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Abstract

Chronic kidney disease continues to be under recognised and is associated with a significant
global health burden and costs. An adverse intrauterine environment may result in a depleted
nephron number and an increased risk of chronic kidney disease. Antenatal ultrasound was
used to measure the foetal renal parenchymal thickness (RPT), as a novel method to estimate
nephron number. Foetal renal artery blood flow was also assessed. This prospective,
longitudinal study evaluated the foetal kidneys of 102 appropriately grown and 30 foetal
growth-restricted foetuses between 20 and 37 weeks gestational age (GA) to provide vital
knowledge on the influences foetal growth restriction has on the developing kidneys. The foetal
RPT and renal artery blood flow were measured at least every 4 weeks using ultrasound. The
RPT was found to be significantly thinner in growth-restricted foetuses compared to appropri-
ately grown foetuses [likelihood ratio (LR)= 21.06, P≤ 0.0001] and the difference increases
with GA. In foetuses with the same head circumference, a growth-restricted foetus was more
likely to have a thinner parenchyma than an appropriately grown foetus (LR= 8.9, P= 0.0028),
supporting the principle that growth-restricted foetuses preferentially shunt blood towards the
brain. No significant difference was seen in the renal arteries between appropriately grown and
growth-restricted foetuses. Measurement of the RPT appears to be a more sensitive measure
than current methods. It has the potential to identify infants with a possible reduced nephron
endowment allowing for monitoring and interventions to be focused on individuals at a higher
risk of developing future hypertension and chronic kidney disease.

Introduction

Globally, it is estimated that between 5 and 10 million people die annually due to kidney
disease.1 Chronic kidney disease is the most neglected chronic disease and continues to be under
recognised, despite being identified as a huge economic burden. Its link with other major dis-
eases such as cardiovascular disease, hypertension and diabetes is often underestimated.1,2

Effective screening, prevention and early treatment can slow or reduce the incidence of chronic
kidney disease.3 Understanding the influences for the healthy development of the kidneys and
subsequent kidney function is a priority.

It is well established that developmental programming of the foetal kidney can affect kidney evo-
lution in utero and in early life, which can in turn impact kidney growth patterns and function.4,5 The
association between an adverse intrauterine environment and the development of chronic kidney
disease and hypertension later in life is compelling.6–8 Low birth weight (defined as birth
weight < 2500 g) is associated with a 70% increased risk of developing chronic kidney disease.9

Low birth weight, or small for gestational age (SGA) (defined as birth weight< 10th centile),
is often used as a proxy for foetal growth restriction (FGR), previously known as intrauterine
growth restriction. The two terms, however, are different, as not all SGA infants are growth
restricted and not all growth-restricted infants are SGA. True FGR is a major cause of morbidity
and mortality and is believed to predispose to a range of diseases later in life.10–12 Serial antenatal
ultrasound growthmeasurements and uteroplacental and foetal Dopplers are employed to diagnose
FGR.10,13

A reduced nephron endowment is associated with an increased susceptibility to hypertension
and renal disease.4,6,14 Nephrogenesis in utero is themain determinant of life-long nephron number,
and so it is vital to consider the impact of foetal life programming, such as FGR, on the risks of
developing kidney disease.8,15 The challenge remains to find a method to quantify nephron
numbers in utero and develop useful early prognostic factors for future renal function.7,16,17
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Measurement of the foetal renal parenchymal thickness (RPT)
with antenatal ultrasound is a novel, non-invasivemethod to assess
changes in kidney growth. The parenchymal tissue of the kidney
comprises the renal cortex andmedulla, which contain the functional
units of the kidney – the nephrons and glomeruli. The renal paren-
chymameasurement is a single, easily performedmeasurement focus-
ing on the nephron-rich area. Additionally, quantifying foetal renal
artery blood flow may be valuable to investigate alterations in perfu-
sion, as it is well established that during foetal hypoxia, such as seen in
FGR, blood flow is preferentially shunted away from the kidneys to
more essential organs such as the heart, brain and adrenals.18

There is very little information on the usefulness of assessing the foetal
renal parenchyma as a prognostic tool for renal function.

