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Abstract

Background The growth of fetal organs is a dynamic

process involving considerable changes in the anatomical

and physiological parameters that can alter fetal exposure

to xenobiotics in utero. Physiologically based pharma-

cokinetic models can be used to predict the fetal exposure

as time-varying parameters can easily be incorporated.

Objective The objective of this study was to collate,

analyse and integrate the available time-varying parameters

needed for the physiologically based pharmacokinetic

modelling of xenobiotic kinetics in a fetal population.

Methods We performed a comprehensive literature search

on the physiological development of fetal organs. Data

were carefully assessed, integrated and a meta-analysis was

performed to establish growth trends with fetal age and

weight. Algorithms and models were generated to describe

the growth of these parameter values as functions of age

and/or weight.

Results Fetal physiologically based pharmacokinetic

parameters, including the size of the heart, liver, brain,

kidneys, lungs, spleen, muscles, pancreas, skin, bones,

adrenal and thyroid glands, thymus, gut and gonads were

quantified as a function of fetal age and weight. Variability

around the means of these parameters at different fetal ages

was also reported. The growth of the investigated

parameters was not consistent (with respect to direction

and monotonicity).

Conclusion Despite the limitations identified in the avail-

ability of some values, the data presented in this article

provide a unique resource for age-dependent organ size and

composition parameters needed for fetal physiologically

based pharmacokinetic modelling. This will facilitate the

application of physiologically based pharmacokinetic

models during drug development and in the risk assessment

of environmental chemicals and following maternally

administered drugs or unintended exposure to environ-

mental toxicants in this population.

Key Points

Data on the growth and composition of human fetal

organs are available from different publications.

Collating and mathematically describing these

organs during in utero development are important for

building fetal physiologically based pharmacokinetic

models.

A combined maternal-fetal physiologically based

pharmacokinetic model can be used to describe fetal

exposure to drugs and possible toxicity in the unborn

child after maternal drug intake.
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1 Introduction

The use of fetal physiologically based pharmacokinetic

(PBPK) models to predict exposure to xenobiotics is an

emerging research area [1, 2]. However, such models

require comprehensive information on the physiological

and biochemical variables describing the growth and

composition of fetal organs during development.

In-utero growth of the human foetus body occurs at

various rates. The embryonic period, which is characterised

by extensive cell differentiation through different stages of

organ formation (organogenesis), is considered to last up to

8 weeks 3]. The process of organogenesis takes several

weeks before individual organs become detectable by

ultrasonography or other techniques. There is not a distinct

developmental process that marks the end of the embryonic

period and the beginning of the fetal period. During the

fetal period, from week 9 to birth [4], organs become

visible and quantifiable. They grow at different rates with

each having a varying contribution to the total body

weight.

Xenobiotics can perturb normal organ development and

function [5–7], while in turn the complex physiological

changes alter drug disposition in both the maternal and

fetal body. Human foetuses are exposed to prescription and

non-prescription drugs antenatally or during labour as well

as from unintended exposure to environmental toxicants.

Such exposure can harm the foetus when these drugs reach

fetal circulation. For example, maternal administration of

diethylstilbestrol and other synthetic estrogens disorganises

the developing uterine muscle layers and has been linked to

the occurrence of genital adenocarcinoma and deformity of

the female offspring [8, 9], while nonsteroidal anti-in-

flammatory drugs can impair both renal structure and

function in the foetus [10] causing lifelong consequences

such as hypertension [11]. Other drugs such as

methotrexate can cause fetal death, teratogenic effects and

miscarriage when administered to a pregnant woman dur-

ing organogenesis [12, 13].

Therefore, evaluation of drug and metabolite exposure

in the fetal body during the early gestation time when

organogenesis takes place can improve our understanding

on fetal toxicity. In some medical settings, it is the foetus

who is the target of the treatment and adequate fetal drug

exposure can contribute to the efficacy of the treatment, as

in the case of maternal administration of antiretroviral

agents to prevent mother-to-child viral transmission [6],

digoxin to treat life-threatening fetal tachyarrhythmias [14]

and glucocorticoids to promote fetal lung maturation in

cases of threatening premature birth [15]. In some cases,

the drug is installed in the amniotic fluid as in the case of

thyroxine supplementation to treat fetal goitrous hypothy-

roidism [16].

The amount and duration of fetal drug exposure after

maternal administration depend on the maternal dosing

regimen and is greatly modified by the maternal physio-

logical system, including the placental metabolism and

transfer. Because the foeto-maternal physiological changes

are not uniform, their effects on each xenobiotic or drug

may differ depending on the absorption, distribution,

metabolism and excretion characteristics. Fetal PBPK

models allow the integration of available anatomical and

physiological ‘system’ parameters describing the fetal

growth and development, together with ‘drug’ parameters

(e.g. physicochemical properties of the drug) to enable the

prediction of tissue and plasma exposure. When the fetal

PBPK model is combined with the maternal PBPK model,

different pharmacological and toxicological scenarios can

be predicated.

Anatomical growth for limited fetal organs has been

reviewed previously in different publications based on a

limited number of autopsy studies and some of these

focussed on a limited period of fetal development [17–22].

Since then, many studies with larger sample sizes covering

a wider period of fetal age (FA) and using better method-

ology have been reported. In previous publications, we

have reported changes occurring to the maternal body

during gestation [23] and have introduced the requirements

for the quantification of biometric parameters, mainly, the

fetal weight, height and body surface area for both male

and female individuals as well as the gross body compo-

sition for the development of a fetal PBPK model [24].

Here, we extend this research to include fetal organ size

and composition.

The aim of the current article was to review, collate and

integrate the available studies on the growth and compo-

sition of fetal organs during development to extend the

database needed for building a fetal PBPK model. This

study describes the changes in fetal organs and provides

algorithms to be used within fetal PBPK models.

2 Methods

2.1 Data Sources

We conducted a structured comprehensive literature search

of MEDLINE for embryo/fetal tissue growth and compo-

sition parameters during development. The search strategy

was aimed to identify observational cohort studies in which

the required parameters were longitudinally examined

during fetal development. For each parameter, a separate

search was conducted, using the keyword ‘fetal or fetal’

plus the parameter of interest, for example ‘liver weight’,
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‘liver volume’, ‘liver mass’, ‘liver water’, ‘liver composi-

tion’, ‘development’ and ‘growth’. No language or date

restriction was applied. Article titles and abstracts were

screened to maintain the focus of the search upon human

pregnancies and the development of fetal organs. A manual

search of reference lists from selected articles and contact

with experts in the field complemented the data collection

process.

2.2 Inclusion Criteria

Data inclusion criteria were (1) singleton, and where pos-

sible, low-risk uncomplicated pregnancy with no underly-

ing maternal/fetal conditions that are known to affect the

parameters, (2) where possible, foetuses with no major

congenital abnormalities for organ weights, (3) in the case

of mixed-population studies, low-risk foetuses comprised

at least 80% of the overall sample size under study for

organ sizes, (4) when fetal and preterm data were available,

only fetal data were included, (5) tissue composition values

from dead foetuses were used if samples were fresh (see

the text), (6) data were collected from the Caucasian

population (in the case of mixed-population studies, the

Caucasian population comprised at least 80% of the overall

population) and (7) where Caucasian data for a specific

parameter were not available, data from non-Caucasian

populations were considered and mentioned within the

relevant section.

2.3 Combining Data from Different Studies

Mean parameter values (and variability) stratified for FA

groups were available. The overall mean parameter value,
�X, at a particular gestational age (GA), from different

studies was combined using Eq. 1:

X ¼
PJ

j¼1 njxj
PJ

j¼1 nj
; ð1Þ

where nj is the number of subjects in the jth study and xj is

the mean value from that study. The overall sum of squares

was calculated according to Eq. 2:

Overall sum of squares ¼
XJ

j¼1

ðsdjÞ2 þ ðxjÞ2
h i

� nj
h i

� N

� X2
;

ð2Þ

where sdj is the standard deviation from the jth study and N

is the number of subjects in all studies N ¼
PJ

j¼1 nj

� �
. The

overall standard deviation (SD) was calculated according

to Eq. 3:

Overall SD ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Overall Sum of Squares

N

r

: ð3Þ

The coefficient of variation (CV) for the weighted mean

was then calculated as follows (Eq. 4):

CV ¼ Overall SD

X
: ð4Þ

In the absence of usable data from the literature, the CV

values were assumed to be the same as those for a full-term

newborn population.

If the jth study reported mean and standard error, se, at

gestational week ith (seji), the following equation was used

to calculate sdji:

sdji ¼ seji �
ffiffiffiffiffi
nji

p
; ð5Þ

where nji is the sample size in the jth study at the ith weeks

of age. When data are given as mean and 95% or 90%

percentiles, the SD was derived using the following

equations using Z scores [25]:

SD ¼ 95th percentile�meanð Þ=1:645; ð6Þ
SD ¼ 90th percentile�meanð Þ=1:28: ð7Þ

2.4 Data Analysis

Before data analysis, when a parameter was reported in

different units, these units were converted to a standard

unit of measurement. When the age was reported as a

range, the midpoint of the interval in weeks was used.

