of the large intestine and its segments (g)

15 years Adult
Segment Newborn 1 year 5 years 10 years Male Female Male Female
Right colon 7 20 49 85 122 122 150 145
Left colon 7 20 49 85 122 122 150 145
Rectosigmoid 3 10 22 40 56 56 70 70
Total 17 50 120 210 300 300 370 360

Table 6.11. Estimated values for mass of segments of the colon divided as in Publication 23 (ICRP, 1975)

15 years Adult
Segment Newborn 1 year 5 years 10 years Male Female Male Female
Ascending?® 4 12 29 51 73 73 90 90
Transverse 6 16 40 68 98 98 120 110
Descending 4 12 29 51 73 73 90 90
Rectosigmoid 3 10 22 40 56 56 70 70
Total 17 50 120 210 300 300 370 360

4 Includes caecum.
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Summary of reference values for masses of walls in the gastrointestinal tract (g)

15 years Adult

Component Newborn 1 year 5 years 10 years Male Female Male Female
Oesophagus 2 5 10 18 30 30 40 35
Stomach 7 20 50 85 120 120 150 140
Small intestine 30 85 220 370 520 520 650 600
Large intestine

Right colon 7 20 49 85 122 122 150 145

Left colon 7 20 49 85 122 122 150 145

Rectosigmoid 3 10 22 40 56 56 70 70
Total mass 56 160 400 683 970 970 1210 1140

6.3.12. Liver

Structure and functions of the liver

(245) The liver is the largest gland in the body. It serves both as an exocrine gland,
secreting bile through a system of ducts into the duodenum, and as an endocrine
gland, synthesising a variety of substances that are released directly into blood.

(246) The liver is interposed between the intestinal tract and the general circula-
tion. It receives a large volume of blood from the intestinal tract via the portal vein
and a smaller volume of arterial blood via the hepatic artery (Fig. 6.2), and is
drained by the hepatic veins into the inferior vena cava near the heart. In the portal
blood, the liver receives all of the material absorbed from the intestinal tract, except
that most of the lipid is transported via the mesenteric lymphatics to the thoracic
duct. The absorbed products of digestion are metabolised or transformed in the liver
and returned to blood for storage or use at other sites. The liver also receives toxic
substances from the intestines or general circulation and is capable of degrading
them by oxidation or hydroxylation, or detoxifying them by conjugation. For the
most part, the degradation products or their harmless conjugates are excreted in the
bile, a complex fluid that serves both as a vehicle for excretion of detoxified waste
products via the intestines and a digestive secretion.

(247) Ammonia, which is produced during protein metabolism in body tissues, is
converted in the liver to a harmless metabolite (urea) for excretion in the urine.

(248) The liver also synthesises several important proteins, including all plasma
proteins except the immunoglobulins. It helps to control the general metabolism
through its capacity to store carbohydrates as glycogen and to release glucose to
maintain the normal concentration of glucose in the blood. It also serves as a storage
site for several essential substances whose availability to the body may be sporadic,
including iron and vitamins A, Bi,, and D.

(249) The liver may be divided anatomically into a large right lobe representing
about five-sixths of the whole organ and a thin, flattened left lobe representing the
remaining one-sixth. The basic functional unit of the liver is the liver lobule, a
cylindrical structure several millimetres long and 0.8-2 mm in diameter (Fig. 6.3). A
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Fig. 6.2. Diagram of hepatic structure and blood supply. Reprinted with permission from Gray’s Anat-
omy 35th ed. (Warwick and Wilkins, 1973) © W.B. Saunders Co. Phildelphia, PA. (Warwick and Williams,
1973).

Liver sinusoid

Branch of
portal vein

Branch of i Bile canaliculi
hepatic artery

Fig. 6.3. Schematic of the liver lobule, showing the relationship between blood vessels, hepatocytes, and
bile canaliculi Reprinted with permission from Essential Medical Physiology, 2nd ed., (Johnson, 1998)
L.R. Johnson, Univ. of Tennessee Health Sciences Center, Memphis TN. Each hepatocyte is exposed to
blood at one membrane surface and a bile canaliculus at the other.
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lobule is organised around a central vein that receives blood through separations
surrounded by plates of parenchymal cells (hepatocytes). The separations, called
sinusoids, are supplied by blood from both the portal vein and the hepatic artery.
The plates of hepatocytes are no more than two cells thick, and openings between
the plates ensure that every hepatocyte is exposed to blood from both sources.

(250) The hepatocytes remove substances from the blood and secrete them into the
biliary canaliculi lying between adjacent hepatocytes. The bile canaliculi empty into
terminal bile ducts in the region between adjacent liver lobules. The functions and
composition of bile are discussed in Section 6.4.2 that addresses the major secretions
into the gastrointestinal tract.

(251) The sinusoids also contain large Kupffer cells, which are reticuloendothelial
cells capable of phagocytising bacteria and other foreign matter in the blood. However,
the bulk of the cells in a liver lobule and hence in the whole organ are hepatocytes.

Mass of the liver

(252) The mass of the normal liver has been determined in several autopsy studies.
Age-specific data from relatively detailed studies are compared in Fig. 6.4. The
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Fig. 6.4. Mass of the liver as determined in four populations: (O) Western data (Boyd, 1933, 1952);
(/) Japanese data; (+) Chinese data; () Indian data (IAEA, 1998).

121



ICRP Publication 89

indicated differences in liver masses in adults in different populations are reasonably
consistent with established differences in total body size.

Reference values for mass of the liver

Mass (g)
Age Male Female
Newborn 130 130
1 year 330 330
5 years 570 570
10 years 830 830
15 years 1300 1300
Adult 1800 1400

Tissue composition of the liver

(253) Water represents about 71% of the fresh mass of the liver in the adult and
73% or more in infants. Protein, lipid, and glycogen typically represent about 14%,
3.5%, and 1.5%, respectively, of the wet mass of the liver in infants and about 18%,
7%, and 2%, respectively, in adults. In the adult, mineral represents about 1.3% of
the wet mass of the liver.

(254) In the newborn, haematopoietic cells comprise about 5% of the volume of the
liver, interstitial space about 25-35%, hepatic cells about 55-65%, and erythrocytes
about 3-5%. For an organ of its size, the liver has remarkably little connective tissue.
The interlobular space, where most of the connective tissue is found, made up about
6% of the liver in a 5-year-old subject and about 4.6% in an adult male subject
(Pfuhl, 1932).

6.3.13. Gallbladder

General features of the gallbladder

(255) The gallbladder is a sack-like organ located on the under surface of the right
lobe of the liver above the transverse colon and next to the duodenum. It consists of
a blindly ending fundus, a body, and a neck. It is generally tubular in shape in the
newborn, and conical or pear-shaped in the adult, but shows considerable variation
in shape and size. In many persons, the gallbladder undergoes pathological pro-
cesses that change its size and the thickness of its wall (Bloom and Fawcett, 1975).
The wall thickness is typically 1-2 mm (ICRP, 1975).

(256) Between meals, bile secreted by the liver is stored in the gallbladder,
which concentrates the bile by absorbing salts and water. During a meal, the
gallbladder contracts, causing the concentrated solution to be injected into the small
intestine.
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Dimensions and volume of the gallbladder

(257) In the newborn, the gallbladder is typically 30-32 mm in length, and the
width is about one-third of the length. In the adult, the gallbladder is 8-12 cm long
and 4-5 cm wide (ICRP, 1975).

(258) Reported measurements or estimates of the volume of the gallbladder are of
the order of 3 ml for ages 1-3 months, 9 ml for ages 1-3 years, 35 ml for ages 6-9
years, and 50—100 ml or more for adults (ICRP, 1975). A volume of 150-250 ml may
be attained in the distended gallbladder of the adult (ICRP, 1975).

Mass of the gallbladder and its contents

(259) Reference values for the mass of the gallbladder in adult males and females are
based on reported dimensions of the gallbladder (ICRP, 1975). Values for ages 0—15 years
are based on the assumption that the mass changes in proportion to total body mass.

(260) Reference values for the mass of the contents of the gallbladder are based on
an assumed content of 0.8 ml/kg body weight.

Reference values for mass of the gallbladder and contents

Mass (g)
Male Female

Age Wall Contents Wall Contents
Newborn 0.5 2.8 0.5 2.8

1 year 1.4 8.0 1.4 8.0

5 years 2.6 15 2.6 15

10 years 4.4 26 4.4 26

15 years 7.7 45 7.3 42
Adult 10 58 8.0 48

6.3.14. Pancreas

Structure and function of the pancreas

(261) The pancreas is an elongated gland lying next to the liver, at about the level
of the second and third lumbar vertebrae. On the right, its head is adherent to the
middle portion of the duodenum, and its body and tail extend transversely across
the back wall of the abdomen to the spleen.

(262) The pancreas is composed of two major types of tissue: the acini, which
secrete digestive juices into the duodenum; and the islets of Langerhans, which
secrete insulin and glucagons directly into the blood. The islets of Langerhans con-
tain three major types of cell, called alpha, beta, and delta cells, with different
structures and functions. The beta cells secrete insulin, the alpha cells secrete gluca-
gons, and the delta cells secrete a substance called somatostatin.
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(263) Some of the enzymes that carry out the digestive process in the small intes-
tine are found on the luminal membranes of the epithelial cells, but most are secre-
ted into the lumen by the pancreas. The exocrine portion of the pancreas secretes
enzymes specific for each of the major types of organic molecules. The enzymes
enter the small intestine through a duct leading from the pancreas to the upper
portion of the small intestine, the duodenum. Sodium bicarbonate secreted in large
amounts by the exocrine pancreas serves to neutralise the hydrochloric acid in the
chyme coming from the stomach, which would otherwise inactivate the enzymes
secreted by the pancreas into the small intestine.

Mass of the pancreas

(264) Reported data on the mass of the pancreas in Western adults and in Japa-
nese and Chinese subjects of different ages are compared in Fig. 6.5. Age-specific
data on the mass of the pancreas in Western subjects listed in Publication 23 (ICRP,
1975) are not included in the figure because these older values are inconsistent with
modern data for adults (de la Grandmaison et al., 2001), they are based on small
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Fig. 6.5. Mass of the pancreas determined in three populations: (O) Western data (de la Grandmaison et
al., 2001); (/) Japanese data; (+) Chinese data (IAEA, 1998).
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sample sizes for some childhood ages, and both genders are combined for ages 0-20
years.

(265) The reference values for mass of the pancreas in adult males and females are
based on data of de la Grandmaison et al. (2001). Values for ages 0-15 years are
based on the assumption that the rate of growth of the pancreas is the same as that
of the body as a whole. The reference values agree closely with the data for Japanese
subjects for all ages, and agree reasonably well with the data for Chinese subjects for
childhood ages.

Reference values for mass of the pancreas

Mass (g)
Age Male Female
Newborn 6 6
1 year 20 20
5 years 35 35
10 years 60 60
15 years 110 100
Adult 140 120

6.4. Physiological data
6.4.1. Alimentation

(266) The breakdown of solid ingested material begins in the mouth by the
mechanical action of the teeth (mastication) and the tongue. These actions greatly
increase the surface area of the materials and mix them with secretions from the
salivary glands that begin the process of digestion. After swallowing (deglutition)
and rapid transport to the stomach via the oesophagus, gastric digestion proceeds by
the action of acidic, enzyme secretions from numerous gastric glands, which also
secrete protective mucous. Passing through the pylorus into the first part of the
small intestine, the duodenum, the semi-fluid products of gastric digestion encounter
alkaline bile from the liver and gallbladder (entering via the bile duct), and pan-
creatic enzymes from the pancreatic duct. Bile salts physically disrupt liquid masses
by detergent action, and the pancreatic secretions contain a wide variety of enzymes
capable of hydrolysing many classes of macromolecules. Digestion proceeds
throughout the considerable length of the small intestine, accompanied by absorption
of the resulting small molecules, such as amino acids, monosaccharides, triglycerides,
nucleotides, and vitamins, by the specialised epithelial cells (enterocytes) lining the
small intestine. Enterocytes transport these molecules into the intercellular spaces of
the intestinal walls to diffuse into the vascular plexuses lining the alimentary tract.
The rate of such movements depends on the surface area of absorptive membrane
bordering the intestinal lumen, which is enormous due to a combination of intestinal
length, folding of the wall, and the presence of villi and microvilli.
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(267) The alimentary tract also transports water and electrolytes across its wall.
As the enzymes and lubricants are all in aqueous solutions or suspensions, large
quantities of water and ions, especially sodium and chloride, are released into the
tract. These are selectively resorbed through specialised absorptive cells which are
especially numerous in the more distal parts of the small intestine, the colon, and the
rectum. Absorptive cells in the small and large intestine also salvage bile salts and
other secreted materials, and absorb vitamins produced by the symbiotic bacteria in
the colon. The large intestine has numerous mucous glands that lubricate the passage
of the increasingly solidified faecal material moving through it. Finally, faeces are
stored and expelled under voluntary control via the colon, rectum, and anal canal.

6.4.2. Secretions into the gastrointestinal tract

(268) Secretions of the gastrointestinal tract are produced by the salivary glands,
the epithelial cells of the gastrointestinal mucosa, the pancreas, and the liver. The
relation of these structures is shown in Fig. 6.1.

(269) Approximately 7-8 1 of endogenous secretions enter the gastrointestinal tract
each day. The main constituents of gastrointestinal secretions are enzymes for the
hydrolysis of foodstuffs, electrolytes to provide a favourable environment for the
activity of those enzymes, and mucous for lubrication and protection of the walls of
the gastrointestinal tract. Under normal conditions, the water and electrolytes of the
digestive secretions are nearly completely re-absorbed. In certain diseases involving
excessive vomiting or diarrhoea, serious imbalances in water or electrolytes may occur.

Reference values for daily secretions into the gastrointestinal tract of the adult

Site Substance Daily secretion (ml)
Stomach Saliva 1200
Gastric juices 2000
Small intestine Pancreatic juices 1200
Bile 700
Brunner’s gland secretions 50
Other secretions 2000
Large intestine All secretions 60

6.4.3. Transit times for luminal contents of the tract

(270) Information on the rate of transfer of material through the lumen of the
alimentary tract is reviewed in an upcoming ICRP report on the human alimentary
tract. The following discussion is abstracted from that report, and the typical transit
times estimated in that report are adopted here as reference values. For an intro-
duction to the literature on gastrointestinal transit times, the reader is referred to the
following publications selected from the extensive bibliography given in the upcoming
ICRP report: Moore et al., 1983; Klein and Wald, 1987; Stolovitz and Gisel, 1991;
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Madsen, 1992; Guy Grand et al., 1994; Argenyi et al., 1995; Meier et al., 1995; Johnson,
1998; NCRP, 1998; Bennink et al., 1998, 1999; Bouchoucha and Thomas, 2000.

(271) The kinetics of material in the lumen of the alimentary tract depend on its
composition and location within the tract. For example, liquids are usually removed
from the stomach more rapidly than solids, and water or other non-caloric liquids
are removed more rapidly than caloric liquids. Gastric emptying of liquids can be
described reasonably well in terms of a mono-exponential function, while solids are
removed from the stomach in a more nearly linear pattern. Liquids may move ahead
of solids in the proximal right colon, but liquids and solids apparently transfer
together through most portions of the colon in slow, highly variable mass movements.

(272) Due to differences in emptying patterns for various materials and segments
of the alimentary tract, as well as individual preferences of investigators, transit data
for the tract have been reported in a variety of units. For the purpose of deriving
reference values, reported transfer times through the lumen were reduced to the
common basis of a transit time. The transit time of an atom in a region of the tract is
the length of time that it resides in that region. The transit time of a substance in a
region is the mean of the distribution of transit times of its atoms.

(273) Reference values for transit times for the mouth are based on the assump-
tion that the transit time of a liquid is the time from intake to first swallow, and the
transit time of a solid is three-quarters of the time from intake to final swallow. For
liquids, the time between intake and first swallow is assumed to be 2 s. For solids,
the time from intake to final swallow is assumed to be 20 s, based on a diet that
includes a relatively high percentage of hard solids and/or chewy soft solids such as
bread and pasta. The implied transit times are 2 s for liquids and 15 s for solids.
Transit times are assumed to be independent of age after infancy because changes
with age in processing times for specific foods may be largely offset by changes in diet.

(274) Oesophageal transit is assumed to consist of two components representing rela-
tively fast transfer of most of the swallowed amount and relatively slow transfer of resi-
dual material. Reference values describing the relative sizes and transfer times of the fast
and residual components are based on data for subjects in an upright position. It is
assumed that transit times for well-chewed solids are slightly greater than values for
liquids and semi-solids, which are the most frequently studied materials. Reference transit
times for residual material are intended to represent average or typical transit times, and
substantially understate transit times that may occasionally occur for dry solids or pills.

(275) Reference values for transit times for the stomach are based on rounded
central estimates of reported half-emptying times for solids, caloric liquids, and non-
caloric liquids. It is assumed that the gastric emptying time in children of age >1
year is the same as that in the adult male. Based on typical patterns of clearance of
liquids (nearly exponential) and solids (nearly linear) from the stomach, the transit
time for liquids is estimated as 1.4 times the half-emptying time and the transit time
for solids is assumed to equal the half-emptying time.

(276) Most reported central estimates for the transit time through the small intestine
are of the order of 4 h (mean+SD of collected values=3.941.5 h). This excludes
values for the frequently applied hydrogen breath test, which is now regarded as
unreliable. Limited comparisons of small intestinal transit in adult males and females
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and in adults and children have not revealed significant differences with gender or
age in the rate of transit of material through the small intestine. The value of 4 h is
adopted as the reference value for adult males and females, and all age groups.

(277) The portion of the alimentary tract extending from the caecum to the anus is
viewed as consisting of three regions: right colon, left colon, and rectosigmoid. This
is a standard division for diagnostic and experimental examinations of colonic
transit. On average, the transit time is about the same for each of these regions, but
considerable variation from this pattern has been observed in individual cases.
Reference values for transit times for the right colon, left colon, and rectosigmoid
are based on the following central estimates and assumptions: (1) In the adult male,
the total colonic transit time (caecum to anus) is 36 h. (2) The colonic transit time in
adult females is one-third greater than that in adult males, i.e. 48 h. (3) In adults, the
transit time is the same for the right colon, left colon, and rectosigmoid, i.e. 12 h for
each segment in males and 16 h for each segment in females. (4) In males, the colonic
transit time increases by about 25% (precisely 8 h) between birth and adulthood,
with the rate of increase being highest during the first year of life and more gradual
thereafter. (5) The increase with age in the colonic transit time is associated with
increased residence in the right colon and left colon, except for a presumed increase
in residence time in the rectosigmoid from adolescence to adulthood in females.

Reference values for transit times of luminal contents through major segments of the alimentary tract

Age group
Adult
Newborn 1 year 5-15 years Males Females

Mouth

Solids - 15s 15s 1Ss 15s

Liquids 2s 2s 2s 2s 2s

Total diet 2s 12s 12s 12's 12s
QOesophagus — fast (90%)

Solids - 8s 8s 8s 8s

Liquids 4s 5s 5s Ss 5s

Total diet 4s 7s 7s 7s 7s
QOesophagus — residual (10%)

Solids - 45s 45's 45 s 45s

Liquids 30s 30s 30s 30s 30s

Total diet 30s 40 s 40 s 40 s 40 s
Stomach

Solids - 75 mins 75 mins 75 mins 105 mins

Liquids — caloric 75 mins 45 mins 45 mins 45 mins 60 mins

Liquids — non-caloric 10 mins 30 mins 30 mins 30 mins 30 mins

Total diet 75 mins 70 mins 70 mins 70 mins 95 mins
Small intestine® 4h 4h 4h 4h 4h
Right colon® 8h 10 h 11h 12h 16 h
Left colon® 8h 10 h 11h 12 h 16 h
Rectosigmoid® 12 h 12 h 12h 12h 16 h

2 Intestinal transit times apply to all material.
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6.4.4. Daily faecal excretion

(278) The mass of faeces excreted per day varies substantially from one person to
another and from one population to another, due largely to differences in dietary
fibre. In a study of six healthy adult subjects, increasing dietary fibre intake from 17
to 45 g/day for 3 weeks increased faecal mass from 79+6.6 g/day to 228 +29.9 g/day
(mean=+SD) (Cummings et al., 1976). Faccal mass averaged 51 g/day in six healthy
male subjects on a low-fibre diet and 157 g/day when the same subjects were placed on
a high-fibre diet (Beyer and Flynn, 1978). Mean values were 74.6+23.4 g/day (SD) in
seven healthy women on a low-fibre diet and 130.5+29.4 g/day when fibre was added
to the diet (Slavin and Marlett, 1980). Faecal mass averaged 470 g/day (range 178-980
g/day) in Ugandan rural villagers on unrefined diets, 225 g/day (range 150-350 g/day)
in vegetarians in the UK, and 104 g/day (range 39-223 g/day) in UK naval personnel
and wives on refined diets (Burkitt et al., 1972). In subjects on mixed diets including
both refined and unrefined foods, mean faecal mass was 155 g/day in nurses in
southern India and 175 g/day in hospital patients in the UK (Burkitt et al., 1972).

(279) In studies of 20 populations in 12 countries, daily faecal mass varied with
fibre intake, with central values ranging from 72 to 470 g (Cummings et al., 1992).
Daily faecal mass was found to be relatively low (80-120 g) in several Westernised
populations. For example, in 220 healthy adults from the UK, median daily faecal
excretion was 106 g in men and 99 g in women, with 17% of women but only 1% of
men excreting less than 50 g/day. Diets characterised with moderately high fibre
intake (~ 18 g/day) were associated with a daily faecal mass of approximately 150 g.

(280) In 173 subjects on whom fat-balance studies were being made in a hospital,
the mean weight of daily faecal samples was 154 g (Eve, 1966). In 22 radiation
workers, mean daily faecal excretion was about 135 g (Eve, 1966). A mean value of
145 g was determined in 16 healthy young males on self-selected diets (Slavin et al.,
1985). In 62 subjects aged 18—80 years, average daily faecal excretion ranged from 19
to 278 g and was not correlated with age (Eastwood et al., 1984).

(281) In five healthy young Japanese male subjects, daily faecal excretion
increased with dietary fibre and was approximately 140-150 g with a daily fibre
intake of 20 g (Saito et al., 1991). In four 21-22-year-old healthy Japanese females
on self-selected diets, the average daily faecal excretion was 94 g (Sakata et al.,
2000). In a study of subjects from the Chokai and Akita Prefectures (Japan), daily
faecal excretion averaged 191.6 g and 174.2 g, respectively (Shimada, 1986).

(282) The bowel habits of infants, young children, and adolescents have been
investigated in several populations from different regions of the world (Burkitt et al.,
1972; Weaver and Steiner, 1984; Fontana et al., 1989; Weaver and Lucas, 1993;
Myo-Khin et al., 1994; Akinbami et al., 1995; Osatakul et al., 1995; Tham et al.,
1996). Estimates of daily faecal excretion by infants up to 6 months are generally of
the order of 20-25 g, but values from a few grammes to 50 g or more have been
reported (Eve, 1966; Sievers et al., 1993; Rivero-Marcotegui et al., 1998). Central
estimates of 31 g and 54 g were reported for two groups of children in the age range
7—-18 months (Saavedra et al., 1989; Rivero-Marcotegui et al., 1998). Mean estimates
of 41 g and 65 g were obtained for ages 19 months—4 years and >4-14 years,
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respectively (Rivero-Marcotegui et al., 1998). A mean estimate of 110 g (range 71—
142 g) was obtained for teenage boarding-school pupils from the UK (Burkitt et al.,
1972). Central estimates up to 275 g have been obtained for school children from
populations with high intakes of dietary fibre (Burkitt et al., 1972).

(283) Reference values for the mass of faeces excreted per day are based on
reported estimates, supplemented with data on relative intakes of food and fluids as
a function of age and gender. As far as practical, faecal excretion data associated
with unusually high or low intakes of dictary fibre were excluded.

Reference values for the mass of faeces excreted per day

Mass (g)
Age Male Female
Newborn 24 24
1 year 40 40
5 years 50 50
10 years 70 70
15 years 120 120
Adult 150 120

(284) Approximately three-quarters of adult faeces are water. The solid matter is
composed of about 30% dead bacteria, 10-20% fat, 10-20% inorganic matter, 2—
3% protein, and 30% undigested roughage of the food and dried constituents of
digestive juices such as bile pigment and sloughed epithelial cells (Guyton, 1982).

6.4.5. Average contents of the gastrointestinal tract

(285) Over a 24-h period, about 6 kg of material enters the stomach of an average
adult male. This includes not only ingested food (roughly 20% of the total) and
fluids (~25%) but also daily secretions of saliva (~20%) and gastric fluids
(~35%). Almost all of this is passed to the small intestine, as only a few highly lipid-
soluble substances such as alcohol and some drugs can be absorbed to blood from
the stomach (Guyton, 1982). Based on reference values for transit times for material
in the stomach given in this chapter, the estimated average contents of the stomach
would be about 230-250 g, depending on precise quantities of solids, caloric liquids,
and non-caloric liquids assumed. Eve (1966) estimated a 24-h average stomach
content of 250 g based on total throughput of the stomach of 6400 g/day and an
emptying time of 1 h for all material.

(286) In addition to roughly 6 kg of material received from the stomach each day, the
small intestine receives about 1.2 kg of pancreatic juices, 0.7 kg of liver bile, 0.05 kg of
Brunner’s gland secretions, and 2 kg of other secretions. This amounts to total inflow of
about 10 kg of material each day. The amount absorbed from the small intestine to blood
each day includes several hundred grammes of carbohydrates, 100 g or more of fat, 50—
100 g of amino acids, and 8-9 kg of water. Approximately 500-1000 ml of material is not
absorbed but passes through the ileocecal valve into the right colon (Guyton, 1982).
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(287) The average content of the small intestine cannot be estimated with much
confidence from considerations of material flow due mainly to uncertainties in the
rate of absorption of different substances and the precise quantities absorbed. Much
of the water entering the small intestine may be absorbed in a matter of minutes,
while other materials may be absorbed only after a relatively long digestion process.
It seems likely, however, that the small intestine contains a greater mass of material
than other segments of the tract in view of its large throughput and the extended
digestion period for much of the material.

(288) Eve (1966) reported mass measurements on contents of the gastrointestinal tract
in 15 cases of sudden death. The data are summarised in Table 6.12. The measured
mass of material in the small intestine ranged from 65 to 735 g and averaged 260 g.
This estimate must be used with caution due to the limited information on the cases.
For example, there is no information concerning intake of food during the hours
before death. Also, there is some question as to whether the gastrointestinal contents as
measured in cadavers are representative of the living state, even for cases of sudden
death. Nevertheless, the measurements provide first estimates of the contents of those
segments with relatively slow turnover, that is, segments other than the stomach.

(289) The 24-h average content of the small intestine of the adult male was esti-
mated by Eve (1966) as 400 g. This estimate is based on consideration of daily
inflow, sites of dilution and concentration of the contents, the estimated interior
volume of the small intestine, and radiographs of contents after swallowing opaque
material.

(290) During a 24-h period, approximately 5001000 ml of chyme passes through
the ileocecal valve into the right colon in an adult male, and a small amount of fluid
is secreted into this segment of the tract (Guyton, 1982). Most of the water and
electrolytes entering the right colon are absorbed into blood. Some of the material
entering the right colon passes to the left colon and is eventually excreted in faeces.

(291) The left colon and sigmoid colon function principally for storage rather than
absorption of material (Guyton, 1982). The rectum serves mainly as a conduit.
Entry of material from the sigmoid colon usually evokes the recto-anal inhibitory
reflex, signalling the need to defaecate. The rectum serves as a storage organ when
the amount of material received from the sigmoid colon is too small to evoke this
reflex or when this reflex is neglected (Shafik et al., 1997).

Table 6.12. Mass of contents of segments of the gastrointestinal tract in cases of sudden death (Eve, 1966)

Segment Mass of contents (g)

Mean Standard deviation Range
Stomach 82 96 0-380
Small intestine 260 179 65-735
Upper large intestine® 122 80 10-310
Lower large intestine® 111 80 5-275

4 From the caecum to the left or splenic flexure.
b From the left flexure onwards.
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(292) Eve (1966) estimated the average masses of the contents of the upper and
lower large intestine of the adult male as 220 g and 135 g, respectively. The value for
the upper large intestine was based on consideration of the interior dimensions of
the segment, radiographs of contents, the daily mass of dejecta from a transverse
colostomy (211 g), post-mortem measurements (122 g; see Table 6.12), and flow
estimates (135-220 g). The value for the lower large intestine was based mainly on
an assumed equivalence of the mass of the contents of this segment and the mass of
faeces excreted daily. The latter was estimated by Eve (1966) as 135 g for the adult
male compared with an estimate of 150 g used in the present document.

(293) The following reference values are selected for the mass of the contents in
the segments of the gastrointestinal tract of the adult male: stomach, 250 g; small
intestine, 350 g; right colon, 150 g; left colon, 75 g; and rectosigmoid colon, 75 g.
The reference value for the stomach is based on consideration of total daily input
into the stomach and typical transit rates from the stomach to the small intestine.
The reference values for the small intestine and right colon are based on the general
considerations discussed by Eve (1966), but are lower than the values proposed by
Eve for closer agreement with central values determined for cases of sudden death
(Table 6.12). Also, it is considered that the upper large intestine as defined by Eve is
larger than the right colon. The mass of contents of the rectosigmoid colon is set for
consistency between the emptying rate of this segment and the mass of daily faecal
excretion. The contents of the left colon and rectosigmoid colon are assumed to be
equally divided between these two segments.

(294) Reference values for the adult male are adjusted for application to the adult
female to account for estimated differences with gender in daily intake of food and
fluids, daily secretions into the lumen of the tract, transit rates through the segments,
and the mass of faeces excreted per day. Reference values for ages 0-15 years are
scaled from the values for adult males, based on the mass of daily faecal excretion at
different ages.

Reference values for contents of the gastrointestinal tract and daily faecal excretion (g)

Small Right Left Daily
Age Total Stomach intestine colon colon Rectosigmoid faeces
Newborn 144 40 56 24 12 12 24
1 year 240 67 93 40 20 20 40
5 years 300 83 117 50 25 25 50
10 years 420 117 163 70 35 35 70
15 years — male 720 200 280 120 60 60 120
15 years — female 720 200 280 120 60 60 120
Adult male 900 250 350 150 75 75 150
Adult female 830 230 280 160 80 80 120

6.4.6. Maturation of epithelial cells in the gut

(295) The following information was abstracted from a review by Karam (1999).
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(296) The squamous lineage of the oesophagus forms a stratified epithelium that
has an average turnover time of about 7.5 days.