The aim of this study was to determine the effect of FGR on the
development of the foetal kidneys by evaluating the RPT during
consecutive ultrasound examinations between 20 and 36 weeks
gestational age (GA). The primary outcome measure was the dif-
ference in RPT between appropriately grown and growth-
restricted foetuses, and the secondary outcome measure was the
blood flow to the foetal kidneys between these two groups. We
hypothesised that FGR impairs RPT growth.

Method

This prospective, longitudinal, observational study was con-
ducted between May 2017 and February 2019 in the Maternal
Fetal Medicine Unit and Ultrasound Department at the
Townsville Hospital, Australia.

Study population

The Townsville Hospital andHealth Service provides tertiary, peri-
natal services and receives public and private referrals for obstetric
care from all over North Queensland, with a catchment population
of around 700,000 and 10,000 births per year.19 Pregnant patients
aged 18 years or older, who presented to the Townsville Hospital
for a second-trimester obstetric ultrasound scan between May 2017
and October 2018, were invited to participate, or they were informed
about the study by their treating obstetrician,midwife or sonographer.

Women were included if they had a singleton pregnancy up
to 30 weeks gestation with an accurately dated pregnancy based
on last normal menstrual period (LNMP) and first-trimester
ultrasound, that correlated with each other within 7 days, or
on first-trimester ultrasound if LNMP was uncertain. Women
were excluded if they had a multiple pregnancy, uncertain dates
or any major congenital foetal abnormality or chromosomal
abnormality. Detailed written information was given to the patient
and written consent was obtained.

Study process

Participants completed a questionnaire, which included demo-
graphic, medical and obstetric data. The first ultrasound was most
commonly performed between 16 and 26 weeks GA; however, nine
women had their first ultrasound between 28 and 30 weeks GA and
one at 30 weeks. To obtain robust longitudinal data, women were
asked to attend ultrasound scans every 4 weeks from their first
ultrasound until delivery. Some women, particularly those with
high-risk pregnancies, had additional clinically indicated ultra-
sounds. If an ultrasound was performed at two ormore weeks from
the previous ultrasound recorded for the study, renal measure-
ments were performed again for the study.

Ultrasound examination

Three Australian Accredited Medical Sonographers, with at least 2
years post-ultrasound qualification experience, performed all
examinations. A documented protocol outlined the required renal
measurements and how they were to be performed for the study.
Training of the sonographers was conducted prior to commence-
ment of the study. An audit and follow-up was conducted with all
participating sonographers 3 months after commencement of the
study to confirm adherence to the study protocol. A Voluson E8
(GE Healthcare Ultrasound, Milwaukee, WI, USA) or an Epiq 7
(Philips Ultrasound, Bothell, WA, USA) was used for the ultra-
sound examinations, and the highest frequency transducer pos-
sible, matching the mother’s body habitus (1–5MHz), was
selected to obtain the highest image resolution for each participant.

Where possible, the foetal kidneys were measured with the
foetal spine positioned anteriorly or as close as possible to this posi-
tion. The image was magnified so that the kidney occupied most of
the image, and one focus was placed at the level of the kidney. The
RPT was measured in the midsagittal plane of the kidney. It was
measured from the inner aspect of the renal capsule to the
sinus–pyramidal apex interface in two directions – from the pos-
terior aspect of the kidney to the sinus–pyramidal apex (posterior
parenchyma) and from the anterior border of the kidney to the
sinus–pyramidal apex (anterior parenchyma) (Fig. 1). Each mea-
surement was performed twice, and the mean of the two measure-
ments was recorded. Both kidneys were measured.

Bilateral foetal renal artery Dopplers were performed in a coro-
nal view of the kidneys. Colour flow was employed to identify the
renal artery arising from the aorta and entering the kidney. A low
wall filter between 30 and 60 Hz was used, and a sample gate of size
2–3 mm was placed in the mid-trunk of the main renal artery. A
pulse wave signal was obtained using an angle as close to 0° as pos-
sible and when there was no foetal movement or breathing (Fig. 2).
The average of at least three consistent consecutive waveforms was
used to calculate the resistivity index (RI) and pulsatility index (PI).