When measurements were reported per month for organs

only if limited data are available on this organ or if the

study included large sample size and provided more

information of the studied population and methodology. In

these cases, the average month is converted to weeks. If a

study report age range only, the median is taken (if no or

limited data available for this organ). The details of the

data analysis, including methods used to select between

rival models, have been described previously [24]. Briefly,

common types of growth models were investigated to

describe the organ growth data, including linear, polyno-

mial, power, sigmoidal and Weibull functions. Before

model testing, data were plotted and visualised for their

profiles vs. age and weight. Depending on a visual check of

the plotted data only potential models were tested in each

case, e.g. for linear data the sigmoidal or power model was

dropped. The best fit model was selected by use of the

Akaike information criterion (AIC) value. The model with

the lowest AIC was selected and if two models had similar

AICs, then the simpler model was selected. Data for gut,

bone and muscle were limited and hence a simple model

was used without challenging the data to different types of
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models. Where enough data were available, two sets of

equations are provided for each tissue; one a function of

age and the second equation a function of body weight. The

predicted fetal body weight variability established earlier

[24] was used here for each organ to assess if the reported

organ variability can be recovered using the body weight

variability.

Throughout this article, we use the term ‘fetal age’ to

indicate the biological age of the foetus (i.e. post-conceptual

age inweeks). The term ‘gestational age’ is used to refer to the

post-menstrual age in weeks. Fetal age is calculated by sub-

tracting 2 weeks from the GA reported in original references.

3 Results

The amount of information available on different fetal

organ parameters varies considerably depending on the

organ. While an abundance of information was available

for some organs, e.g. the brain, kidneys and lungs, it was

limited for others, e.g. the skin and gut, as seen in the

tables of the Electronic Supplementary Material (ESM).

Generally, the data show nomarked differences in the size

of internal organs between male and female foetuses, sup-

porting previous conclusions [26, 27], and thus the data of

both sexes were combined. Where the original studies

identified other covariates, we also refer to these findings.

Few studies [18, 26, 28, 29] reported their results for organ

size in relation to the fetal body weight, these data are

mentioned under the relevant organ. Relevant fetal tissue

composition data were collated from 16 publications

[30–45].

Table 1 and Fig. 1a, b summarise the results of the

meta-analysis of available data on age-dependent organ

size in terms of means and SDs, along with population age

or sizes and suggested regression equations.

3.1 Heart

The heart is one of the earliest differentiating and func-

tioning organs. It begins to beat between 3 and 4 gesta-

tional weeks (GW), with blood flow beginning in the fourth

week [4, 46]. Many studies report the size of the heart at

different FAs using different measurement techniques.

Autopsy and ultrasound studies quantified heart growth at

certain ages (Table 1 of the ESM). Results from the meta-

analysis of the collected heart growth data at different FAs

and body weights are given in Table 1. These data can be

described using the following equations:

Heart massðgÞ ¼ ð0:0889 � FAÞ2:546; ð7Þ

Heart massðgÞ ¼ 0:0081 � BWþ 0:0000004 � BW2: ð8Þ

where FA is the fetal age in weeks and BW is the fetal

body weight in grams. The selected power-type age-based

equation above was superior to polynomial equation, which

predicted negative mass at age less than 10 weeks. It was

also superior to the Weibull function (AIC: 83.5 vs. 87.8).

Among weight-based equations, the polynomial was

slightly superior to other equations (AIC were 31, 43 and

34 for polynomial, linear and power, respectively). Plots of

the meta-analysis data are given in Fig. 1 of the ESM.

Density of the fetal heart aged 14–42 GA was reported to

be about 0.98 g/mL [47]. A value of 1.05 g/mL was

reported for adult heart tissue [22].

Available data from wet tissue suggested a slight

reduction in water with age from about 86% at the begin-

ning of the second trimester reaching about 84% at term.

Lipids and proteins increase from 1.8 and 7.8% at 20 GW

up to 2.1 and 11.2% at term, respectively [40, 42–44]

(Table 20 of the ESM).

3.2 Brain

Development of the nervous system begins at approxi-

mately 2.5 weeks of FA [48, 49]. By the end of week 4,

three primary brain vesicles are formed: the forebrain, the

midbrain and the hindbrain. Maturation of the human brain

in the second half of gestation involves substantial

increases in volume, increasing the complexity of the

cortical plate, and changes in the molecular and cellular

composition of the cerebral mantle tissue zones.

A stereological analysis of 22 normal human fetal brains

showed that the total number of cells (including both

neurons and glial cells) in the forebrain increases expo-

nentially from 0.3 to 1.3 billion between 13 and 20 GW,

reaching about 3.8 billion cells in the newborn infant [50].

Similar trends have been also reported by using a chemical

analysis of the DNA contents of 139 brains ranging in age

from 10 GW to 7 years [34].

Routinely, fetal head circumference measurement is

considered as a surrogate for brain growth [24]. Dobbing

and Sands measured the growth and development of the

human brain and its parts (forebrain, cerebellum and stem)

using fresh samples of whole brain from 139 normal

human brains, ranging in age from 10 GW to 7 postnatal

years, together with nine adult brains. They concluded that

the growth of the brain and its parts shows a sigmoidal

relationship with age, with half of the weight achieved

during the first year of postnatal age [34].

Studies reporting the size of the brain at different FAs

using autopsy and magnetic resonance imaging (MRI) are

shown in Table 2 of the ESM. Results from the meta-

analysis of the collected brain growth data at different FAs

and body weights are given in Table 1. These summary
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measurements can be described using the following

equations:

Brain mass gð Þ ¼ ð0:225 � FAÞ2:793; ð9Þ

Brain mass gð Þ ¼ 0:255 � BWð Þ0:896: ð10Þ

where FA is the post-conception fetal age in weeks and

BW is the fetal body weight in grams. The provided age-

based function was almost similar to the Weibull function

(AIC: 220.7 vs. 221.0), while the weight-based function

was superior to the linear model (AIC: 148 vs. 176). Plots

of the meta-analysis data against FA and weight are given

in Fig. 2 of the ESM.

Mean fetal brain volumes prior to autopsy were com-

pared to their weight at autopsy in 25 foetuses between 16

and 40 GW, and found to be constant during growth with

no significant deviation from linearity (p[ 0.10) [51]. The

calculated density of the fetal brain was 1.08 g/mL

between 16 and 40 GW (n = 25 foetuses) [51]. A value of

about 1.03 g/mL was reported for a 1-year old child [52]

and 1.04 g/mL for adult brain density [22].

Collected data on fetal brain tissue composition are

available from six studies [34, 35, 37, 42, 44, 45] and given

in Table 20 of the ESM. Brain water, percentage of wet

tissue mass, decreases linearly with FA from the end of the

first trimester till birth with an intercept of 93.64% and a

negative FA coefficient of 0.1104. Both lipids and protein

contents increase about 1.7-fold during this period from 1.5

and 3.8% of the tissue weight.

3.3 Liver

Human liver is the largest internal organ providing

essential metabolic, exocrine and endocrine functions. It

is quantitatively by far the most important organ for drug

metabolism. Most metabolic functions of the fetal liver

are handled by the maternal liver, as the fetal liver is

primarily a haematopoietic organ until near term [48].

Many liver enzyme systems are still immature at birth and

many are not developed by term. A number of

metabolising enzymes have been detected in the fetal

liver such as cytochrome P450 (CYP)3A7, CYP2C9 and

CYP2C8 [53–56], while the other CYPs are present at

extremely low levels or totally absent and are thought to

develop during the first weeks following birth [56, 57].

Details of enzyme ontogeny and quantifications are

beyond the scope of this study.

Studies reporting measurements of the mass of the liver

are given in Table 3 of the ESM. A meta-analysis summary

of these data at different FAs and body weights is given in

Table 1. These summary measurements can be described

using the following equations:

Liver massðgÞ ¼ ð0:152 � FAÞ2:8; ð11Þ

Liver massðgÞ ¼ ð0:063 � BWÞ0:925: ð12Þ

where FA is the fetal age in weeks and BW is the fetal

body weight in grams. The provided age-based function

was slightly superior to the Weibull function (AIC: 149 vs.

152), while the weight-based function was clearly superior

to the linear model (AIC: 113 vs. 121). Plots of meta-

analysis data against FA and weight are given in Fig. 3 of

the ESM. A comparison of mean liver volumes before

autopsy to their weights at autopsy found a constant linear

relationship in 25 foetuses aged 16–40 GW [51].

The calculated density of the fetal liver from 25 foetuses

aged 16–40 GW was 1.15 g/mL [51] and 1.01 in foetuses

aged 14–42 GW. A value of 1.05 g/mL was reported for an

adult [37].

Collected data on fetal liver tissue composition are

limited to few samples (Table 20 of the ESM) from five

reports [37, 39, 40, 42, 44]. The liver water, as a percentage

of wet tissue mass, decreases linearly with FA from the end

of the first trimester till birth with an intercept of 85.39%

and a negative FA coefficient of 0.1404. Liver protein

(13%), lipid (2.5%) and mineral (0.9%) proportions

remained as a constant percentage of wet tissue weight

during this period.

3.4 Kidneys and its Components

The earliest kidney structure to form is the pronephros and

mesonephros around the fourth GW. At the fifth GW, the

mesonephros provides a template for the adult metane-

phros. The critical window of kidney development spans

9–35 GW [58]. Kidney dimensions from ultrasound mea-

surements have been reported from as early as 11 GW [59]

and increase significantly during the second half of preg-

nancy owing to intense nephrogenesis and a significant

increase in the number of nephrons [60].