(297) In the stomach, the oxyntic pit-gland unit includes pit, zymogenic, and pari-
etal cells which respectively migrate outwards, inwards, and in both directions; their
turnover times average 3, 194, and 54 days, respectively. The mucous units of the
pyloric antrum are populated by pit cells that migrate outwards and gland cells that
migrate inwards. Their turnover times are about 3 and 1-60 days, respectively.

(298) In the crypt-villus units of the small intestine, both absorptive and goblet
cells migrate outwards, and for each the turnover time is about 3 days. Paneth cells
migrate inwards and their turnover time is about 15 days.

(299) In the crypts of the descending colon, both vacuolated-columnar and goblet
cells migrate outwards, and for each the turnover time is about 5 days.

(300) The ascending colon has an additional cell type called deep crypt secretory
cells that migrate inwards. Their turnover time is about 14-21 days.
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7. CIRCULATORY AND LYMPHATIC SYSTEMS

(301) The circulatory system consists of the heart, blood vessels (arteries, veins,
and capillaries), and blood. The heart and blood vessels together are called the car-
diovascular system.

(302) The heart is a hollow, muscular organ containing four chambers: right
atrium, left atrium, right ventricle, and left ventricle. The large veins carry blood
from tissues to the right atrium, from which it passes to the right ventricle.
From the right ventricle, the blood is pumped through the pulmonary vessels to
the left atrium, where it passes to the left ventricle and then is pumped into the
aorta for distribution throughout the body via the large arteries. Blood moves
from the large arteries to arterioles, the last small branches of the arterial system.
The arterioles act as control valves through which blood is released into the
capillaries.

(303) All cells of the body lie within a few cell diameters of capillaries, the smallest
branches of the vascular system. Diffusion across the walls of the capillaries and
through the interstitial fluid allows exchange of nutrients and metabolic end products
between blood and cells.

(304) The lymphatic system is not part of the circulatory system per se but permits
one-directional flow of interstitial fluid to blood. The lymphatic system is composed
of lymphatic vessels, patches of lymphatic tissue, lymphatic organs containing
lymph, and isolated lymphocytes. The smallest vessels are the lymphatic capillaries,
which unite to form larger vessels, and the larger vessels (thoracic duct and right
Iymph duct) empty into veins. The lymphatic organs are located along the course of
the lymphatic vessels, except for the spleen, which is a lymphatic organ within the
bloodstream.

7.1. Heart
7.1.1. Mass of the heart

(305) Several authors have reported age- and gender-specific masses of the normal
heart as determined at autopsy (Smith, 1928; Coppoletta and Wolbach, 1933; Boyd,
1952; De la Cruz et al., 1960; Schulz and Giordano, 1962; Rowlatt et al., 1963;
Kitzman et al., 1988; Scholz et al., 1988). Generally, the reported mass includes the
atria, ventricles, septa, endocardium, and the visceral layer of the pericardium but
not the blood in the chambers.

(306) Most reported values for Western populations fall within 20% of the central
values indicated for these populations in Fig. 7.1 for males and females. For com-
parison with Western data, Fig. 7.1 also includes estimated central values for Asian
populations.
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Fig. 7.1. Central estimates for mass of the heart (without blood) in males and females. (O) Western
populations (see text for references); (/) Japanese data; (+) Chinese data; (&) Indian data (IAEA, 1998).

Reference values for mass of the heart (g)

Tissue only Tissue plus blood in chambers
Age Male Female Male Female
Newborn 20 20 46 46
1 year 50 50 98 98
5 years 85 85 220 220
10 years 140 140 370 370
15 years 230 220 660 540
Adult 330 250 840 620

7.1.2. Typical values for properties of heart tissue

(307) The following typical values for properties of heart tissue are based on data
summarised in Publication 23 (ICRP, 1975).
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Total volume (including chambers):

Newborn: 50 ml
Adult male: 750 ml
Adult female: 550 ml
Thickness of walls:
Right and left atria: 0.05-0.35 cm
Left ventricle: 1.1-1.4 cm
Right ventricle: 0.5-0.7 cm
Water:
Newborn: 84%
Adults: 72%
Protein: 16%
Ash: 1.1%
Specific gravity: 1.03

7.2. Properties of whole blood and its components

(308) The following typical values for properties of whole blood and its compo-
nents are based on data summarised in Publication 23 (ICRP, 1975).

7.2.1. Properties of whole blood

Water: 80%
Fat: 0.65%
Protein: 18%
Ash: 1%
Haemoglobin g/100 ml blood
Birth: 17
1-2 years: 11.5
12-13 years: 14.5
18-20 years (male): 16.5
18-20 years (female): 14.5
Specific gravity: 1.06
pH: 7.4

7.2.2. Properties of red blood cells

Life span in adults: 126 (112-154) days
Number/mm? blood
Birth: 4.8x10°
1-8 days: 5.1x10°
14-60 days: 4.7x10°
3-5 months: 3.5x10°
6 months — 5 years: 4.6x10°
6-15 years: 4.8x10°
Adult male: 5.4%10°
Adult female: 4.8x10°
Rate of production (adults):
Males: 3.5x10/kg body weight/day
Females: 2.63x10°/kg body weight/day
Surface areas (adult males): 3500 m?
Composition (adults):
Water: 63 g/100 ml
Lipids: 480 mg/100 ml
Minerals: 670 mg/100 ml
Glucose: 83 mg/100 ml
Lipids: 480 mg/100 ml
Haemoglobin: 33.5 g/100 ml
Specific gravity: 1.09
pH: 7.2
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7.2.3. Properties of white blood cells (leucocytes) and platelets

Total number of leucocytes or white blood cells: 7000 (5000-10 000)/mm? blood
Types of leucocytes and percentage of each in blood:

Juvenile neutrophils: 8% +5% (SD)

Segmented neutrophils: 47% £9%

Eosinophils: 3% 2%

Basophils: 0.6% +0.5%

Lymphocytes: 35% 7%

Monocytes: 6.5% £2%

Total number of platelets: 250 000 (140 000-440 000)/mm? blood

7.2.4. Properties of plasma (adults)

Water: 94%

Ash: 0.95%

Glucose: 95 mg/100 ml plasma
Specific gravity: 1.027

pH: 7.4

7.3. Red cell volume and plasma volume

(309) The total blood volume is essentially the sum of the volumes of blood
plasma and erythrocytes (red blood cells) because the volume contributed by blood
cells other than erythrocytes is small. Typically, red blood cells represent about 43%
(42-52%) of the total blood volume in adult males and about 38% (37-48%) in
adult females (Guyton, 1982; Johnson, 1998). The following reference values for the
volumes of blood plasma and red blood cells in adults are based on these estimates
and reference values for total blood volume (5300 ml for adult males and 3900 ml
for adult females).

Reference values for volume of blood plasma and red blood cells (ml)

Male Female
Red blood cells 2300 1500
Plasma 3000 2400

7.4. Total blood volume

(310) In a given individual, the total blood volume changes to some extent during
the course of a day because the circulating plasma volume varies with exercise, body
position, and other factors (Rowell, 1974). Also, the red blood cell volume in an
individual may change over time with long-term changes in altitude (resulting in
increased volume), prolonged bed rest (resulting in decreased volume), or other
factors. The following reference values are based on data collected from 18 studies
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involving healthy subjects who were resting in the recumbent position at the time of
measurement (Williams, 1994).

Reference values for total blood volume (1)

Age Males Females
Newborn 0.27 0.27
1 year 0.5 0.5
5 years 14 14
10 years 24 24
15 years 4.5 33
Adult 53 3.9

7.5. Cardiac output

(311) Cardiac output is defined as the quantity of blood pumped by the left ven-
tricle into the aorta per unit time. There are substantial individual differences in
cardiac output, as well as differences with age and gender. Reference values for
cardiac output as a function of age and gender were derived as trimmed means of
data collected from more than 50 studies involving healthy subjects who were resting
in the recumbent position at the time of measurement (Williams, 1994).

Reference values for cardiac output

Output (I/min)
Age Male Female
Newborn 0.6 0.6
1 year 1.2 1.2
5 years 34 34
10 years 5.0 5.0
15 years 6.1 6.1
Adult 6.5 5.9

7.6. Functions and characteristics of blood vessels

(312) The blood vascular system can be divided into three general types of blood
vessels with different functions: (1) the aorta and arteries, which distribute the out-
put from the heart; (2) the microcirculation (capillaries), which is the diffusion and
filtration system; and (3) the veins, the collecting system that returns blood to the
heart. Typical diameters and blood velocity for blood vessels in the adult human are
given in Table 7.1.

(313) At any given time, only about 5% of the total blood pool is contained in the
systemic microcirculation. Reference values for the distribution of blood within the
vascular system in a recumbent adult male are given below. These values are based
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Table 7.1. Typical values for vessel diameter and blood velocity for the systemic circulation in adult
humans (Brobeck, 1979)

Structure Diameter (cm) Blood velocity (cm/s)
Ascending aorta 2.0-3.2 632

Descending aorta 1.6-2.0 274

Large arteries 0.2-0.6 20-50*
Capillaries 0.0005-0.001 0.05-0.1°
Large veins 0.5-1.0 15-20°

Venae cavae 2.0 11-16°

4 Mean peak value.
b Mean velocity over extended period.

on data collected in Table 3.3 of Brobeck (1979), Table 3 of Rothe (1983), and
Table 8 of Leggett and Williams (1991).

Reference values for distribution of blood in the vascular system of adult man

Region Total blood volume (%)
Heart chambers 9
Pulmonary 10.5
Arteries 3
Capillaries 2
Veins 5.5
Systemic 80.5
Aorta and large arteries 6
Small arteries 10
Capillaries 5
Small veins 41.5
Large veins 18

7.7. Blood volumes and flow rates for organs and tissues
7.7.1. A schematic description of blood flow through organs and tissues

(314) A model of the main directions of blood flow in the human body is given in
Fig. 7.2. The model simplifies the actual paths of movement of blood but includes
sufficient detail for most practical applications in biokinetic modelling and dosimetry
of internally deposited radionuclides.

(315) The blood content of the heart consists of blood in the four chambers and the
coronary pool that supplies nutrients to the heart. Venous return from the systemic
circulation or intravenously injected material flows into the right heart, is pumped
via the pulmonary circulation through the lungs, enters the left heart, and then is
pumped into the aorta. The relatively complicated coronary circulation is simplified
considerably in Fig. 7.2; for example, blood actually leaves the coronary circulation
through a system of vascular connections with the various cardiac chambers.
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Fig. 7.2. Schematic of blood flow in the human body (Leggett and Williams, 1995). Solid lines represent
arterial flow and dashed lines represent venous flow. Reprinted with permission from Health Physics ©
Lippincott, Williams & Wilkins, Baltimore, MD.

(316) The blood in the lungs includes the pulmonary pool that receives oxygen
from the lungs and a bronchial pool that supplies nutrients to the lungs. The schematic
(Fig. 7.2) does not include some generally less important aspects of the bronchial
circulation, such as shunting of bronchial arterial flow to the systemic circulation or
various connections between the bronchial and the pulmonary circulations.

(317) The portion of cardiac output known as the portal circulation flows through
capillary beds of the spleen, pancreas, stomach, intestines, and part of the oesophagus,
merges in the portal vein, and is then circulated through the liver. Although venous
outflow from much of the oesophagus and from the anal canal does not pass
through the liver, this ‘non-portal’ flow typically represents a small portion of the total
venous outflow from the alimentary tract. The schematic does not depict collateral
circulation from the liver to the lungs, which may become important in some diseases.
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7.7.2. Reference blood volumes and blood flow rates for organs and tissues of adults
(318) Normal values for regional blood volumes and the distribution of cardiac
output have been proposed on the basis of an extensive review and analysis of the

literature (Williams and Leggett, 1989; Leggett and Williams, 1991, 1995). The pro-
posed values are adopted as reference values.

Reference values for regional blood volumes and blood flow rates in adults

Blood content (% total blood volume) Blood flow rate (% cardiac output)
Organ or tissue Male Female Male Female
Fat 5.0 8.5 5.0 8.5
Brain 1.2 1.2 12 12
Stomach and oesophagus 1.0 1.0 1.0 1.0
Small intestine 3.8 3.8 10 11
Large intestine 2.2 2.2 4.0 5.0
Right heart 4.5 4.5
Left heart 4.5 4.5
Coronary tissue 1.0 1.0 4.0 5.0
Kidneys 2.0 2.0 19 17
Liver 10 10 6.5 (arterial) 6.5 (arterial)
25.5 (total) 27.0 (total)
Pulmonary 10.5 10.5
Bronchial tissue 2.0 2.0 2.5 2.5
Skeletal muscle 14 10.5 17 12
Pancreas 0.6 0.6 1.0 1.0
Skeleton 7.0 7.0 5.0 5.0
Red marrow 4.0 4.0 3.0 3.0
Trabecular bone 1.2 1.2 0.9 0.9
Cortical bone 0.8 0.8 0.6 0.6
Other skeleton 1.0 1.0 0.5 0.5
Skin 3.0 3.0 5.0 5.0
Spleen 14 14 3.0 3.0
Thyroid 0.06 0.06 1.5 1.5
Lymph nodes 0.2 0.2 1.7 1.7
Gonads 0.04 0.02 0.05 0.02
Adrenals 0.06 0.06 0.3 0.3
Urinary bladder 0.02 0.02 0.06 0.06
All other tissues 1.92 1.92 1.39 1.92
Aorta and large arteries 6.0 6.0
Large veins 18 18

7.7.3. Differences with age in blood volumes and flow rates for organs and tissues

(319) Differences with age in regional blood volumes (expressed as a percentage of
total blood volume) and blood flow rates (expressed as a percentage of cardiac out-
put) are indicated by direct measurements and are also suggested by physiological
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and anatomical considerations. The percentage of cardiac output to the kidneys may
be substantially lower in infants than adults but appears to increase to within a few
percent of the values for adults by age 2-3 years (Rubin et al., 1949; Carlsen and
Nathan, 1987). The blood perfusion rate of the brain appears to be higher at some
childhood ages than during adulthood (Gordon, 1956; Settergren et al., 1976; Leahy
et al., 1979; Raju et al., 1987; Raynaud et al., 1990). Data on laboratory animals
indicate that both the blood perfusion rate and the blood content of the skeleton
may be as much as two to three times as great in rapidly growing animals as in
mature adults (Kaliss and Pressman, 1950; Brookes, 1971; Whiteside et al., 1977,
Linderkamp et al., 1980; Schnitzer et al., 1982). Comparisons of (1) the vascularity of
skeletal components in immature and mature human subjects, (2) skeletal physiology in
laboratory animals and man, and (3) behaviour of bone-seeking radionuclides in
laboratory animals and man suggest that broadly similar changes with age probably
occur in the human skeleton. In piglets, a significant decrease in the blood content as a
percentage of total blood volume has been observed during the first 2 weeks of life for
liver, lung, and skeleton but not for other tissues (Linderkamp et al., 1980).

7.7.4. Shifts in regional blood flow and blood volume with changing activity and posture

(320) With a change from a supine or sitting position to an upright posture, as much
as 15% of total blood volume may be shifted from the intrathoracic and splanchnic
regions to the lower body, mainly to veins of the legs, buttocks, and pelvic area
(Harris and Heath, 1962; Brobeck, 1979; Blomqvist and Stone, 1983; Rowell, 1983).
Thermal stress in the resting person causes a substantial shift of blood from the
intrathoracic and splanchnic regions to the skin (Rowell, 1974). During vigorous
exercise, there is a transfer of blood from the splanchnic region to the intrathoracic
region and the skin (Rowell, 1974, 1983). In exercising humans, the blood content of
the splanchnic region may decline by about 35% (Wade et al., 1956), the blood con-
tent of the spleen by 40% (Froelich et al., 1988), and the blood content of the liver by
as much as 15% (Froelich et al., 1988). These values suggest a decline of 60% or more
of the blood content of the intestines during exercise. The blood content of the lungs
may increase by roughly 30% during heavy exercise (Froelich et al., 1988), while the
blood content of the pulmonary capillaries may increase by as much as a factor of two
(cf. Lewis et al., 1958; Bates et al., 1960; Johnson et al., 1960). The blood content of
the kidneys probably changes little, if any, during exercise (Froelich et al., 1988). The
perfusion rate of skeletal muscle may change enormously during exercise. Regional
blood flow within the brain may vary in some circumstances (Greenberg et al., 1978;
Heistad and Kontos, 1983), but it is not evident whether the total blood content of the
brain changes significantly under different physiological conditions.

7.8. Lymphatic system

(321) Lymphatic tissue includes a framework of stroma made of reticular fibres
and reticulum cells; collagen, elastic, and smooth muscle fibres; and free cells within
the meshes of the stroma which are the lymphocytes. These constituents are present
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in different proportions so that three types of lymphatic tissue may be distinguished,
namely loose, dense, and nodular tissue. Except for the lymphocytes, which are
present in most tissues, the lymphatic tissue is contained in the red bone marrow and
in the lymphatic organs: lymph nodes, spleen, thymus, mucous membranes, tonsils,
adenoids, Peyer’s patches, and the vermiform appendix.

7.8.1. Number of lymph nodes in the body

(322) The number of lymph nodes in the body is large, and the wide distribution
of lymphatic tissue makes it difficult to estimate the total number or mass of the
lymph nodes. There are at least 600-700 lymph nodes in the total body, 8-37 in the
armpits, at least 50—60 in the lung hilus, and 200-500 in the mesentery (ICRP, 1975).
The total mass of the mesenteric lymph nodes has been estimated to be about 4 g at
ages 0—1 year, about 13 g at age 11 years, and about 11 g at ages 2045 years (see
Table 39 of Publication 23, ICRP, 1975). Pochin (1966) estimated a mean mass of
the tracheobronchial lymph glands of 15 g (range 10-30 g) for nine adults ranging in
age from 18 to 65 years. One infant aged 2 years had approximately 3.5 g of
tracheobronchial lymph glands.

7.8.2. Mass of lymphatic tissues
(323) The following reference values for the mass of ‘fixed” lymphatic tissue are

based on estimates given in Publication 23 (ICRP, 1975) but have been scaled to the
mass of the updated reference adult male and female.

Reference values for the mass of ‘fixed’ lymphatic tissue in adults

Male 730 g
Female 600 g

(324) The mass and distribution of lymphocytes as a function of postnatal age
have been estimated by Osgood (1955). Reference values based on Osgood’s esti-
mates are given below.

Reference values for the total mass and distribution of lymphocytes

Distribution of lymphocytes (%)

Age Mass of lymphocytes (g) Red Blood  Spleen, lymph  Outside haematopoietic
marrow nodes, etc. tissues
Newborn 150 5.0 0.3 16 78.7
1 year 650 3.0 0.2 12 84.8
5 years 650 3.0 0.2 12 84.8
10 years 900 4.5 0.2 9.5 85.8
15 years 1250 6.0 0.2 7.5 86.3
Adult male 1500 7.0 0.2 7.0 85.8
Adult female 1300 7.0 0.2 7.0 85.8
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8. UROGENITAL SYSTEM
8.1. Introduction

(325) The urogenital system includes the urinary organs (kidneys, urinary bladder,
ureters, urethra) and the reproductive organs (testies, prostate gland, ovaries,
uterus). Except where other specific references are given, the discussion of typical
characteristics of the urinary and reproduction systems is taken from reviews by
Vander et al. (1980), Guyton (1982), Fawcett (1986), Guyton and Hall (1996), and
Schafer (see Chapters 23-30 of Johnson, 1998).

8.2. Anatomical data

8.2.1. Kidneys

Structure and functions of the kidneys

(326) The paired kidneys are bean-shaped organs that lie between the parietal
peritoneum and the posterior wall of the abdomen and hence are external to the
peritoneal lining of the abdominal cavity. Relative to the vertebral column, the kidneys
are located between the level of the last thoracic and third lumbar vertebrae, and are
partially protected by the eleventh and twelfth pairs of ribs. The right kidney is
slightly lower than the left due to the presence of the liver above the right kidney.

(327) A person’s kidney is about the size of his/her clenched fist. Despite its small
mass, the kidney processes enormous amounts of solute and water each day, and
finely regulates the excretions of most substances to match their rates of ingestion
and metabolic production.

(328) The kidney is divided into two main regions; the cortex and the medulla (Fig. 8.1).
The cortex is the outer, richly vascular layer. The medulla is the inner, less vascular layer.

(329) The kidney is covered by a layer of connective tissue called the capsule,
which protects the more delicate parenchyma. The functional units of the kidney are
the nephrons, whose epithelial linings regulate the composition of the urine. Each
kidney has about one million nephrons.

(330) The network of arterioles, capillaries, and venules connecting the arterial
and venous sides of the renal circulation is very different from that found in other
organs, and is responsible for many of the unique functional characteristics of the
kidneys. The most unusual feature of this network is the presence of two capillary
beds in series, the glomerular capillaries and the peritubular capillaries.

(331) Afferent arterioles branch off the radial arteries and feed the glomerular
capillaries, the first of the two capillary networks. The glomerular capillary bed is
embedded in Bowman’s capsule, which forms the initial portion of the nephron, and
fluid filtered from the glomerular capillaries enters Bowman’s space (Fig. 8.2). The
complex of the glomerular capillaries and Bowman’s capsule is called the glomer-
ulus. The relatively high blood pressure in these capillaries compared with that of
Bowman’s space serves to filter fluid passing in the capillaries. Filtration of the fluid
at the glomerulus is the initial step in the formation of urine.
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Fig. 8.1. The urinary system. Reprinted with permission from Guyton, Human Physiology and Mechanics
of Disease, 3rd ed. (1982) © W.B. Saunders Co. Philadelphia, PA.

(332) In contrast to other capillary beds, the gomerular capillary network empties
not into a venule but into another resistance vessel, the efferent arteriole. The effer-
ent arteriole gives rise to the second capillary bed, the peritubular capillaries, that
lies adjacent to the tubular components of the nephron. As blood pressure in both
the cortical and medullary regions of the peritubular capillaries is relatively low,
these capillaries can take up the fluid and solutes that have been re-absorbed by the
renal tubules from the ultrafiltrate formed by the glomerulus.

(333) The glomerulus is comprised of a single epithelial cell layer throughout its length,
but the cells that constitute different tubular segments differ in both anatomic and func-
tional characteristics. The tubules may be divided into the following functional regions:
the proximal tubule, comprising the proximal convoluted and straight tubules; the thin
descending limb of the loop of Henle; the thin and thick segments of the ascending limb
of the loop of Henle; the distal convoluted tubule; and the collecting tube.

(334) In addition to its role in the regulation of solute and water excretion, the
kidney has two important endocrine functions; conversion of vitamin Dj to calci-
triol (1,25 dihydroxy vitamin Dj3), and synthesis of erythropoietin. Vitamin Dj3 in the
diet and that formed in the skin must be hydroxylated to be fully active, and
enzymes in the kidney are responsible for the final step of the conversion process.
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Fig. 8.2. The nephron (from Guyton, 1982; after H. Smith). Reprinted with permission from Human
Psychology and Mechanics of Disease, 3rd ed. (1982). © W.B. Saunders Co, Philadelphia, PA.

Erythropoietin, which is secreted by peritubular interstitial cells in the kidney, acts
on erythroid progenitor cells in the bone marrow as a colony-stimulating factor and
increases the production of red blood cells.

Mass of the kidneys

(335) Reported values for the total mass of both kidneys as a function of postnatal
age in different populations are summarised in Fig. 8.3. The kidney masses deter-
mined in Western subjects (Blackfan, 1933) are in close agreement with those deter-
mined in Japanese subjects, despite the typically lower body mass of the Japanese in
the late teens and adulthood, and Chinese subjects (IAEA, 1998). Lower kidney
masses are indicated for Indian subjects (IAEA, 1998). The following age- and
gender-specific reference values for the mass of the kidneys are based on the
reasonably consistent data for Western, Japanese, and Chinese populations.
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Fig. 8.3. Mass of both kidneys in males and females as determined in four autopsy studies (O) Western
data (Blackfan, 1933); (A) Japanese data; (+) Chinese data; (<) Indian data (IAEA, 1998).

(336) Recently, de la Grandmaison et al. (2001) reported on adult kidney weights
obtained at autopsy. These specimens were obtained from Caucasoid adults who
died of external causes and showed no pathological changes. In 355 adult males, the
mean mass of both kidneys+SD was 322+80 g. The corresponding mass in 329
adult females was 271 £76 g. These mean values are in excellent agreement with the
earlier data on kidney masses, are consistent with the reference values given below.

Reference values for the mass of both kidneys

Mass (g)
Age Male Female
Newborn 25 25
1 year 70 70
5 years 110 110
10 years 180 180
15 years 250 240
Adult 310 275
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Specific gravity of the kidneys

(337) The specific gravity of the kidney is approximately 1.035 in the newborn and
1.05 in the adult (ICRP, 1975).

Dimensions of the kidney and its components

Table 8.1. Dimensions of the kidney and its components*

Dimensions (cm) Newborn Adult
Length 4-6 10-12
Transverse diameter 2-2.5 5-6
Anteroposterior diameter 1.2-1.5 34
Width
Cortex 0.8-1.5 0.8 (0.4-1.3)
Medulla ~0.8 1.6-1.9
Thickness of capsule 0.01-0.02

2 From Publication 23 (ICRP, 1975).

Volumetric composition of the kidney

(338) In the adult, the cortex represents about 70% of the volume of the kidneys
(peripheral, ~64%; renal columns, ~6%), the medulla about 25%, and the
collecting system about 5%. The ratio of cortex to medulla may be higher for the
adult than for the newborn (ICRP, 1975).

(339) The cells of the tubules of the kidney comprise the tubular cell volume, the
interstitial volume represents all of the tissue other than the tubular cells, and the
extracellular volume includes the interstitial volume plus the fluid in the tubules and
the blood in the blood vessels. Measurements on 15 human subjects indicate a tubular
cell volume of about 94 ml, an interstitial volume of about 27 ml, and an extra-
cellular volume of about 49 ml (one kidney) (ICRP, 1975).

Composition of the kidney
(340) Collected data from the literature suggest that, on average, water represents

about 76% of the adult kidney, protein about 17%, lipid about 2.7%, and minerals
about 1.1% (ICRP, 1975).

8.2.2. Ureters

Size and function of the ureters

(341) The ureters are two slightly flattened tubes through which urine passes from the
kidneys to the urinary bladder. Each ureter is about 67 cm long in the newborn and
27-30 cm long in the adult, with little difference in length in the male and female
(Table 8.2). The diameter of the ureter is relatively larger in the infant than in the adult.
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Table 8.2. Typical values for size of ureters and urethra, and physiological capacity of the bladder®

Age and Length of Physiological capacity of Length of Width of external
gender ureters (cm) the urinary bladder (ml) urethra (cm) urethral orifice (cm)
Male

Newborn 67 80 6.0 0.5

1 year 9-10 100 6.7 0.5

2-3 years 12-14 150 7.9 0.6

Adult 27-30 200-400 15-17 0.7
Female

Newborn 67 80 2.2 0.6

1 year 9-10 100 2.3 0.6

2-3 years 12-14 150 2.4 0.7

Adult 27-30 200-400 3.8 0.7

4 Modified from Publication 23 (ICRP, 1975).

Except for three slightly constricted portions that may be as small as 0.1 cm in diameter,
the ureter is fairly uniform in size in the adult at about 1 cm in diameter. The ureters
enter the bladder at the upper lateral angle of the base of the bladder (Fig. 8.4). The
openings into the urinary bladder leading from the two kidneys are about 5 cm apart
for a distended bladder and about 2.5 cm apart for an empty bladder. Peristaltic waves
moving at the rate of 2-3 cm/s propagate the urine in the ureter from the renal pelvis to
the urinary bladder. The urine enters the urinary bladder in spurts about 10-30 s apart
(ICRP, 1975).

Bladder

+—Ureter

Bladder wall with
detrusor muscle

Trigone
__— Bladder neck

L External urethral sphincter

I ————\Urethra

Fig. 8.4. Schematic of the urinary bladder Reprinted with permission from Johnson, Essential Medical
Physiology 2nd ed. (1998) © L.R. Johnson, Univ. of Tennessee Health Sciences Center, Memphis, TN.
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Reference values for characteristics of the ureters

Thickness of epithelium 65 pm
Thickness of wall 0.7 mm
Thickness of muscularis (three layers) 0.5 mm
Water as percentage of total mass 70%

Mass of the ureters

Reference values for mass of two ureters

Mass (g)

Age Male Female
Newborn 0.77 0.77
1 year 2.2 2.2
5 years 4.2 4.2
10 years 7.0 7.0
15 years 12 12
Adult 16 15

8.2.3. Urinary bladder

Structure and function of the urinary bladder

(342) Urine is carried from the kidneys via the ureter to the urinary bladder
(Fig. 8.4), where it is stored until it exits the body via the urethra. The bladder is a
hollow muscular organ situated in the pelvic cavity posterior to the symphysis pubis.
In the male, it is directly anterior to the rectum. In the female, it is anterior to the
vagina and inferior to the uterus. In the infant, the bladder lies at a relatively high
position in the abdomen compared with the adult. It descends relatively rapidly
during the first 3 years, sinks more slowly until about the ninth year, remains sta-
tionary from the ninth year until puberty, and then slowly descends and reaches its
adult position.

(343) The bladder is a movable organ restricted by folds of the peritoneum. The
shape of the bladder depends on age and the amount of urine it contains. In the
child, the bladder is pear-shaped or spindle-shaped. In the adult, the deflated bladder
assumes the form of a tetrahedron and lies almost entirely within the pelvis, and the
full bladder is nearly spherical.