Sample size

The sample size was calculated based on a statistical power of
80% and a significance level of 0.05 (two-tailed). Data from
our previously published study demonstrated that the mean
RPT was 9.4 mm (±1.1 mm) for normal birth weight neonates
and 8.3 mm (±1.0) mm for low birth weight neonates at term.20

Therefore, it was estimated that a sample size of 30 would be

Fig. 1. Measurement of the renal parenchymal thickness posteriorly (1) and anteri-
orly (2) from the inner aspect of the renal capsule to the sinus–pyramidal apex inter-
face at 20 weeks GA.
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needed [15 growth-restricted foetuses and 15 appropriate for
gestational age (AGA)]. Allowing for the possibility of loss to
follow-up, at least 20 participants would be recruited for each
group resulting in a total of 40 participants, each having ultra-
sound scans at least every 4 weeks.

Analysis

After birth, the infants were assigned to one of two groups – AGA
or FGR. These groups were defined a priori.13 Birth weight was
plotted on Hadlock et al.’s21 foetal weight charts, as it has been
demonstrated that neonatal charts do not represent a random sam-
ple of the population at a given GA.10 Infants born preterm are
over-represented with cases of FGR, and therefore foetal growth
should be assessed against measurements of on-going pregnancies
at that GA as opposed to a birth weight of infants born at a given
GA.10,22 Those infants with a birth weight above the 90th centile
were considered large for gestational age (LGA) and were excluded
from this analysis. The criteria for classification of FGR are
shown in Table 1 and were based on a consensus definition of
FGR obtained by Delphi survey of 45 international experts in
the field.13 Infants who were neither LGA nor FGR were consid-
ered AGA.

Analysis of maternal and birth characteristics was performed
using IBM SPSS version 25, Armonk, NY, USA. Normality of
the demographic data was tested using a Kolmogorov–Smirnov
test and visually inspecting the histograms. Normally distributed
variables were reported as a mean and standard deviation and
non-normally distributed variables as a median and interquartile
range. All other analyses were conducted using R Statistical
Language in R Studio (version 1.2.1335, Vienna, Austria).23,24

Visual inspection of residual plots did not reveal any obvious devi-
ations from homoscedasticity or normality. No outliers were
removed. The nlme package (version 3.1-139)25 was used to fit a
random slopes linear mixed effects model to describe the effects
of explanatory variables on RPT. The graphics were created with
ggplot2.26 Two models were fitted.

The first model focused on the relationship between the RPT
and GA. For this analysis, the response variable was RPT and fixed
effects in the model were GA, growth (either AGA or FGR), kidney
side (right or left) and the interaction between GA and growth. The
relationship between parenchymal thickness and GA showed sig-
nificant curvature, so a quadratic term was also included in the
model. Other fixed effects were also tested (anterior or posterior
parenchyma and gender); however, they did not improve the fit.
Random effects were participants with random intercepts as well
as random slopes for the effect of GA. Alternative models of differ-
ent complexity were compared using likelihood ratio (LR) tests and
Akaike’s information criteria (AIC).

The secondmodel assessed the effects of growth (AGA vs. FGA)
on the relationship between the thickness of the foetal renal paren-
chyma and the head circumference (HC). We assumed a power
function of the form:

y ¼ axb

was appropriate to describe this relationship, where y= parenchy-
mal thickness and x=HC. Since y and x are both linear measure-
ments, the value of b should equal 1 if both grow at the same rate. In
order to fit the model, the renal parenchyma and HC measure-
ments were log transformed to convert the power function to a lin-
ear equation of the form:

log yð Þ¼ log að Þ þ b log xð Þð Þ:

The fixed effects in the model were HC (log10), growth (either
AGA or FGR) and kidney side (right or left). In this case, the inter-
action term did not improve the model fit and is omitted from the
final model, as are other fixed effects tested (anterior or posterior
parenchyma and gender). Random effects were participants with
random intercepts as well as random slopes for HC (log10).

Analysis of the foetal renal arteries (for both RI and PI) used
fixed effects of GA (as a quadratic fit), growth (AGA or FGR), with

Fig. 2. Colour and pulse wave Doppler from the mid-trunk of the left main renal artery at 33 weeks GA.
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interaction and kidney side (right or left). Other fixed effects tested
which did not improve the model included anterior or posterior
parenchyma and gender. Random effects were participants with
random intercepts as well as random slopes for the effect of GA.
As in previous models, LR tests and AIC were used to compare
alternative models.