The weight of both kidneys as a percentage of total body

weight was found to be about 1.3% at 30 GW, 0.78% at

birth, 0.58% by the age of 6 months and about 0.52% at

24 months [61]. Kidney volumes measured by ultrasound

have been shown to be similar to those obtained via

macrodisection (p = 0.9) [62]. Another study found that the

calculation of kidney volume using an ellipsoid formula

can underestimate the volume measured using a fluid dis-

placement method by about 30% [63].

bFig. 1 Summary plots of the growth of fetal organs needed for a fetal

physiologically based pharmacokinetic model as functions of post-

conceptual age (a) and body weight (b)
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Studies reporting measurements of the mass of the

kidneys are given in Table 4 of the ESM. A meta-analysis

summary of these data at different FAs and body weights is

given in Table 1. The following functions can be used to

describe the total growth of both fetal kidneys during

developments:

Kidneys mass gð Þ ¼ 0:1246 � FA� 0:0333 � FA2

þ 0:0026 � FA3 � 0:00003 � FA4

ð13Þ

Kidneys mass gð Þ ¼ 0:011 � BW� 0:0000007 � BW2 ð14Þ

where FA is the fetal age in weeks and BW is the fetal

body weight in grams. The provided polynomial age-based

function was clearly superior to the power-type function

described for previous organs (AIC: 60 vs. 129). Similarly,

the polynomial weight-based function was superior to the

linear and power models (AIC: 13, 53 and 34, respec-

tively). Plots of data and best fit are given in Fig. 4 of the

ESM. The kidney density is approximately 1.05 g/mL in

foetuses aged 14–42 GW [47], 1.035 g/mL in the newborn

and 1.05 g/mL in the adult [37].

The reported studies on the growth of the fetal renal

cortex as well as medulla volumes are given in Table 5 of

the ESM. These data show that the fastest growth of the

renal cortex and medulla was found to be between 21 and

32 GW as a result of the increase in both the number and

size of the glomeruli and the elongation of the cortical

tortuous tubules [64, 65].

Collected data on fetal kidney tissue composition are

limited to a few samples (Table 20 of the ESM) from two

studies [42, 44]. The kidney water, as a percentage of wet

tissue mass, decreases linearly with FA from the end of the

first trimester till birth with an intercept of 94.227% and a

negative FA coefficient of 0.2611. Both lipids and protein

contents increase from 0.0 to 7.8% of the tissue weight at

14 GW to about 3.1 and 12% at term, while minerals

remain constant during this period at about 0.8%.

Nephron formation begins at about 8 GW, by 20 GW

about a third of the nephrons have been formed and, by 36

GW, adult numbers of nephrons are reached [66]. In pre-

term infants born before 35 GW, nephron development

continues until the infant reaches 35 post-conceptual weeks

(see [48]). In a small sample of 22 observations from 11

foetuses (15–40 GW), the nephron volume was found to

range from 0.00623 to 0.00857 mm3 with no significant

change observed in the average volume of the whole

nephron until 36 weeks [65]. Data on mean age-related

changes in nephron volume, glomeruli number and size are

shown in Table 5 of the ESM.

3.4.1 Glomerular Filtration Rate

The glomerulus is an unusual filtration barrier that retains

higher molecular-weight proteins and blood cells in the

circulation. Glomerular filtration begins before the end of

the first trimester, when the first functional glomeruli

appear. The glomerular filtration rate (GFR) shows a slow

linear increase with age up to 34 GW, reflecting the

development of nephrons and renal blood redistribution

[67].

Fetal urinary flow rates have been used as a marker of

fetal GFR because GFR increases with fetal weight and

urine output increases with advancing gestation [68].

However, as in the postnatal kidney, urine output does not

correlate well with absolute GFR. The glomerular number,

which would also presumably reflect fetal kidney function,

is also proportional to fetal weight. In fact, the increases in

the glomerular number, GFR and fetal urine flow correlate

closely with the increase in kidney mass, and it is therefore

reasonable to assume that the main contributing factor is

the addition of new nephrons [69, 70].

3.4.2 Urinary Bladder and Urine Production Rate

Fetal urinary bladder can be visualised by ultrasound from

as early as 11 GW [59]. In a post-mortem study with

detailed description of the bladder growth, the height,

width and depth of the bladder was described in 149 foe-

tuses [71] (Table 6 of the ESM). Bladder volume, based on

two-dimensional ultrasonography from 11 dead foetuses,

increases from 5.0 ± 0.87 to 10 ± 1.36, 20 ± 2.36,

30 ± 3.36 and 40 ± 4.36 mL at 20, 25, 35 and 40 GW,

respectively [72].

Urine production starts between 10 and 12 GW [73].

Many studies quantified urine production rate using ultra-

sonography, but only data from three-dimensional (3D)

ultrasonography studies (Table 6 of the ESM) were used

for describing the fetal urine production rate, as two-di-

mensional ultrasonography cannot obtain both longitudinal

and transverse images at the same time without a delay

[74–76]. A meta-analysis of 3D studies shows that the

average fetal urine production rate increased from

3.7 ± 2.1 mL (n = 6), 14.2 ± 7.0 mL (n = 21),

40.3 ± 23.1 mL (n = 27), 62.6 ± 28.7 mL (n = 22) and

87.1 ± 35.5 mL (n = 10) at 21, 25, 30, 35 and 38 weeks of

FA, respectively (Fig. 5 of the ESM). The following

equation can be used to describe the data between 20 and

38 weeks of FA:

Urine production rateðml/hÞ ¼ ð0:081FAÞ4:03; ð15Þ

Water represents approximately 65% and minerals about

0.8% (0.5–1.1%) of the mass of the urinary bladder wall.
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The urinary bladder contains about 0.02% of the total body

blood in adults [22].

3.5 Pancreas

The fetal pancreas develops as early as 10 GW, and

becomes vascularised by 16 GW [77, 78]. All pancreatic

cell types are seen by 9–10 weeks [48].

Schulz et al. [185] examined the mass of the pancreas as

a function of FA during the second half of pregnancy.

Luecke et al. [20] recently expressed these data as a power

function of the total body mass. Later, these data were

extrapolation down to a FA of 8 weeks. Subsequently,

Guihard-Costa et al. [118] and Phillips et al. [184] have

reported the mass of the pancreas from the end of the first

trimester until birth.

Collected data on the mass of the pancreas are given in

Table 7 of the ESM. A meta-analysis of these data at dif-

ferent FAs and body weights are given in Table 1. Plots of

growth of fetal pancreas as a function of FA and BW are

given in Fig. 6 of the ESM. These summary measurements

can be described using the following equations:

Pancreas massðgÞ ¼ ð0:048 � FAÞ2:73; ð16Þ

Pancreas massðgÞ ¼ ð0:0018 � BWÞ0:91: ð17Þ

where FA is the fetal age in weeks and BW is the fetal

body weight in grams. No information on fetal pancreas

density was found in the public domain. A value between

1.040 and 1.050 was reported for the adult pancreas [37].

Sex was not reported to be a significant covariate for the

size of the fetal pancreas [79, 80]. Crown-rump length and

GW were found to be significant covariates with regard to

the pancreas length or width in 60 human foetuses of both

sexes (28 female, 32 male) between the 17th and 40th week

of intrauterine life [80].

No data could be found on fetal pancreas tissue com-

position. The adult pancreas is composed of about 71%

water, 13% protein and 8% fat of the wet tissue weight

[37].

3.6 Lungs

Fetal lungs begin to develop during early embryonic life,

but can be identified using ultrasound from the age of 12

GW. Mucus production begins by 14 GW, while the ter-

minal air sacs begin to appear between 24 and 26 GW [48],

uniform alveolar structure are seen around 36 GW, but the

majority of the alveoli develop after birth and increase in

number until the age of 8 years [81]. Fetal lungs are inert

and do not function as breathing organs. Nevertheless, by

birth they must be developed to such an extent that they are

immediately ready to function.

Studies reporting measurements of the mass of the lungs

are given in Table 8 of the ESM. Meta-analysis of these

studies at different FAs and body weights are given in

Table 1. These summary measurements can be described

using the following equations:

Lungs massðgÞ ¼ 90:042 � FA3:795

32:023:795 þ FA3:795
; ð18Þ

Lungs massðgÞ ¼ 0:027 � BW� 0:00000275 � BW2; ð19Þ

The provided age-based function was slightly superior

to other functions (AIC were 103, 146 and 155 for

sigmoidal, Weibull and power functions, respectively),

while polynomial function predicted negative values for

lung mass at an early FA. The polynomial weight-based

function was superior to the other functions (AIC were

70.0, 75.7 and 75.8 for polynomial, Weibull and power

function). Plots of growth of fetal lungs as a function of FA

and body weight are given in Fig. 7 of the ESM.

Comparison of mean lung (combined) volumes prior to

autopsy to their weights at autopsy found a constant

relationship during growth, with no significant deviation

from linearity, in 25 foetuses aged 16–40 GW [51]. The

density was found to be independent of GW between 9 and

20 GW [82] and found to be about 1.15 g/mL in 25

foetuses aged between 16 and 40 GW [51]. A value of

1.05 g/mL was reported for the foetus aged 14–42 GW [47]

and a value of 0.90 g/mL was estimated for infant and

children [47]. A value of 1.05 g/mL was reported for air-

free adult lungs filled with blood [22]. Sex was not found to

be a significant covariate for lung size [83].