(344) Smooth muscle layers in the bladder wall provide the contractile force in
voiding. The ureters enter the bladder on its posterior side, above the bladder neck
(Fig. 8.4). The tension of the detrusor muscle in the bladder wall keeps the entry
from the ureter closed so that urine does not reflux towards the kidneys. When the
pressure of a ureteral peristaltic wave exceeds the pressure in the bladder, the
sphincter opens transiently, allowing urine to flow into the bladder. Both the external
and internal sphincters prevent urine movement out of the bladder until micturition
is initiated.
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(345) The volume of the bladder can increase from nearly zero after micturition to
a maximum of about 0.5-0.6 1 in the adult. As the volume increases, the tension in
the bladder wall rises in a non-linear fashion, remaining relatively low until the
volume reaches about 300-400 ml and then increasing at a relatively high rate with
additional entry of urine (Fig. 8.5). Once the bladder pressure reaches a sufficient
level, a reflex called the micturition reflex is initiated. Expulsion of urine from the
bladder is driven by muscle contraction. The physiological capacity of the bladder is
a function of age and gender. The physiological capacity is an imprecise quantity,
defined as the amount of urine in the bladder when a sensation to void is noticed
without undue discomfort. The capacity (without the modifier) is defined as the
amount of urine in the bladder causing undue distress. The capacity and physiological
capacity of the bladder probably vary to some extent with the size of the person, but the
habit of urination also has a direct bearing on these quantities. If the individual urinates
frequently, he/she may be uncomfortable retaining the average amount of urine. There is
probably no inherent difference in capacity between the male and female urinary blad-
der, but if a greater capacity occurs, it is probably due to habit of urination.

Mass of the urinary bladder

(346) Reported values for the mass of the urinary bladder tissue in adults are in
the range 30-60 g (ICRP, 1975). There is little direct information on the mass of the
bladder during growth.

(347) In the following table, the reference value for the mass of the urinary bladder
in the adult male has been set at 50 g, as a rounded central value in the range 30-60 g.
The value for the adult female is set at 40 g based on consideration of relative body mass
of males and females. Values for ages 0—15 years are based on the theoretical growth
pattern for the urinary bladder given in Fig. 59 of Publication 23 (ICRP, 1975).
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Fig. 8.5. Relationship between pressure in the bladder and bladder volume in the adult (Johnson, 1998).
As filling progresses beyond 200 ml, pressure waves (represented by dashed lines) begin to appear, con-
tributing to the sensation of bladder fullness. These increase in frequency and intensity as the bladder
continues to fill. Reprinted with permission from Essential Medical Physiology, 2nd ed. (1998) © L.R.
Johnson, Univ. of Tennessee Health Sciences Center, Memphis, TN.
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Reference values for mass of the urinary bladder

Mass (g)
Age Male Female
Newborn 4 4
1 year 9 9
5 years 16 16
10 years 25 25
15 years 40 35
Adult 50 40

Composition of the urinary bladder
(348) Water represents approximately 65% and minerals about 0.8% (0.5-1.1%)
of the mass of the bladder wall.

8.2.4. Urethra

(349) The urethra is a membranous canal conveying urine from the urinary bladder
to the surface. The male and female urethras differ substantially. For example, it is
about three times longer in newborn males than females, and even greater differences
are seen in adult males and females (Table 8.2).

(350) When non-functioning, the urethra is flattened. During micturition, the
diameter of the lumen is about 8.3—11.6 mm in males and 7-8 mm in females. The
epithelium of the adult male or female urethra is about 0.03—-0.09 mm in width. The
total thickness (mucous membrane lamina propria and muscular layer) of the urethra
of the adult female has been estimated as 3.5-5.5 mm (ICRP, 1975).

Reference values for mass of the urethra

Mass (g)
Age Male Female
Newborn 0.48 0.14
1 year 1.4 0.42
5 years 2.6 0.78
10 years 4.4 1.3
15 years 7.7 2.3
Adult 10 3
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8.2.5. Testes

Structure and function of the testes

(351) The testes are two ovoid organs in which the male gametes, the sperm, are
formed. The testes produce testosterone, the primary male sex hormone, that
stimulates the development and maintenance of male sexual characteristics. The
testes are enclosed in the scrotum and are exterior to the abdomen.

(352) The epididymes are oblong bodies, one located at the upper posterior region
of each testis, where the sperm are stored. One epididymis has a volume of about 2
cm? and consists of a highly coiled tube and surrounding, entwining connective tissue.
When stretched, the tube measures about 4-5 cm in length.

Mass of the testes and epididymes

(353) Reported mass and volume of the testes are highly variable (Rundle and
Sylvester, 1962; Sosnik, 1985; Johnson et al., 1987). In 309 testes, the mass of the
testis ranged from 3.0 to 34.5 g and averaged 14.7+6 g (Sosnik, 1985). The mean
mass of the testis decreased with age, being 16.8 g in young men, 15.0 g in middle-
aged men, and 13.6 g in old men (Sosnik, 1985). In another study, the mean mass of
paired testes was 4943 g in 15 men aged 2048 years and 3343 g in 15 men aged
52-90 years (Johnson et al., 1987). In a study of 1056 males aged 18-96 years, a
reduction in testicular volume was apparent only in the eighth decade of life, after
exclusion of men with diseases shown to be associated with decreased testicular size
(Handelsman and Staraj, 1985). Reference values for the mass of the testes at dif-
ferent ages are given below.

Reference values for mass of the testes and epididymes

Mass (g)
Age Testes (2) Epididymes (2)
Newborn 0.85 0.25
1 year 1.5 0.35
5 years 1.7 0.45
10 years 2.0 0.60
15 years 16 1.6
Adult 35 4.0

Specific gravity of the testes
(354) The specific gravity of the testes is approximately 1.04 (ICRP, 1975;
Handelsman and Staraj, 1985).
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Composition of the testes

(355) In the adult, water represents about 81%, fat about 3%, protein about 12%,
and minerals about 1.1% (0.9-1.3%) of the mass of the testes (ICRP, 1975).

(356) Sections of the testes of the newborn show a large amount of connective
tissue surrounding small convoluted tubes. The connective tissue does not increase
at a rate equal to that of the tubules, and hence forms a decreasing portion of the
mass of the testes with growth. The interstitial cells of Leydig increase in number
from birth to puberty (ICRP, 1975).

(357) In the adult, the connective tissue represents 20-25% of the total volume of
the testes. The ratio of the interstitial tissue to the tubular tissue ranges from 5 to
17%. Each testis is divided into about 250 conical and intercommunicating compart-
ments of varying size. These are called the lobules of the testis. Each lobe contains one
to three convoluted seminiferous tubules in which the sperm are formed. The semi-
niferous tubules are distributed throughout the testis except for an outer layer that is
about 0.8 mm thick. The uncoiled tubules measure about 70-80 cm in length and
have a diameter of about 150-300 pm.

Data on spermatozoa

(358) The head of a spermatozoan is about 5.0 um long, 3.5 um wide, and 2.5 pm
thick. The midpiece and tail are, respectively, about 4.5 and 45 um long, giving a
total length of about 55 pm.

(359) The duration of spermatogenesis in man is about 64 days. The duration of
one cycle of the geminal epithelium is about 16 days, and it is estimated that there
are four cycles. The spermatozoa survival time in terms of fertility is about 1.5-72 h,
and in terms of mobility it is about 48—72 h (ICRP, 1975).

8.2.6. Prostate gland

Structure and function of the prostate gland

(360) The prostate gland is located in the pelvis and is anterior to the rectum. It
surrounds the neck of the urinary bladder and the urethra, and when enlarged can
restrict the flow of urine. In general, it is a somewhat flattened conical structure whose
base is directed upwards and in contact with the caudal surface of the urinary bladder.

(361) The prostate gland secretes a thin, alkaline fluid that adds to the bulk of the
semen and serves to increase the motility and fertility of the sperm. During emission,
the capsule of the prostate gland contracts simultancously with the contractions of
the vas deferens and seminal vesicles. The alkaline characteristic of the prostatic
fluid may be important for successful fertilisation of the ovum, because the fluid of
the vas deferens is relatively acidic due to the presence of metabolic end products of the
sperm and consequently inhibits sperm motility and fertility. Also, the vaginal secre-
tions are acidic (pH 3.5-4.0). Sperm do not become optimally motile until the pH of the
surrounding fluids rises to about 6-6.5. It is probable that prostatic fluid neutralises the
acidity of the other fluids and enhances the motility and fertility of the sperm.
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Mass of the prostate gland

(362) The prostate gland grows slowly during the first few years of life, increasing
in mass from less than 1 g at birth to about 1.6 g at age 10 years. Maturation is rapid
at puberty, and the gland continues to grow until about age 30 years. After the age
of 40 years in a healthy male, the prostate gland gradually becomes smaller. By age
70 years, the volume is less than that of a male of age 25 years ICRP, 1975). However,
in many older men, the prostate gland increases in mass due to benign prostatic
hyperplasia. The occurrence of this hyperplasia was reported in one study to be 14%
in men aged 40-50 years, increasing to 43% in men > 60 years old (Kirby, 2000).
Reference values for the mass of the prostate gland at different ages are given below.

Reference values for mass of the prostate gland

Mass (g)
Newborn 0.8
1 year 1.0
5 years 1.2
10 years 1.6
15 years 4.3
Adult 17

Composition of the prostate gland

(363) The prostate gland is composed of both glandular and muscular tissue. In
the adult, water represents about 83%, lipids about 1.2%, and minerals about 1.1%
(0.7-1.5%) of the mass of the prostate glands. Proteins represent nearly 15% of the
total mass (ICRP, 1975).

8.2.7. Ovaries and fallopian tubes

Structure and function of the ovaries

(364) The ovaries are paired, flattened ellipsoid structures that produce ova and
ovarian hormones. Each ovary measures 2.5-5 cm in length, 1.5-3 cm in width, and
0.6-1.5 cm in thickness.

(365) The ovaries lie in the upper pelvic cavity, one on each side of the uterus. Their
position may be altered by other pelvic organs, especially the uterus. They are attached
to the broad ligament of the uterus, which is itself part of the parietal peritoneum which
surrounds the ovary and ovarian ligament. The ovaries become displaced during the
first pregnancy and probably never return to their original position.

(366) The ovary has a thick peripheral zone or cortex made up largely of con-
nective tissue. Embedded in this connective tissue are follicles containing the female
sex cells, oocytes. The younger the person, the more numerous are the follicles. Over
400 000 have been counted in both ovaries of a normal young adult. Fewer than
1000 are released by ovulation during a woman’s reproductive life, and the others
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degenerate. The number of follicles decreases progressively throughout life. They are
hard to find at menopause, although a few may persist into old age.

(367) The fallopian or uterine tubes or oviducts serve to convey the ova from the
ovary to the uterus. Typically, the ovum is 0.09 mm in diameter. An ovum is viable
for about 24 h but probably is not fertilisable for more than 12 h. The time of
transport of an ovum from the fallopian tube to the uterus is 3 days. The time of
ovulation is typically 14+2 days prior to the next menstrual cycle.

Mass of the ovaries and fallopian tubes

(368) The following reference values for the mass of the ovaries and fallopian
tubes as a function of postnatal age are based on data summarised in Publication 23
(ICRP, 1975).

Reference values for masses of the ovaries and fallopian tubes

Mass (g)

Age Opvaries (2) Fallopian tubes (2)
Newborn 0.3 0.25

1 year 0.8 0.25

5 years 2.0 0.35

10 years 35 0.50

15 years 6.0 1.1

Adult 11 2.1

Specific gravity of the ovaries
(369) The specific gravity of the ovaries is approximately 1.05 (ICRP, 1975).

Composition of the ovary

(370) The ovary has a thick peripheral zone or cortex that surrounds a zone called
the medulla. The cortex is made up of connective tissue or stoma. The medulla is
composed of connective tissue fibres, smooth muscle cells, and numerous blood
vessels, nerves, lymphatic vessels, and supporting tissue. From birth until the
menarche, the growth of the ovary is largely the result of an increase in size of the
stroma and the covering mantle. Simultaneously with the increase in size of the
stroma, there is a decrease in the number of oocytes.

(371) In the adult, water represents about 78%, fat about 1.6%, ash about 1.0%
(0.8-1.4%), and protein about 14% or more of the mass of the ovary.
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8.2.8. Uterus

Structure and function of the uterus

(372) The uterus is the organ in which the fertilised ovum normally becomes
embedded, and in which the developing organism grows and is nourished until birth.
The shape, size, and position of the uterus depend on age and other circumstances,
such as pregnancy. In the infant, the uterus is in the abdominal cavity and it is larger
relative to the whole body than in an adult. In the child, there is little change in size
until the prepubertal period when a stage of active growth begins. At puberty, the
uterus is located in the pelvic cavity and is pear-shaped. In the adult, the position of the
uterus is influenced by the bladder and rectum, depending upon whether one or both
are filled or empty. With the bladder and rectum both empty, the body of the uterus is
nearly horizontal when the individual is standing. As the bladder fills, the uterus is bent
backwards towards the sacral vertebrae. The distention of the rectum also influences
the position of the uterus. Some coils of the small intestine and occasionally the dis-
tended sigmoid colon rest on regions of the uterus. During menstruation, the uterus
is enlarged and more vascular. In old age, it becomes atrophied.

(373) The uterus is about 35 mm in length at birth. The length decreases during
the first year of life and is about 25-27 mm from age 1 to 6 years. The length
increases slowly over the next 4-5 years, reaching about 31 mm by age 10 years, and
then begins to increase more rapidly during puberty. Typical lengths for ages 13, 15,
18, and 35 years are about 40 mm, 50 mm, 55 mm, and 60 mm, respectively.

Mass of the uterus

(374) The reference values for the mass of the uterus in infants, children, and
adolescents are based on data reported by Scammon (1930). In the table of reference
values for mass of the uterus given below, the value for the adult female is a central
value based on several studies (ICRP, 1975).

Reference values for mass of the uterus

Mass (g)
Newborn 4.0
1 year 1.5
5 years 3
10 years 4
15 years 30
Adult 80

Specific gravity of the uterus
(375) The specific gravity of the uterus is approximately 1.05 (ICRP, 1975).
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Composition of the uterus

(376) In the non-pregnant adult female, water represents about 79%, fat
about 1.4% (0.9-2.2%), and mineral about 1% (0.9-1.2%) of the mass of the
uterus.

(377) The uterus has a mucous membrane lining, called the endometrium, that
is about 0.3-1.0 mm thick and increases to about 5-7 mm at the beginning of
menstruation.

8.3. Physiological data
8.3.1. Glomerular filtration and tubular re-absorption

(378) The blood perfusion rate of the kidneys, about 4 ml blood/g tissue/min, is
extremely high compared with most other organs. This high rate of blood flow is
required to produce the high level of glomerular filtration needed for excretion of
metabolic by products such as urea, uric acid, and creatinine. The metabolic cost of
the transport processes constantly occurring in the kidneys is considerable, repre-
senting about 8% of the total oxygen consumption of the body.

(379) Glomerular filtration is the ultrafiltration of a large volume of fluid from the
glomerular capillaries into Bowman’s space. Solutes smaller than proteins generally
pass freely across the glomerular membranes and are delivered to the proximal
nephron at high rates. Re-absorption, which is the regulated transport of water and
solutes from the filtrate to the blood carried in the peritubular capillaries, prevents
the excretion of much of the physiologically important content of the filtrate.

(380) The relatively high hydrostatic pressure of the blood in the glomerular
capillaries is responsible for the force favouring ultrafiltration from the glomerular
capillaries. In a middle-aged adult male, the glomerular filration rate (GFR) averages
about 125 ml/min, corresponding to about 180 1/day. Assuming the rate of
plasma flow (RPF) through the kidneys of the young adult male is about 700 ml/min,
approximately 18% of the plasma entering the kidneys is filtered into the glomeruli.
This value (0.18) is referred to as the filtration fraction (FF): FF = GFR/RPF. The GFR
is roughly proportional to body size and may be more nearly proportional to lean body
mass, and hence is lower on average in females than males. The GFR declines with age
due to a decrease in the number of functioning glomeruli.

(381) Due to their small size, solutes with molecular mass less than 5000 Da are
freely filtered at the glomerulus. This includes all components of plasma except
proteins and those solutes that bind to plasma proteins. In most cases, the con-
centration of cations in the filtrate is nearly the same as the concentration in plasma.
Some anions such as phosphate and a few cations, particularly divalent cations, bind
in substantial quantities to plasma proteins, so that their free ionised concentration
is substantially lower than their plasma concentration. For example, roughly half of
calcium in plasma is bound to plasma proteins and, consequently, the rate of
calcium filtration is only about half the rate calculated from the product of the GFR
and the total calcium concentration in plasma.
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Table 8.3. Relative concentrations of substances in the glomerular filtrate and in the urine®

Glomerular filtrate, Urine, assuming urinary excretion
assuming GFR = 125 ml/min rate of 1.1 ml/min
Substance Quantity/min  Concentration (A)  Quantity/min Concentration (B) ~ Plasma clearance/min
(B:A)
Na* 18 mEq 144 mEq/1 0.14 mEq 140 mEq/1 1.0
K* 0.63 mEq 5 mEq/l 0.066 mEq 66 mEq/1 13
Ca?t 0.5 mEq 4 mEq/1 0.0053 mEq 5.3 mEq/1 1.3
Mg2* 0.38 mEq 3 mEq/1 0.017 mEq 17 mEq/1 5.7
Cl~ 13 mEq 104 mEq/1 0.15 mEq 150 mEq)/1 1.4
HCO3 3.5 mEq 28 mEq/1 0.015 mEq 15 mEq/1 0.54
H,PO;/HPO3~ 0.25 mEq 2 mEq/1 0.054 mEq 54 mEq/1 27
No 0.09 mEq 0.7 mEq/1 0.035 mEq 35 mEq/1 50
Glucose 125 mg 100 mg/100 ml ~0 mg ~0 mg/100 ml ~0.0
Urea 31 mg 25 mg/100 ml 18 mg 1800 mg/100 ml 72
Uric acid 3.8 mg 3 mg/100 ml 0.42 mg 42 mg/100 ml 14
Creatinine 1.4 mg 1.1 mg/100 ml 1.2 mg 120 mg/100 ml 110

4 Modified from Guyton (1982).

(382) The extent of concentration of a filtered substance in the tubular fluid is
determined by the relative re-absorption or secretion of the substance vs the re-absorp-
tion of water. Filtered substances may be divided into three classes with regard to
their extent of concentration in urine. (1) Nutritionally important substances,
including glucose, proteins, amino acids, acetoacetate ions, and vitamins, are re-
absorbed much more rapidly than water. Their concentrations fall rapidly in the
proximal tubules and are nearly zero throughout the remainder of the tubular sys-
tem and in the urine. (2) Concentrations of metabolic end products become pro-
gressively greater throughout the tubular system because they are re-absorbed to a
much smaller extent than water. (3) Many ions are normally excreted in the urine in
concentrations not greatly different from those in the glomerular filtrate and extra-
cellular fluid. For example, sodium and chloride ions, on average, are re-absorbed
from the tubules in proportions not too dissimilar from that of water. Table 8.3
summarises the extent of concentration of different substances in the tubular fluids.

(383) Water transport in the tubules occurs entirely by osmotic diffusion. When-
ever some solute in the glomerular filtrate is absorbed by active re-absorption or by
diffusion caused by an electrochemical gradient, the resulting decreased concentration
of solute in the tubular fluid and increased concentration in the peritubular fluid
cause osmosis of water out of the tubules. Due to the considerable variation in the
permeabilities of the different tubular segments, the portion of the glomerular filtrate
that is re-absorbed varies considerably from one segment to another. Approximate
proportions of total re-absorption occurring in the different segments are as follows:
proximal tubules, 65%; loop of Henle, 15%; distal tubules, 10%; collecting ducts,
9.3%. The balance, 0.7% of the filtrate, is excreted in urine.

(384) Although tubular re-absorption generally increases in conjunction with increased
glomerular filtration, the kidney does not show complete ‘glomerulotubular balance’ in
that increased filtration may result in a net increase in urine output, as shown in Table 8.4.
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Table 8.4. Approximate relative values for glomerular filtration rates, rates of fluid re-absorption, and
rates of urine output for the average adult human®

Glomerular filtration rate Rate of tubular re-absorption Rate of urine output
(ml/min) (ml/min) (ml/min)
50 49.8 0.2
75 74.1 0.3
100 99.5 0.5
125 124 1
150 145 5
175 163 12

2 From Guyton (1982).

8.3.2. Daily urinary excretion

(385) The volume of urine excreted each day varies with age, gender, diet, exercise,
and other factors. In adults, the 24-h urine volume is typically about 1200-2000 ml
(ICRP, 1975; Orten and Neuhaus, 1982; Asplund and Aberg, 1992; Borghi et al.,
1996; Leiper et al., 1996; Johnson, 1998). A reasonable central estimate for a 73-kg
adult male may be about 1600 ml/day, or about 22 ml/kg/day. A similar value
(22.5+7.7 ml/kg/day) was determined in 21 healthy German children, aged 6-11
years (Ballauff et al., 1988). With excessive water intake, urine output can be as high
as 10% of the glomerular filtration rate or approximately 250 ml/kg/day (Johnson,
1998). During prolonged periods of high water loss or low water intake, urine out-
put may decrease to as little as 6—7 ml/kg/day (Johnson, 1998).

Reference values for daily urinary excretion

Excretion (ml/day)

Age Male Female
Newborn 300 300
1 year 400 400
5 years 500 500
10 years 700 700
15 years 1200 1200
Adult 1600 1200

8.3.3. Urinary excretion of selected elements

Sodium

(386) As the amount of sodium filtered by the glomeruli each day is several times
greater than the total body content, massive amounts of sodium must be re-absorbed
by the renal tubules to avoid a serious imbalance of electrolytes. Active re-absorption
of sodium accounts for most of the oxygen consumed by the kidneys.
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(387) As indicated above, about two-thirds of the total glomerular filtrate is re-
absorbed in the proximal tubules. Most of this is in association with active transport
of sodium through the proximal tubular epithelium. Re-absorption of sodium causes
diffusion of negative ions through the membrane as well, and the cumulative re-absorp-
tion of ions creates an osmotic pressure that moves water through the membranes.
Almost the same proportions of water and sodium ions are re-absorbed in the
proximal tubules.

(388) Very little sodium or water is re-absorbed in the thin segments of the loops
of Henle, but active transport of chloride ions in the diluting segment of the distal
tubules causes sodium and other cations to be absorbed as well. On average, less
than 10% of the sodium chloride in the original glomerular filtrate still remains by
the time the fluid reaches the late distal tubules. Sodium re-absorption in the late
distal tubules and collecting ducts is highly variable, depending largely on the con-
centration of aldosterone, a hormone secreted by the adrenal cortex. If large
amounts of aldosterone are present, nearly all of the remaining sodium is re-absor-
bed from the late distal tubules and collecting ducts, and virtually none of the
sodium is lost in urine. Due mainly to the variability of the aldosterone concentration,
sodium excretion in urine may be as little as 0.1 g/day or as much as 3040 g/day.

Potassium and caesium

(389) Potassium is filtered into the nephron by the glomeruli, but nearly all of the
filtered potassium is re-absorbed into the epithelial cells and peritubular capillaries
along the proximal tubule, loop of Henle, and possibly the beginning portion of the
distal tubule. The maintenance of potassium balance in normal humans under
ordinary conditions requires that no more than about 20% of the filtered potassium
be excreted in urine. As the concentration of potassium in the filtered plasma is
relatively low, this represents only a small portion of the body’s potassium. Changes
in urinary potassium excretion appear to be due to changes in the net secretion of
potassium into the distal tubules and collecting duct from the adjacent peritubular
capillaries, via the epithelial cells of the nephron. Superficial nephrons deliver 5—
10% of the filtered potassium to the distal tubule regardless of the total body
potassium balance.

(390) Potassium is transported in parallel to sodium in the proximal tubules and
loops of Henle. As is the case for sodium, approximately 65% of the potassium in
the glomerular filtrate is absorbed in the proximal tubules and another 25% is
absorbed in the diluting segment of the distal tubules. By the time the tubular fluid
reaches the late distal tubules, the total quantity of potassium is less than 10% of
that in the original glomerular filtrate.

(391) There are two main factors that alter the rate of potassium tubular secretion,
namely, the potassium concentration in the renal tubular cells, and the secretion of
the hormone aldosterone from the adrenal cortex. When a high-potassium diet is
ingested, the temporary rise in the potassium concentration in the extracellular fluid
is followed by a rise in the potassium concentration in most of the body cells,
including the renal tubular cells. This higher concentration facilitates potassium
secretion from the tubular cells and raises its urinary excretion. Similarly, a negative
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potassium balance reduces potassium entry into the lumen, thereby decreasing its
excretion. A temporary rise in the potassium concentration in the extracellular fluid
also leads to an increase in the secretion of aldosterone. Aldosterone circulates to
the kidney, where it increases tubular potassium secretion, thereby increasing
potassium excretion. On the other hand, a lowered extracellular potassium level
lowers aldosterone production, thereby decreasing potassium excretion.

(392) The daily excretion of potassium in urine, faeces, and sweat closely matches
the daily ingestion of potassium. Approximately 85% of the total excretion of
potassium is via urine (Leggett and Williams, 1986). Assuming a daily intake of
potassium of 3.5 g, daily urinary excretion of potassium would amount to about 3 g.

(393) The renal mechanisms for excretion of the potassium analogue, caesium,
appear to be qualitatively similar to those for potassium (Sastry and Spalding,
1968). That is, caesium atoms are filtered into the nephron at the glomerulus, but
most of the filtered atoms are re-absorbed into the epithelial cells and peritubular
capillaries along the proximal tubule, loop of Henle, and possibly the beginning
portion of the distal tubule. Changes in urinary losses may be due mainly to changes
in the net secretion into the distal tubules and collecting duct from the adjacent
peritubular capillaries, via the epithelial cells of the nephron. There is probably
considerable discrimination between potassium and caesium by re-absorption and
secretion processes in the tubules, with the result that the ratio of filtered to excreted
atoms may be substantially different for potassium and caesium.

Calcium and strontium

(394) The plasma concentration of calcium is regulated in part by calcitriol, which helps
to control the rate of absorption from the gastrointestinal tract in response to demands
for the maintenance of the normal concentration of calcium in extracellular fluid
and the remodelling of bone. The plasma concentration is also regulated in part by
parathyroid hormone, which controls the release of calcium from the bone. Never-
theless, the kidney is essential in regulating the final output of calcium to match the
daily intake and maintain a constant total body calcium. In the steady-state balance
of calcium, urinary excretion must match the daily gastrointestinal absorption,
which is of the order of 0.2 mg.

(395) Although the normal plasma concentration of calcium is 8—10 mg/dl, nearly
half of this is bound to plasma proteins and cannot be filtered at the glomerulus.
Based on a glomerular filtration rate of 180 l/day, the estimated mass of calcium
filtered by the kidneys each day is about 9 g. Only 1.5-3% of this amount is excreted
in urine, however, indicating substantial re-absorption along the nephron. Both active
and passive processes appear to be involved in this re-absorption. Approximately 60%
of filtered calcium is re-absorbed passively in the proximal nephron and approxi-
mately 30% is re-absorbed in the loop of Henle by uncertain mechanisms. The distal
tubule and collecting duct re-absorb about 8% of the filtered calcium and excrete
1.5-3%. The distal tubule responds to physiologic stimuli in order to regulate the
final excretion of calcium by active processes. As the plasma calcium concentration
rises or falls, re-absorption in the distal tubule decreases or increases, respectively.
Parathyroid hormone and calcitonin also serve to increase calcium re-absorption in
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the distal tubules, but the precise mechanism is not understood. Re-absorption of
calcium is stimulated in metabolic alkalosis and is inhibited by phosphate depletion,
acidosis, or extracellular fluid volume expansion.

(396) Strontium is a close physiological analogue of calcium. Although it has not
been clearly demonstrated that the mechanisms of tubular re-absorption of strontium
are identical to those of calcium, a high correlation has been established between the
ratio of excreted to filtered strontium and the ratio of excreted to filtered calcium under
a variety of conditions (Walser and Robinson, 1963). It has also been shown that the
kidney discriminates to some extent between calcium and strontium, and that
renal clearance of strontium generally exceeds that of calcium (Walser and Robinson,
1963).

8.3.4. Urinary excretion of selected metabolic end products

Creatinine

(397) Creatinine is produced in muscle tissue by the metabolism of creatine phos-
phate, which is taken in the diet primarily in meats. Almost no creatinine is ingested
directly. In order for the body to maintain a constant creatinine content, the rate of
creatinine excretion must equal its rate of metabolic production, which is roughly 2 mg/
day for a healthy young adult male. There is no re-absorption of creatinine in the tubules.
It is actively secreted into the urine in the late proximal nephron but at a slow rate relative
to its rate of glomerular filtration, with the result that the rate of creatinine excretion
may be only about 10% higher on average than its rate of filtration. Thus, creatinine
clearance provides a useful measure of the glomerular filtration rate.

(398) The rate of creatinine production and hence its rate of excretion by an indi-
vidual varies substantially during a 24-h period, and large intersubject variation in
creatinine excretion is also seen. In a longitudinal study involving 144 normal subjects
followed over 9 years, men had 21% higher serum creatinine and 33% higher urine
creatinine/kg body mass than women (James et al., 1988). Black subjects had 5%
higher urine creatinine/kg body mass than white subjects, perhaps reflecting a higher
relative muscle mass in blacks. The intra-individual variability in urine creatinine
excretion averaged 15% and did not differ with race or gender.

(399) The reference values given in the following table for daily creatinine excre-
tion as a function of age and gender are based on data summarised by Jackson
(1966), Cheek (1968), and Simeckova et al. (1998).

Reference values for urinary excretion of creatinine

Amount excreted (g/day)

Age Males Females
Newborn 0.05 0.05
1 year 0.11 0.11
5 years 0.33 0.33
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10 years 0.65 0.65
15 years 1.4 1.0
Adult 1.7 1.0
Urea

(400) Ammonia is produced during protein metabolism in body tissues and is
converted in the liver to urea, which is excreted in the urine. Typically, 30 g of urea
is produced per day in the adult male, but the amount varies considerably due to the
high variability in the amount of protein in the diet. The concentration of urea in
plasma is also highly variable but is typically about 25 mg/100 ml. Based on a
plasma flow rate of 700 ml/min into the kidneys, the input rate of urea would be
about 175 mg/min (25 mg/dIx7 dl/min), and the rate of filtration into the glomeruli
about 31.5 mg/min (0.18x175 mg/min, where 0.18 is a typical filtration fraction).
The normal rate of urea excretion is about 18 mg/min (Table 8.3). Thus, about 60%
of the filtered urea passes on through the tubules into the urine.

Other important metabolic end products

(401) The urate ion is re-absorbed in the tubules to a much greater extent than
urea; of the filtered amount, only about 15% is excreted in the urine. Several other
end products, including sulphates, phosphates, and nitrates, are transported in much
the same way as urate ions. All of these are re-absorbed to a much smaller extent
than water, but each is actively absorbed to an extent that keeps their concentrations
in the extracellular fluid from falling too low.