Results

One hundred and fifty-five pregnant women were recruited for the
study, with 23 excluded (Fig. 3). Among the remaining 132 preg-
nancies, 102 were AGA and 30 were FGR. The characteristics of the
mother and baby are summarised in Table 2. FGR was associated
with a significantly lower birth weight, an earlier GA at birth and a
lower rate of diabetes.

Due to the small number of examinations below 20 weeks and
over 38 weeks GA, data were only included between 20 weeks
0 days and 37 weeks 6 days GA.Measurements were obtained from
both foetal kidneys and renal arteries with a total of 638 separate
ultrasound examinations performed between 20 and 37 weeks GA.
The median number of scans per pregnancy was 5 (range: 1–8).
The full set of planned examinations were not completed in some
cases as the participant delivered prior to the end of the study.

Renal parenchymal thickness

In total, 2556 RPTmeasurements were made – 4 measurements on
each foetus at each GA, corresponding to 1 each by side (right or
left) and anterior and posterior. During modelling, no significant
effect was found according to gender (P= 0.177) or whether the
anterior and posterior parenchyma was measured (P= 0.163),
and therefore these were not included in the model. There was a
significant difference in the RPT between the right and left kidneys
with the left parenchymameasuring significantly thinner (P= 0.001),
and therefore kidney side was included in the model.

The findings have demonstrated that the RPT is significantly
thinner in growth-restricted foetuses when compared to appro-
priately grown foetuses, and the effect is strong (LR= 21.06,
P=<0.0001). P-values are obtained by LR tests of the full model
with the growth of the foetus (whether they are appropriately
grown or not) in the model against a model without the foetal
growth included. With increasing GA, the difference between
the thickness of the parenchyma of appropriately grown and
growth-restricted foetuses increases. The overall regression line
(assuming independence) is illustrated in Fig. 4. Table 3 displays

the fixed effects estimates and Supplementary Table S1 displays
the random effects. The equations for RPT are

• Right AGA RPT ¼ 4:37þ 0:448GA� 0:00885 GA2ð Þ:
• Right FGR RPT ¼ 4:37þ 0:448�0:0383ð ÞGA�0:00885 GA2ð Þ:
• Left AGARPT ¼ 4:37� 0:108ð Þ þ 0:448GA� 0:00885 GA2ð Þ:
• Left FGR RPT ¼ 4:37�0:108ð Þþ 0:448�0:0383ð ÞGA�0:00885 GA2ð Þ:

RPT compared to HC

Growth of the RPTwas compared toHC (Fig. 5), and this showed a
significant difference between AGA and FGR foetuses (LR= 8.9,
P= 0.0028) with the RPT growing at a slower rate compared to
HC in FGR than in AGA foetuses. There was, however, no differ-
ence in the slope of the growth. Fixed and random effects estimates
are provided in Supplementary Tables S2 and S3.

Renal artery Dopplers

In total, 1235 renal artery Dopplers were carried out. Doppler of
the renal artery was not able to be obtained for 1 kidney in 25 scans
and for both kidneys in 12 scans due to foetal position and/or per-
sistent movement. No significant difference was seen between
AGA and FGR foetuses in the RI (P= 0.182) or PI (P= 0.554)
of the renal arteries. Supplementary Tables S4 and S5 show the
fixed and random effects estimates, respectively.

Discussion

RPT and FGR

Our study demonstrates that the RPT is significantly thinner in
growth-restricted foetuses when compared to appropriately grown

1540 estimated patients
who were potentially
eligible to participate

24 declined to participate  
N = 8 no reason offered 
N = 8 too difficult to a�end multiple 
scans due to family, work or transport 
N = 6 said yes however did not return 
written consent 
N = 2 too far to travel  

179 invited to participate 

N = 102 appropriate for 
gestational age (AGA) 
N = 30 foetal growth 
restriction (FGR)      
Birth data obtained for all
pregnancies

23 excluded 
N = 16 large for gestational age (birth 
weight > 90th centile) 
N = 6 foetal or chromosomal abnormality 
N = 1 failed to attend any appointments  

155 consented 

Fig. 3. Flow chart of participant inclusion and exclusion processes.