Collected data on fetal lung tissue composition are

limited to a few samples from two reports [40, 42], sug-

gesting a relatively constant proportion of tissue compo-

sition during the second and third trimesters with 85.7%

water, 2.0% lipid, 10.3% protein, 1.5% carbohydrates and

0.5% minerals.

3.7 Muscles

The intrauterine environment is a major determinant of the

muscle mass that is present during the life course of an

individual because muscle fibre number is set at the time of

birth. The fibres are small, relatively few in number and

widely separated by extracellular material between the

fibres at 20 GW. At term, the fibres are still small, but there

are many more of them and they are more closely packed

together. In adult muscle, the fibres are very much larger in

diameter and there is little space for extracellular material

between the fibres [33]. The full complement of muscle

cells is generally achieved by approximately 38 GW, with

the formation of few new muscle cells after this time [4].
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Fetal muscle was found to from about 14.3–18.5 and

20.5% of body weight at 16, 28 and 40 weeks of gestation

[84]. In another study, fetal muscle mass was estimated

from creatinine excretion rate in 31 male babies (25–34

GW, weighing 680–1830 g) during the first week of life

and it was found that muscle mass increases from 12% of

birth weight at 25 GW to 24% at 40 GW [85]. The study

showed that birth weight and GW together accounted for

64% of the variance for muscle mass [85]. In two 6-month-

old foetuses of 401 and 491 g body weight, the muscle

mass was 22.75% [86]. The reference value for newborn

infants is approximately 23% and increased to 40% for

male adults and 29% for female adults [37].

Studies reporting measurement of the mass of the

muscles are given in Table 9 of the ESM. A meta-analysis

summary of these data at different FAs and body weights is

given in Table 1. These summary measurements can be

described using the following equations:

Muscle mass gð Þ ¼ 0:194 FAð Þ3:19; ð20Þ

Muscle mass gð Þ ¼ 0:029 BWð Þ1:46: ð21Þ

Plots of growth of fetal muscle as a function of FA and

body weight are given in Fig. 8 of the ESM. No data could

be found on fetal muscle density. Muscles density in adult

is about 1.04 [37].

Available data on fetal skeletal muscle tissue composi-

tion were collected from five reports [31, 35, 42, 44, 87]

and given in Table 20 of the ESM. These data suggest that

total muscle water, percentage of tissue mass, decreases

linearly with FA from the end of the first trimester till birth

with an intercept of 94.696% and a negative FA coefficient

of 0.2984. The extracellular water is about 77% of total

muscle water at the start of the end of the first trimester and

this decreases to 41.5% at term. This reduction in muscle

water is associated with the accumulation of proteins from

7 to 17% and an increase in lipids from 0.9 to 2.0%

between 13 and 38 weeks of FA. The phospholipid com-

position in fetal full-term (n = 5) skeletal muscles was

reported to be about 2.5 ± 0.5% cardiolipin, 26.2 ± 1.3%

ethanolamine phosphoglyceride, 45.9 ± 2.3% choline

phosphoglyceride, 4.8 ± 0.3% inositol phosphoglyceride,

8.7 ± 0.9% serine phosphoglyceride and 11.8 ± 0.9%

sphingomyelin of total phospholipids [87].

3.8 Spleen

The fetal spleen begins to form during the fifth week of

embryonic development. The spleen is initially a

haematopoietic organ and is a secondary site of red blood

cell production until the fifth month of gestation, though

after birth, red blood cells are only produced in the bone

marrow. During the third trimester, spleen function

undergoes transition from a haematopoietic organ to

acquire a definitive lymphoid character.

Studies reporting measurements of the mass of the

spleen are given in Table 10 of the ESM. A meta-analysis

of these data at different FAs and body weights is given in

Table 1. These summary measurements can be described

using the following equations:

Spleen massðgÞ ¼ ð0:051 � FAÞ3:7; ð22Þ

Spleen massðgÞ ¼ 20:73 � BW1:733

30541:733 þ BW1:733
: ð23Þ

The provided age-based function (AIC = 65.3) was

superior to the Weibull functions (AIC = 75.5), while

polynomial function predicted negative values for spleen

mass at an early FA (\ 15 weeks). The weight-based

sigmoidal function was superior to the other functions (AIC

were - 4.2, 31.5 and 18.7 for sigmoidal, linear and power

functions, respectively). Plots of growth of the fetal spleen

as a function of FA and body weight are given in Fig. 9 of

the ESM. The fetal spleen density is about 1.03 g/mL

between 14 and 42 GW [47]. The adult value is

approximately 1.06 g/mL [22].

Data on fetal spleen tissue composition are limited (see

[42]), suggesting that constitutes of fetal spleen tissue are

relatively constant between 24 and 38 weeks of FA. Their

proportions as a percentage of the tissue are 83.8% water,

1.5% lipids, 13.9% protein and 0.8% minerals. The adult

spleen is composed of about 77% water, 1.6% lipids and

18.8% protein of wet tissue [37].

3.9 Skin

Human skin undergoes marked structural and physiological

changes during gestation. Human epidermal development

undergoes four developmental stages; the embryonic per-

iod (\ 9 GW), the stratification period (9–14 GW), fol-

licular keratinisation (14–24 GW) and inter-follicular

keratinisation (C 24 GW) [88]. All of the keratin proteins

and filaggrin are present by 14–16 GW. At about 12 GW,

hair follicles and associated glandular structure start to

develop [88]. Sweat glands begin to appear by 14–16 GW,

and are complete by 24 weeks [89]. Limited quantitative

data are available on the growth of skin during fatal life

[90, 91]. Usher and McLean measured abdominal skin

thickness in millimetres, showing that the mean ± SD

(n) thickness increases from 2.34 ± 0.43 (13) to

4.51 ± 1.20 (13) and 5.41 ± 1.12 (47) at 25, 35 and 40

GW, respectively [91].

Collected data for skin weight (g) are limited mainly to

those reported from 28 foetuses as part of a total dissection

[90]. The original study also reported the change in the

fetal hypodermis. About a 17.5-fold increase in absolute
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skin weight has been reported between 21 GW and birth

[92]. The reference values for skin and hypodermis weights

of the newborn infant have been reported to be about 200

and 480 g, respectively [37]. These values are given in

Table 11 of the ESM.

According to these data sets, the expected increases in

fetal skin mass at different FAs and body weights are given

in Table 1. The following equations can be used to describe

the growth of fetal skin:

Skin mass gð Þ ¼ ð0:119 � FAÞ3:45; ð24Þ
Skin mass gð Þ ¼ 0:061 � BW, ð25Þ

where FA is the fetal age in weeks and BW is the fetal

body weight in grams. A plot of the growth of fetal skin is

given in Fig. 10 of the ESM. The total skin density in most

regions of the body is approximately 1.1 g/mL [22].

The expected values for hypodermis mass growth (g) are

0.003 ± 0.001, 0.79 ± 0.66, 47.2 ± 18.6, 363.7 ± 113.2

and 529.9 ± 133.8 at 5, 15, 25, 35 and 38 weeks of FA,

respectively. The growth of the hypodermis (g) can be

predicted by the following equation:

Hypodermis mass gð Þ ¼ 0:00004BW2 þ 0:0027BW: ð26Þ

A plot of the growth of fetal hypodermis is given in

Fig. 11 of the ESM.

Quantitative data on skin composition during fetal life is

limited to four reports [37, 42–44]. Fetal skin water

decreases from 92% to 82.8% of fat-free skin between 11

and 38 weeks of FA. During this period, the fat-free skin

protein increases from 7.4% to about 17%. The water

content as a proportion of the whole skin was reported to be

around 80% during fetal life and decreases to about 68% in

full-term newborns [37].

3.10 Adipose

No quantitative measurement of total fetal adipose tissue

could be found. The foetus is relatively lean during the

first half of pregnancy, but thereafter fat starts to form

and accumulates rapidly during the third trimester. We

have reported the growth of total body fat in previous

work [24]. Adipose tissue has a density of 0.92 g/mL

[37]. Information on fetal adipose composition is limited

to those reported for stillborn and newborn infants

[42, 93, 94], suggesting 36% lipid, 6% protein and 57%

water.

3.11 Bone

Fetal bones begin to develop at about 13 weeks following

conception. From 25 GW to term, bone mineralisation

increases by four-fold [48] reaching a value of

62.4 ± 18.3 g for the whole-body bone mineral content at

full term [95] with about 32.1 ± 12.2 (n = 20),

39.5 ± 10.9 (n = 76) and 43.0 ± 11.7 g (n = 20) at 33, 34

and 36 GW, respectively, and its contribution to body

weight remains relatively constant at about 1.7, 1.76 and

1.78% at these GW [96]. The bone mineral content was

better correlated with birth weight rather than with GW

[97]. Some studies focused on the growth of specific fetal

bones such as the femoral [98–100], iliac [101] and limb

[102].

Fetal dry and fat-free bone weights were reported for

nine male and 11 female Caucasians, plus 12 male and 11

female black subjects between 21 and 43 GW [103].

Values of 420 g and 110 g have been quoted for fresh and

dry bone mass at birth with a density of 1.08 g/mL [84].

The skeletal volume was reported for 16 foetuses between

29 and 41 GW using autopsy [104] and for 31 foetuses

aged 14–41.5 GW assessed by a spiral computed tomog-

raphy scanner [105].