8.3.5. Citric acid

(402) The excretion of citric acid has been found to be higher for persons on a
high-carbohydrate diet than on a high-protein diet. The level of excretion is elevated
with the level of administered oestrogens and vitamin D, and reduced in situations
of vigorous muscular activity (Lentner, 1981). Several sets of measured values for
the excretion of citric acid in adults and children are given in Lentner (1981). In 30
men, the mean £ SD excretion of citric acid was 528 283 mg/day. In 17 women, the
corresponding excretion level was 7074378 mg/day. Excretion of citric acid by
children was quantified relative to their body mass. In 13 children aged 0-29 days,
the mean+SD excretion level was 3.83+1.67 mg/day/kg. For eight children between
the ages of 1 and 23 months, the observed excretion was 3.15+1.98 mg/day/kg, and
for six children aged 2—-14 years, 2.95+1.44 mg/day/kg.
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9. SKELETAL SYSTEM
9.1. Introduction

(403) Publication 70 (ICRP, 1995) provides updated reference values for selected
anatomical and physiological features of the skeleton that may be useful for the
development of biokinetic and dosimetric models for radionuclides. This chapter
lists the reference values for the postnatal skeleton given in that document and
summarises the information on which those values were based. The reader is referred to
Publication 70 for a more detailed discussion and a complete listing of original references.

9.2. Anatomical data
9.2.1. Definition of the skeleton

(404) The skeletal system as defined here includes bone, bone marrow, periosteum, all
cartilage of the body, teeth, and the blood vessels contained in those tissues. Periarticular
tissue, a heavy, thick, connective tissue situated around joints such as knee and hip, is
difficult to remove completely from dissected bones and was included, in part, in the
skeleton in the ICRP’s earlier Reference Man document, Publication 23 (ICRP, 1975a).
Periarticular tissue is not included in the revised reference skeleton described here.

9.2.2. Bone as a tissue

(405) Bone consists largely of an organic matrix impregnated with inorganic salts and
permeated by a complex cellular network (Fig. 9.1). The matrix of bone is composed of
various proteins, carbohydrates, lipids, and other substances, but the bulk of the organic
material is made up of a protein called collagen. The inorganic matter of bone consists
mainly of submicroscopic deposits of forms of calcium phosphate.

‘Inactive’ osteoblasts

Osteoblast
Osteoclast

Osteoid — Bone fluid

Mineralised
matrix

P=9=0=00

Mineralisation front Osteocytes (lacunae & canaliculi)

Fig. 9.1. Schematic representation of the lacunar—canalicular system of bone as it opens into the cellular
space on the bone surface. From Jaworski (1976). Reprinted with permission from Proceedings of the first
workshop on Bone Morphometry (1976). © Univ. of Ottawa Press, ON, Canada
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(406) In bone formation, bone-forming cells (osteoblasts) synthesise the organic
matrix, and this pre-osseous tissue (osteoid) then undergoes mineralisation. This
results in a hard, durable structure but not a permanent one. Throughout life, there
is a continual modification (remodelling) of bone by bone-resorbing cells, called
osteoclasts, and osteoblasts to maintain the mechanical competence of the structure
and to accommodate conditioning forces that are applied through locomotion, lifting,
and the maintenance of posture. Bone remodelling may also serve a role in calcium
homeostasis.

(407) Two main types of bone structure can be distinguished by differences in
hardness, porosity, and soft tissue content; compact (cortical) bone and trabecular
(cancellous, spongy) bone (Fig. 9.2). Compact bone is the hard, dense bone that
forms the outer wall of all bones, but the bulk of compact bone is found in the shafts
of the long bones. Trabecular bone is a soft, spongy bone composed of a latticework
of fragile appearance and located at the interior of flat bones and the ends of long
bones. Trabecular bone has a much higher porosity or soft tissue content (consisting
mainly of bone marrow) and consequently a much lower fractional volume than
compact bone. The fractional volume refers to the proportion of volume remaining
within external surfaces of bone after subtraction of volumes of all holes normally
occupied by organic material. Not all bone tissue is easily classified as either com-
pact or trabecular, since there is often a zone between the two bone types that is
intermediate in porosity and surface:volume ratio.

(408) The dominant microscopic structure of compact bone is the haversian system
or osteon. The typical osteon is a cylinder running parallel to the long axis of bone
and is about 200 um in diameter, but there is considerable variation in the shape,
direction, and size of these structures. Within the osteon is a central canal about 40
pm in diameter, containing blood vessels, lymphatics, nerves, and connective tissue.

Trabecular bone
Epiphysis

Compact bone
Metaphysis

Marrow cavity
Diaphysis

Fig. 9.2. A section of the upper end of the mature human femur. Modified from Moss (1966).
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The walls of the osteon consist of concentric lamellae (layered bone) about 7 pm
thick. Between the haversian systems of compact bone are irregularly shaped systems
of lamellar bone, called interstitial systems, separated from the haversian systems by
thin lines of dense connective tissue called cement lines.

(409) Haversian canals are connected with one another and communicate with the
bone marrow and exterior surfaces of bone via supporting channels called Volkmann’s
canals. Volkmann’s canals are typically oblique or transverse and are structurally
distinct from haversian canals in that they are not surrounded by concentrically
arranged lamellae but traverse the lamellae around haversian systems. The haversian
systems, together with Volkmann’s canals, serve to supply nutrients to the canalicular
network, which in turn carries the nutrients to the cells in the interior of compact bone.

(410) Cancellous bone has relatively few haversian systems and usually consists
primarily of angular pieces of lamellar bone. The bone cells are generally nourished
by diffusion from the endosteal surface via minute canaliculi that interconnect the
lacunae and extend to the surface.

(411) Bones are normally covered in a fibrous sheath, called the periosteum. The
periosteum consists of a variably thick layer of fibrous connective tissue and, during
growth, a thin inner layer of bone-forming cells called osteoblasts. In the adult, these
cells revert to a resting form. The periosteum is penetrated by blood vessels that
communicate with Volkmann’s canals, which in turn communicate with vessels of the
haversian canals. The periosteum is abundantly supplied with nerves. Muscle tendons
and ligaments may attach directly into the compact outer surface of a bone, or they may
blend with outer layers of the periosteum. The numerous small blood vessels penetrating
the periosteum may help keep the periosteum attached to the underlying bone. In
addition, there are coarse bundles of collagenous fibres, called Sharpey’s fibres or
perforating fibres, that turn inwards from the outer layer of the periosteum and
penetrate the outer circumferential lamellae and interstitial systems of the bone.

(412) The endosteum is a layer of cells lining the walls of all cavities in bone that
house the bone marrow. The endosteum resembles the periosteum in its bone-forming
potential but is much thinner, usually being composed of a single layer of cells with-
out associated connective tissue fibres. All cavities of bone, including the haversian
canals and the marrow spaces within trabecular bone, are lined by endosteum.

(413) In the adult human, the typical long bone is composed of a central cylind-
rical shaft called a diaphysis; two roughly spherical, terminal articular regions,
called epiphyses; and two intermediate cone-like regions, called metaphyses, that
connect the shaft and articular ends (Fig. 9.2). In growing children, the epiphysis is
separated from the diaphysis by a cartilaginous epiphyseal plate, which is united to
the diaphysis by columns of trabecular bone in the metaphysis.

(414) The flat bones of the skull generally lack a central marrow cavity but consist
of two plates of compact bone with an intervening trabecular region, called the
diplo€. The outer surfaces of both plates are covered with a periosteum, and the
diploic space is lined with an endosteum. In the case of the bones of the skull vault,
the outer surface is lined by a connective tissue covering called the pericranium and
the inner surface is lined by the dura mater of the brain. These linings do not differ
greatly in structure or function from the periosteum and endosteum of long bones.

169



ICRP Publication 89
9.2.3. Fresh mass of the skeleton

Adults

(415) Fresh masses of dissected skeletons have been reported for more than 40
male subjects and more than 30 female subjects, excluding emaciated or extremely
old subjects [see Tables 1 and 2 of Publication 70 (ICRP, 1995a)]. It appears that
reported skeletal masses usually include articular cartilage but exclude most other
cartilage. Due to difficulties in removal of all adherent soft tissues, however, the
underestimate due to the exclusion of cartilage may be partially offset by inclusion
of other extraneous material in the dissected skeletons.

(416) Based on reported data for dissected skeletons, skeletal mass as a percentage
of adipose-free total body mass appears to be reasonably constant, averaging about
20% for adult male subjects and about 21% for adult female subjects. The skeleton
of a 176-cm-tall adult male weighing 73 kg typically represents about 14.5% of total
body mass (~10.5 kg), and that of a 60-kg, 163-cm-tall adult female typically
represents about 13% of total body mass (~7.8 kg).

Pre-adults

(417) Results of a modern study involving 40 subjects indicate that the skeleton of
the newborn represents 11.3% of total body mass as an average, while several older
studies involving one subject each yielded values of 16-18% [see Table 4 of Pub-
lication 70 (ICRP, 1995a)]. Reported values appear to include variable amounts of
soft or semi-soft tissues that are difficult to remove from the developing skeleton,
and thus are expected to overestimate the actual mass of the skeleton.

(418) Data for older infants, children, and adolescents are sparse and widely
scattered, and some of the subjects may have died of wasting diseases. Therefore,
these data are of little value with regard to selection of reference skeletal mass.

(419) As a reference value, the mass of the skeleton at birth is assumed to repre-
sent 10.5% of the total body mass. Reference values for skeletal mass at ages 1, 5,
10, and 15 years are indirect estimates based on consideration of estimates of the
mass of skeletal components and reported age-specific mass of the ‘dry’ or ‘dry, fat-
free’ skeleton [data tabulated in Publication 70 (ICRP, 1995a)]. Reference values for
adults are based on estimates given earlier that the skeleton typically represents
about 14.5% of total body mass in adult males and 13% in adult females.

Reference values for mass of the skeleton

Mass (g)
Age Male Female
Newborn 370 370
1 year 1170 1170
5 years 2430 2430
10 years 4500 4500
15 years 7950 7180
Adult 10 500 7800
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9.2.4. Fresh masses of individual bones

(420) Reported fresh masses of individual bones including bone marrow were
determined for 20 adult Russian subjects of normal build and for up to 40 Russian
newborns (Table 9.1). With regard to the percentage of total fresh skeletal mass
contributed by the various bones, no substantial differences with gender are evident.
There are, however, considerable differences between newborns and adults. The
most striking difference is in the relative mass of the skull, which accounts for 32%
of the skeletal mass in newborns but only about 12% in adults. Bones of the trunk
have similar relative masses in adults and newborns, while bones of the limbs are
relatively smaller in newborns.

(421) Fresh masses of individual bones, exclusive of bone marrow, have also been
determined for adult Russian subjects, adult Japanese subjects, and newborn infants
or third-trimester fetuses (Table 9.2). In the fetus and infant, the bones of the head
represent more than 40% of the marrow-free skeleton, compared with 14-20% in
adults. The trunk represents fairly similar proportions of the mineralised skeleton in
the fetus and infant. The limbs represent nearly two-thirds of the mineralised skeleton
in adults but only one-third in the fetus and newborn.

9.2.5. Mass of the dry skeleton

(422) Masses of so-called ‘dry’ or ‘dry, fat-free’ human skeletons provide useful
information on differences with race, age, and gender in the mass of the skeleton. It

Table 9.1. Percentage of total fresh skeletal mass contributed by various bones, including bone marrow
(Borisov, 1973; Borisov and Marei, 1974)

Bone Male Female Newborn
Head
Skull 11.8+1.6 11.94+0.8 32.1
Mandible 1.2+0.2 1.2+0.2 1.6
Trunk
Vertebrae and sacrum 19.0£1.6 20.4+1.5 21.4
Ribs 7.0+0.4 5.6+0.4 5.0
Sternum 1.240.2 1.240.2
Limbs
Femora 153£1.5 15.94+0.7 9.5
Tibiae and fibulae 11.3+1.4 11.94+0.7 6.0
Pelvic bones 10.6+0.8 10.5£1.0 6.4
Feet 6.3+0.7 6.84+0.5 4.5
Humeri 5.3+0.5 4.7+04 4.5
Radii and ulnae 3.6+0.6 3.240.3 2.5
Scapulae 3.6+0.2 2.940.2 2.7
Hands 2.34+0.3 2.440.5 34
Clavicles 0.8+0.1 0.7+0.1 0.5

Patellae 0.740.1 0.610.1
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Table 9.2. Percentage of total fresh skeletal mass contributed by various bones (mineralised tissue only)

Adult male Adult female
Bone Russian Japanese Russian Japanese Newborn®
subjects?® subjects® subjects® subjects®
Head 14.3 16.5 15.9 19.8 42.5+3.1
Skull 124+14 144424 39.943.1
Mandible 1.94+0.3 1.5+0.3 2.6+0.2
Trunk 19.4 18.9 20.3 18.6 23.442.0
Vertebrae 94+13 9.1 10.5£2.0 9.0
Sacrum 2.04+0.3 2.0 2.740.5 1.9
Ribs 7.4+1.4 7.3 6.4+0.7 7.2
Sternum 0.640.1 0.5 0.740.3 0.5
Limbs 66.4 64.6 64.1 61.7 34.1+2.4
Femora 18.5+1.2 18.6 18.6+£1.0 17.8
Tibiae 10.9+1.3 10.5 9.8+1.2 10.1
Fibulae 23404 2.5 22404 2.4
Pelvic bones 8.8+1.2 8.4 10.3+0.8 8.8 4.9+0.4
Feet 6.44+0.4 5.5 6.3+1.6 52
Humeri 7.1+£0.4 6.8 6.1+0.4 5.9
Radii 2.240.2 2.1 1.840.2 1.9
Ulnae 2.84+0.3 2.7 2.240.2 2.4
Hands 2.5+04 2.5 2.54+0.3 2.3
Patellae 0.6+0.1 0.7 0.7+0.1 0.7
Scapulae 3.240.3 3.1 2.74+0.3 3.0
Clavicles 1.1+0.1 1.2 0.940.1 1.2
Scapulae plus clavicles 3.6£0.2

4 Data of Mechanik (1926) for Russian subjects (six males and seven females), as reduced by Bigler and
Woodard (1976).

b Data of Tanaka et al. (1981), based on a collection of individual bones from a large number of
modern-day Japanese subjects.

¢ Data of Hudson (1965). Includes fetuses in third trimester.

appears from such data that skeletal masses are greater in black subjects than white
subjects of the same gender after about age 3 years. Interpretation of the data is
complicated by the small numbers of skeletons considered, the dissimilar age dis-
tributions of the subjects, and the fact that the extent of drying and defatting of
bones varies from one study to another.

(423) Relative masses of dry or dry, fat-free bones or of various skeletal divisions
(e.g. skull, upper limbs, lower limbs) are discussed and tabulated in Publication 70
(ICRP, 1995a). The skull contributes over 40% of the total mass of the dry skeleton
of the infant and young child, but only about 20% in adults. This difference is largely
balanced by the percentage contribution of the lower limbs, which increases from
about 20% in the infant to more than 40% in the adolescent and adult. Slight
decreases with age in the relative contribution of the vertebral column, ribs, and
sternum are nearly balanced by increases with age in the contribution of the upper
limbs. These patterns are similar in white males, white females, black males, and
black females.
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9.2.6. Relative amounts of compact and trabecular bone

(424) Measured fractions of compact and trabecular bone, within individual
bones, are given in Table 9.3. Typically, 75-85% of the total bone mass in adults is
compact bone and the remainder is trabecular bone in the human or canine skele-
ton. The percentage of trabecular bone is usually higher in the axial than in the
appendicular skeleton. In long bones, the proportion of trabecular bone is generally
relatively high in the metaphyses and relatively low in the diaphyses.

Reference values for division of bone mass in adult male or female

Compact bone 80%
Trabecular bone 20%

9.2.7. Surface:volume ratios for compact and trabecular bone

(425) Each bone has four surfaces: periosteal, haversian (intracortical), cortical-
endosteal (inner cortical), and trabecular endosteal, with the last three being in
continuity. The periosteal envelope (an envelope is a surface that divides space into
an inside and an outside) encloses all tissues of a single bone. The endosteal envel-
ope, which is subdivided into trabecular, inner cortical, and haversian surfaces,
encloses all of the soft tissues within the bone except osteocytes and their processes.

Table 9.3. Cortical and trabecular portions of different bones as percentages of bone tissue mass

Johnson (1964) Spiers and Beddoe (1983)

Bone Cortical Trabecular Cortical Trabecular
Femur 67 33 77 23
Tibia 74 26 83 17
Humerus 80 20 90 10
Radius 84 16 87 13
Ulna 87 13 87 13
Fibula 76 24 89 11
Vertebral column

Cervical 25 75

Thoracic 25 75

Lumbar 34 66
Sacrum 75 25
Innominates 90 10
Skull 95 5
Hands 95 5
Feet 95 5
Chest cage (clavicle, sternum, scapula, ribs) 94 6
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Thus, bone tissue lies inside the periosteal envelope and outside the endosteal
envelope. The total volume of bone tissue (absolute bone volume) is the volume of
the skeleton minus the volume of soft tissues within the endosteal envelope.
According to this definition, absolute bone volume includes the volume of the lacunar—
canalicular system.

(426) The volume of cortical bone in a typical adult male is estimated as 2130 cm?
and that of trabecular bone as 580 cm?, giving a total volume of 2710 cm? for all
bone tissue. The volumes of cortical and trabecular bone are calculated from the
following estimates given in this chapter and/or Publication 70 (ICRP, 1995a): (1)
the ash contents of hydrated cortical and trabecular bone are 1.18 g/cm? and 1.08 g/
cm?, respectively; (2) calcium represents 37.5% of bone ash by mass; (3) the calcium
content of the skeleton of a typical adult male weighing 73 kg and standing 176 cm
tall is 1180 g; and (4) 80% of the calcium in the skeleton is in cortical bone and 20%
is in trabecular bone.

(427) Measurements of the surface:volume ratio of compact bone in the adult
human are generally in the range 2-4 mm?/mm? and average about 3 mm?/mm? (30
cm?/cm?) [see Table 11 of Publication 70 (ICRP, 1995a)]. Based on a cortical volume
of 2130 cm?, the surface area of all cortical bone in a typical adult male would be
about 30x2130 cm? or about 6.5 m2.

(428) Most reported measurements of the surface:volume ratio in trabecular bone
are in the range of 14-24 mm?/mm?>. An exception is parietal trabecular bone, whose
surface:volume ratio appears to be roughly three-fold smaller than that of other
trabecular bone [see Table 12 of Publication 70 (ICRP, 1995a)]. A value of 18 mm?/
mm? (180 cm?/cm?) may be a reasonable estimate of the mean surface:volume ratio
of all trabecular bone of adults. This yields an estimate of 180x580 cm? or about
10.5 m? for the surface area of all trabecular bone, and a total surface area of about
17 m? for all bone tissue of an adult male with 1180 g of skeletal calcium.

(429) Measurements indicate that the surface:volume ratio may not vary sub-
stantially with age for most bones. An exception is the parietal bone, where thicker
trabeculae and smaller cavities in children may give rise to a smaller ratio for chil-
dren than for adults.

Reference values for volume and surface area of bone in the adult male

Volume of bone tissue (i.e. inside the periosteal envelope and outside the endosteal envelope)

All bone tissue 2710 cm?
Cortical bone 2130 cm?
Trabecular bone 580 cm?

Surface:volume ratio
Cortical bone 3 mm?/mm? (30 ecm?/cm?)
Trabecular bone 18 mm?/mm?> (180 cm?/cm?)

Total surface area

All bone 17 m?
Cortical bone 6.5 m?
Trabecular bone 10.5 m?

174



ICRP Publication 89
9.2.8. Age- and gender-related changes in characteristics of compact bone

(430) The vascularity and porosity of compact bone change continually through-
out life. In early development of the skeleton, compact bone is highly vascular and
has numerous resorption cavities and developing osteons, and a large portion of the
bone surface shows formation and destruction. In contrast, the compact bone of a
young adult has a more uniform appearance and is relatively inert in terms of for-
mation and destruction. By the fifth decade, compact bone begins to become more
porous due to an increasing number of incompletely developed osteons and
increased resorption of bone. In the midshaft of the femur, the total volume repre-
sented by haversian canals may increase by more than 100% in males and more than
50% in females from the sixth to the ninth decade of life. Compact bone tissue in the
endosteal region may be replaced by trabecular bone or removed completely in older
persons.

9.2.9. Age- and gender-related changes in characteristics of trabecular bone

(431) The structure of trabecular bone also undergoes continual changes
throughout life. During growth, there are rapid changes in trabeculae, particularly
in the ends of long bones, where growth in the length of bone requires removal of
some trabeculae and compaction of others to form a whorled arrangement of new
cortical bone. Even after bone growth has slowed or ceased, there are changes in the
pattern and arrangement of trabecular bone in response to changes in tension and
compression on the bone. After the skeleton has matured, there is a continual net
loss in trabecular bone mass, amounting to 25-45% of the peak trabecular mass in
normal humans.

(432) In at least some bones, there is a fairly rapid decrease in trabecular bone
volume in the first few months of life, and a continual but slower decrease thereafter.
Conversely, there is a rapid increase in the size of trabecular cavities during infancy
and a continued but more gradual increase during childhood. There also appears to
be some increase in the size of trabeculae during infancy and childhood.

9.2.10. Bone density

(433) Bone density is the mass of bone per unit volume, but there are several ways
to view the volume to which mass is referred. For example, bone density may refer
to: (1) the volume of mineralised bone tissue excluding voids associated with lacunae
and canaliculi; (2) that volume including those voids; (3) mineralised bone with
voids plus associated soft tissue (either bone marrow or contents of haversian
canals); or (4) the whole bone. In practice, voids associated with lacunae and cana-
liculi are generally included in the volume referent. Some variation arises in reported
bone densities because the density depends on the treatment of a bone sample (e.g.
soaking, drying, defatting) before measurement. Reported values for the density of
fresh bone with associated soft tissues vary substantially, depending on the amount
of bone marrow and other soft tissues present.
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(434) The density of the whole fresh adult skeleton is approximately 1.3 g/cm?. Dry,
mineralised collagenous bone matrix has a density of about 2.3 g/cm?>. The density of
fresh bone, free of marrow, is typically 1.9-2.0 g/cm? in the adult. The density of fresh
cortical bone may be slightly greater than that of fresh trabecular bone. The density of
trabecular bone with marrow is typically of the order of 1.1 (0.8-1.4) g/cm?.

(435) The density of hydrated bone tissue increases with age from birth to adult-
hood. In the newborn, the specific gravity of hydrated cortical bone tissue is in the
range of 1.5-1.8 g/cm?® and may average about 1.65 g/cm?. Depending on the bone
and the measurement site within that bone, the hydrated density of bone may rise by
5-25% or more from early childhood to early adulthood, and may continue to rise
gradually to about age 40 years.

(436) The function:

CD(A) = —0.0001564% +0.01254 + 1.65, 4 < 40 years

where A4 is age in years and CD( A) is cortical density in g/cm?, may provide a rea-
sonable estimate of the increase with age, from birth through the fourth decade of
life, in the average density of human cortical bone. In the fifth or sixth decade, a
decline in the hydrated density of bone begins that may be drastic in some regions of
some bones.

Reference values for density of skeletal components

Density (g/cm?)

Whole skeleton, adults 1.3

Dry, mineralised collagenous bone matrix, adults 2.3

Hydrated cortical bone
Newborn 1.65
1 year 1.66
5 years 1.70
10 years 1.75
15 years 1.80
Adult 1.90

9.2.11. Composition of bone and bones

Organic and inorganic components of bone tissue

(437) The interstitial substance of bone has two major components; an organic
matrix and inorganic salts. In bone formation, bone-forming cells (osteoblasts)
synthesise an organic matrix (osteoid), and this pre-osseous tissue then undergoes
mineralisation. The matrix of bone contains various proteins, carbohydrates, lipids,
and other substances, but the bulk of the organic material is made up of a protein
called collagen. Immature bone contains relatively less mineral and relatively more
organic material than does mature bone.
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(438) The inorganic matter of bone consists mainly of submicroscopic deposits of
forms of calcium phosphate. Bone mineral may represent a wide array of intermediates
seen in the transition of solution Ca?" and P; to solid-phase hydroxyapatite
[Ca;o(PO4)s(OH),], with younger or more recently calcified structures predominating
in dicalcium phosphate dihydrate [Ca(HPO,4)-2H,0], amorphous calcium phosphate
[Cag(POy)g(var.)], and possibly octacalcium phosphate [CayH(POy)s], and more
mature structures being predominantly hydroxyapatite.

(439) Reported percentage masses of calcium and phosphorus in bone ash are
remarkably consistent [see Table 24 of Publication 70 (ICRP, 1995a)], usually being
slightly less than the theoretical values for hydroxyapatite.

Reference values for percentage masses of calcium and phosphorus in bone ash

Ash content (% by mass)

Age Ca p
Newborn 36.5 18
1 year 36.5 18
5 years 37 17.5
10 years 37 17.5
15 years 37 17.5
Adult 375 16.5

(440) In addition to calcium, bone ash contains small amounts of sodium, mag-
nesium, and other cations. Other than phosphate, the main anions of bone ash are
carbonate and citrate, and there are small amounts of chloride and fluoride.

Water, fat, protein, and ash contents of bones and the whole skeleton

(441) Reported water, fat, protein, and ash contents of bones or the entire skele-
ton are highly variable [see Tables 25 and 26 and Fig. 16 of Publication 70 (ICRP,
1995a)], probably due largely to differences in tissue preparation. The ash content of
cortical bone may increase by about 5-7% from early childhood to early adulthood.
The protein content of cortical bone does not appear to change with age.

(442) It appears that half or more of the skeleton of the fetus and infant, but a
third or less of the adult skeleton, is water. The proportion of water in the femur
shaft falls during development from about 35% in the fetus at 14 weeks gestation to
about 12% in an adult. In the epiphyses of the femur, the water content falls from
about 80-85% in the fetus to about 50% by age 11-12 years. The water content of
compact bone as a percentage of wet mass may be about 15-20% at age 5 years and
may gradually decrease by roughly one-third over the next 10-15 years.

(443) There is little fat in the skeleton in early life, but the fat content increases
substantially during maturation, largely because of the replacement of active bone
marrow by fat. By early adulthood, all marrow in shafts of long bones and part of
that in the trabeculae is essentially inactive, fatty marrow. In adults, fat may repre-
sent as much as 20-25% of the mass of the skeleton.
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(444) The ash content of the skeleton increases substantially from birth to adult-
hood, representing less than 20% of total skeletal mass in the infant and an esti-
mated 27-31% in young or middle-aged adults, based on direct measurements as
well as theoretical values derived from the calcium content of the skeleton. A lower
ash content is expected for elderly persons, because the rate of loss of bone tissue at
higher ages is expected to be greater than the rate of reduction in total skeletal mass.

(445) Indirect estimates of the ash content of the skeleton can also be made for
children, based on gender- and age-specific estimates of total body calcium given
later. The following reference values are based on consideration of both direct
measurements and indirect estimates. The assumption is made that the ash content
of the skeleton is independent of gender.

Reference values for ash content of the skeleton

Age Ash (% by mass)
Newborn 20
1 year 23
5 years 24
10 years 24
15 years 26
Adult 29

Changes with age in the elemental content of bone and bones

(446) Calcium typically represents about 24% of the mass of dry, fat-free bones.
Smaller values are found for whole long bones from infants and children, due in part
to a low calcium:ash ratio for the epiphyses. Also, during the suckling period, there
is a fall in the degree of calcification of the cancellous bone of the metaphyses. The
mass percentage of calcium in whole bones and bone parts, including bone tissue,
increases substantially from infancy to adulthood as the water content falls.

Reference values for the calcium content of bone

Age Ca (% by mass)
Newborn 16.5

1 year 17

5 years 19

10 years 20

15 years 20.5
Adult 21.5

(447) The ratio calcium:phosphorus appears to be fairly constant after early
gestation, except in the epiphyses, where this ratio decreases continually throughout
the growth period. The ratio calcium:nitrogen probably increases until birth,
decreases with demineralisation of the skeleton during the suckling period, and then
increases again until the skeleton is mature.
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The calcium accretion rate during growth

(448) The calcium content of the total body (TBCa) or of the skeleton, which
contains about 99% of the body’s calcium, has been measured by chemical analysis
in several cadavers. Also, numerous external measurements of TBCa in living subjects,
mainly adults, are available. Based on these two sources of information, the total
mass of skeletal calcium is estimated as 1180 g in a healthy 35-year-old male
weighing 73 kg and standing 176 cm tall, and 860 g in a healthy 35-year-old female
weighing 60 kg and standing 163 cm tall.

(449) TBCa in the newborn is about 0.8% of total body mass. There is little direct
information on TBCa for the period between infancy and adulthood. Balance con-
siderations, radiomorphometry, and chemical analysis of bones indicate that there is
a kind of ‘osteoporosis’ or decalcification of the skeleton during the first year or
more of life that could result in a slight, temporary decline of TBCa as a fraction of
total body mass, particularly in children receiving human milk.

(450) The following reference values for the calcium content of the infant and
adult skeletons were based on direct measurements summarised in Publication 70 (ICRP,
1995a). Reference values for young children and adolescents were based on consideration
of several different calcium-accretion models described in Publication 70, but rely most
heavily on the ‘height-age’ model described in that document. The mass of total body
calcium is assumed to be independent of gender from birth to age 10 years.

Reference values for skeletal calcium

Mass (g)
Age Male Female
Newborn 28 28
1 year 100 100
5 years 240 240
10 years 460 460
15 years 830 760
Adult 1180 860

(451) Reference values for the mass of bone tissue are based on the above refer-
ence values for skeletal calcium, together with reference values given earlier for the
calcium content of wet bone.

Reference values for the mass of bone tissue

Mass (g)
Age Male Female
Newborn 170 170
1 year 590 590
5 years 1260 1260
10 years 2300 2300
15 years 4050 3700
Adult 5500 4000
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9.2.12. Cartilage

Structure and function of cartilage

(452) Cartilage is a pliable, resistant, dense connective tissue composed largely of
collagen and non-collagenous proteins. It acts as a shock absorber and as a bearing
surface that allows bones to move smoothly against one another while supporting
great mass. It also serves to protect some tubular organs and makes possible the
growth in length of bones. Most of the axial and appendicular skeleton is first
formed as cartilage but is later replaced by bone.