Table 1. Classification of FGR

Early FGR: GA< 32 weeks Late FGR: GA ≥ 32 weeks

• AC or EFW < 3rd centile or
UA–AEDF

• AC or EFW< 3rd centile

Or Or at least two of the following:

• AC or EFW < 10th centile
combined with

• AC or EFW< 10th centile

• Uterine artery – PI > 95th centile
and/or

• AC or EFW crossing centiles > 2
quartiles

• UA–PI > 95th centile • CPR< 5th centile or UA–PI > 95th
centile

AC, abdominal circumference; AEDF, absent end diastolic flow; CPR, cerebroplacental
ratio; EFW, estimated foetal weight; FGR, foetal growth restriction; PI, pulsatility index;
UA, umbilical artery.
Based on Gordijn et al.13
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foetuses. A point of difference with this study is that foetal size
and Doppler criteria were used to classify true FGR.13 Almost all
previous foetal and kidney studies use SGA as a surrogate for
FGR.6,27–29 Recent advances in medical imaging technology and
publication of an international consensus on FGR classification13

enable clinicians and researchers to improve the diagnosis of
FGR and understand that FGR is failure to achieve optimal growth
and not just smallness.

SGA is based only on a weight cut-off after birth, such as a birth
weight less than 2500 g, and therefore includes genetically small
foetuses, but healthy, and excludes infants within the normal
weight range who are truly growth restricted. FGR is defined as
a pathologically small foetus that does not meet its optimal growth
and will usually be associated with abnormal uteroplacental or
foetal blood flow.10,13 It is largely independent of absolute growth
and is principally based on growth trajectory.30 If foetal growth
drops from the 80th centile to the 20th centile over time, the foetus
is considered growth restricted even though the foetal weight is
within the normal range.

As this was a longitudinal study, we can truly assess the growth
of the parenchyma in real time. In the literature, only limited data
are available on actual foetal kidney growth; as although some
studies report kidney growth, the studies are cross-sectional in
design and therefore unsuitable to assess growth.16 A strength of
our study was having longitudinal data analysed by mixed effects
modelling. Mixed effects modelling is much more flexible and
powerful than traditional analyses that perform overall averag-
ing.31 Every data point is considered using fixed and random effects
in a single model to account for all sources of variation. Mixed
effects models can deal with missing data and naturally handle
unevenly spaced repeated measures which commonly occur in
human studies.

Our study demonstrated a significant difference in thickness
and growth trajectory of the renal parenchyma between AGA
and FGR foetuses. With increasing GA, the difference between
thicknesses of the parenchyma in the two groups increased.
Placental insufficiency is the most common cause of FGR.10,11 It
is therefore plausible that this deceleration in growth of the

Table 2. Characteristics of 102 AGA and 30 FGR pregnancies and their infants

Participant characteristics AGA (N= 102) FGR (N= 30) P-values

Maternal

Maternal age (years) (mean ± SD) 29.6 ± 5.2 32.0 ± 6.4 0.099a

Maternal height (cm) (mean ± SD) 1.65 ± 0.06 1.62 ± 0.07 0.411a

Maternal weight (kg) (M, IQR) 72.0 (60.0–86.5) 70.8 (55.0–87.7) 0.615b

Maternal body mass index (kg/cm2) (M, IQR) 25.8 (22.7–31.6) 25.6 (23.2–33.9) 0.996b

Maternal race origin, n (%) N= 82# N= 25# 0.354c

Aboriginal/Torres Strait Islander 7 (6.9) 5 (16.7)

Asian 3 (2.9) 0 (0)

Caucasian 69 (67.6) 19 (63.3)

Indian 1 (1.0) 0 (0)

Other 2 (2.0) 1 (3.3)

Parity 0.584 d

Nulliparous 50 (49.0) 13 (43.3)

Parous 52 (51.0) 17 (56.7)

Maternal medical disorders, n (%)