Collected studies for the total bone are given in

Table 12 of the ESM. Using the fetal-predicted body

weight [24], the expected fetal bone mass at different FAs

and body weights is given in Table 1. The following

equations are proposed to predict total fetal bone:

Bone weight gð Þ ¼ 0:0106 FA3 � 0:2366 FA2

þ 3:2253 FA; ð27Þ

Bone weight gð Þ ¼ 0:1035 BW: ð28Þ

When the dry fat-free skeletal weight of the human

foetus is of interest, the following equation can be used:

Dry fat-free skeletal weight ¼ 0:0294 � BW: ð29Þ

A plot of fetal bone growth is given in Fig. 12 of the

ESM. There are no clear data on bone density; however,

this parameter is expected to be age dependent as a result

of bone mineralisation. The density of the whole fresh

adult skeleton is approximately 1.3 g/mL. Dry, mineralised

collagenous bone matrix has a density of about 2.3 g/mL.

The density of fresh bone that is free of marrow is typically

1.9–2.0 g/mL in the adult [22]. For newborns, cortical bone

(g) constitutes about 36.5% of the total skeleton weight

[37].

Collected data on fetal bone (femur bone and cartilages)

tissue composition are available in Table 20 of the ESM

from limited studies [32, 36, 38, 41, 42]. Femur water,

percentage of tissue mass, decreases linearly with FA from

the end of the first trimester till birth with an intercept of

84.926% and a negative FA coefficient of 0.6135. The

extracellular water is about 44% of total bone water at the

start of the second trimester and decreases up to 24% at

term. This reduction in bone water is compensated by the

accumulation of lipids, minerals and proteins.
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3.12 Bone Marrow

Fetal mass of total bone marrow and that of the red marrow

are essentially the same. This is because all fetal bone

marrow is red except shortly before birth, when a small

amount of fat may appear. Bone marrow volume from 16

foetuses (29–41 GW) with no skeletal abnormalities has

been reported from post-mortem studies [104, 106]. Luecke

et al [20] expressed these data as a power function of the

total body mass with extrapolation for the whole fetal size.

Similar extrapolation of this dataset was made by the

International Commission on Radiological Protection [22]

and derived ‘‘reference’’ values for the mass of fetal active

marrow as a function of FA. Recently, Wilpshaar et al

[107] reported bone marrow volumes from 12 foetuses

during the second trimester using MRI techniques. Avail-

able data on bone marrow measurements are available in

Table 13 of the ESM.

Analysis of the available data indicated that the expec-

ted fetal bone marrow volume (mL) increases from

0.008 ± 0.005 mL to 0.154 ± 0.070, 1.23 ± 0.60,

5.21 ± 0.87, 13.8 ± 2.8, 26.9 ± 5.1, 42.3 ± 6.7 and

51.9 ± 6.7 mL at 5, 10, 15, 20, 25, 30, 35 and 38 weeks of

FA, respectively. These summary measurements can be

described using the following equations:

Bone marrow mlð Þ ¼ FA6:45 � 50:25
FA6:45 þ 30:06:45

; ð30Þ

Bone marrowðmlÞ ¼ ð0:011 � BWÞ1:073; ð31Þ

where FA is the fetal age in weeks and BW is the fetal

body weight in grams. Plot of growth fetal bone marrow

volume is given in Fig. 13 of the ESM. There are no data

on fetal bone marrow density, although Hudson suggested

the value is close to 1.0 g/mL [104], whilst the Interna-

tional Commission on Radiological Protection mentioned a

value of 1.028 g/mL [37].

3.13 Adrenal Glands

Adrenal glands can be identified as early as the 12th GW

by ultrasonography [108], and can be recognised with fetal

MRI, by 20 GW [109]. Throughout gestation, the size and

weight of the fetal adrenal gland continuously grow. The

relative adrenal gland size to body weight regresses sub-

stantially from the fetal value at birth during the neonatal

period.

Studies reporting adrenal gland mass are given in

Table 14 of the ESM. A meta-analysis of these data at

different FAs and body weights is given in Table 1. These

summary measurements can be described using the fol-

lowing equations:

Adrenal gland massðgÞ ¼ ð0:063 � FAÞ2:38; ð32Þ

Adrenal gland massðgÞ ¼ 0:0043 � BWð Þ0:81: ð33Þ

The provided age-based function was almost identical to

the Weibull functions (AIC were 46.78 vs. 46.87), while

polynomial function predicted negative values for adrenal

gland mass at an early FA. The provided weight-based

power function was superior to the polynomial, but

identical to the Weibull functions (AIC were 6.46, 82.11

and 6.46). Plots of growth of fetal adrenal glands as a

function of FA and body weight are given in Fig. 14 of the

ESM. The adrenal gland density (g/mL) in a foetus aged

14–42 GW as about 0.87 [47] and in a male adult is

approximately 1.02 [22].

No data could be found regarding fetal adrenal gland

composition. In newborns, lipids constitute about 5% of the

wet tissue weight, while water was found to constitute

about 64% of the adrenal gland in a 14-year-old male

individual [37].

3.14 Thymus

Differentiation of the thymus begins at 6–7 GW [4] and its

size increases until birth after which the size, weight and

activity of the gland decrease with age. Thymus dimen-

sions (diameter and the perimeter) have been reported

using ultrasonography for foetuses between 24 and 37 GW

[110] and between 14 and 38 GW [111]. No correlation

between thymus size and fetal sex was found between 16

and 37 GW [110, 112].

Collected studies reported the thymus gland mass are

given in Table 15 of the ESM. A meta-analysis of these

data at different FAs and body weights is given in Table 1.

These summary measurements can be described using the

following equations:

Thymus gland massðgÞ ¼ 17:89 � FA4:752

35:934:752 þ FA4:752
; ð34Þ

Thymus gland massðgÞ ¼ 17:89 � BW1:587

25641:587 þ BW1:587
: ð35Þ

The provided age-based sigmoidal function was superior

to other functions (AIC were 38.9, 42.1 and 46.5 for

sigmoidal, Weibull and power functions, respectively),

while polynomial function predicted, inadequately,

negative values for the organ mass at early FA. The

weight-based sigmoidal function was superior to the power

functions (AIC were - 3.7 vs. 22.7). Plots of growth of the

fetal thymus as a function of FA and body weight are given

in Fig. 15 of the ESM. The thymus density is

approximately 1.1 g/mL in foetuses aged 14–42 GW

[47], 1.07 g/mL in the newborn and 1.025 g/mL in the

adult [22].
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No data could be found on fetal thymus tissue compo-

sition. About 82.2% of the adult thymus is water. In

newborns, the thymus contains about 2.8% lipids (see

[37]).

3.15 Thyroid Gland

The thyroid gland starts to develop by around the third

week of intrauterine life. The functional activity begins by

12 GW [4]. After 20 GW, the thyroid gland undergoes

progressive functional development towards term

[113, 114]. The thyroid gland can be measured by ultra-

sonography from 14 GW [115]. Different studies have

investigated the mass of the thyroid gland at different GW

or body weight and using different methodologies

[116–121]. The weight of the thyroid gland fixed in for-

malin has been reported to be similar to the freshly

weighed specimens [122].

Data of thyroid gland mass are shown in Table 16 of the

ESM. A meta-analysis of these data at different FAs and

body weights is given in Table 1. These summary mea-

surements can be described using the following equations:

Thyroid massðgÞ ¼ ð0:033 � FAÞ2:585; ð36Þ

Thyroid massðgÞ ¼ ð0:00064 � BWÞ0:96: ð37Þ

Plots of growth of the thyroid gland as a function of FA

and body weight are given in Fig. 16 of the ESM. The

thyroid gland density in an adult is approximately 1.05 g/

mL [123].

Many system parameters were found positively corre-

lated with fetal thyroid volume, such as GA, biparietal

diameter, femur length, abdominal circumference and fetal

weight [119, 124]. Sex is not a significant covariate

[120, 122].

No data could be found for fetal thyroid composition. In

adults, water constitutes about 72–78% of the gland, while

protein constitutes about 14% of the wet weight of the

gland [37].

3.16 Gastrointestinal Tract

The gut begins to appear during the fourth week as a tube

and develops to the stage seen in the newborn by about

20 weeks [125]. Amniotic fluid swallowing activity has

been observed around 16 weeks [126]. By 16 weeks, the

foetus swallows 2–6 mL/day of amniotic fluid but this

increases to 200–600 mL/day at term [48]. Villous for-

mation begins at 7–8 GW and is present throughout the

small intestine by 14 GW with well-developed crypts by

about 19–20 GW [127–129]. Glucose and amino acids

transports were found to be functional by around 18 GW

[130, 131].

3.16.1 Stomach

The fetal stomach is sonographically visible at 9 GW and

quantifiable after 10 GW [132]. It takes its final shape by

20–26 GW [133, 134]. Disputable attempts have been

made to characterise the stomach volume growth using

either ultrasonography [133, 135–137] or direct measure-

ment of its weight [134]. Collated data are given in

Table 17 of the ESM. These results are variable because of

the complex structure of the stomach and its dynamically

changing nature as a result of the filling with time, and use

of different techniques.

Ultrasound measurements suggest that the volume of the

stomach (mL) increased from 0.10 ± 0.04 to 0.32 ± 0.10,

0.75 ± 0.58, 2.12 ± 0.81, 3.72 ± 1.94, 5.12 ± 2.02 and

6.55 ± 1.44 at 12, 15, 18, 24, 30, 35 and 37 weeks of FA,

respectively. These values can be described using the fol-

lowing equation:

Gastric volume mLð Þ ¼ ð0:053 � FAÞ2:73: ð38Þ

A plot of the growth of the fetal stomach as a function of

age is given in Fig. 17 of the ESM. No information could

be found on the density of the fetal stomach. An adult

stomach density is about 1.05 g/mL [138].