(453) Cartilage consists of cells, called chondrocytes, embedded in a gel-like matrix.
Unlike other connective tissues, cartilage has no blood vessels and no nerves. While bone
cells must be near a vascular space because of the impermeability of bone, cartilage cells
receive nutrients via a permeable matrix that is in direct contact with extracellular fluid.

(454) Three types of cartilage, called hyaline, elastic, and fibro cartilage, are dis-
tinguishable by the amount of gel-like matrix and the relative abundance of the
collagenous and elastic fibres embedded in this matrix. Hyaline cartilage, the most
abundant type, is found on the ventral ends of the ribs, in the tracheal rings and
larynx, and on the joint surfaces of bones. Elastic cartilage is found primarily in the
external ear, the walls of the external auditory and custachian tubes, and the epi-
glottis. Fibro cartilage is associated with the intervertebral discs, certain articular
cartilages, the symphysis pubis, the ligaments of joints, and sites of attachment of
certain tendons to bones. In this document, all cartilage, including nasal cartilage
and the auricle of the ear, is considered as part of the skeleton.

Amount of cartilage in the body

(455) At birth, cartilaginous tissue represents roughly one-third of the skeletal
mass and 4% of total body mass. Based on limited information, the mass of cartilage
in adults is estimated as 1.5% of total body mass. No direct information was found
on the total mass of cartilage in the body between early infancy and adulthood. A
model of the rate of change of the cartilage content of the skeleton between infancy
and adulthood was based on consideration of qualitative changes with age in the
composition of bones. The assumption was made that the decline in cartilage as
percentage of skeletal mass during growth parallels the decline in the water content
of the skeleton [see Tables 25 and 26 of Publication 70 (ICRP, 1995a)].

Reference values for the mass of cartilage

Mass (g)
Age Male Female
Newborn 130 130
1 year 360 360
5 years 600 600
10 years 820 820
15 years 1140 920
Adult 1100 900
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Other properties of cartilage
(456) The ash content of dry cartilage tissue is roughly 4%. The specific gravity of
fresh cartilage is about 1.1.

9.2.13. Bone marrow

Structure and functions of bone marrow

(457) Bone marrow is a soft, highly cellular tissue that occupies the cylindrical
cavities of long bones and the cavities within the trabecular bone of the vertebrae,
ribs, sternum, and the flat bones of the cranium and pelvis. Total bone marrow
consists of a sponge-like, reticular, connective tissue framework called stroma;
myeloid (blood-cell-forming) tissue; fat cells; small accumulations of lymphatic tis-
sue; and numerous blood vessels and sinusoids.

(458) There are two types of bone marrow; red and yellow. Red marrow is haemo-
poietically active and gets its colour from the large numbers of erythrocytes (red
blood cells) being produced. Yellow marrow gets its colour from fat cells, which
occupy most of the space within the stroma of the yellow bone marrow, although a
few primitive blood cells also occur.

(459) In addition to erythrocytes, red marrow produces all granulocytes and
monocytes (two types of white blood cells), platelets (subcellular structures involved
in coagulation of the blood), and a substantial portion of lymphocytes (another type
of white blood cell). Yellow marrow does not produce blood cells but may be con-
verted to red marrow in response to unusual demands for blood cells.

Number of bone marrow cells

(460) The total number of bone marrow cells has not been determined with much
precision but is estimated to be of the order of 108 cells at gestational age 13 weeks,
10° at 22 weeks, and 2x10'° at birth. The following estimates have been made for
the numbers of the erythrocytic series in the adult human as a function of body
mass:

Nucleated erythrocytes: 5x10°/kg body mass
Marrow reticulocytes: 5x10°/kg
Circulating reticulocytes: 3.3x10%/kg
Circulating erythrocytes: 3.3x10' kg

(461) Typically, there may be about three non-erythroid cells to one erythroid cell
in marrow. Thus, there may be about 2x10'° nucleated marrow cells per kg body
mass in the adult. Changes with age in differential counts of major cell lineages are
discussed in Publication 70 (ICRP, 1995a).
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Distributions and masses of active, inactive, and total bone marrow

(462) During prenatal life, all of the bone marrow is red except shortly before
birth, when small amounts of fat may appear. Thus, for the fetus and newborn, the
mass of total bone marrow and that of red marrow are essentially the same.

(463) In the infant, all bones contain dark red, haemopoietically active marrow.
During childhood, a transformation of haemopoictically active red marrow to rela-
tively inactive yellow marrow begins. This transformation occurs at different rates in
different bones, but by early adulthood, essentially all marrow in shafts of long
bones as well as part of the marrow in the trabeculae is inactive.

(464) In the near-term fetus and newborn, the total bone marrow represents 1.2—
1.5% of total body mass, with about 30% of the bone marrow residing in the skull,
20-25% in the trunk, and 45-50% in the limbs. The percentage of total body mass
represented by active marrow may not change greatly during the maturation pro-
cess, although the distribution of active marrow changes substantially (Table 9.4).
By early adulthood, active marrow is located primarily in the ribs, vertebrae, and os
coxae, with the skull containing only about 8% and the limbs only about 10% of the
total active marrow. The age-specific distribution of active marrow indicated in
Table 9.4 is based on a collection of quantitative and qualitative age-specific marrow

Table 9.4. Active marrow in a given bone expressed as a percentage of active marrow in the body (Cristy,
1981)

Percentage of active marrow at various ages (years)

Bone 0 1 5 10 15 25 40
Cranium 27.0 25.1 15.9 11.6 9.2 7.7 7.6
Mandible 2.5 2.4 1.6 1.1 0.9 0.8 0.8
Scapulae 2.7 2.7 2.7 29 33 2.9 2.8
Clavicles 0.8 0.8 0.9 0.9 1.0 0.8 0.8
Sternum 0 0.8 1.7 2.1 2.7 3.0 3.1
Ribs 9.2 8.9 8.8 10.9 13.6 15.2 16.1
Cervical vertebrae 34 2.8 2.2 2.7 3.3 3.7 3.9
Thoracic vertebrae 8.3 8.4 8.9 10.9 13.7 15.3 16.1
Lumbar vertebrae 2.4 4.3 6.8 8.4 10.5 11.7 12.3
Sacrum 0.1 2.4 5.5 6.7 8.4 9.4 9.9
Os coxae 9.2 11.1 13.1 15.6 18.5 19.5 17.5
Femora, upper half 3.7 4.1 6.8 9.4 9.2 7.4 6.7
Femora, lower half 3.7 3.9 6.3 6.1 2.0 0 0
Tibiae, fibiae, patellae 8.0 8.7 9.0 5.5 0 0 0
Ankle and foot bones 8.3 4.7 2.5 0 0 0 0
Humeri, upper half 2.3 2.4 2.4 2.5 3.1 2.5 2.3
Humeri, lower half 2.3 2.3 2.2 1.6 0.7 0 0
Ulnae and radii 2.5 2.5 2.0 1.1 0 0 0
Wrist and hand bones 3.6 1.9 0.9 0 0 0 0
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cellularity data for specific bones, together with information on relative volumes of
body regions at the indicated ages.

Reference values for masses of active and inactive bone marrow (g)

Active Inactive
Age Male Female Male Female
Newborn 50 50 0 0
1 year 150 150 20 20
5 years 340 340 160 160
10 years 630 630 630 630
15 years 1080 1000 1480 1380
Adult 1170 900 2480 1800

T 2stas dedthomposition of teeth

(465) All teeth consist of a crown projecting above the gum and one or more roots
that occupy sockets on the bone of the maxilla or mandible. Incisors have a single
root, lower molars have two roots, and upper molars have three roots. The hard
portions of a tooth consist of dentine (or dentin), enamel, and cementum, which
have specific gravities of approximately 3.0, 2.14, and 2.03, respectively. The bulk
of the tooth consists of dentine. This tissue surrounds a central pulp chamber,
which continues downwards into each root as a narrow canal that communicates
with the periodontal membrane. In the region of the crown, the outer surface of
the dentine is covered by a layer of enamel. The root is covered by a thin layer of
cementum.

(466) The water content of enamel that can be removed by normal drying techniques
is about 3% by mass, and that of dentine and cementum is about 10% by mass, but
some firmly bound water is also present. The water content of pulp, which is a soft
tissue, is much higher than that of the hard tissues.

(467) As much as 95.6% of the moist mass and 99.4% of the dry mass of enamel is
inorganic material. Corresponding values for dentine are 71% and 80%, respec-
tively. The principal inorganic constituents of both enamel and dentine are calcium,
phosphorus, magnesium, and carbonate. The relative amounts of these substances
vary with age and physiological state but for moist enamel are typically about 35%,
16.5%, 0.4%, and 2.5%, respectively, and in moist dentine are typically about 24%,
11.5%, 0.9%, and 3.0%, respectively. The inorganic material occurs as crystallites.
The ionic lattice is an apatite pattern, perhaps hydroxyapatite with adsorbed
carbonate ions in the surface.

(468) The organic matter of enamel is about 25% keratin, 5% insoluble
collagen, 10% soluble collagen, 15% ‘enamel protein’, 25% peptides, and 20%
citrate. Collagen may represent as much as 85-90% of the organic matter of
dentine.

183



ICRP Publication 89

Primary teeth (or deciduous, temporary, or milk teeth)

(469) There are 20 primary teeth. Symmetric sets of four teeth (left upper, right
upper, left lower, right lower) are often identified by capital letters A—E: A, central
incisor; B, lateral incisor; C, canine; D, first molar; and E, second molar. The full
primary dentition may be depicted as follows:

Right Left
Upper EDCBA ABCDE
Lower EDCBA ABCDE

(470) Eruption times of the deciduous teeth vary considerably from one person to
another. The deciduous teeth typically begin to erupt at postnatal age 6-8 months
and normally reach their full complement at age 6-—8 years. The normal sequence of
eruption is A B D C E, with lower teeth usually appearing slightly ahead of upper
teeth. The roots of primary teeth usually continue to develop for 2 years after tooth
eruption, and about 3 years after eruption, the roots begin to be resorbed due to
pressure from underlying secondary teeth. When all of the root or roots of a tooth
have been resorbed, the crown is shed and a secondary tooth takes its place. Primary
teeth are typically shed in the order in which they erupt, with lower teeth being shed
before upper teeth.

(471) The mass of the developing teeth is about 0.7-0.8 g at birth and about 3 g at
age 30 weeks (Stack, 1964). At full maturity, the mass of the primary teeth is about
9-10 g.

Secondary teeth (permanent teeth)

(472) There are usually 32 secondary teeth. Symmetric sets of four teeth are often
depicted by numbers 1-8: 1, central incisor; 2, lateral incisor; 3, canine; 4, first pre-
molar; 5, second premolar; 6, first molar; 7, second molar; and 8, third molar or
wisdom tooth. The full secondary dentition may be depicted as follows:

Right Left
Upper 87654321 12345678
Lower 87654321 12345678

(473) Teeth 1-5 replace primary teeth (1 replaces A, 2 replaces B, and so forth),
but molar teeth, 6-8, do not succeed primary teeth. The normal order of eruption
is 6, 1,2, 3,4, 5,7, 8, with lower teeth usually erupting slightly ahead of upper
teeth. The first molar (6) typically erupts at about 6 years of age. The wisdom teeth
appear at about 18 years of age as an average, but their eruption age varies
considerably. The permanent dentition (all 32 teeth) weighs about 45-50 g in moist
condition.

Reference values for the mass of teeth, including developing teeth

Mass (g)
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Age Male Female
Newborn 0.7 0.7
1 year 5 5

5 years 15 15

10 years 30 30

15 years 45 35
Adult 50 40

9.2.15. Summary of masses of major skeletal components

Summary of reference values for masses of major skeletal components (g)

Age (years)

15 years Adult
Component Newborn 1year 5 years 10 years Male  Female Male Female
Bone 170 590 1260 2300 4050 3700 5500 4000
Active marrow 50 150 340 630 1080 1000 1170 900
Inactive marrow 0 20 160 630 1480 1380 2480 1800
Cartilage 130 360 600 820 1140 920 1100 900
Teeth 0.7 5 15 30 45 35 50 40
Miscellaneous 19.3 45 55 90 155 145 200 160
Skeletal Calcium 28 100 240 460 830 760 1180 860
Total skeleton® 370 1170 2430 4500 7950 7180 10 500 7800

2 Sum of bone, active marrow, inactive marrow, cartilage, teeth, and miscellaneous. As defined in this
document, the skeleton does not include periarticular tissue or blood but does include periosteum and blood
vessels, both of which are included in ‘miscellaneous’.

9.3. Physiological data
9.3.1. Bone remodelling

(474) In the following, bone remodelling refers to a process of bone turnover that
replaces existing bone but changes the shape and total amount of bone very slowly
or not at all. Bone modelling refers to local influences that alter the size and shape of
growing bones. Bone growth refers to a process that increases the volume of bones.

(475) The remodelling process is carried out by certain cells on the bone surfaces,
namely, osteoclasts, osteoblasts, and their precursors. Each surface is always in one
of three functional states: forming, resorbing, or quiescent. Bone-resorbing surfaces are
scalloped by Howship’s lacunae containing osteoclasts and poorly characterised mono-
nuclear cells. Bone-forming surfaces are covered by osteoid seams and osteoblasts.

(476) As a result of continual remodelling, bones of adults are composed of many
small elements of bone made at different times. These elements are called bone
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structural units (BSUs). The BSUs are held together by dense connective tissue (so-
called ‘cement’ lines or surfaces).

(477) The characteristic structural unit of adult compact bone is the secondary
osteon or haversian system (Fig. 9.3), which is a cylinder about 200 pm in diameter,
running roughly parallel to the long axis of the bone, with a central canal about 40
um in diameter. Within the canal run blood vessels, lymphatics, nerves, and con-
nective tissue, all continuous with those of the bone marrow and the periosteum.

Cortical
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Fig. 9.3. Evolution of bone structural units (BSUs) in cortical and trabecular bone. The original BSUs
(Stage 1) are demarcated by cement lines (CL). In cortical bone, the resorptive process (Stages 2 and 3)
enlarges the haversian canal (HC) and in this illustration removes most of one and part of four other
BSUs to form a resorption cavity (RC). In trabecular bone, the resorptive process erodes from the bone
surface (BS) and in this illustration removes part of three BSUs to form a Howship’s lacuna (HL). The
formation process converts the resorption perimeter (dashed line) to a new cement line (Stage 4) within
which an osteoid seam (OS) is laid down and the new BSU is progressively constructed (Stages 5 and 6).
IB, interstitial bone. From Parfitt (1983) Reprinted with permission from Bone Histomorphometry (1983)
© CRC Press, Boca Raton, FL.
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The mean length of a human cortical BSU is about 2.5 mm and the mean volume is
about 0.065 mm?.

(478) In trabecular bone, the BSUs are flattened and lie roughly parallel to the
plane of the trabecular plates (Fig. 9.3). The BSUs forming the trabecular surface
are shaped somewhat like shallow segments of a cylinder of radius about 600 pm,
with each segment being about 50 pm in depth at the centre and about 1 mm in
length. The mean volume of a trabecular surface BSU is about 0.025 mm?.

(479) Bone-remodelling rates have been estimated by a variety of indirect methods,
such as analysis of the rate of turnover of radionuclide labels or of the rate of change
with age in the number of osteons in compact bone. Remodelling rates of relatively
small regions of the skeleton, primarily from the rib and ilium, have been studied
more directly by tetracycline-based histological analysis.

(480) Estimates of bone remodelling based on turnover of bone-seeking radio-
nuclides suggest potentially large variation in cortical remodelling rates in different
parts of the skeleton. Most data suggest an average cortical remodelling rate of 2—
4% /year during adulthood.

(481) Remodelling rates are less well established for trabecular bone than for
compact bone. Estimates based on turnover of bone-seeking radionuclides are gen-
erally of the order of 10-25% /year for adult trabecular bone.

Table 9.5. Representative values for bone remodelling in the adult skeleton

Quantity Cortical Trabecular
Fractional volume (mm?/mm?) 0.95 0.20
Surface: volume ratio (mm?/mm?) 3 18
Total bone volume (mm?) 2.1x10° 0.6x 10°
Total tissue volume (mm?) 2.2x10° 3.0x10°
Total internal surface (mm?) 6.5x10° 10.5x10°
Total calcium (g) 944 236
Mineral apposition rate (um/day) 1.0 0.75
Duration of formation (days) 94 67
Bone formation rate (mm?3/mm?3/year) 0.03 0.18
Bone turnover rate (% /year) 3 18
Total turnover (cm?3/day) 0.18 0.30
Total turnover (g Ca/day) 0.08 0.12
Resorbing surface

Percent of total surface 3.0 6.0

Per unit bone volume (mm?/mm?) 0.09 1.0

Total (m?) 0.20 0.63
Forming surface

Percent of total surface 3.0 6.0

Per unit bone volume (mm?/mm?) 0.09 1.0

Total (m?) 0.20 0.63
Inert surface

Percent of total surface 96.4 92.8

Per unit bone volume (mm?/mm?) 2.85 16.2

Total (m?) 6.27 9.74
Osteoid volume

Percent of total volume 0.1 0.8

Total (cm?) 2.2 4.8
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(482) Typical values for bone remodelling and related processes in adult humans
are summarised in Table 9.5. A value of 3%/year is estimated as the average rate of
remodelling of compact bone in adult humans, based on histological data and esti-
mates of the rate of turnover of radionuclides in adult humans. A value of 18% /year
is estimated as the average rate of remodelling of trabecular bone in adult humans,
based on histological data, estimates of the rate of turnover of radionuclides in adult
humans, and the presumption that the amount of remodelling per unit area of bone
surface is the same in trabecular as in compact bone. Remodelling rates vary substantially
with age during adulthood; the indicated typical values for adults are estimated
averages during adulthood.

Reference values for bone remodelling

Rate (%/year)

Age Cortical Trabecular
Newborn 300 300
1 year 105 105
5 years 56 66
10 years 33 48
15 years 19 35
Adult 3 18

9.3.2. Turnover times of bone marrow cells

(483) A small number of cells in the bone marrow, called stem cells, have the
capacity for both self-duplication and differentiation. If their progeny are able to
differentiate into several different types of mature blood cells, they are called pluri-
potential haemopoietic stem cells. The immediate progeny of pluripotent stem cells
that retain the capacity for self-renewal but are able to differentiate only into a single
end-cell type are called unipotential stem cells or committed stem cells.

(484) The pluripotent stem cell giving rise to all blood cells is designated the colony-
forming unit or colony-forming unit-spleen. Some of the progeny of this cell lose
their pluripotentiality and become irreversibly committed to production of erythrocytes.
Studies of these unipotential progenitor cells in cultures have revealed two successive
stages of stem cells, called the erythroid burst-forming units and erythroid colony-form-
ing units. The colony-forming units also give rise to a progenitor stem cell committed to
formation of granulocytes and monocytes, as well as the committed stem cell of throm-
bopoiesis (platelet production), called the colony-forming unit-megakaryocyte.
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Erythropoiesis

(485) In normal persons, the red cells are produced exclusively within the red bone
marrow. In the infant, all bone marrow actively produces these cells, but with
maturation, the red marrow retreats from the extremities and in adults is found
mainly in the vertebrae, ribs, pelvis, cranium, scapulae, sternum, and upper ends of
the femora and humeri.

(486) In normal erythropoiesis, there is a clearly defined flow of cells from the
primitive, common stem cell to the mature red cell in the blood. Upon entering the
erythropoietic compartment, the stem cell rapidly assumes cytological characteristics
of the differentiated line. As the cytological characteristics of the nucleus and cytoplasm
change, the cells receive successively different names — pro-erythroblasts, large basophilic
normoblasts (or erythroblasts), small basophilic normoblasts, polychromatophilic
normoblasts, late non-dividing normoblasts, reticulocytes, and the erythrocyte. In
the first four cells in this lineage, there is mitosis and deoxyribonucleic acid synth-
esis, but these phenomena are rarely if ever seen beyond the fourth cell level.

(487) The overall transit time from pro-erythroblast to reticulocyte has been esti-
mated at about 72 h. The following maturation times may be typical of specific cells
in this series:

Pro-erythroblast: 30 (2040) h
Basophilic normoblast: 15h
Polychromatophilic normoblasts: Il h
Late non-dividing normoblasts: 16 h

(488) The time for marrow reticulocyte maturation is about 65 h. Active hae-
moglobin synthesis occurs during the first 1.5 days when the marrow reticulocyte
synthesises roughly one-quarter of the haemoglobin of the cell and then declines to a
rate of synthesis of <5% during the final day, before release of the reticulocyte into
the circulation. Reticulocytes appear to spend a further maturation time of about 25
h in blood.

Granulopoiesis
(489) The earliest morphologically recognisable cell of the granulocyte series is the
myeloblast, a small nucleated cell devoid of granules. This cell transforms after
about 1 day into a larger nucleated, granulated cell called a promyelocyte. The
granulocyte lineage then diverges along three separate paths of differentiation.
(490) The entire transit time from stem cell to mature granulocyte is estimated as
10-14 days. The following turnover times are estimated for the neutrophilic series:

Myeloblasts: I5h
Promyelocytes: 24 h
Myelocytes: 70-104 h
Metamyelocyte to mature neutrophil: 158-200 h
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(491) The production rate of granulocytes in humans may be of the order of
1.6x10%/kg/day. The majority of end cells in this series are neutrophils. A large
reserve of metamyelocytes, band forms, and mature neutrophils, perhaps amounting
to as much as 10 times the daily production, is maintained in the marrow and can be
mobilised to meet unusual demands. Mature neutrophils are preferentially released,
but many band forms and even metamyelocytes may enter the circulation during
infections.

Monopoiesis

(492) The monocyte-macrophage cell line shares with the granulocytes a common
committed stem cell. This lineage includes, in order of appearance, the monoblast,
promonocytes, and monocytes. About half of the promonocytes of the marrow
rapidly proliferate to generate non-proliferating monocytes. The remainder constitutes
a reserve of slowly renewing progenitor cells that can be activated to meet unusual
demands for tissue macrophages. The monocyte production rate may be of the order
of 7x10%/kg body mass/h. The stem cell to monocyte transit time is about 55 h.
Monocytes probably remain in the circulation no more than about 12-16 h before
migrating to the tissues, where they differentiate into macrophages, the functional
phase of this cell line. Maintenance of macrophage population in tissues depends
largely on continuous inflow of monocytes from blood. Although macrophages are
capable of cell division, their proliferation normally does not contribute sub-
stantially to renewal of the population in tissues.

Thrombopoiesis

(493) Thrombocytes and platelets are cellular elements of the blood of vertebrates
that protect against blood loss by promoting clotting at sites of injury. The term
‘thrombopoiesis’ refers to the development of thrombocytes and platelets in hae-
mopoietic organs. The anucleate platelets of mammals are the functional equivalent
of nucleated thrombocytes in lower vertebrates, and are formed by fragmentation of
the cytoplasm of huge polymorphonuclear cells called megakaryocytes, found
among the other haemopoietic cells in bone marrow.

(494) The committed stem cell of mammalian thrombopoiesis gives rise to the
earliest morphologically identifiable cell of this lineage, the megakaryoblast.
Subsequent cells in this lincage are the promegakaryocyte and megakaryocyte,
which forms the platelet. The generation from stem cell to platelet-producing
megakaryocyte is estimated at 10 days in humans. The maturation time of the
megakaryocyte is estimated at 10-25 days. A regulatory mechanism seems to ensure
that production is responsive to needs for circulating platelets. Excessive bleeding is
followed in several days by a three- to four-fold increase in megakaryocyte numbers
in the marrow and a rebound in circulating platelets to 150-200% of the initial level.
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10. INTEGUMENTARY SYSTEM
10.1. Introduction

(495) This chapter addresses anatomical and physiological characteristics of the
integumentary system, with emphasis on features of the skin that are important in
radiation dosimetry. The material complements information given in Publication 59,
“The Biological Basis for Dose Limitation in the Skin’ (ICRP, 1991), which addresses
the response of the skin to radiation and discusses factors that may influence
observed dose—response relationships.

10.2. Components and functions of the integumentary system

(496) The skin and its appendages such as hair, nails, glands, and attached sub-
cutaneous tissue constitute the integumentary system of the body. Major constituents
of this system are shown in Fig. 10.1. The integumentary system helps to hold the
various components of the body in place and protect them from injury. Also, it
receives stimuli from the environment, excretes various substances, and takes part in
thermoregulation and water balance.

(497) The skin consists of two distinct layers; the epidermis and the dermis. The
epidermis, which is the outermost layer, forms an uninterrupted cellular covering
over the entire surface of the body. The dermis, also called the cutis vera or true

Stratum corneum

Epidermis { Viable epidermis

Capillary loop

Sebaceous gland
>~ Papillary plexus

Dermis

Hair papilla

Eccrine sweat gland

Subcutis

Fig. 10.1. Schematic diagram of various units of the integumentary system (after Kligman et al., 1985).
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skin, lies adjacently beneath the epidermis. Beneath the dermis is a looser connective
tissue layer called the subcutis or hypodermis whose collagen and elastin fibres are
directly continuous with those of the dermis. The hypodermis is not considered part
of the skin.

(498) The epidermis is specialised locally to form skin appendages such as hair and
nails (Fawcett, 1986). Its cells produce keratin, a fibrous protein essential to the
general protective functions of skin, and melanin, a dark amorphous pigment that
determines skin colour and protects against ultraviolet radiation from the sun
(Roberts, 1977; Lucky and Nordlund, 1985; Fawcett, 1986). The melanin-producing
cells, or melanocytes, constitute about 2-5% of the total cells in the epidermis. The
keratin-producing cells, or keratinocytes, constitute about 80-90% of the total cells
in the epidermis (Gomez and Berman, 1985). The Langerhans cells, which are part
of the body’s immune system, are also commonly found in the epidermis and
represent about 5% of all cells in this tissue.

(499) Pathologists and histologists recognise five different layers on those body
surfaces where the epidermis attains its greatest thickness, namely the palms of the
hands and soles of the feet. These layers starting at the surface and going inwards
are as follows (Allen, 1985; Fawcett, 1986):

stratum corneum (also called the horny or cornified layer)
stratum lucidum

stratum granulosum (also called the granular layer)
stratum spinosum (also called the spinous cell layer)
stratum basale (also called the basal cell layer).

(500) On other body surfaces, the epidermis is much thinner and simpler in struc-
ture. The spinous cell layer and cornified layer are always present, although the lat-
ter may be quite thin. A granular layer may also be identifiable, but a definite
stratum lucidum is seldom seen in the thinner epidermis of the general body surfaces
(Fawcett, 1986).

(501) The stratum basale or basal cell layer is about one cell thick and forms the
junction between the epidermis and dermis as shown in Fig. 10.2 (Johnson, 1979).
The folds in the epidermal-dermal junction are commonly called rete ridges. The
rete ridges are found to run parallel to the surface of the skin over relatively long
distances, and to rise and fall about 30% around their mean depth (Whitton, 1973;
Konishi and Yoshizawa, 1985; Roesch, 1986). The epidermal keratinocytes are
produced by mitosis in the basal cell layer and become transformed ultimately into
anucleated cells of the cornified layer or stratum corneum, that consists of dead cells
that are eventually sloughed or abraded from the body.

(502) On normally clothed regions of the body, the stratum corneum consists of
15-25 cell layers and measures 7-15 pum in total thickness (Holbrook and Odland,
1974). However, the stratum corneum on the ‘horny pads’ of the palms and soles
may reach a thickness of 600 pm or more (Kligman, 1969). In the newborn, the
stratum corneum in these regions is already thicker than that on most other body
surfaces, but pressure and friction in postnatal life cause considerable additional
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Fig. 10.2. Illustration of the stratified cellular epidermis (after Johnson, 1979).

thickening of the ‘horny pads’ on the soles and palms (Fawcett, 1986). Environ-
mental factors also cause some additional thickening of both the stratum corneum
and the entire epidermis on other body surfaces such as the forearms and lower legs.

(503) In term newborns, the number of cell layers in the different epidermal com-
ponents (e.g. stratum corneum or stratum spinosum) and the total thickness of the
epidermis (roughly 50 um) are similar to those of adults (Holbrook, 1982). In pre-
term newborns, the stratum corneum consists of only a few cell layers and as a
consequence is much thinner than that of either term newborns or adults (Holbrook,
1982).

(504) The postnatal influence on cellular development of the epidermis is marked
in preterm infants so that the epidermis of even the most immature infant (24-28
weeks of gestation) resembles that of the term infant (3640 weeks of gestation) after
about 2 weeks (Evans and Rutter, 1986). Rapid cellular development of the epi-
dermis was found to continue in both preterm and term infants up to approximately
16 weeks of age, but very little change was noted after that age (Evans and Rutter,
1986).

(505) The main function of the dermis is to provide a tough matrix to support the
many structures embedded in it, namely blood vessels, nerve endings, hair follicles,
and skin glands (Kligman et al., 1985). The dermis is composed of stable fibres,
predominately collagen and elastin, and a ground substance containing mainly gly-
cosaminoglycans and glycoproteins. On a dry-mass basis, the ground substance
represents about 0.2% of the dermis, elastin about 2-4%, and collagen about 70—
80% (Gomez and Berman, 1985; Kligman et al., 1985; Uitto, 1986). The collagen
fibres of the dermis are loosely meshed together to form bundles running in all
directions, but the bundles are mostly oriented parallel to the surface of the skin
(Fawcett, 1986). Collagen gives high tensile strength to the skin and allows the skin
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to stretch without tearing. The normal tension of skin on the body is maintained by
the elastin fibres, which form thick abundant networks about the collagen bundles.

(506) The outer surface of the dermis is usually uneven and is elevated into papil-
lae that project into the concavities between the ridges on the lower surface of the
epidermis. This sculptured surface of the dermis is called the papillary layer. The
deeper main portion of the dermis is called the reticular layer. These two layers
cannot be clearly separated. As the dermis passes into the subcutaneous layer with-
out a sharp boundary, its thickness and mass are difficult to determine with much
precision (Fawcett, 1986).

(507) At various levels of the dermis are hair follicles, sweat glands, and sebaceous
glands, which are epidermal derivatives extending down into the dermis. Blood ves-
sels, nerves, and nerve endings are also abundant in the dermis (Fawcett, 1986).