Pregestational diabetes 3 (3.0) 1 (3.3) 1.000e

Gestational diabetes 35(34.3) 4 (13.3) 0.039e*

Thyroid disease 14 (13.7) 2 (6.7) 0.524e

Hypertension (needing treatment) 6 (5.9) 4 (13.3) 0.234e

Other maternal medical disorders 15 (14.7) 7 (23.3) 0.274e

Neonatal

GA at birth (weeks) (M, IQR) 38.7 (38.0–39.3) 37.4 (35.2–38.2) <0.0001b*

Birth weight (g) (M, IQR) 3390 (2978–3603) 2345 (1811–2820) <0.0001b*

Male, n (%) 52 (51) 15 (50) 0.925 d

AGA, appropriate for gestational age; FGR, foetal growth restricted; GA, gestational age; IQR, interquartile range; M, median; SD, standard deviation.
#20 (19.6%) AGA and 5 (16.7%) FGR participants declined to answer maternal race.
*P< 0.05.
aIndependent t-test.
bMann–Whitney U.
cLikelihood ratio.
dPearson chi-squared.
eFisher’s exact test.
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parenchyma of FGR foetuses may be at least partly due to increas-
ing placental insufficiency and redistribution of foetal blood supply
away from the foetal kidneys. This is particularly important for
kidney development as nephrogenesis continues up until 36 weeks
GA, with 60% of nephrons formed in the third trimester.32

Ultrasound studies also indicate maximum kidney growth occurs
in the third trimester.33,34 This coincides with the timing of inci-
dence of the majority of FGR.35

Our analysis has shown that the right foetal renal parenchyma
was thicker than the left by 0.11 mm. This is not thought to be clin-
ically important. In a recent systematic review completed by our
group on the evaluation of foetal kidney growth using ultrasound,
we discovered almost all studies found no significant difference
between right and left foetal kidney size.16 One large study (n= 1215)
did find that the right kidney was significantly wider and deeper than
the left kidney, however, not longer.33 This is consistentwith our study
demonstrating a thicker parenchyma in right kidneys. Our ability to

detect this difference may be due to the higher sensitivity provided by
the mixed effects modelling in our study.

Foetal and neonatal kidney volumes have been used as a surro-
gate measure of nephron number and kidney function.36–39 There
are some limitations, however, with using kidney volume as an esti-
mate of nephron number. Obtaining a kidney volume involves
acquiring three orthogonal measurements and then applying an
ellipsoid formula. There is an error associated with each measure-
ment and the formula. A study we conducted in neonates demon-
strated that kidney volume measurements had a significantly higher
variance than RPT measurements.20 Ultrasound kidney volumes
calculated using the ellipsoid formula have also been found to under-
estimate actual kidney volume compared to in vivo and ex vivomod-
els by more than 20%.40,41 The advantage of measuring the RPT is
that instead of measuring the entire kidney, a single measurement is
performed in the functional, nephron-containing region and the col-
lecting system is not included. For example, in cases of hydronephrosis

Fig. 4. Renal parenchymal thickness by GA for appropri-
ately grown and foetal growth-restricted foetuses: (a) over-
all regression lines with all data points and (b) overall
regression lines. Shades denote 95% confidence interval.
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measurements of kidney volume could significantly overestimate
nephron number due to the enlargement of the collecting system
when in fact the renal parenchyma could be thinner than normal,
and the kidney may have impaired function.

Kadioglu42 appears to be the first author to report normative
ultrasound values for RPT for children to assess for alterations
in normal growth. Our studies since on the RPT of neonates
and other studies in children highlight the potential of the paren-
chymal thickness measurement as a possiblemarker for renal func-
tion and to monitor renal parenchymal changes.20,43–45 One study
has reported some normal ranges for foetal RPT,46 however, to our
knowledge no study has investigated the growth of the renal paren-
chyma with GA in growth-restricted foetuses. This new parenchy-
mal thickness measurement is a more specific, indirect evaluation
of nephron endowment.

Measurement of foetal RPT could be used to monitor the effects
of FGR on foetal kidney growth and the effects of any possible
interventions for FGR treatment. FGR can arise from foetal, placen-
tal and/or maternal disorders and often may be due to a combina-
tion of more than one cause.11,35 When placental abnormalities or
maternal disease is the cause, nutrients and oxygen flow to the foetus
may be impaired. The foetus compensates for this by preferentially
shunting blood away from organs such as the kidneys, towards the
more essential organs of the brain (known as “brain sparing”), heart
and adrenals.18

Considering that there may be brain sparing in the FGR foe-
tuses, the growth of the RPT was compared to the growth of the
HC between the AGA and FGR groups and a significant difference
was seen in our study. In foetuses with the same HC, a growth-
restricted foetus was more likely to have a thinner parenchyma
than an appropriately grown foetus. This suggests that in small
growth-restricted foetuses the renal parenchyma is thinner than
could be expected purely based on foetal size compared to an
appropriately grown foetus. A possible mechanism for this differ-
ential renal parenchyma growth is preferential shunting of foetal
blood away from the kidneys to the brain due to foetal hypoxia
which impacts on appropriate nephrogenesis. The fact that the
slopes are the same for both groups may imply that the “brain-
sparing” effect happens earlier than 20 weeks gestation and that
the kidneys never catch up once they have been compromised.