3.16.2 Intestines

Fetal intestinal length was measured at different GAs

[139–143]. These data are given in Table 18 of the ESM.

Age, weight and height, but not sex, were found to be

significant covariates of intestinal length [142, 144].

Moderate/marked maceration was associated with colon

length elongation, owing to the loss of smooth muscle tone,

but none of the small intestine length, total bowel length or

appendix length was altered by this [142]. Intrauterine

growth restriction appears to affect fetal intestinal length

during the third trimester, but no change could be detected

during the second trimester [141, 142]. Down syndrome

has been shown to influence the length of fetal intestines

from the second trimester until birth [142, 143].

The length of the small intestine constitutes about 78,

82, 84.7 and 82.3% of the total length of the fetal intestines

during the period of 11–12, 13–14, 19–20 and 23–24 GW,

respectively [143]. Both the jejunum and the ileum con-

stitute 97% of the small intestinal length, while the duo-

denum constitutes about 2–3% [139, 145]. The mean

length of the small intestine, from necropsy measurements,

shows an increase from 125 cm at 20 GW to 200 cm at 30

GW reaching 275 cm at term, indicating that fetal small

intestinal growth exceeded that of body length [146]. Fetal

colon length represents about 16.5, 18.8 and 16.2% of the

overall length of the intestine at 19–27, 27–35 and[ 35
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GW, respectively [139], and its length increases by about

two-fold during the third trimester [139].

3.16.3 Duodenum

Fetal duodenum dimensions were reported from a post-

mortem study of 222 foetuses aged 9–40 GW with no

external pathology or anomaly [144]. By assuming a

cylinder shape and using the reported transverse diameter

and length of the duodenum, the calculated volume shows

an increase from 0.004 ± 0.001 mL to 0.12 ± 0.04,

1.35 ± 0.27 and 3.35 ± 0.83 mL at 9, 22, 30 and

37 weeks of FA. The following equation can be used to

describe these changes:

Duodenal volume mLð Þ ¼ ð0:053 � FAÞ2:73: ð39Þ

3.16.4 Jejuno-ileum

The fetal jejuno-ileum length increases 2.4-fold compared

with a 1.7-fold increase for the duodenum during the third

trimester [139].

A detailed study measured jejunum and ileum diameters

and their wall thickness throughout the fetal period in 131

subjects [147]. In adults, the jejunum constitutes about

two-fifths of the small intestine [148]. Assuming this

relationship is applicable for the fetal intestine, the calcu-

lated jejuno-ileum volume increased from 0.043 mL at

5 weeks of FA to 0.366, 3.12, 10.15 and 18.14 mL at 10,

20, 30 and 38 weeks of age, respectively. When these data

were combined with the duodenal volume, the calculated

overall length was similar to the direct measurements from

post-mortem samples [149], as shown in Fig. 18 of the

ESM. Thus, an equation based on these data sets can be

derived to describe the growth of fetal small intestines as:

Small intestine volume mLð Þ ¼ ð0:061 � FAÞ3:905: ð40Þ

Alternatively, a relationship can be derived to describe

the small intestinal weight and body weight based on the

direct measurement [149] as below:

Fetal small intestine weight gmð Þ ¼ 0:0091 � BW: ð41Þ

By propagating the variability in body weight, the

expected variability in the fetal small intestine can be

visualised in Fig. 18 of the ESM.

3.16.5 Colon

The weight of the fetal large intestine is less than that of

small intestine [149] and can be distinguished from the

small bowel by ultrasonography usually from 20 GW

[150, 151]. It takes different shapes during fetal develop-

ment reaching the adult form near term [152]. Collated

studies for different dimensions of the fetal colon during

growth are given in Table 19 of the ESM, including colon

diameter [152–157] and thickness [152].

The only data available for a normal fetal colon volume

is from MRI for 83 measurements between 20 and 37 GW,

showing that the fetal colon grows exponentially as a

function of GW [158]. Correction for FA and extrapolation

to the birth and zero at the FA of zero weeks yielded the

following equation:

Colon volume mlð Þ ¼ 0:060 � FAð Þ4:98: ð42Þ

The growth of the fetal colon can be visualised from

Fig. 19 of the ESM.

3.16.6 Total Gut

Data on the total weight of the fetal gastrointestinal tract

from Clatworthy and Anderson [159] show that the total

alimentary canal weight increased from 0.3 g between 9

and 10 weeks of FA to 1.11, 8, 33, 85 and 100 g during 13–

14, 19–20, 27–28, 35–36 and 37–38 weeks of FA,

respectively. The reference value of 56 g for total newborn

gastrointestinal tract weight was reported by the Interna-

tional Commission on Radiological Protection [160]. By

combining stomach, small intestine and large intestine

data, one can conclude that the weight of the total gas-

trointestinal tract increases from 0.038 g to 0.40, 1.83,

5.83, 14.9, 32.8, 65 and 94 g at 5, 10, 15, 20, 25, 30, 35 and

38 weeks of FA, respectively. These values are in agree-

ment with those mentioned above from Clatworthy and

Anderson (1944). The following equation can be used to

describe the growth of the fetal gut:

GI tract weight gð Þ ¼ ð0:0737 � FAÞ4:41: ð43Þ

Based on this function (Eq. 43) and the established age–

weight relationship [24], the following function is

suggested to describe the mass of the gut as a function of

body weight:

GI tract weight gð Þ ¼ 0:0081 � BWþ 0:000005 � BW2:

ð44Þ

A plot of the growth of the fetal gut is given in Fig. 20

of the ESM.

No information on fetal stomach composition is avail-

able. The water constitutes about 75% of the adult stomach

[37]. Fetal small intestines constitute about 2.2% water; of

which 0.83 is phospholipids and 0.38% is cholesterol and

about 0.10% is glycerides. These values are almost con-

stant across different GAs [40]. A full-term intestines

constitutes about 79% water, 2.5% lipids and 13% protein

[37]. From seven premature newborns aged 28–33 GW, the
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water content was found to be about 85.7% of the fat-free

wet viscera tissue [35].

4 Discussion

This study summarises available data for the growth and

composition of major fetal organs. The collated and inte-

grated information has been analysed to derive growth

parameters (point estimates and distributions) for organs

during development, which are required to develop deter-

ministic or stochastic PBPK models for this special popu-

lation. The parameters are represented in terms of how they

change from embryonic life to the end of gestation. This

organ growth information together with previously repor-

ted information on fetal biometry and gross composition

[24] when integrated within the PBPK model can offer an

opportunity for assessing the fetal exposure and risk

assessment to various xenobiotics at different stages of

gestation.

To our knowledge, this is the first comprehensive

source describing fetal organ growth data based on a

meta-analysis with derived growth functions. Limited

information is available from previous reviews

[2, 17, 19, 161]. Among them, the most informative is

the review by Archie et al., which includes the mean

weight of nine fetal organs with the associated SDs at

different GW; however, the data are only from autopsy

studies and no growth functions were reported for these

organs [17]. A recent pharmacokinetic-oriented study

was performed to parametrise a linked fetal-maternal

PBPK model. However, limited data were presented for

only four organs using GA-dependent equations limited

to 20–40 weeks in a deterministic manner, no attempt

was made to conduct a meta-analysis or to quantify the

inter-individual variability of fetal parameters [2].

Here, we take a different approach (i.e. stochastic), to

build a bottom-up virtual population that considers inter-

individual variability for each organ; first, by providing

organ growth functions based on FA, with associated

unlinked variability and, second, by facilitating a correlated

Monte Carlo approach where links between organs and

body weights are considered. The weight-based functions

offer correlated variability, while the age-based functions

do not. Where the age-dependent functions are used to

build a fetal PBPK model, the variability terms (%CVs) in

Table 1 are required to describe organ inter-individual

variability.

The previously established male fetal body weight and

its variability [24] was used in the current analysis in the

following ways: (1) where no data on the body weight was

reported for an organ, the established predicted mean val-

ues were used to map the body weight at each specific

reported FA to propose a relationship between the observed

organ weight and total body weight as in the case of the

gut; and (2) the established body weight variance was

applied to the mean organ weight obtained by a meta-

analysis to generate variability around the average values.

The generated variability was compared to the observed

variability of the organ and presented in the figures in the

ESM.

In the previous study by Abduljalil et al. [24] the sample

size for the fetal body weight was large and hence expected

to follow a normal distribution; however, in the current

study, limited data were found for few organs, especially

for the very young foetuses, and the distribution may not

follow the normal distribution. In the meta-analysis the

normal distribution assumption was applied. From the

provided figures (ESM), it appears the body weight vari-

ability adequately describes the variability in major organs

such as the brain, heart and liver, but is not enough to

describe small organs such as the adrenal glands and thy-

mus. Possible reasons for this are that reported data for

these organs were associated with high variability (CV was

greater 40%) at certain ages or weights, different weight

intervals reported in the original paper and/or non-stan-

dardised methodologies used to prepare and quantify the

organ size.