(508) The subcutis or hypodermis is a loose connective tissue lying below the der-
mis and merging into the subcutaneous adipose tissue. Its collagen and elastin fibres
are directly continuous with those of the dermis (Fawcett, 1986). In body regions
such as the palms of the hands and soles of the feet where the skin is closely attached
to underlying tissues, the fibres in the hypodermis are more numerous and thicker
than in other body regions where the skin is flexible and freely movable. The hypo-
dermis serves in part as a shock absorber against certain kinds of trauma (Kligman
et al., 1985). It also modulates conductive heat losses and aids in the metabolism of
fat. Varying numbers of fat cells are found throughout the hypodermis and in clus-
ters in the deeper parts of the dermis. The number of fat cells in each region depends
on age, gender, and nutrition.

(509) For purposes of this document, the hypodermis is considered as part of the
body’s adipose tissue. Adipose tissue is discussed in Chapter 11.

10.3. Skin thickness
10.3.1. Summary of reported data

(510) Early studies of skin thickness based on excised skin generally yielded erro-
neous estimates because it was not recognised that the thickness increases sub-
stantially immediately after excision. This results from a decrease in the surface area
due to the reduction of the lateral tension that exists when the skin is stretched over
the body (Harvey, 1971; Whitton, 1973; Kligman et al., 1985; Konishi and Yoshi-
zawa, 1985).

(511) Estimates of epidermal, dermal, or total skin thickness corrected for
shrinkage of excised samples have been reported by several investigators (South-
wood, 1955; Whitton, 1973; Whitton and Everall, 1973; Konishi and Yoshizawa,
1985). These estimates are reasonably consistent with in-vivo measurements of total
skin thickness based on non-invasive methods such as radiography and pulsed
ultrasound (Shuster et al., 1975; Tan et al., 1982; Millington and Wilkinson, 1983).
Corrected estimates of the thickness of the epidermis and dermis from different
portions of the body of young children and adults are given in Tables 10.1 and 10.2,
respectively (Southwood, 1955).
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Table 10.1. Thickness of epidermis and dermis at various body sites at ages 0-5 years, based on excised
skin and corrected for shrinkage®

Site Epidermis (um) Dermis (pm)
Thigh

Medial 27-50 510-640

Lateral 27-44 560-810

Posterior -b 860
Lower leg

Medial 23-52 530-830

Lateral 48-73 440-690

Posterior 24-43 510-530
Upper arm

Medial 41 510

Lateral 23-44 460-900
Forearm

Flexor 29-44 560-760

Extensor 53 940
Thorax (anterior) 38-57 540-860
Abdomen (anterior) 23-41 580-710
Back 22-46 530-840
Pubis 37 930
Axilla 39 470
Finger 380 -

4 Adapted from Southwood (1955).
b Not given.

(512) As indicated in Tables 10.1 and 10.2, the thickness of the epidermis varies
considerably from one region of the body to another (Whitton, 1973; Whitton and
Everall, 1973; Konishi and Yoshizawa, 1985; Charles, 1986; Roesch, 1986). How-
ever, values within the relatively narrow range of 40-50 um may be representative of
a large portion of the body.

(513) The thickness of the epidermis at most body sites appears to depend little, if
at all, on age, gender, or race. However, the thickness of the epidermis on the hands
and feet of adults is highly variable from site to site with reported measurements
ranging up to 700 um for the fingertips and up to 1400 um on the soles of the feet
(Southwood, 1955; Odagiri, 1969; Whitton, 1973; Konishi and Yoshizawa, 1985).

(514) Skin thickness is sometimes reported as the ‘mass thickness’, given in units
of mg/cm? and calculated as linear thickness x the density of skin (approximately 1.1
g/cm?). Typical mass thicknesses of different regions of the body are shown in
Fig. 10.3.

(515) Total skin thickness was determined by radiographic techniques on the
flexor aspect of the forearm of 74 Caucasian males and 80 Caucasian females in the
age range 15-93 years (Shuster et al., 1975). The collagen content of the skin was
also measured using punch biopsy samples from the forearms of 27 of the males and
26 of the females. The collagen content per unit surface area of the skin (mg/mm?)
decreased nearly linearly with age in adults of both genders. On average, the
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Table 10.2. Thickness of the epidermis and dermis at various body sites at ages 20-60 years, based on
measurements on excised skin and corrected for shrinkage®

Males Females

Site Epidermis (um) Dermis (um) Epidermis (um) Dermis (um)
Thigh

Medial 50-70 1100-1300 18-55 830-1000

Lateral 39-78 1200-1800 45-63 9501400

Posterior 3791 1100-1300 35-60 1000-1200
Lower leg

Medial 38-55 860-1900 35-110 690-820

Lateral 55-78 920-1700 39-56 630-1000

Posterior 47-80 980-1700 39-59 730-1100
Upper arm

Medial 37-52 1200-1300 34-43 730-800

Lateral 41-71 1300-1900 40-54 670-1300
Forearm

Flexor 34-65 980-1200 39-61 670-920

Extensor 49-65 1000-1200 53-55 710-830
Thorax (anterior) 39-62 1400-2000 25-47 870-1500
Abdomen (anterior) 34-49 1700-2600 34-46 1100-1500
Back 49-92 2200-2500 45-61 1500-1900
Pubis 42-48 9201400 43 870
Axilla 43-44 1100-1300 51 1100
Finger 420-670 1200 380-540 890-1300
Face 52 2300 -b -
Sole 940-1400 1300-1800 850-1100 1500

4 Adapted from Southwood (1955).
> Not given.

collagen content of skin was about 15-20% greater in males than in females. Skin
thickness on the forearms remained nearly constant in females less than 50 years of
age. For females over 50 years of age and for adult males of all ages, the skin
thickness decreased at a rate of about 4% per decade of life.

(516) Pulsed ultrasound techniques were used to investigate variation of total skin
thickness with age and gender in 261 Caucasian subjects (122 males and 139 females)
in the age range 1-87 years (Tan et al., 1982). Fitted and smoothed curves sum-
marising measurements of forearm skin thickness (flexor aspect) are shown in
Fig. 10.4. For adult males and females, the decrease in skin thickness was found to
be about 3.6% and 2.0%, respectively, per decade of life. Variation of skin thickness
with body site, as determined in three adult male subjects in the age range 24-31
years, is shown in Table 10.3.

10.3.2. Central estimates

(517) Previous values (ICRP, 1975) for skin thickness were established as follows.
The dermal thickness of an infant was estimated to be 660 um based on data in
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m ~ 5 mg/cm?
m ~10 mg/cm?
- ~40 mg/cm?2

Fig. 10.3. Variation in mean epidermal thickness with body region in adults (after Whitton, 1973;
Charles, 1986).
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Fig. 10.4. Typical changes with age and gender in forearm skin thickness (flexor aspect), as indicated by
pulsed ultrasound measurements of Tan et al. (1982).
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Table 10.3. Variation with site in total skin thickness of adult males as measured by pulsed ultrasound

methods?
Site Skin thickness® (um)
Forearm
Flexor 1100+ 50
Extensor 130080
Upper arm
Flexor 9704100
Extensor 130050
Lower leg
Medial 110050
Lateral 1300160
Thigh
Medial 990 £80
Lateral 1300160
Chest 160090
Abdomen 1800230
Back 2500230

4 Adapted from Tan et al. (1982).
b Mean=SD of measurements on three adult males of mean age 26 years (range 24-31 years).

Table 10.1 (Southwood, 1955). Ratios of dermal:epidermal thickness were estimated
for female adults as 19:1 and for male adults as 25:1 based on the data for general
body surfaces in Table 10.2 (Southwood, 1955). The mean epidermal thickness for
adults of both genders was taken as 50 um. The mean dermal thickness was calcu-
lated for female adults as 950 um (19x50 pum) and for male adults as 1250 pm
(25%50 pm). The mean epidermal thickness for infants was taken as 40 pm.

(518) A re-assessment was done on the basis of updated information summarised
in this chapter. For infants, the total skin thickness for all body sites was estimated
as 660 pum (no change from the previous estimates) based on forearm measurements
for infants less than 10 years of age. For adult males, the mean skin thickness on the
arms and legs was estimated as 1200 um and on the head and trunk as 2000 pm.
Estimates for adult males were reduced by 20% for application to adult females.
Derived values are listed in Table 10.4.

Table 10.4. Typical values for epidermal and dermal thickness

Thickness

Epidermis (um)

Dermis (pm)

Infant
Adult male

Adult female

All sites

Head and trunk

Upper arms and thighs
Forearms and lower legs
Head and trunk

Upper arms and thighs
Forearms and lower legs

45

620
2000
1200
1200
1600

960

960
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(519) Derived values for linear thickness were converted to mass thickness using a
density of 1.1 g/cm?. Dermal values were obtained by subtracting appropriate values
for the mass thickness of the epidermal unit of total skin. Revised estimates of mass
thickness are given in Table 10.5.

Table 10.5. Typical values for skin mass thickness

Skin mass thickness (mg/cm?)?

Site Total Epidermis Dermis
Infants
Head and trunk 73 5 68
Upper arms and legs 73 5 68
Lower arms and legs 73 5 68
Adult males
Head and trunk 225 5 220
Upper arms and legs 135 5 130
Lower arms and legs 140 10 130
Adult females
Head and trunk 180 5 175
Upper arms and legs 110 5 105
Lower arms and legs 115 10 105

2 Values based on a density of 1.1 g/cm? for skin.

(520) The following reference values for epidermal thickness as a function of age
have been selected based on the information given above.

Reference values for thickness of the epidermis in males and females

Thickness (um)

Newborn 45
1 year 45
5 years 45
10 years 50
15 years 60
Adult 70

10.4. Surface area of the skin

(521) Estimates of the surface area of the body are given in Section 4.2.2 in
Chapter 4. The reference values derived there are used in the following section to
estimate the mass of the epidermis, dermis, and total skin, and are listed below for
the reader’s convenience.
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Reference values for body surface area

Area (m?)
Age Male Female
Newborn 0.24 0.24
1 year 0.48 0.48
5 years 0.78 0.78
10 years 1.12 1.12
15 years 1.62 1.55
Adult 1.90 1.66

10.5. Mass of the skin

(522) The total skin mass has been measured in a number of infants and adults
(Bischoff, 1893; Vierordt, 1906; Jackson, 1909; Klose, 1914; Muchow, 1925; Roe,
1932; Shohl, 1939; Wilmer, 1940a,b; Kopsch, 1955; Martin and Saller, 1962).
Reported values vary widely, probably due to a combination of biological variability,
different dissection techniques, and different definitions of the skin. Some investigators
have included the relatively massive hypodermis as well as the dermis and epidermis in
their reported values. Reported values that clearly exclude the hypodermis generally
are of the order of 200 g for infants and 3 kg for adults.

(523) Reference values for the mass of the skin are based on estimates of skin
thickness and the surface area of the body. The derived values are reasonably con-
sistent with central estimates based on reported values that clearly exclude the
hypodermis.

(524) For a newborn infant, the surface area of the body is about 0.24 m? and the
mean epidermal mass thickness is about 5 mg/cm? (Table 10.5), yielding an estimate
of 0.005 g/cm?x2400 cm?=12 g for the mass of the epidermis. Similarly, the mean
dermal mass thickness is estimated as 0.068 g/cm?x2400 cm?= 163 g. The total mass
of the skin of a newborn infant is estimated as 12 g+163 g=175 g.

(525) As there does not appear to be much change in skin thickness from birth to
about age 10 years, the derived masses for epidermis, dermis, and total skin of
infants can be scaled by body surface area to give estimates for ages 1, 5, and 10
years. This gives estimates of 350 g for the total skin mass at age 1 year, 570 g at age
5 years, and 820 g at age 10 years. The derived values for the epidermal and dermal
masses are 24 g and 326 g, respectively, for age 1 year; 39 g and 531 g, respectively,
for age 5 years; and 56 g and 764 g, respectively for age 10 years.

(526) Derived skin masses for adults take into account the differences in skin
thickness in different regions of the body. The total surface area of the arms and legs
of an adult male is about 1.1 m? and that of the head and trunk is about 0.8 m?2. Half
of the total area of the arms and legs, or 0.55 m?, is assumed to be located on the
forearms and lower legs. Based on skin mass thicknesses given in Table 10.5, the
epidermal mass is estimated as 0.01 g/cm?x5500 cm?=55 g for the forearms and
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lower legs, 0.005 g/cm?x 5500 cm?=27.5 g for the upper arms and thighs, and 0.005
g/cm?x 8000 cm? =40 g for the head and trunk. The dermal mass is estimated as 0.22
g/cm?x8000 ¢cm?=1760 g for the head and trunk, and 0.13 g/cm?x11 000
cm?= 1430 g for the arms and legs. The estimated mass of the total skin of the adult
male is the sum of the individual values for the epidermis and dermis, or 3312.5 g,
which is rounded to 3300 g. The mass of the epidermis is estimated as 120 g and the
balance, 3180 g, is assigned to the dermis.

(527) Based on differences in total body surface and skin thickness in adult males and
females, the masses of epidermis, dermis, and total skin in the adult female are assumed
to be 70% of the corresponding values for the adult male. The following values are
derived for the adult female: total skin, 2300 g; epidermis, 85 g; and dermis, 2215 g.

(528) For males or females aged 15 years, skin thickness is estimated as the average
of the values for infants and for adults of the same gender (see Fig. 10.4). Based on
calculations analogous to those for the adult male, the masses of the total skin,
epidermis, and dermis in the 15-year-old male are estimated as 2000 g, 100 g, and
1900 g, respectively. The corresponding values for the 15-year-old female are 1700 g,
80 g, and 1620 g. The estimates for total skin for age 15 years involve more liberal
rounding than estimates for other ages due to uncertainties concerning the rate of
increase in skin thickness during adolescence.

Reference values for the mass of epidermis, dermis, and total skin

Males Females
Age Epidermis Dermis Total skin Epidermis Dermis Total skin
Newborn 12 163 175 12 163 175
1 year 24 326 350 24 326 350
5 years 39 531 570 39 531 570
10 years 56 764 820 56 764 820
15 years 100 1900 2000 80 1620 1700
Adult 120 3180 3300 85 2215 2300

10.6. Specific gravity of the skin

(529) The specific gravity of the dermis, epidermis, or total skin in most regions of
the body is approximately 1.1 at all ages and in both genders (Vierordt, 1906; Leider
and Buncke, 1954; Kopsch, 1955; Martin and Saller, 1962). Values of 1.2 or higher
have been reported for the stratum corneum (Scheuplein, 1966; Anderson and Cas-
sidy, 1973; Weigand et al., 1974).

10.7. Hair

(530) Hairs are slender keratinous filaments that develop from the matrix cells of folli-
cular invaginations of the epidermal epithelium. They vary from several millimetres to
more than 1 m in length, and from 0.005 to 0.6 mm in thickness (Fawcett, 1986). They are
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composed mainly of water (4-13%, fresh weight) and protein (85-91%), but include
some fat (ICRP, 1975). The specific gravity of hair is approximately 1.3 (ICRP, 1975).
(531) Each hair arises in a tubular invagination of the epidermis, the hair follicle,
which extends down into the dermis, where it is surrounded by connective tissue
(Fawecett, 1986). The hair is not a continuously growing organ but has phases of growth
that alternate with periods of rest (Fawcett, 1986). The total life span of a hair differs
with body region and type of hair. Eyebrows, eyelashes, and axillary hair have a life span
of 34 months, but the hair of the scalp has a life span of about 4 years (ICRP, 1975).
(532) The mass of all hair on the body varies considerably from one person to
another due to genetic differences as well as fashion trends and individual tastes. As a
crude estimate based on consideration of Western hair styles in recent years, hair may
represent about 0.03% of total body mass in adult males and 0.3% in adult females.

10.8. Nails

(533) The nails of the hands and feet are a form of hardened skin. In this case, the
keratinisation process occurring in the epithelium results in a hardened, translucent,
rectangular plate, which is the body of the nail. The root of the nail lies bencath a
fold of skin called the nail fold. The surface of the skin covered by the nails of the
fingers and toes is called the nail bed. The nails grow in length and thickness through
cellular activity in the proximal portion of the nail bed.

(534) The rate of nail growth varies with age, season, and the digit (ICRP, 1975). The
average rate of growth of the fastest growing fingernail (the third) has been estimated as
0.069 mm per 24 h until age 3 years, 0.123 mm per 24 h between ages 20 and 30 years,
and 0.088 mm per 24 h after age 80 years (Martin and Saller, 1962). In winter, the nail
growth rate is about 10% lower than in summer (Martin and Saller, 1962). The average
growth rate of the toenails has been estimated as 0.25 mm/week (ICRP, 1975).

(535) The mass of the nails of the fingers and toes was estimated in Publication 23
(ICRP, 1975) from the specific gravity and dimensions of the nails. The specific
gravity is approximately 1.3. The fingernails of the adult are generally 9-14 mm in
breadth and 10-13 mm in length. The average thickness of nails for males is about
0.38 mm and for females is about 0.35 mm. The derived mass of 10 fingernails is 0.7 g.
The toenails were estimated to weigh about three times as much as the fingernails
(ICRP, 1975). Thus, all 20 nails on the fingers and toes of an adult may weigh about 3 g.

10.9. Major glands of the skin
10.9.1. Sebaceous glands

(536) The sebaceous glands lie in the dermis. Most of these glands are associated
with hair, but some are free and their ducts open directly onto the surface of the
skin. They secrete an oily substance called sebum onto the hair and upon the surface
of the epidermis. The secretion results from the destruction of the epithelial cells and
is accompanied by a regenerative multiplication of epithelial elements. There are
marked regional differences in the secretion rate. For example, the secretion rate on
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the forehead is three to four times higher than on other parts of the body (ICRP,
1975; Fawcett, 1986).

(537) The sebaceous glands are scattered over the surface of the body except in the
palms, soles, and the sides of the feet. They vary from 0.2 to 2 mm in diameter and
generally are largest and most numerous on the scalp, forehead, cheeks, and chin,
where their density is about 400-900/cm?. On the remaining parts of the body, there
are about 100/cm? except on the dorsal aspect of the hands, where there are 050/
cm? (ICRP, 1975; Fawcett, 1986).

10.9.2. Sweat glands

(538) The eccrine sweat glands are coiled, tubular glands distributed along the
surface of the skin. There are between two and five million sweat glands in an adult.
They are most numerous on the palms of the hands and soles of the feet, where they
average about 420/cm? (ICRP, 1975; Fawcett, 1986).

(539) The secretory portions of the sweat glands are located mainly in the dermis,
and usually measure 0.3-0.4 mm in diameter. In the armpit and around the anus, the
secretory portions of some of the sweat glands may reach 3-5 mm in diameter
(Fawcett, 1986). The volume of a sweat gland is typically about 0.015 mm?>. The
total volume of sweat glands of an adult male has been estimated as 34 cm?>.

(540) Heat is the principal stimulus to eccrine sweating. About 130 sweat glands/
cm? can be thermally activated at one time (ICRP, 1975; Fawcett, 1986).

10.10. Cellular renewal in the epidermis
(541) The cell renewal time for the epidermis varies with age and with the region
of the body. Most reported values are in the range 10-30 days, but values as low as 6

days or less or as high as 4 months or more have been reported for some regions of
the body (ICRP, 1975).
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11. ADDITIONAL ORGANS AND TISSUES

11.1. Adipose tissue

11.1.1. Structure and functions of adipose tissue

(542) Body fat corresponds to two histological entities, called essential and non-
essential fat (see Chapter 4). Essential fat is found in constituents of cells and
represents only about 2% of lean body mass. Reference values for the mass of body
fat given earlier in this report refer to non-essential fat or storage fat, which either
accumulates or is used in response to an alteration in caloric balance. It occurs as
closely packed fat cells in a loose connective tissue called adipose tissue that is also
made up of collagenous and elastic fibres, lymphoid and mast cells, fibroblasts, and
capillaries.

(543) In addition to storing energy in the form of lipids, adipose tissue
serves to cushion and insulate the body. Adipose tissue includes the hypo-
dermis or subcutanecous adipose, the fatty tissue that surrounds organs such as
the kidneys and intestines, and the yellow marrow, all of which can be
separated from other tissues at autopsy. A smaller mass of adipose tissue,
called inseparable or interstitial adipose tissue, is interspersed among the cells
of an organ so intimately that it would be included with the mass of the
dissected organ.

11.1.2. Mass of adipose tissue

(544) The fat content of adipose tissue is relatively low in the newborn
infant, representing less than half the total mass. The fat content increases
due to fat-cell enlargement during the first 6 months of life, and sometime
between 6 and 12 months of age the number of fat cells begins to increase
as well. It has not been clearly established whether fat-cell size attains the
adult level prior to puberty, but the number of fat cells and the fractional
mass of fat in adipose tissue apparently continue to increase slowly in
children of normal weight and rapidly in children who are becoming obese.
The normal growth of adipose mass that occurs during adulthood involves
enlargement of fat cells and possibly an increase in the number of fat cells
(Faust, 1986).

(545) The fat content of adipose tissue is of the order of 40% during the first few
months of postnatal life, 60% at age 1 year, and 80% (60-90%) in adults (Fomon,
1966; ICRP, 1975; Holliday, 1986). Reference values for the mass of adipose tissue
are derived from reference values given in Chapter 4 for the mass of non-essential
fat, based on the assumption that the fat content of adipose tissue is 40% at birth,
60% at 1 year, 65% at 5 years, 70% at 10 years, 75% at 15 years, and 80% in
adults.
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Reference values for the mass of adipose tissue

Mass (g)
Age Male Female
Newborn 930 930
1 year 3800 3800
5 years 5500 5500
10 years 8600 8600
15 years 12 000 18 700
Adult 18 200 22 500

(546) The derived reference values for mass of adipose tissue include interstitial
adipose tissue and yellow bone marrow, and thus are partially accounted for by the
reference masses of other tissues addressed in this report. In Publication 23 (ICRP,
1975), interstitial adipose tissue was estimated to represent about 6.7% of the total
mass of adipose tissue in an adult male. Estimates based on mass balance (i.e. con-
sideration of the largest mass of separable adipose tissue that would fit into the
reference body mass listed in the present report for a given age and gender) give
reasonably similar values but suggest that the percentage decreases between birth
and adulthood. Derived values for interstitial adipose tissue as a percentage of the
total adipose tissue are approximately 4% for the newborn, 6% for age 1 year, 6.5%
for 5 years, 7% for 10 years, 7.5% for 15 years, and 8% for the adult. Considerable
uncertainty is associated with these estimates of typical percentages, and large
interindividual variability is expected.

11.2. Adrenal glands

(547) The paired adrenal or suprarenal glands are roughly triangular, flattened
organs typically located above the kidneys. Each adrenal gland consists of two defi-
nite divisions; the cortex and the medulla. According to Gray’s Anatomy (Williams,
1995), each gland in adults measures about 50 mm vertically, 30 mm transversely,
and 10 mm in the anteroposterior dimension.

11.2.1. Mass of the adrenal glands

(548) Each adrenal gland is about one-third the size of a kidney at birth but only
about one-thirtieth the size of a kidney in adults. This change in ratio is due not only
to renal growth but also to involution of the fetal cortex (outer layer). By the end of
the second month of life, the mass is about one-half of the mass at birth. In the latter
half of the second year, the mass begins to increase, gradually regaining its natal
mass around puberty, after which the mass increases little in adult life. Gray’s
Anatomy gives a mass of about 5 g for each gland in an adult, with the inner medulla
comprising about one-tenth of the total mass (Williams, 1995).

(549) Other information on the mass of adrenal glands as a function of postnatal
age is presented in Fig. 11.1. These data are taken from autopsy studies on European
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Fig. 11.1. Mass of the adrenal glands in males and females as determined in three populations.
(O) Western data (Roessle and Roulet, 1932); (A) Japanese data; (+) Chinese data (IAEA, 1998).

(Roessle and Roulet, 1932), Japanese, and Chinese (IAEA, 1998) subjects. Reason-
ably similar masses and patterns of growth of the adrenal glands are indicated in
these three populations.

Reference values for the mass of two adrenal glands

Mass (g)

Age Male Female
Newborn 6.0 6.0
1 year 4.0 4.0
5 years 5.0 5.0
10 years 7.0 7.0
15 years 10 9.0
Adult 14 13
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11.2.2. Specific gravity of the adrenal glands

(550) The specific gravity of the adrenal glands is approximately 1.02 (ICRP,
1975).

11.3. Brain

(551) The brain, one of the body’s largest organs, is that part of the central ner-
vous system which is enclosed within the skull. It includes the cerebrum, cerebellum,
and the brain stem with the meninges. The cerebrum is the large oblong structure
occupying most of the cranial cavity. It is divided into the right and left
cerebral hemispheres by a deep median sagittal grove. The cerebellum lies between
the brain stem and the cerebrum; it is posterior to and under the cerebrum. The
brain stem consists of the diencephalon or interbrain, midbrain, pons, and medulla
oblongata.

11.3.1. Mass of the brain

(552) There are numerous reported measurements of the mass of the human brain
(ICRP, 1975; Dekaban, 1978; Voigt and Pakkenberg, 1983; Tanaka, 1992; Hart-
mann et al., 1994; Jain, 1995; TAEA, 1998). The results of Dekaban (1979) are
representative of reported data for Western populations and were used as the basis
for selection of reference values. Dekaban surveyed more than 20 000 autopsy reports
from several general hospitals for the purpose of determining changes in the mass of
the brain and the relation of brain mass to body height and mass, from birth to old
age. Subjects were selected only if the autopsy had been performed within 30 h of
death, the body had been refrigerated, the brain was free of pathological lesions, and
the body height and mass had been recorded. In total, 2773 males and 1963 females
were selected for this study.

(553) Reported mean values for the mass of the brain as a function of age
and gender are given in Fig. 11.2. The brain masses were greater in males than
in females beginning in early childhood. The largest increase in brain mass
occurred during the first 3 years of life, when the value quadrupled over the
mass at birth. Between age 3 years and adulthood, the mass of brain increased
only by about 15%. Progressive decline in brain mass began at about 45-50 years
and by age 85 years was about 10% lower than the maximum mass, which was
attained at about age 19 years. The variability in brain mass was small at most ages,
with the coefficient of variation being less than 5% between ages 6 and 85 years. The
largest coefficients of variation (up to about 25%) were determined for ages in the
range 0-3 years.
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Fig. 11.2. The mass of the brain in males and females as determined in four populations. (O) Western
data (Dekaban, 1978); (A\) Japanese data; (+) Chinese data; (<) Indian data (IAEA, 1998).

Reference values for mass of the brain

Mass (g)
Age Male Female
Newborn 380 380
1 year 950 950
5 years 1310 1180
10 years 1400 1220
15 years 1420 1300
Adult 1450 1300

11.3.2. Specific gravity of the brain

(554) The specific gravity of the brain is approximately 1.04 (ICRP, 1975).
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11.4. Breasts

(555) The breasts or mammary glands are modified sweat glands that lic over the
pectoralis major muscle and are attached to them by a layer of connective tissue
(Fig. 11.3). At birth, both male and female mammary glands are undeveloped and
appear as slight elevations on the chest. With the onset of puberty, the female
breasts begin to develop and the ductile system matures, extensive fat deposition
occurs, and the areola and nipple grow and become pigmented. These changes are
correlated with an increased output of oestrogen by the ovary. Internally, each gland
consists of 15-20 lobes or compartments, separated by adipose tissue. Each lobe
consists of smaller compartments called lobules that are composed of connective
tissue in which milk-secretion cells, referred to as alveoli, are embedded. During
adolescence, the alveoli proliferate, enlarge, and become secretory. Also fat deposi-
tion continues, increasing the size of the glands. The function of the mammary
glands is milk secretion and ejection, together called lactation. Alveoli convey the
milk into a series of secondary tubules leading to the mammary ducts. The ducts
expand to form sinuses called ampullae, where milk may be stored.

11.4.1. Mass of the breasts
(556) Based on their review of the literature through the early 1970s, the authors

of Publication 23 (ICRP, 1975) derived the following estimates for the typical mass
of both breasts:

Fascia

Fat

Pectoral
muscle
Lobes

; Mammary duct
X : Lobule
Ribs — N1/ =\~ Ampulla
s Nipple
Areola

Connective tissue

Fig. 11.3. Female mammary gland (sagittal view).
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newborn: 0.06-0.12 g

young adult female, before lactation: 360 g (range 280—400 g)
young adult female, during lactation: 560-1800 g

adult male: 26 g.

(557) Katch et al. (1980) measured the volume of both breasts of 45 young
women, aged 18-31 years, whose mean body mass and mean percent body fat
closely approximate the means for this age group. The total volume of both breasts
was 4761237 ml (mean=£SD), or about 240 ml for one breast. The median value
was 385 ml, or about 190 ml for one breast.

(558) Kramer and Drexler (1980) and Kramer et al. (1982) found that the size of
one cup of the most frequently sold brassiere of a large European manufacturer is
286 ml. They contended that this value, corresponding to a mass of about 570 g for
both breasts, is unlikely to be a substantial overestimate of the typical breast size.

(559) Cristy (1982) reviewed information on the dimensions and mass of the
female breast, and recommended a value of about 190200 ml as a representative
volume of one breast in the young adult female. This would correspond to a mass of
about 400 g for both breasts.

(560) The information given above suggests that the mass of both breasts in the
adult female is typically 500 g. This is adopted as the reference value for the adult.
The reference value for the mass of both breasts in the 15-year-old female is taken to
be one-half of the adult value.

Reference values for the mass of both breasts

Mass (g)
Age Male Female
15 years 15 250
Adult 25 500

11.4.2. Mass of glandular tissue

(561) Recent work with magnetic resonance imaging and data from mammo-
graphy indicates that the mass of glandular tissue is about 40% of the total mass of
the breast (Heggi, 1996; Klein et al., 1997; Lee et al., 1997). The observed distribu-
tion of estimated glandular fraction in a mammography quality assurance study is
shown in Fig. 11.4 (Rosenberg et al., 2001). The average glandular fraction was
42.9% with a median value of 39%. Kruger and Schueler (2001) reported an average
glandular fraction of 33% (median 28%).

(562) Using the reference value for the mass of both breasts in the adult female given
above, 500 g, and assuming the glandular fraction is 40%, a glandular mass of 100 g is
indicated for each breast. Presumably the glandular mass of the lactating breast would
be somewhat higher as the reservoirs are occupied with milk prior to its letdown.
Glandular tissue does not appear to be uniformly distributed within the breast as is
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Fig. 11.4. Distribution of estimated glandular percentage based on mammography data (after Rosenberg
et al., 2001).

often assumed in the dosimetry of mammographic exposures. Rather, the glandular
tissue appears to be more prominent in the upper and outer quadrant of the breast.