Foetal renal arteries

The renal arteries were analysed for any changes in blood flow to
the kidneys. No significant difference in the resistivity or PI of the
foetal renal arteries between AGA and FGR foetuses was seen. This
is consistent with the findings from other studies.27,47 This obser-
vation may be due to several reasons. (1) Foetal blood flow to the
kidneys is very low with only 5% of cardiac output going to the
kidneys compared to 9% after birth.48 Therefore, any change in

Fig. 5. Relationship between log(10) transformed renal
parenchymal thickness and HC for appropriately grown
and foetal growth-restricted foetuses. Shades denote 95%
confidence interval.

Table 3. Fixed effects estimates for renal parenchymal thickness by GA modelling

Estimate Confidence interval SE P-values

Intercept 4.372 4.222–4.520 0.0754 <0.0001

GA 0.448 0.419–4.476 0.0146 <0.0001

Growth (AGA to FGR) −0.364 −0.646 to −0.082 0.1412 0.0110

GA (quadratic) −0.009 −0.010 to −0.007 0.0007 <0.0001

Side (right to left) −0.108 −0.173 to −0.043 0.0331 0.0011

GA: growth interaction −0.038 −0.070 to −0.006 0.0161 0.0181

AGA, appropriate for gestational age; FGR, foetal growth restriction; GA, gestational age; SE, standard error.
95% confidence intervals.
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foetal blood flow may be too subtle for us to detect using ultra-
sound. It is also possible that our study was not powered to specifi-
cally detect a difference in the renal blood flow. (2) A much larger
study of FGR foetuses with identifiable abnormal uteroplacental or
foetal blood flow is needed to detect a difference.

Limitations of the study

There were some limitations to our study. The lack of blinding of
the sonographers could have potentially introduced measurement
bias. It was difficult to blind the sonographer to all clinical and bio-
metric information as most of the studies included a diagnostic
scan. Sonographers are generally specifically trained not to look
at the measurements at the time that they are being performed.
Additionally, the infants were not assigned to AGA and FGR
groups until after birth and it was based on birth weight and
not the estimated foetal birth weight calculated from the measure-
ments done by the sonographer. Having multiple sonographers
performing the examinations rather than only one reduces some
of the bias. Another limitation was the number of the FGR group
compared to the AGA group. The foetuses in the FGR group were
more likely to be delivered earlier before all planned ultrasound
examinations could be performed.

Future direction

Although it is widely accepted that FGR has an effect on nephron
number and future kidney function, there is a lack of in vivo proof
of the mechanisms occurring in utero.6 This study provides evi-
dence of an effect on the development of the renal parenchyma
which likely represents a reduced nephron number, in circumstan-
ces of true FGR.

Life-long monitoring of growth restricted, low birth weight and
preterm infants along with those exposed to pre-eclampsia or ges-
tational diabetes is advocated.49 Such an implementation would
involve a significant number of the population and be a significant
health cost burden. Measurement of the RPT, in contrast, has the
potential to more appropriately and accurately identify infants
with a reduced nephron endowment, so that monitoring and inter-
ventions can be focused on those individuals at a higher risk of
developing neonatal acute kidney injury and future hypertension
and chronic kidney disease.

Conclusion

Kidney disease is associated with a significant global burden and
health costs, and this study improves our understanding and assists
in identifying adverse effects on the kidney during gestation.
Utilising ultrasound to measure the foetal RPT provides a simple,
non-invasive estimate of nephron number. Our data suggest that
FGR has a negative influence on nephron numbers as it is associ-
ated with a significantly thinner parenchyma and slower growth
trajectory. It should be remembered that having a reduced nephron
number alone does not mean hypertension or chronic kidney dis-
ease is inevitable, but that the kidney may be less able to endure
future kidney injury in later life. Using the approach outlined in
our study, there is the potential to prevent or reduce the adverse
outcomes of kidney disease for future generations.
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