While the growth of many normal fetal organs was

described adequately, many challenges were encountered

during data collection and analysis, which limited the

effective use of available information. For example, some

studies reported size measurements as a one-dimensional

parameter such as the length or diameter [79, 162]. Such

parameters are crude measures for characterising the

growth of organs with a complex shape or with a dynamic

state of filling and emptying as in the case of the gas-

trointestinal tract. Likewise, measurements of some organs

were not reported, instead equations were reported for the

mean with no information about the variability at different

GW [163]. Such types of studies were excluded from the

data analysis.

Another challenge was that many studies were cross-

sectional and/or retrospective and some performed their

analysis after pooling the data into monthly, trimester or

multiple weekly intervals and reporting only the mean

values. The selection of such intervals can introduce dis-

tortion in the results. In addition, many studies reported the

results graphically and extracting the data from these fig-

ures may lead to technical errors.

For some parameters, such as volume or weight of the

gut, skin and muscles, there were insufficient data to draw

growth functions for these organs based on body weight.

To overcome this challenge, the previously reported age–

weight relationship was used to derive body weight-de-

pendent equations for these organs.
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Organs such as the thymus and adrenal glands are small

and their measurements may not be reliable at early stages

of gestation; however, they have been added to this article

as there is accumulated evidence of drug toxicity to these

organs from rodent and monkey species, but limited evi-

dence so far from humans. For example, dexamethasone

can depress fetal adrenal function [164]. Prenatal caffeine

ingestion at a clinically toxic dose can inhibit fetal adrenal

corticosterone production in rats [165]. Degenerative

changes in fetal adrenal glands also have been reported

after maternal nicotine exposure in rats [166]. Furthermore,

there is evidence indicating that cadmium can accumulate

in the fetal thymus [167]. Fetal thymic atrophy as a result

of depression of the thymic cellularity and function has

been reported after exposure to immunotoxicant com-

pounds such as the insecticides chlordane and benzo(a)-

pyrene [168, 169].

While the density of some fetal organs have been

reported at certain points of development [51, 170], for

other organs, densities are currently unavailable and thus

reference values from newborns or adults were mentioned.

A recent study showed that density did not differ between

the lungs, kidneys, spleen, liver, adrenal glands and thymus

evaluated, with advancing GW between 9 and 20 GW [82].

While it is possible, in this case, that below 20 GW no

statistical difference in these organs density is expected,

assuming the same value for each organ density after 20

GW is questionable. Future longitudinal studies are

required to investigate the density of different organs at

different FAs as such data are unavailable.

Tissue composition information is limited in general and

reported mainly in older studies (see text). Where neces-

sary, we used data from premature subjects to reflect in

utero fetal composition at the equivalent age, as it is

unlikely that there will be significant differences. However,

longitudinal studies investigating tissue composition

throughout in utero life using modern techniques are

required.

Contradictory studies are reported on the accuracy of

measurement techniques. Three studies have compared

autopsy weight vs. MRI volume on post-mortem fetal

organ measurement. In Breeze et al., fetal lung, brain and

liver volumes were estimated post-mortem in a total of 25

foetuses at 16–40 GW and showed a good correlation

between volume estimated at MRI and weight estimated at

post-mortem [51]. Thayyil et al. examined fetal liver,

spleen, adrenal glands, thymus, heart, kidneys and lungs in

a total of 30 foetuses at 14–42 GW and showed a high

linear correlation between estimated and actual weights. It

also showed that accuracy was lower when foetuses

were\ 20 GW or\ 300 g in weight. The weight of the

organs measured varied between 6 and 161 g [170]. Votino

et al. examined fetal liver, lungs, kidneys, adrenal glands,

thymus and spleen, but focusing on smaller foetuses, 9–20

GW, and thus on smaller organs (0.009–6 g) [82]. In this

study, the volume and weight for all investigated organs

were linearly correlated in a statistically significant

manner.

Magnetic resonance imaging was found to overestimate

the fetal autopsy lung volume between 9 and 19 GW by a

mean of 138 mm3 [82]. Magnetic resonance imaging tends

to slightly overestimate the average volume of some organs

such as the liver, lungs and brain most probably owing to

fluid loss or lack of perfusion at the time of autopsy.

However, when the autopsy studies are compiled together,

the MRI measurements are within the inter-autopsy study

variability. Therefore, values from MRI were included in

the data analysis without special treatment. The two-di-

mensional ultrasound method was found to overestimate all

lung volumes in relation to those obtained by virtual organ

computer-aided analysis (VOCAL) [171]. The 3D ultra-

sound produces slightly lower lung volume when compared

with MRI [172]. The VOCAL 3D-ultrasound measure-

ments of lungs showed higher variability than those

obtained by means of MRI [173] and overestimate autopsy

measurements, as in the case of the heart data. The

extended version of VOCAL (XI VOCAL) has been

developed [174] and reported to accurately virtualise actual

organs by analysing the volume of the organs drawn out

from a sliced sectional diagram. The XI VOCAL is

reported to be better than VOCAL and 3D ultrasonography

in the measurement of the volume of organs with irregular

shapes [174, 175] and provided more accurate measure-

ments than VOCAL for fetal heart volume [175]. With

increased interest in the new techniques, longitudinal

studies using standard methods with an accurate determi-

nation of organs are required. Unfortunately, there is not

yet a comprehensive review of the accuracy of these

methods during the entire intra-uterine fetal period.

Despite all the challenges described above, the current

level of data collection on fetal organ seems sufficient as a

starting point for building fetal PBPK models, encom-

passing longitudinal changes of anatomical values with FA

and or body weight. The fetal organ growth data alongside

previous fetal biometry data and future data on fetal organ

blood flows, blood binding parameters, drug metabolism

and transporter ontogeny will allow complete parametri-

sation of a full fetal PBPK model. Integration of fetal

physiological parameters with maternal physiological

parameters, together with the placental unit within the

PBPK platform will facilitate assessment of inadvertent

fetal exposure to drugs and xenobiotics after maternal

administration and in clinical settings when the foetus is

the therapeutic target. Compiled fetal PBPK models will

require verification of their performance against field data

(clinical observation on pharmaceutical drugs or
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opportunistic data on environmental chemicals). Such

models have to be viewed as ‘‘live models’’, which are

built on a flexible framework that allow new data to be

incorporated as they become available. To develop a

mechanistic PBPK model, a multivariate analysis of

maternal and fetal covariates, their means and distributions

should be performed and the results integrated within the

PBPK platform.

The current evaluation of these data was carried out

based on the collected data presented in the tables in the

ESM. Thus, the provided mean and variability values for

poorly described parameters may not represent the actual

mean or variability in a real-life situation.

5 Conclusions

This is the first work to provide a comprehensive data

collection for fetal organs from numerous scattered studies

and to analyse them and propose an analytical solution

describing organ growth with age and body weight. These

tasks were undertaken primarily to fill some of the existing

gaps in our knowledge regarding this special population

and thus enable the construction of mechanistic fetal PBPK

models that can be linked to a maternal model and used to

predict fetal exposure and potential toxicity. While the

current article provides an up-to-date database, it also

identifies gaps in existing knowledge and areas where

further research is required.

Acknowledgements We thank Miss Eleanor Savill and Ms Rosalie

Bower for their assistance with collecting the references and

preparing the manuscript.

Compliance with Ethical Standards

Funding No funding was received for the preparation of this study.

Conflict of interest Khaled Abduljalil, Masoud Jamei and Trevor N.

Johnson are full-time employees of Certara UK Limited. The activ-

ities of Certara are supported by a consortium of pharmaceutical

companies.

References

1. Zhang Z, Unadkat JD. Development of a novel maternal-fetal

physiologically based pharmacokinetic model II: verification of

the model for passive placental permeability drugs. Drug Metab

Dispos. 2017;45:939–46.

2. Zhang Z, Imperial MZ, Patilea-Vrana GI, Wedagedera J, Gao-

hua L, Unadkat JD. Development of a novel maternal-fetal

physiologically based pharmacokinetic model I: insights into

factors that determine fetal drug exposure through simulations

and sensitivity analyses. Drug Metab Dispos. 2017;45:920–38.

3. O’Rahilly R, Muller F. Developmental stages in human

embryos: revised and new measurements. Cells Tissues Organs.

2010;192:73–84.

4. Moore KL, Persaud TVN, Torchia MG. The developing human:

clinically oriented embryology. 9th ed. Philadelphia (PA):

Saunders, Elsevier; 2013.

5. Sachdeva P, Patel BG, Patel BK. Drug use in pregnancy; a point

to ponder! Indian J Pharm Sci. 2009;71:1–7.

6. Colbers A, Greupink R, Burger D. Pharmacological considera-

tions on the use of antiretrovirals in pregnancy. Curr Opin Infect

Dis. 2013;26:575–88.

7. Cox PB, Marcus MA, Bos H. Pharmacological considerations

during pregnancy. Curr Opin Anaesthesiol. 2001;14:311–6.

8. Herbst AL, Ulfelder H, Poskanzer DC. Adenocarcinoma of the

vagina: association of maternal stilbestrol therapy with tumor

appearance in young women. N Engl J Med. 1971;284:878–81.

9. Edelman DA. Diethylstilbestrol exposure and the risk of clear

cell cervical and vaginal adenocarcinoma. Int J Fertil.

1989;34:251–5.

10. Drukker A, Guignard JP. Renal aspects of the term and preterm

infant: a selective update. Curr Opin Pediatr. 2002;14:175–82.

11. Brenner BM, Chertow GM. Congenital oligonephropathy and

the etiology of adult hypertension and progressive renal injury.