11.4.3. Specific gravity of female breast tissue
(563) The specific gravity of female breast tissue is approximately 1.05 (ICRP, 1975)
11.4.4. Breast milk

(564) The mature breast contains epithelial glandular tissue of the tubulo-alveolar
type, fibrous connective tissue (stroma) surrounding the glandular tissue, and inter-
lobular adipose tissue (Cowie, 1974). The glands consist of branching ducts with
terminal secretory lobules comprising several blind-ended branches or expansions, the
alveoli (acini). Ducts converge to 15-20 larger lactiferous ducts which open at the apex
of the nipple. Each lactiferous duct is therefore connected to a system of ducts and
lobules, enclosed and intermingled with connective tissue stroma, collectively forming
a lobe of the mammary gland. The stroma contains variable amounts of adipose tissue.

(565) As the output of oestrogen and progesterone rises during pregnancy, the
ducts increase in the number and length of their branches; the secretory alveoli
proliferate and expand with the synthesis and secretion of milk. The product in late
pregnancy and for the first days after parturition is different from the later milk and
is known as colostrum. It contains many cytoplasmic fat globules and macrophages,
and is rich in immunoglobulins but otherwise has a composition similar to that of
blood plasma. True milk secretion begins a few days after parturition as a response
to a reduction in circulating oestrogen and progesterone, a change which appears to
be associated with increased production of prolactin (Wolstenholme and Knight,
1972; Neville et al., 1988).

(566) Human milk is a complex fluid composed of about 88% water, 7% lactose,
4% fat, 1% protein, and various ions, notably calcium, sodium, potassium, phosphate,
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and chloride. Vitamins and immunoglobulins (mainly IgA) are also present (George
and Lebanthal, 1983). In a detailed study of changes in milk composition during
lactogenesis, Neville et al. (1991) demonstrated reductions in the sodium, chloride,
and protein concentrations in milk and an increased secretion of lactose during the
first 2 days after parturition. This preceded large increases in the volume of milk
produced. The onset of copious milk secretion between 40 h and 96 h postpartum
was accompanied by parallel increases in citrate, glucose, phosphate, and calcium
concentrations, and a decrease in pH. Other studies have shown increased secretion
of milk proteins, including a-lactalbumin and casein, as milk production increases
(Lonnerdal et al., 1976; Kulski and Hartmann, 1981). The changes taking place
during this period of lactogenesis are thought to involve closure of the junctional
complexes between mammary alveolar cells, preventing direct access of tissue fluids
to the lumen of the mammary alveoli and an increase in the synthetic activity of the
mammary alveolar cells.

(567) All studies reporting volumes of milk produced during the onset of lactation
show low levels for the first 2 days, increasing markedly on Days 3 and 4 and level-
ling off from Day 5 and during the second week (Kaucher et al., 1945; Roderuck et
al., 1946; McClelland et al., 1978; Saint et al., 1984; Neville et al., 1988). Similar
volumes were reported for studies undertaken in the USA (Neville et al., 1988),
Australia (Saint et al., 1984), and Scotland (McClelland et al., 1978) in which data
were obtained by test weighing of infants before and after feeds. Values were
approximately 50 ml for the first day, 100-200 ml for the second day, and 500-600
ml by Day 5. Other data reported from a study in the USA showed production ris-
ing to 1000 ml/day by Day 5 (Kaucher et al., 1945; Roderuck et al., 1946). In that
study, milk was obtained by manual expression and the results suggest that milk
production in early lactation can exceed requirements.

(568) Figure 11.5 shows the mean and standard deviation of milk intake reported
by Neville et al. (1988). These intake values, obtained from 13 women feeding six
male and seven female infants, indicate that consumption increases to an average of
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Fig. 11.5. Milk intakes during established lactation. The three lines show the smoothed mean and +1 SD
from the longitudinal study of Neville et al. (1988).
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about 700 ml/day by 1 month after birth and then gradually increases to an average
of about 800 ml/day by 6 months. These data apply to nutrition exclusively by
breast-feeding. Neville et al. (1988) also showed that results from similar studies
conducted in different American, European, and African countries all fell within the
bounds indicated in Fig. 11.5 by the upper and lower curves.

(569) There is a wide variation in the duration of breast-feeding and the time at
which women choose to begin weaning. The time taken to introduce solid foods and
cease milk consumption is also very variable. Although solid foods are likely to be
introduced earlier than 6 months by most mothers, suckling may continue for many
months. Neville et al. (1991) compared milk production in groups of women who
either began weaning at 6 months with the intention of ceasing breast-feeding by 15
months, or non-weaning subjects who supplemented their infants’ diet with solid
foods after 6 months but maintained an average breast-feeding frequency of six
times per day. Although the volume produced by the non-weaning group tended to
decline as they added supplements to their infants’ diets, the rate of decline was
much slower than in the weaning subjects. In the weaning group, there was a direct
relationship between milk volume produced and feed frequency. Changes in milk
composition were observed when volumes fell below 400 ml/day, reversing the
changes observed during lactogenesis (Neville et al., 1991).

11.5. Chest wall thickness

(570) One of the important applications of in-vivo monitoring for internally
deposited radionuclides is the use of chest counting to determine the presence and
quantity of relatively insoluble radionuclides in the lungs (ICRP, 1997). This techni-
que works well for radionuclides having energetic photon emissions but is much more
difficult for situations in which the method must rely on low-energy photon emissions
such as the 17-keV uranium L x rays used in counting >>°Pu. In this latter case, only the
photon emissions that pass through the tissue between the ribs will be detected as the
ribs will block out the rest of the photons. Due to the very low energies of these pho-
tons, considerable absorption will occur in the layers of muscle and adipose tissue
before reaching the radiation detectors. Proper calibration and interpretation of the
results requires knowledge of the thickness and general composition of the chest wall
where radiation measurements are made.

(571) Ultrasonic measurements have been used to determine chest wall thickness
in studies such as those reported by Dean (1973), Fry and Summerling (1980),
Summerling and Quant (1982), Berger and Lane (1985), Palmer et al. (1989),
Kruchten and Anderson (1990), Kang et al. (1993), Vickers (1996), and Kramer et
al. (2001a,b). A number of factors have been shown to influence these measurements
including the subject’s height, body mass, age, and gender; whether the subject is in
a sitting or supine position; and the size and location of the chest wall covered by
radiation detectors for which chest wall thickness measurements are made. Examples of
this latter factor are that some facilities use two 127-mm-diameter phoswich crystal
detectors, and other facilities use two-, three-, or six-detector arrays of 51-mm or 71-mm
germanium detectors that cover different sized areas of the chest surface.
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(572) Results for both male and female workers are given in Table 11.1. These
results show that there is considerable variability in chest wall thickness among
individuals. The values given reflect a total thickness of the chest wall that has two
components: adipose and muscle tissues. The relative adiposity values given in the
table express the thickness of the adipose layer as a fraction of the total thickness.
As can be seen in the last column, the female values have a larger relative adiposity
due to the anatomical differences on the anterior portion of the chest wall. Many of
the authors listed above have developed empirical equations relating chest wall
thickness to ratios of body mass to height or to (height)?. Some authors also factor
age into the calculations. These relationships seem to differ among facilities and all
of them have considerable uncertainty associated with them. The computational
approach for determining chest wall thickness from such relationships is generally
used only for routine screening chest counts or in facilities where no equipment is
available to measure chest wall thickness. Careful follow-up of suspected individual

Table 11.1. Examples of chest wall thickness values in workers at facilities in several countries

England®  S. Korea® Canada® Canada® USAY  USAdY

Gender Male Male Male Male Male  Female
No. of subjects 135 121 47 137 33 37
Position Supine Supine Supine Seated Seated  Seated
Chest wall thickness (cm)¢  Min. 1.9 1.9 2.9 2.1 2.6 2.1
Mean 3.0 2.7 4.0 3.7 3.2 3.7
Max. 4.2 4.1 5.3 7.1 4.5 5.6
Relative adiposity” Min. 0.17 - - 0.05 0.23 0.44
Mean 0.28 - - 0.22 0.34 0.64
Max. 0.45 - - 0.40 0.53 0.76
Height (cm) Min. 152 159 155 155 161 145
Mean 173 171 176 178 180 165
Max. 196 182 191 191 193 175
Body mass (kg) Min. 50 54 65 64 61 40
Mean 74 69 86 90 87 65
Max. 116 98 109 150 129 99
Age (years) Min. 20 24 29 23 25 24
Mean 45 41 44 45 43 39
Max. 63 59 63 63 72 61

4 Summerling and Quant (1982).

b Kramer et al. (2001b).

¢ Kramer et al. (2001a).

4 Vickers (1996).

¢ Rounded to two significant figures.

" Average adipose thickness divided by arithmetic average total thickness of chest wall.
£ Value not given.
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exposure cases requires better definition of the chest wall thickness by ultrasonic
measurements, or by magnetic resonance imaging scans if more accurate results are
required.

11.6. Connective tissue
11.6.1. Structure and functions of connective tissue

(573) Connective tissues serve to anchor, support, and connect the structures of
the body. Examples of connective tissues are tendons, which attach muscles to bone;
ligaments, which connect bones together; and adipose tissue, which serves to store
energy in the form of lipids and to cushion and insulate the body.

(574) Bloom and Fawcett (1975) describe ‘connective tissue proper’ as consisting
of cells and extracellular fibres embedded in an amorphous ground substance con-
taining tissue fluid. The cells of connective tissue are categorised as fixed cells or
wandering cells. Fixed cells include: fibroblasts, which produce and maintain con-
nective tissue; fixed macrophages, which engulf cells and pathogens; adipocytes,
which store lipids; and melanocytes, which store the pigment melanin. Wandering
cells include: mobile macrophages; mast cells, which contain histamine and the
clotting agent heparin; lymphocytes or white blood cells; mesenchymal cells that
differentiate into fibroblasts and macrophages; and plasma cells that produce anti-
bodies. The ground substance of connective tissue is a clear, syrupy material that
fills the spaces between cells. The fibres of connective tissue have been divided tra-
ditionally into three types: collagen, reticular fibre, and elastic fibre.

(575) The functions of connective tissue vary with the properties of its extra-
cellular substance. The fibres are responsible for tensile strength and resilience, and
the aqueous phase of the ground substance is the medium through which nutrients
and wastes pass between the blood and connective tissue cells.

(576) Connective tissue is categorised either as loose or dense, depending on whether
the fibres are loosely woven or densely packed. Loose connective tissues provide
some protection and strength to tissues and are found around several organs. For
example, they are found in the wall of the urinary bladder, where they prevent
overexpansion.

(577) Dense connective tissue is further divided into two categories, regular and
irregular, depending on whether the fibres have a regular or seemingly random
arrangement. For example, tendons are considered as dense regular connective tissues
because their fibres are arranged in densely packed, parallel bundles. Dense regular
connective tissues provide strong attachments between structures.

11.6.2. Mass of connective tissues

(578) Much of the connective tissue in the body represents an integral part of the
structure of other tissues addressed in this document and hence is included in the
estimated masses of those tissues. Separable connective tissues whose masses have
not been accounted for to this point include various dense connective tissues, primarily
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periarticular tissue, tendons, and fascia. Periarticular tissue, which is situated
around joints such as knee and hip, was included in part in the reference mass of the
skeleton given in Publication 23 (ICRP, 1975) but is not considered as part of the
skeleton in the present report. Limited autopsy data suggest that periarticular tissue
represents roughly 2%, and tendons and fascia about 1-1.5%, of the total body
mass (Moore et al., 1968; ICRP, 1975). Derived values for the mass of separable
dense connective tissue are given in Table 11.2.

Table 11.2. Derived values for mass of separable dense connective tissues®

Mass (g)
Age Male Female
Newborn 120 120
1 year 350 350
5 years 700 700
10 years 1100 1100
15 years 1900 1800
Adult 2600 2100

& Primarily periarticular tissue, tendons, and fascia.

11.7. Eye

(579) Basic anatomical features of the eye are illustrated in Fig. 11.6.
(580) A brief summary of these anatomical features, as provided by Charles and
Brown (1975), is given below.

Fig. 11.6. Sagittal section of the eye. AC, anterior chamber; CB, ciliary body; ON, optic nerve; Cj, con-
junctiva; SL, suspensory ligament of lens (zonule); Ch, choroids; V, vitreous body; C, cornea; F, fovea;
I, iris; L, lens; R, retina; S, sclera. Reprinted with permission from Charles and Brown Physics on Medi-
cine and Biology (1975) © Institute of Physics Publishing, Bristol, UK.
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The central line along which the refractive components of the eye are
aligned is called the optical axis. An image is focused at the retina due to
refraction in the cornea (C) and the lens (L). Variable focusing (accom-
modation) is provided by the muscles of the ciliary body (CB) acting
through the suspensory ligament of the lens to produce changes in its radii
of curvature. The space between the cornea and the lens is referred to as
the anterior chamber. The ciliary body (CB), choroids (Ch), and iris (I)
form a continuous vascular tunic known as the uvea. .. In a normal popu-
lation, with the lens in an unaccommodated position, the image of an object
at infinity may be brought to a focus in front of, or behind, or on the retina.
The first two cases, which may require correction, are known as myopia
(short sight) and hypermetropia (long sight) while the third is referred to as
emmetropia. Duke-Elder (1961) has reviewed the incidence of refractive
errors. Results are typified by a recent study of more than 2000 eyes by
Sorsby (1964) who showed that there is a considerable deviation from a
normal distribution in favour of emmetropia. More than 70% of the eyes
were emmetropic and the remainder were about equally divided between
myopic and hypermetropic.

(581) A number of detailed anatomical features of the eyes are available in Publication
23 (ICRP, 1975). Only key features of dosimetric importance are summarised here.

11.7.1. Eyeball

Mass of the eyeballs

(582) Table 97 in Publication 23 (ICRP, 1975) lists masses of two eyeballs as
measured in 39 human subjects ranging in age from 1 year to adult and an unspeci-
fied number of newborns. From this information, reference values have been derived
and are given in the following table.

Reference values for the mass of two eyeballs

Mass (g)
Age Male Female
Newborn 6 6
1 year 7 7
5 years 11 11
10 years 12 12
15 years 13 13
Adult 15 15
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Specific gravity of eyeballs
(583) The specific gravity of the eyeball varies between 1.022 and 1.030 (ICRP,
1975).

11.7.2. Lens

(584) As described in Publication 23 (ICRP, 1975), the lens is a transparent,
biconvex, semi-solid body in the eye that is devoid of a blood supply. The anterior
surface is called the anterior pole and the posterior surface is called the posterior
pole. The junction of these two poles defines the equator of the lens. The lens con-
sists of a mass of transparent cells and lens fibres enclosed in an elastic membrane
called the lens capsule. The central portion of the lens, called the nucleus, gradually
becomes denser and harder than the peripheral portions.

Mass of the lens

(585) Data presented in Publication 23 (ICRP, 1975) indicate that the mass of both
lenses in newborns is about 0.13 g, increasing to about 0.4 g in young adult males
and females. This mass continues to increase in older adults, reaching a value of
about 0.45 g after age 60 years.

Specific gravity of the lens

(586) The reported range of specific gravity of the lens is 1.079—1.121. The spe-
cific gravity appears to increase with age from age 20 years to age 90 years (ICRP,
1975).

Location of cells at risk

(587) Charles and Brown (1975) presented important information on the
identification of cells most at risk from radiation and specified their location
on the eye. They examined the results of published studies of radiation-induced
opacities in survivors of the atomic bombings, persons who received radio-
therapy, and eye-irradiation studies in laboratory animals. These studies
provided strong evidence that damaged cells of the germinative epithelium
in the equatorial region were the important precursors to radiation-induced
cataracts.

(588) Charles and Brown (1975) also evaluated the relevant depth of the lens in the
eye. From the dimensional results published by Lowe (1972), Lowe and Clark
(1973a,b), and Brown (1972, 1973a,b, 1974), they constructed geometrical models
of ocular dimensions for the unaccommodated eye. They modelled eyes for a 20—
65-year-old emmetropic individual, a young myopic individual, and an old
hypermetropic individual. Their results indicated that in the normal adult popula-
tion, the minimum depth of the cells at risk is 2.3+0.4 mm. The upper and lower
values are associated with younger and older subjects, respectively. Reference values
for critical dimensions of this type from Publication 23 (ICRP, 1975) are given
below.
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Reference values for lens depth and size in adult males and females

Lens depth and size

(cm)
Anterior aspect of lens to anterior pole of cornea 0.3-04
Anterior aspect of lens to anterior aspect of closed lid 0.8
Equator of lens to anterior of corneal border 0.3
Equatorial diameter of lens 0.9
Axial thickness of lens 0.4

11.8. Muscle (skeletal)
11.8.1. Types of muscle tissue

(589) There are three main types of muscle tissue: (1) skeletal, voluntary, or stri-
ated; (2) smooth, involuntary, non-striated, or visceral; and (3) cardiac or heart. The
present section is concerned with skeletal muscle alone.

11.8.2. Distribution, structure, and function of skeletal muscle

(590) In the newborn, approximately 40% of the total skeletal muscle is in the
head and trunk, 20% is in the upper extremities, and 40% is in the lower extremities.
In the adult, approximately 25-30% is in the head and trunk, 18-20% is in the
upper extremities, and 55% is in the lower extremities (ICRP, 1975).

(591) Muscle tissue consists of cylindrical, multinucleated cells called fibres. Skeletal
muscle has many long fibres that have the ability to contract, which results in the
movement of attached structures such as the skeleton.

(592) Skeletal muscles have a mixture of two basic types of fibres: fast twitch and
slow twitch. Fast-twitch fibres are capable of contracting faster and developing
greater forces than slow-twitch fibres, and they have greater anaerobic capacity.
Slow-twitch fibres develop force relatively slowly but can maintain contractions
longer and have higher aerobic capacity than fast-twitch fibres. Distance runners
and bicyclists, for example, rely largely on aerobic energy generated by slow-twitch
muscle, while sprinters and weight lifters rely largely on anerobic energy generated
by fast-twitch fibres.

11.8.3. Mass of skeletal muscle

(593) Central estimates of skeletal muscle mass as a percentage of total body mass
based on dissection data are approximately 23% for newborn infants, 40% for adult
males, and 29% for adult females (ICRP, 1975; Malina, 1986). Some direct mea-
surements are also available for young children and adolescents (Blackfan, 1933).
The data are sparse and variable, however, and do not reveal a clear pattern of
change with age.
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(594) Indirect estimates of the rate of increase of skeletal muscle mass during
growth have been made on the basis of urinary creatinine excretion (Malina, 1969;
Cheek, 1974) or changes in total body potassium (Lloyd and Mays, 1987). The mass
of creatinine excreted per day appears to be a particularly useful index for skeletal
muscle mass because urinary creatinine is almost entirely a by product of muscle
metabolism. A constant relationship between muscle mass and daily creatinine
excretion has been suggested on the basis of animal studies (Heymsfield et al., 1983).
Experimentally determined values for ‘creatinine equivalence’ (kg muscle mass/g
urinary creatinine) in animals range from 17 to 22 (Heymsfield et al., 1983; Malina,
1986).

(595) A definitive creatinine equivalence for humans has not been established
because creatinine measurements and direct measurements of muscle mass are
not available for the same subjects. The lower-bound estimate established from
data on laboratory animals, 17 kg muscle/g urinary creatinine, is consistent
with central estimates for muscle mass in adult humans as determined from
dissection data, when comparison is made with the age-specific estimates of
urinary creatinine clearance in Chapter 8. This relation is used to derive reference
values for skeletal muscle mass for ages 1-15 years, based on the reference
values for creatinine excretion given in Chapter 8. The reference values for
skeletal muscle mass in newborns, adult males, and adult females are consistent
with dissection data.

Reference values for mass of skeletal muscle

Mass (g)
Age Male Female
Newborn 800 800
1 year 1900 1900
5 years 5600 5600
10 years 11 000 11 000
15 years 24 000 17 000
Adult 29 000 17 500

11.9. Pituitary gland (hypophysis)

(596) The pituitary gland is located anterior to the spinal cord where it joins
onto the brain. In Publication 23 (ICRP, 1975), the observed mass of the pituitary
gland is given for a group of 336 male and female subjects ranging in age from
newborn to 84 years. From these data, the following reference values have been
selected.
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Reference values for mass of the pituitary gland

Mass (g)

Age Males Females
Newborn 0.1 0.1

1 year 0.15 0.15
5 years 0.25 0.25
10 years 0.35 0.35
15 years 0.5 0.5
Adult 0.6 0.6

11.10. Spleen

(597) The oval spleen is the largest mass of lymphatic tissue in the body. It is
situated in the left hypochondeiac region between the fundus of the stomach and the
diaphragm. Its visceral surface contains the contours of the organs adjacent to it; the
gastric impression (stomach), renal impression (left kidney), and colic impression
(left flexure of colon). The diaphragmated surface is smooth and convex and con-
forms to the concave surface of the diaphragm to which it is adjacent.

11.10.1. Mass of the spleen

(598) The mass of the spleen has been measured in several studies. Age- and gender-
specific data from relatively detailed studies of four populations (Boyd, 1933, 1941;
TAEA, 1998) are compared in Fig. 11.7. Remarkable agreement among these studies
is found for pre-adult ages, recognising that the studies represent countries with
considerably different anthropological characteristics and dietary habits. Greater
differences in the results of these studies are seen for adults. These differences cannot
be explained completely by differences with race in body size. For example, peak
values for adult male Japanese are still about 15% lower than those for adult male
Americans after normalisation of the data sets to total body mass.

(599) The following reference values for mass of the spleen are based mainly on
data of Boyd (1933, 1941).

Reference values for mass of the spleen

Mass (g)

Age Male Female
Newborn 9.5 9.5
1 year 29 29

5 years 50 50
10 years 80 80
15 years 130 130
Adult 150 130
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Fig. 11.7. Mass of the spleen as determined in four populations. (O) Western data (Boyd, 1933, 1941);
(/) Japanese data; (+) Chinese data; (<) Indian data (IAEA, 1998).

11.10.2. Specific gravity of the spleen
(600) The specific gravity of the spleen is approximately 1.06 (ICRP, 1975).
11.11. Thymus

(601) The thymus is a bi-lobed structure with the two parts joined by connective
tissue. It is situated in the mediastinum between the lungs and anterior to the aortic
arch. Extensions into the neck are common. The thymus is a relatively large organ at
birth and reaches a maximum size during adolescence. After puberty, the thymus
undergoes retrogression or involution. The stroma becomes infiltrated with fatty
tissue and the parenchyma is largely replaced. Before its retrogression, the thymus
plays a fundamental role in the immunological processes of the body (ICRP, 1975).

(602) Gray’s Anatomy (Williams, 1995) summarises current views about the
change in thymus mass as a function of age.
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It was previously believed that it increased in size until puberty after which it
declined dramatically (Bratton, 1925; Young and Turnbull, 1931; Boyd, 1932).
However, many of the studies giving rise to this conclusion were based on post-
mortem findings after illness of varying durations, and several authors com-
mented that the thymus weights recorded were, therefore, probably under-
estimates. Studies of thymus weight after sudden death have recorded a wide
variation at all ages, but the general pattern is an increase to about age 10 years,
a modest decline between age 10 years and adulthood, and a further slight
decline after the fifth decade (Kendall, 1981; Steinmann, 1986; Tanaka, 1992).
Computed tomography and imaging studies of the thorax have given similar
results (Moore et al., 1983).

11.11.1. Mass of the thymus

(603) The typical mass of the thymus is 10-15 g at birth and reaches a maximum mass
of about 3040 g at about the time of puberty (Warwick and Williams, 1973; Fawcett,
1986). Thereafter, the thymus undergoes a gradual atrophy and replacement by fat,
and may weigh only a few grammes in some older adults (Warwick and Williams,
1973).

(604) The mass of the thymus as a function of age is presented in Fig. 11.8. The
data for Western subjects are taken from Publication 23 (ICRP, 1975; also see
Krogman, 1941) and represent mean values based on collective information for
male and female subjects from the USA and England. The gender-specific values
for Japanese subjects are typical masses based on the measurements of Tanaka
(1992).

(605) The data in Fig. 11.8 are suggestive of differences with race in the mass of
the thymus relative to body size, in view of the higher mean values for Japanese
subjects than for Western subjects during adolescence and adulthood. On the other
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Fig. 11.8. Mass of the thymus as reported for Western and Japanese subjects. (O) Data for Western
subjects, mean values based on collective information for both genders (ICRP, 1975). Gender-specific
values for Japanese subjects (/\, male; 4=, female) are typical masses based on data of Tanaka (1992).

224



ICRP Publication 89

hand, the differences in reported thymus masses may have resulted in part from
differences in autopsy techniques and, in adults, in the definition of the scarcely
recognisable thymus. It is also conceivable that the data for Western subjects, which
were collected in the first half of this century, are less representative of current
Western man than the newer Japanese data. In this regard, it is known that the
thymus can diminish rapidly in size due to a variety of stimuli such as disease, stress,
and dietary deficiencies, and can also show rapid regeneration (Fawcett, 1986). The
following reference values for the mass of the thymus are based on the data shown
in Fig. 11.8.

Reference values for mass of the thymus

Mass (g)
Age Male Female
Newborn 13 13
1 year 30 30
5 years 30 30
10 years 40 35
15 years 35 30
Adult 25 20

11.11.2. Specific gravity of the thymus

(606) The specific gravity of the thymus is approximately 1.07 in the newborn and
1.025 in the adult (ICRP, 1975).

11.12. Thyroid

(607) The thyroid gland is located just below the larynx. The right and left lateral
lobes lie on either side of the trachea. The lobes are connected by a mass of tissue
called the isthmus that lies in front of the trachea, just below the cricoid cartilage.
The pyramidal lobe, when present, extends upwards from the isthmus.

11.12.1. Mass of the thyroid

(608) The mass of the thyroid gland varies with many factors, including age, gender,
and the level of iodine in the diet. Typical ranges of thyroid masses at different ages, based
on measurements collected from several autopsy studies, are shown in Fig. 11.9 (Boyd,
1941; Mochizuki et al., 1963; Raulier-Fabry and Hammer, 1965; Kay et al., 1966;
Hegedus et al., 1983, 1986; Pankow et al., 1985; Oberhofer et al., 1989; Tanaka,
1992).

(609) Ultrasound has become a widely used procedure for detection of thyroid
nodules, and the derived images may be used to estimate thyroid mass as an indi-
cator of the functional status of the gland. The volume of the thyroid is commonly
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Fig. 11.9. Mass of the thyroid gland as a function of postnatal age.

estimated by representing each thyroid lobe by an ellipsoid of revolution. The mass
of the thyroid is calculated as the product of the thyroid volume and the specific
gravity of the thyroid gland. The isthmus connecting the two lobes is included by
some authors and omitted by others. Additionally, estimated thyroid masses involve
uncertainties associated with interequipment and interobserver variation (Ozgen et
al., 1999; Zimmermann et al., 2001).

(610) Data based on sonographic measurements may be used to compare thyroid
masses in populations with different levels of iodine in the diet (Table 11.3). The
data indicate substantially higher thyroid masses in populations with mild iodine
deficiency than in populations with iodine sufficiency.

(611) Reference values for the mass of the thyroid are within the range of autopsy
measurements indicated in Fig. 11.9. Values slightly higher than the central esti-
mates derived from autopsy data were selected in view of the relatively large portion
of the world population with suspected iodine insufficiency.
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Table 11.3. Comparison of median values for mass of the thyroid gland (g) in children in countries or
regions with suspected iodine insufficiency with those having an iodine sufficiency. Results are based on
sonographic measurements

Mass (g)*
Dietary iodine Country or region S years 10 years
Iodine sufficiency Europe® 1.6 2.9
Malaysia® - 33
Switzerland? 2.3 3.8
USA® - 4.3
WHO and ICCIDDf 2.4 34
Iodine insufficiency suspected Belarus (Gomel)® 3.1 6.6
Belarus (Mogilev)g 4.8 7.4
Russia (Bryansk)g 4.1 8.5
Ukraine (Kiev)g 6.8 9.3
Ukraine (Zhitomir)& 4.4 5.7

4 The thyroid mass, in grammes, is taken to be numerically equal to the measured thyroid volume,
in cm?3,

b Guntekust and Martin-Teichert (1993).

¢ Foo et al. (1999).

d Hess and Zimmerman (2000).

¢ Xu et al. (1999).

' Zimmerman et al. (2001). Corrected values.

¢ Yamashita and Shibata (1997). Values for boys only.

Reference values for mass of the thyroid gland

Mass (g)

Age Male Female
Newborn 1.3 1.3
1 year 1.8 1.8
5 years 34 34
10 years 7.9 7.9
15 years 12 12
Adult 20 17

11.12.2. Specific gravity of the thyroid gland

(612) The specific gravity of the thyroid gland is approximately 1.05 (ICRP, 1975).
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12. PREGNANT WOMAN: ANATOMICAL AND PHYSIOLOGICAL CHANGES

(613) Implantation and subsequent rapid growth of the conceptus brings about a
series of changes in the mother that last for the entire period of gestation. Placental
hormones that invoke adjustments to support the growth of the conceptus while
satisfying the mother’s own needs modulate many of the changes.

12.1. Anatomical changes
12.1.1. Normal mass gain during pregnancy

(614) Normal pregnant women gain a considerable amount of mass during the
course of the gestation. This extra mass reflects increases in maternal body mass as
well as the growth of the conceptus. Many cross-sectional studies of mass gain during
pregnancy have been published. The results of a few studies are presented in
Table 12.1. The subjects included in these studies are all white and of European
origin, except for black women included in three of the studies. The mean pregnancy
mass gain in both populations ranges from 9.3 to 11.7 kg, with an average of 10.1
kg. The average mass gain of the primigravidas is 11 kg, whereas the average mass
gain of multigravidas and mixed population (mostly multigravidas) is about 1 kg
smaller. The studies show higher mass gains in the UK population than in the US
white population, the difference being approximately 1.0 kg (the difference is prob-
ably non-significant).

(615) A study of mass gain of Scottish primigravidas (Thomson and Billewicz,
1957) greatly influenced concepts on spontaneous mass gain in a well-fed white
population. In this study, total mass gain between the end of the first trimester and
term was 11.4 kg. Assuming that mass gain during the first trimester is approxi-
mately 1 kg, Hytten and Leitch (1971) concluded that the average woman gains 12.5
kg during pregnancy. A generalised curve of mass gain during pregnancy is shown in
Fig. 12.1 assuming a total mass gain of 12.5 kg in healthy primigravidae eating
without restriction.