Am J Kidney Dis. 1994;23:171–5.

12. Poggi SH, Ghidini A. Importance of timing of gestational

exposure to methotrexate for its teratogenic effects when used in

setting of misdiagnosis of ectopic pregnancy. Fertil Steril.

2011;96:669–71.

13. Sulik KK, Cook CS, Webster WS. Teratogens and craniofacial

malformations: relationships to cell death. Development.

1988;103 Suppl.:213–31.

14. Martin-Suarez A, Sanchez-Hernandez JG, Medina-Barajas F,

Perez-Blanco JS, Lanao JM, Garcia-Cuenllas Alvarez L, et al.

Pharmacokinetics and dosing requirements of digoxin in preg-

nant women treated for fetal supraventricular tachycardia.

Expert Rev Clin Pharmacol. 2017;10:911–7.

15. Roberts D, Brown J, Medley N, Dalziel SR. Antenatal corti-

costeroids for accelerating fetal lung maturation for women at

risk of preterm birth. Cochrane Database Syst Rev.

2017;3:CD004454.

16. Miyata I, Abe-Gotyo N, Tajima A, Yoshikawa H, Teramoto S,

Seo M, et al. Successful intrauterine therapy for fetal goitrous

hypothyroidism during late gestation. Endocr J. 2007;54:813–7.

17. Archie JG, Collins JS, Lebel RR. Quantitative standards for fetal

and neonatal autopsy. Am J Clin Pathol. 2006;126:256–65.

18. Shepard TH, Shi M, Fellingham GW, Fujinaga M, FitzSimmons

JM, Fantel AG, et al. Organ weight standards for human fetuses.

Pediatr Pathol. 1988;8:513–24.

19. Jackson CM. On the prenatal growth of the human body and the

relative growth of the various organs and parts. Am J Anat.

1909;9:119–65.

20. Luecke RH, Wosilait WD, Young JF. Mathematical represen-

tation of organ growth in the human embryo/fetus. Int J Biomed

Comput. 1995;39:337–47.

21. Potter EL, Craig JM. Potter’s pathology of the fetus and infant.

St. Louis (MO): Mosby; 1997.

22. Valentin J. Basic anatomical and physiological data for use in

radiological protection: reference values: a report of age- and

gender-related differences in the anatomical and physiological

characteristics of reference individuals. ICRP Publication 89.

Ann ICRP. 2002;32:5–265.

23. Abduljalil K, Furness P, Johnson TN, Rostami-Hodjegan A,

Soltani H. Anatomical, physiological and metabolic changes

with gestational age during normal pregnancy: a database for

parameters required in physiologically based pharmacokinetic

modelling. Clin Pharmacokinet. 2012;51:365–96.

Fetal PBPK Models: Systems Information on Organs Growth and Composition 257



24. Abduljalil K, Johnson NT, Rostami-Hodjegan A. Fetal physio-

logically-based pharmacokinetic models: systems information

on fetal biometry and gross composition. Clin Pharmacokinet

(accepted).
25. Silverwood RJ, Cole TJ. Statistical methods for constructing

gestational age-related reference intervals and centile charts for

fetal size. Ultrasound Obstet Gynecol. 2007;29:6–13.

26. Tanimura T, Nelson T, Hollingsworth RR, Shepard TH. Weight

standards for organs from early human fetuses. Anat Rec.

1971;171:227–36.

27. Marecki B. Sexual dimorphism of the weight of internal organs

in fetal ontogenesis. Anthropol Anz. 1989;47:175–84.

28. Fujikura T, Froehlich LA. Organ-weight-brain-weight ratios as a

parameter of prenatal growth: a balanced growth theory of

visceras. Am J Obstet Gynecol. 1972;112:896–902.

29. Burdi AR, Barr M, Babler WJ. Organ weight patterns in human

fetal development. Hum Biol. 1981;53:355–66.

30. Baker GL. Human adipose tissue composition and age. Am J

Clin Nutr. 1969;22:829–35.

31. Brans YW, Shannon DL. Chemical changes in human skeletal

muscle during fetal development. Biol Neonate. 1981;40:21–8.

32. Dickerson JW. Changes in the composition of the human femur

during growth. Biochem J. 1962;82:56–61.

33. Dickerson JW, Widdowson EM. Chemical changes in skeletal

muscle during development. Biochem J. 1960;74:247–57.

34. Dobbing J, Sands J. Quantitative growth and development of

human brain. Arch Dis Child. 1973;48:757–67.

35. Fee BA, Weil WB Jr. Body composition of infants of diabetic

mothers by direct analysis. Ann N Y Acad Sci.

1963;110:869–97.

36. Fomon SJ, Haschke F, Ziegler EE, Nelson SE. Body composi-

tion of reference children from birth to age 10 years. Am J Clin

Nutr. 1982;35:1169–75.

37. ICRP. Report of the Task Group on Reference Man. ICRP

Publication 23, International Commission on Radiological Pro-

tection. Oxford: Pergamon Press; 1975.

38. Iob V, Swanson WW. The extracellular and intracellular water

in bone and cartlage. J Biol Chem. 1938;122:485–90.

39. Iyengar L, Apte SV. Nutrient stores in human foetal livers. Br J

Nutr. 1972;27:313–7.

40. Shah RS, Rajalakshmi R. Studies on human fetal tissues: II.

Lipid composition of human fetal tissues in relation to gesta-

tional age, fetal size and maternal nutritional status. Indian J

Pediatr. 1988;55:272–82.

41. Swanson WW. IOB V. Growth and chemical composition of the

human skeleton. Am J Dis Child. 1940;59:107–11.

42. White DR, Widdowson EM, Woodard HQ, Dickerson JW. The

composition of body tissues (II): fetus to young adult. Br J

Radiol. 1991;64:149–59.

43. Widdowson EM. Growth and composition of the fetus and

newborn. In: Assali NS, editor. Biology of gestation. Vol 2. The

fetus and neonate. New York (NY): Academic Press; 1968.

p. 1–49.

44. Widdowson EM, Dickerson JW. The effect of growth and

function on the chemical composition of soft tissues. Biochem J.

1960;77:30–43.

45. Winick M. Changes in nucleic acid and protein content of the

human brain during growth. Pediatr Res. 1968;2:352–5.

46. Valenti O, Di Prima FA, Renda E, Faraci M, Hyseni E, De

Domenico R, et al. Fetal cardiac function during the first tri-

mester of pregnancy. J Prenat Med. 2011;5:59–62.

47. Thayyil S, Schievano S, Robertson NJ, Jones R, Chitty LS,

Sebire NJ, et al. A semi-automated method for non-invasive

internal organ weight estimation by post-mortem magnetic res-

onance imaging in fetuses, newborns and children. Eur J Radiol.

2009;72:321–6.

48. Blackburn ST. Maternal, fetal and neonatal physiology: a clin-

ical perspective. 3rd ed. Philadelphia: Saunders Elsevier; 2007.

49. Khwaja OS, Pomeroy SL, Ullrich NJ. Development of the

nervous system. In: Polin RA, Fox WW, Abman SH, editors.

Fetal and neonatal physiology. 4th ed. Philadelphia (PA):

Elsevier; 2011. p. 1745–62.

50. Samuelsen GB, Larsen KB, Bogdanovic N, Laursen H, Graem

N, Larsen JF, et al. The changing number of cells in the human

fetal forebrain and its subdivisions: a stereological analysis.

Cereb Cortex. 2003;13:115–22.

51. Breeze AC, Gallagher FA, Lomas DJ, Smith GC, Lees CC.

Postmortem fetal organ volumetry using magnetic resonance

imaging and comparison to organ weights at conventional

autopsy. Ultrasound Obstet Gynecol. 2008;31:187–93.

52. Duck FA. Physical properties of tissue. London: Academic;

1990.

53. Johansson M, Strahm E, Rane A, Ekstrom L. CYP2C8 and

CYP2C9 mRNA expression profile in the human fetus. Front

Genet. 2014;5:58.

54. Fanni D, Fanos V, Ambu R, Lai F, Gerosa C, Pampaloni P, et al.

Overlapping between CYP3A4 and CYP3A7 expression in the

fetal human liver during development. J Matern Fetal Neonatal

Med. 2014:1–5.

55. Hakkola J, Raunio H, Purkunen R, Saarikoski S, Vahakangas K,

Pelkonen O, et al. Cytochrome P450 3A expression in the

human fetal liver: evidence that CYP3A5 is expressed in only a

limited number of fetal livers. Biol Neonate. 2001;80:193–201.

56. Hakkola J, Pasanen M, Purkunen R, Saarikoski S, Pelkonen O,

Maenpaa J, et al. Expression of xenobiotic-metabolizing cyto-

chrome P450 forms in human adult and fetal liver. Biochem

Pharmacol. 1994;48:59–64.

57. Hines RN. The ontogeny of drug metabolism enzymes and

implications for adverse drug events. Pharmacol Ther.

2008;118:250–67.

58. Gasser B, Mauss Y, Ghnassia JP, Favre R, Kohler M, Yu O,

et al. A quantitative study of normal nephrogenesis in the human

fetus: its implication in the natural history of kidney changes due

to low obstructive uropathies. Fetal Diagn Ther. 1993;8:371–84.

59. Rosati P, Guariglia L. Transvaginal sonographic assessment of

the fetal urinary tract in early pregnancy. Ultrasound Obstet

Gynecol. 1996;7:95–100.
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