(616) There is wide variation in the mass gain. The model value is between 0.41
and 0.45 kg/week as averaged between Week 20 and birth. Even in the highly selected

Table 12.1. Weight gain during pregnancy in selected US and UK studies

Country Subjects (n) Weight gain (kg) Reference
UK White (526) 11.7 Humphreys (1954)
Black (474) 10.7
UK White (2868) 11.4 Thomson and Billewicz (1957)
USA White (12 569) 9.9 Nyirjesy et al. (1968)
USA White (6675) 9.9 Eastman and Jackson (1968)
Black (5236) 9.3
USA White (8293) 10.4 Niswander et al. (1969)
Black (6909) 10.2

Adapted from Rosso (1990).
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Fig. 12.1. Maternal body composition changes during gestation. Curves adapted by Munro and Ecker-
man (1998) from Hytten (1980). The datum points are from Goldberg et al. (1993) for body mass (@), fat
(), and fat-free (O) mass increases.

group of Scottish women, there are some who gained hardly any mass and others who
put on more than twice the mean mass gain. A mass gain of 12.5 kg is adopted as a
typical value for the primigravidae. While the gain in later pregnancies may be
somewhat less, the difference on average is probably less than 1 kg. The components
of the mass gain corresponding to the curve of Fig. 12.1 are given in Table 12.2.
(617) The changes in maternal body composition are summarised in Table 12.3
based on studies reviewed by Hytten and Leitch (1971), and Hytten (1991a,b,c). As
seen in the table, the main changes associated with an intake are in the body water
and fat. Some changes in protein accumulation occur because of the enlargement of
the uterus and mammary glands, and changes in the blood volume. More recent
studies of the changes in body composition during pregnancy confirm the pro-
gressive increase in maternal body water and fat, but they disagree with respect to
absolute values. Van Raaij et al. (1988) estimate that the average fat accumulation in
women gaining 12 kg in body mass is about 2.0 kg. Earlier, Durnin and Wormsley
(1974) and Pipe et al. (1979) concluded that well-nourished pregnant women near
term accumulate 1.9 kg of body fat. Interestingly, these authors suggest a fat accu-
mulation of about 2.4 kg between the end of the first trimester and mid-gestation.
This suggests that during the last half of gestation, maternal body fat would
decrease by about 0.5 kg. In a later paper, Durnin (1991) reported somewhat higher
accumulation values (2.5 kg) but still lower than the theoretical estimate of Hytten
and Leith (1971) (see Table 12.3). The highest reported value for maternal fat accu-
mulation (5.1 kg) was obtained in a group of Swedish women (Forsum et al., 1988).
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Table 12.2. Analysis of weight gain during pregnancy

Increase in mass (g) up to:

Tissues and fluids 10 weeks 20 weeks 30 weeks 38 weeks
Fetus 5 300 1500 3400
Placenta 20 170 430 650
Amniotic fluid 30 350 750 800
Uterus 140 320 600 970
Breasts 45 180 360 405
Blood 100 600 1300 1450
Extracellular—extravascular fluid® 0 30 80 1480
Unaccounted maternal stores 310 2050 3480 3340
Total® 650 4000 8500 12 500

4No oedema. The following values are representative of generalised oedema.

Extracellular—-extravascular fluid 0 500 1530 4700
Total 650 4500 10 000 14 500

Table 12.3. The components of weight gain (g) during pregnancy

Weeks of pregnancy

Component 10 20 30 40
Water 0 30 80 1496
Protein 36 165 498 925
Fat 328 2064 3594 3825
Fetal mass

(618) The mass of the developing fetus is discussed in Chapter 3 and is noted here
as it contributes to the mass gain during pregnancy. As a general note, the fetal mass
gain is based on cross-sectional data, although it is assumed here to reflect the pat-
tern in the development of the reference individual.

Placental mass

(619) The mass of the placenta throughout pregnancy is shown in Fig. 12.2. The
curve of that figure is based on measurement of over 50 000 placentas (Thomson et
al., 1969). The mean mass of the placenta at term is 650 g. The data reported by
McKeown and Record (1953), and Hosemann (1949) are also shown in Fig. 12.2.
The mean placental mass observed at term by Hohler et al. (1972) was 487+98 g
(n=563), and Stevens-Simon et al. (1995) reported a mean value of 462480 g
(n=177).
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Fig. 12.2. Growth in mass of the placenta. The curve represents data for over 50 000 placentas (Thomson
et al., 1969). The solid datum points are the data of Hosemann (1949) and the open datum points are from
McKeown and Record (1953).

Amniotic fluid

(620) The amniotic fluid serves to give the fetus room to grow and move while
protecting it from mechanical shock. Lind and Hytten (1972) and Lind et al. (1972)
provide evidence that the amount of amniotic fluid during the first half of pregnancy
is closely related to the fetal mass. During the second half of pregnancy, the amount
of fluid presumably reflects the amount of fluid ingested by the fetus and the fetal
urine production (maturation of the kidneys). Problems in measuring the amniotic
fluid have been discussed by Hytten and Leitch (1971), McCarthy and Saunders (1978),
and Abramovich (1978). The values of Fig. 12.3 beyond 20 weeks are reasonable spec-
ulations. There is wide scatter of values throughout the last trimester, ranging from 500
and 1500 ml, with a declining trend towards term. A maximum value of about 800 ml
occurs at about 34 weeks with a slight decline at term (Hytten, 1991a).

Uterus

(621) Limited data have been published on the change in the mass of the uterus
during pregnancy. Figure 12.4 shows the mass of 32 pregnant uteri collected by
Hytten and Cheyne (1969), four collected by Morrione and Seifter (1962), the mean
mass of nine uteri published by Woessner and Brewer (1963), and the range sug-
gested by von Stieve (1932). The mean mass of the non-pregnant uterus varies from
under 50 g in the nullipara to over 100 g in women with five or more pregnancies
(Woessner and Brewer, 1963); a reference value of 80 g was adopted in Chapter 8.
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Fig. 12.3. Mass of amniotic fluid throughout pregnancy. Adapted from Hytten (1991a).
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Fig. 12.4. Mass of the uterus throughout pregnancy. Data of von Stieve (1932), Morriane and Seifter
(1962), Woessner and Brewer (1963), and Hytten and Cheyne (1969).
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The data of Table 12.2 are based on Fig. 12.4 assuming a mean mass of 80 g for the
uterus in the non-pregnant adult female.

Breasts

(622) The only data reported by Hytten (1991a) on the increase in the breasts was
based on water-displacement methods (Hytten, 1954). The mean volume of the
primigravid breast (both) in early pregnancy (9—12 weeks) was about 565 ml; it rose
to about 665 ml by 20 weeks and 775 ml at term. The multiparac who were
measured began pregnancy with a somewhat greater breast volume of 600 ml and
reached a mean of 780 ml at term. Hytten (1991a) suggested that 25 ml are added to
each breast during the first 10 weeks, a further 75 ml between 10 and 20 weeks, a
further 100 ml between 20 and 30 weeks, with an additional 25 ml to term (a total of
225 ml to each breast).

Blood volume

(623) The increase in the blood plasma and red cells contribute to the mass gain of
pregnancy as indicated in Table 12.2. The plasma volume and total red cell volume
are under separate control and bear no fixed relationship to one another.

(624) The history of plasma volume in pregnancy was reviewed by Hytten and Leitch
(1971), and Hytten (1985). Tracers that do not cross the placenta are used to measure
only the maternal plasma volume. Measurements of 56 healthy primigravidae
measured in the left lateral position by Pirani et al. (1973) show that plasma volume
rises progressively throughout pregnancy to a plateau in the last 8 weeks. The data
from a recent study by Whittaker et al. (1996) are shown in Fig. 12.5.
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Fig. 12.5. Increase in maternal plasma volume (@) and total red cell volume (O) during pregnancy. The
curves are spline fits to data from Whittaker et al. (1996). Non-pregnant (pre-pregnancy and postpartum)
values are shown at gestational age 0. Adapted from Munro and Eckerman (1998).
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(625) Healthy women, in a normal first pregnancy, increase their plasma volume
from a non-pregnant level by about 1250 ml. In subsequent pregnancies, the increase
is greater and may be about 1500 ml. Most of the increase takes place before 30-32
weeks and thereafter there is relatively little change. The increase is related to the
size of the fetus, and there are particularly large increases in plasma volume asso-
ciated with multiple pregnancies.

Red cell volume

(626) Considerably less information has been published on the red cell volume.
Measurement of labelled red cells suggests a value of about 1400 ml for the quantity
of red cells in the average healthy woman before pregnancy (Letsky, 1991). The
rounded values for the increase in women not given iron medication is about 240 ml
(18%) and for those given iron about 400 ml (30%). The mean red cell volume in
women with twins was about 680 ml above the controls, and in women with triplets
it was 900 ml above the controls (Rovinsky and Jaffin, 1965). The data from a recent
study by Whittaker et al. (1996) are shown in Fig. 12.5.

Changes in blood volume at parturition

(627) Dramatic changes in maternal blood volume occur at delivery (Letsky,
1991). The blood loss at vaginal delivery is about 500 ml of blood (about 1000 ml for
twins). For a Caesarean delivery, the blood loss would be about 1000 ml. Within a
few days after delivery, the blood volume expands to near normal values because of
an increase in plasma volume. The reduction in the haematocrit is proportional to
the amount of blood lost during the delivery.

12.2. Physiological changes

(628) Several recent papers have highlighted maternal physiological changes, from
the standpoint of general medical interest (Sibai and Frangieh, 1995) or from the
standpoint of changes in toxicokinetics and pharmacokinetics (Mattison et al., 1991;
Luecke et al., 1994; O’Flaherty, 1994; Roberts and Silbergeld, 1995; Munro and
Eckerman, 1998).

12.2.1. Energy intake

(629) Basal metabolic rate (BMR) increases throughout pregnancy in absolute
terms. However, little or no change in BMR per unit body mass is seen through
pregnancy (Goldberg et al., 1993; Piers et al., 1995). Recent studies raise doubts
about the earlier theoretical estimate of 85 000 kcal for the energy cost of pregnancy
(Hytten, 1980, 1991b). A Five-Country Study showed the total energy costs ranging
from about 19 000 kcal for undernourished Gambian women to 67 000 kcal for well-
nourished Scottish woman, (Durnin, 1987) with an average total cost of 55 000 kcal.
Actual increases in energy intake are quite modest, depending mainly on body size
and level of physical activity (NAS, 1990; Rosso, 1990). Munro and Eckerman
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(1998) suggest that assuming an increase in energy intake of 250-300 kcal/day during
the second and third trimesters of pregnancy is reasonable.

12.2.2. Fluid intake

(630) Although a marked increase in thirst and fluid intake occurs during preg-
nancy (Hytten, 1991a), the intake is only transient, being significant around the fifth
week of gestation as the thirst threshold decreases and continuing until recalibration
of the osmoregulatory set point is complete around the tenth week (Davison, 1988).
After these changes occur, pregnant women in general do not have elevated water
intake nor excess urine production.

12.2.3. Respiratory function

(631) Respiratory function during pregnancy has been the subject of extensive
reviews (Fishburne, 1979; Weinberger et al., 1980). During pregnancy, the respira-
tory function is influenced by various mechanical and biochemical factors. The
major mechanical factor is increased intra-abdominal pressure caused by the
enlarged uterus, which alters the position of the diaphragm and the configuration of
the thoracic cage. The most characteristic change in respiratory function associated
with pregnancy is increased resting ventilation. Changes in the minute volume
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Fig. 12.6. Linear increases in minute volume with gestational age in weeks (time since last menstrual
period). Non-pregnant (and postpartum) values are plotted at age 0. Data from serial studies: (@) Pernoll
et al. (1975); (@) Lotgering et al. (1991); ([J) Rees et al. (1990); (A) Lehmann and Fabel (1973);
(M) Alaily and Carrol (1978); (O) Cugell et al. (1953); (A) Spétling et al. (1992).
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begin as early as 8—11 weeks of pregnancy due to increases in tidal volume and
corresponding minute volume that probably result from the rising progesterone
level. The increased minute volume exceeds the increased O, consumption or
metabolic rate. Data on minute volume from several studies are presented in
Fig. 12.6.

12.2.4. Gastrointestinal function

(632) Despite early studies, e.g. Davison et al. (1970), that generally indicated an
increased transit time in most or the entire gastrointestinal tract, recent studies find
no change in stomach-emptying times at any point during pregnancy (Macfie et al.,
1991; Sandhar et al., 1992; Whitehead et al., 1993). Data for transit times in the
small intestine are sparse but are suggestive of a modest average increase with great
individual variability (Parry et al., 1970). In the absence of better data, no change in
the transit time in the small intestine can be quantified. The colonic transit time
may increase in pregnancy as it does in the progesterone-dominated phase of the
menstrual cycle (Wald et al.,, 1981; Sarna, 1991). Indirect evidence for an
increased colonic transit time is that constipation in pregnancy is a relatively
common occurrence. Wald et al. (1982) reported that five of 15 women had
constipation thought to be in part a consequence of the reduced peristalsis in the
large intestine. However, in the absence of better data, no change in gastrointestinal
function is indicated.

12.2.5. Liver function

(633) Liver function during pregnancy has received attention because of changes
in hepatic function tests and the occurrence of liver complications of unclear aetiol-
ogy (Scholtes, 1979). The only change that may be related to change in hepatic
function is elevation of serum cholesterol. Serial blood samples in bromosul-
phothalein tests revealed a 27% decrease in bile secretion during the last half of the
pregnancy while the liver storage capacity increased by 122% (Combes et al., 1963).
Tindall and Beazley (1965) confirmed these findings.

12.2.6. Renal function

(634) The kidneys probably enlarge during pregnancy because of the increased
vascular volume (Cietak and Newton, 1985). The mass of the kidney at autopsy in
137 women dying during or slightly after pregnancy was 307 g, compared with the
non-pregnant value of 250 g (Sheehan and Lynch, 1973). Pregnancy results in an
increase in both the glomerular filtration rate (GFR) and the effective renal
plasma flow (ERPF) (Dunlop, 1981; Duvekot and Peeters, 1994) as indicated in
Fig. 12.7. Since GFR increases less than ERPF during early pregnancy, the ratio
of GFR to ERPF, known as the filtration fraction, falls. Late pregnancy is asso-
ciated with an increase in filtration fraction to values similar to the non-pregnant
norm.
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Fig. 12.7. Increase in glomerular filtration rate and effective renal plasma flow during pregnancy.

12.2.7. Cardiovascular function

(635) The main cardiovascular changes of interest from the standpoint of bio-
kinetic modelling are a pronounced increase in cardiac output and a dramatic shift
in the pattern of regional blood flow to various organs.

Cardiac output

(636) Cardiac output is known to increase in pregnancy; the underlying changes
and time course of events have been reasonably well delineated, recently refined, and
reviewed (Hunter and Robson, 1992; Duvekot and Peeters, 1994; van Oppen et al.,
1996). The increased cardiac output results from increases in both the heart rate and
stroke volume. Data from recent serial studies are plotted in Fig. 12.8. A compar-
ison by van Oppen et al. (1996) of longitudinal studies showed increases continuing
through the second trimester, with means rising, levelling, or decreasing somewhat
in the third trimester. These reviewers concluded that the discordance in the third-
trimester patterns was due to individual variability.

Regional blood flow

(637) The organs receiving the greatest increase in blood flow in pregnancy are the
uterus, kidneys, and the skin, especially that of the hands and feet. Flow to the
breasts also increases, although quantification is difficult. Reference values for
regional blood flow in pregnancy are given below. It can be seen that the increase in
uteroplacental blood flow dominates.
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Fig 12.8. Maternal cardiac output as a function of gestational age. Pre-pregnancy and late postpartum

values are shown at age 0. Data from serial studies of (O) Duvekot et al. (1993a), ((7) Robson et al.
(1989); (/) Thomsen et al. (1993); (@) Mabie et al. (1994); (l) van Oppen et al. (1995).
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Fig. 12.9. Uteroplacental blood flow as a function of gestational age. The polynomial fit was calculated
by weighting the data of (@) Thaler et al. (1990) and () Palmer et al. (1992) by the number of subjects in
their studies. Weighted non-pregnant and postpartum values are shown as age 0.
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Uterus

(638) Data from two studies (Thaler et al., 1990; Palmer et al., 1992) suggest that
the increase in uteroplacental blood flow is much greater at term than the 500 ml/
min estimate of reviews (de Swiet, 1991; Sturgiss et al., 1994), and is closer to the 900
ml/min value shown in Fig. 12.9.

Kidney

(639) A considerable portion of the increased cardiac output in pregnancy is seen
as increased blood flow to the kidneys, with renal blood flow increases of about 70—
80% or 400 ml/min above non-pregnant levels by the beginning of the second tri-
mester (de Swiet, 1991). A decrease during the last trimester still leaves the renal
blood flow at 50-60% above the non-pregnant level, an increment of about 300 ml/
min at term (Sturgiss, 1994).

Skin

(640) A marked increase in blood flow to parts of the skin, particularly the hands
and feet, takes place. Quantitative studies present a confusing and contradictory
picture, particularly for other skin areas. Effects of posture and of smoking have
invalidated much of the literature. In an attempt to allocate the increased cardiac
output to various organs, de Swiet et al. (1991) ventured a guess of 500 ml/min as
the total increase to skin by later pregnancy.

Breasts
(641) Estimates of increased breast blood flow are based on estimates of increased
breast mass and amount to 150 ml/min at term in one recent study (Sturgiss et al., 1994).

Other

(642) It appears that no increase in liver blood flow takes place in pregnancy
(Munnel and Taylor, 1947; Robson et al., 1990). Most sources have assumed no
change in the blood flow to the brain, although a recent small study suggests a
modest increase (Ikeda et al., 1993). In the absence of corroborating and more
complete data, it is assumed that blood flow to the brain remains unchanged.

Summary

(643) The blood flow to regions of the body changes markedly in pregnancy as
shown in the following table of reference values. To allow for the additional 400 ml/
min to the uteroplacental circulation, flows of 0.56, 1.2, 0.63, 0.26, and 0.24 1/min
were assigned to adipose tissue, kidney, skin, breast, and other tissue, respectively, in
the pregnant female based on the data for non-pregnant women of Williams and
Leggett (1989).
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Reference values for blood flow to organs of the non-pregnant and pregnant woman near term

Blood flow rate (% cardiac output)

Organ/tissue Non-pregnant Pregnant
Fat 8.5 7.8
Brain 12.0 8.8
Gastrointestinal tract 17.0 12.5
Heart 5.0 3.7
Kidneys 17.0 16.6
Liver 27.0* 20.0
Arterial (6.5) 4.8)
Portal (20.5) (15.2)
Lungs 2.5 1.8
Muscle 12.0 8.8
Pancreas 1.0 0.7
Skeleton 5.0 3.7
Skin 5.0 8.7
Spleen 3.0 2.2
Thyroid 1.5 1.1
Uterus 0.4 12.0
Breast 0.4 3.5
Other 3.2 33
Cardiac output (I/min) 5.9 7.3

2 Total of values in parentheses.
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13. ELEMENTAL COMPOSITION OF BODY TISSUES
13.1. Introduction

(644) The interaction of radiation with tissues of the body depends in part on the
elemental composition of the tissues. This chapter specifies a composition suitable
for use in evaluating the transport of radiation within the body and its energy
deposition in the various tissues. Factors such as age, gender, diet, and state of
health can affect the composition of body tissues (Woodard and White, 1986; White
et al., 1991). However, the data presented here should be sufficient for alpha,
electrons, photons, and neutrons of energies typically encountered in radiation
protection.

13.2. Gross composition of body tissues

(645) The elemental composition of the body components water, fat, protein,
carbohydrate, and bone mineral are given in Table 13.1 (ICRU, 1992). These values
are used to calculate the content of the elements in the tissues as tabulated below.

Table 13.1. Elemental composition of body components

Component H C N O p S Ca
Water 11.2 - - 88.8 - - -
Fat 11.8 77.3 - 10.9 - - -
Protein 6.6 53.4 17.0 22.0 - 1.0 -
Carbohydrate 6.2 44.5 - 49.3 - - -
Bone ash 0.2 - - 41.4 18.5 - 39.9

13.3. Elemental composition of body tissues

(646) The elemental composition of the soft tissues of the body is tabulated in
Table 13.2. This tabulation is applicable to all ages other than the newborn. The
composition of gender-specific tissues is given in Table 13.3 and that of the skeleton
is given in Table 13.4. Data are provided for organs and tissues for which reference
mass values have been assigned in Chapter 2. The elemental data for the soft tissues
is largely adopted from Report 46 (ICRU, 1992) and that of the skeleton is from
Publication 70 (ICRP, 1995a).

(647) During the first year of life, the magnitude of the water composition of the
tissues declines. Information on the elemental composition of the newborn’s soft
tissues is given in Table 13.5 and that of the gender-specific tissues is given in
Table 13.6. The newborn refers to the full-term fetus, and the compilation of Ziegler
et al. (1976) provides information for the fetal development period. The composition
of the newborn’s skeletal tissues is included in Table 13.4.
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Elemental composition (% by mass)

Organ/tissue H C N (@) P S Cl K Other
Adrenals® 10.5 25.6 2.7 60.2 0.1 0.2 0.3 0.2 0.2
Alimentary tract
Tongue® 10.2 14.3 3.4 71.0 0.1 0.2 0.3 0.1 0.4
Oesophagus 10.5 25.6 2.7 60.2 0.1 0.2 0.3 0.2 0.2
Stomach 10.6 11.5 2.2 75.1 0.1 0.1 0.1 0.2 0.1
Small intestine 10.6 11.5 2.2 75.1 0.1 0.1 0.1 0.2 0.1
Large intestine 10.6 11.5 2.2 75.1 0.1 0.1 0.1 0.2 0.1
Liver 10.3 18.6 2.8 67.1 0.2 0.2 0.3 0.2 0.3
Gallbladder® 10.5 25.6 2.7 60.2 0.1 0.2 0.3 0.2 0.2
Pancreas 10.6 16.9 2.2 69.4 0.2 0.2 0.1 0.2 0.2 -
Blood 10.2 11.0 33 74.5 0.1 0.1 0.2 0.3 0.2 0.1 Fe
Brain 10.7 14.5 2.2 71.2 0.2 0.4 0.2 0.3 0.3
Heart 10.4 13.9 29 71.8 0.1 0.2 0.2 0.2 0.3
Eyes 9.6 19.5 5.7 64.6 0.1 0.1 0.3 0.1 -
Fat 11.4 59.8 0.7 27.8 0.1 0.1 0.1 - -
Skin 10.0 20.4 4.2 64.5 0.2 0.1 0.2 0.3 0.1
Muscle 10.2 14.3 34 71.0 0.1 0.2 0.3 0.1 0.4
Pituitary glandb 10.5 25.6 2.7 60.2 0.1 0.2 0.3 0.2 0.2
Respiratory tract
Trachea 10.5 25.6 2.7 60.2 0.1 0.2 0.3 0.2 0.2
Larynx 9.6 9.9 2.2 74.4 0.5 2.2 0.9 0.3 -
Lung 10.3 10.5 3.1 74.9 0.2 0.2 0.3 0.3 0.2
Spleen 10.3 11.3 3.2 74.1 0.1 0.3 0.2 0.2 0.3
Thymusb 10.5 25.6 2.7 60.2 0.1 0.2 0.3 0.2 0.2 -
Thyroid 10.4 11.9 2.4 74.5 0.2 0.1 0.1 0.2 0.1 0.11
Tonsils? 10.5 25.6 2.7 60.2 0.1 0.2 0.3 0.2 0.2
Urogenital system
Kidneys 10.3 13.2 3.0 72.4 0.2 0.2 0.2 0.2 0.2 0.1 Ca
Ureters® 10.5 25.6 2.7 60.2 0.1 0.2 0.3 0.2 0.2
Urinary bladder 10.5 9.6 2.6 76.1 0.2 0.2 0.2 0.3 0.3
Urethra® 10.5 25.6 2.7 60.2 0.1 0.2 0.3 0.2 0.2
Epididymes® 10.5 25.6 2.7 60.2 0.1 0.2 0.3 0.2 0.2
4 Based on composition data tabulated in Report 46 (ICRU, 1992).
> Composition assigned to bulk soft tissue.
¢ Composition assigned to muscle.
Table 13.3. Composition of gender-specific tissues for children and adults®
Elemental composition (% by mass)
Organ/tissue H C N (0] Na P S Cl K
Male
Breast 11.4 59.8 0.7 27.8 0.1 - 0.1 0.1 -
Testes 10.6 9.9 2.0 76.6 0.2 0.1 0.2 0.2 0.2
Prostate 10.5 25.6 2.7 60.2 0.1 0.2 0.3 0.2 0.2
Female
Breast 11.6 51.9 - 36.5 - - - - -
Ovaries 10.5 9.3 2.4 76.8 0.2 0.2 0.2 0.2 0.2
Fallopian tubes® 10.6 31.5 2.4 54.7 0.1 0.2 0.2 0.1 0.2
Uterus 10.6 31.5 2.4 54.7 0.1 0.2 0.2 0.1 0.2

4 Based on composition data tabulated in Report 46 (ICRU, 1992).

> Composition assigned to bulk soft tissue.
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Table 13.4. Composition of the skeleton

Elemental composition (% by mass)

Organ/tissue H C N O Na Mg P S Cl Ca Fe
Active marrow 10.5 41.4 3.4 43.9 0.1 0.2 0.2 0.2 - - 0.1
Inactive marrow 11.5 64.4 0.7 23.1 0.1 - 0.1 0.1 - - -
Cartilage 9.6 9.9 2.2 74.4 0.5 - 22 0.9 0.3 - -
Teeth 2.2 9.5 2.9 42.1 - 0.7 13.7 - - 28.9 -
Bone mineral®

Newborn 4.2 16 45 50.2 - 0.3 8.0 0.3 - 16.5

1 year 4.1 16 45 49.3 - 0.3 8.5 0.3 - 17

5 years 4.0 16 4.5 46.9 0.1 0.2 9.0 0.3 - 19

10 years 3.9 16 4.4 45.6 0.1 0.2 9.5 0.3 - 20

15 years 3.8 16 43 45.2 0.2 0.2 9.5 0.3 - 20.5

Adult 3.5 16 42 44.5 0.3 0.2 9.5 0.3 - 21.5 -

4 Based on data summarised in Publication 70 (ICRP, 1995a).
Table 13.5. Elemental composition of the newborn*

Elemental composition (% by mass)

Organ/tissue H C N o Na P S Cl K Other
Adrenals® 10.6 16.3 2.0 71.0 - - 0.1 - - -
Alimentary tract

Tongue® 10.4 10.3 2.4 76.2 0.1 0.1 0.1 0.2 0.2 -

Oesophagus 10.6 16.3 2.0 71.0 - - 0.1 - - -

Stomach 10.6 11.5 22 75.1 0.1 0.1 0.1 0.2 0.1 -

Small intestine 10.6 11.5 22 75.1 0.1 0.1 0.1 0.2 0.1 -

Large intestine 10.6 11.5 22 75.1 0.1 0.1 0.1 0.2 0.1 -

Liver 10.3 12.6 2.7 73.3 0.1 0.3 0.2 0.2 0.3 -

Gallbladder® 10.6 16.3 2.0 71.0 - - 0.1 - - -

Pancreas 10.6 16.9 2.2 69.4 0.2 0.2 0.1 0.2 0.2 -
Blood 10.0 13.1 4.0 72.0 0.1 0.1 0.2 0.2 0.2 0.1 Fe
Brain 10.8 5.5 1.1 81.6 0.2 0.3 0.1 0.2 0.2 -
Heart 10.6 7.5 1.8 79.3 0.2 0.1 0.1 0.2 0.2 -
Eyes 9.6 19.5 5.7 64.6 0.1 0.1 0.3 0.1 - -
Fat 11.1 29.7 0.9 58.0 0.1 0.1 0.1 - - -
Skin 10.4 10.4 2.8 75.5 0.2 0.1 0.2 0.3 0.1 -
Muscle 10.4 10.3 2.4 76.2 0.1 0.1 0.1 0.2 0.2 -
Pituitary gland® 10.6 16.3 2.0 71.0 - - 0.1 - - -
Respiratory tract

Trachea 10.6 16.3 2.0 71.0 - - 0.1 - - -

Larynx 9.6 9.9 2.2 74.4 0.5 2.2 0.9 0.3 - -

Lung 10.6 7.6 1.8 79.2 0.2 0.2 0.1 0.2 0.1 -
Spleen 10.5 8.6 2.4 77.6 0.2 0.2 0.1 0.2 0.2 -
Thymus® 10.6 16.3 2.0 71.0 - - 0.1 - - -
Thyroid 10.4 11.9 2.4 74.5 0.2 0.1 0.1 0.2 0.1 0.11
Tonsils® 10.6 16.3 2.0 71.0 - - 0.1 - - -
Urogenital system

Kidneys 10.7 6.4 1.6 80.4 0.2 0.2 0.1 0.2 0.2 -

Ureters® 10.6 16.3 2.0 71.0 - - 0.1 - - -

Urinary bladder 10.5 9.6 2.6 76.1 0.2 0.2 0.2 0.3 0.3 -

Urethra® 10.6 16.3 2.0 71.0 - - 0.1 - - -

Epididymes® 10.6 16.3 2.0 71.0 - - 0.1 - - -

4 Based on composition data tabulated in Report 46 (ICRU, 1992).

b Composition assigned to bulk soft tissue (Ziegler et al., 1976).
¢ Composition assigned to muscle.
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Table 13.6. Elemental composition of the newborn®

Elemental composition (% by mass)

Organ/tissue H C N (0] Na P S Cl
Males
Breast® 11.1 29.7 0.9 58.0 0.1 - 0.1 0.1
Testes® 10.6 16.3 2.0 71.0 — - 0.1 -
Prostate® 10.6 16.3 2.0 71.0 - - 0.1 -
Female
Breast® 11.1 29.7 0.9 58.0 0.1 - 0.1 0.1
Ovaries® 10.6 16.3 2.0 71.0 — - 0.1 -
Fallopian tubes® 10.6 16.3 2.0 71.0 - - 0.1 -
Uterus® 10.6 16.3 2.0 71.0 — - 0.1 -

4 Based on composition data tabulated in Report 46 (ICRU, 1992).
b Adipose tissue composition.

¢ Composition assigned to bulk soft tissue (Ziegler et al., 1976).
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