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Summary
Background and objectives Clinical and experimental data have shown that differences in nephron endow-
ment result in differences in renal mass and predisposition to chronic renal failure, hypertension, and pro-
teinuria. We hypothesized that a significant proportion of the variance in GFR, as estimated by serum cre-
atinine, is attributable to differences in renal size in normal children.

Design, setting, participants, & measurements A total of 1748 normal renal ultrasounds that were performed
in children older than 6 months were reviewed. For each ultrasound, serum creatinine, serum blood urea
nitrogen, and systolic and diastolic office BP were recorded. Renal size was evaluated as a function of renal
length and thickness. All data were normalized for height, weight, age, and gender.

Results When expressed as SD scores, a significant correlation was found between kidney size and serum
creatinine (P � 0.0001) and between kidney size and serum blood urea nitrogen (P � 0.002). When dividing
kidney size data per quintiles, a difference of 0.51 SD score in serum creatinine was observed between the
lowest and highest quintile. No significant correlation was found with office BP measurements.

Conclusions These data show that, even in the normal pediatric population, differences in renal function are
significantly explained by differences in renal mass. Methodologic limitations of this study are likely to un-
derestimate this relationship.

Clin J Am Soc Nephrol 6: 107–113, 2011. doi: 10.2215/CJN.00580110

Introduction
The mean number of nephrons in the normal popu-
lation has been estimated to be 600,000 to 800,000 per
kidney (1,2). This number can vary widely among
individuals, ranging from 300,000 to 1,800,000 glo-
meruli per kidney (3,4).

Since the early 1990s, much interest has been placed
on the determinants of nephron number in normal
subjects and on the impact that nephron endowment
at birth has on renal and cardiovascular functions
later in life.

Current knowledge indicates that intrauterine
events and genetic factors influence fetal program-
ming of nephron number. Consequently, a signifi-
cant proportion of individuals are born with fewer
glomeruli, which undergo a process of glomerular
hypertrophy and develop glomerular hypertension.
This initiates with time a cascade of events leading
to glomerular sclerosis and further loss of nephrons
(5,6). Other factors such as alterations in kidney
sodium transport or perturbations in the renin–
angiotensin system also play an important role (7).

Several experimental and clinical observations have
now established that decreased number of nephrons
predispose to hypertension, proteinuria, and chronic
renal failure (summarized in ref 8).

Currently, no reliable tests or studies allow measur-

ing the number of glomeruli in vivo. Autopsy data,
however, suggest that subjects with fewer nephrons
tend to have smaller kidneys that contain hypertro-
phic glomeruli (9). A direct correlation between kid-
ney weight and nephron number has been also re-
ported in infants (10).

In this study, we hypothesized that, in the normal
pediatric population, part of the physiologic variance
in BP and in GFR, as assessed by the serum creatinine,
is related to differences in renal size. For this purpose,
we reviewed 1748 renal ultrasounds that were per-
formed in children without evidence of acute or
chronic renal disease and analyzed the relationship
between renal size, renal function, and BP.

Materials and Methods
Patient Inclusion Criteria

We retrospectively reviewed all renal ultrasounds
that were performed at our unit between 1995 and
2006 and were labeled as “normal.” Of these, studies
that met the following criteria were selected: subjects
were �6 months of age; measurement of renal length
and renal thickness were recorded separately for each
kidney; height, weight, serum creatinine, serum blood
urea nitrogen (BUN), systolic BP (SBP), and diastolic
BP (DBP) were measured when the ultrasound was
performed; and absence of diseases that are known to
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influence renal size and other measured parameters.
Overall, 1748 ultrasounds were retained for analysis.

Subjects were divided in four groups, based on
their underlying diagnosis or indication for the ultra-
sonographic examination. These include (1) patients
with a first episode of lower urinary tract infection
that did not have an active infection at the time of
ultrasound, (2) patients with idiopathic hypercalci-
uria and/or previous nephrolithiases, (3) patients
with enuresis and/or mild to moderate bladder dys-
function, and (4) patients in whom no abnormalities
were found at the end of the work-up (labeled as
“control subjects”).

Renal Ultrasound Technique
All ultrasound studies were performed by staff ra-

diologists, who are fully trained in the procedure.
Kidney length was determined as the maximum lon-
gitudinal dimension, and kidney thickness was deter-
mined as the shortest distance from the renal sinus fat
to the renal capsule on a mid-kidney transverse sec-
tion. In most cases, measurements were performed
using a posterior approach with the patient in prone
position. In small children and infants, better mea-
surements are obtained in supine decubitus or using a
posterior approach with the patient in lateral decub-
itus. Information on the technique that was used for

renal measurements was not routinely available in the
ultrasound reports.

Serum Creatinine, Serum BUN, and BP
Measurements

Serum creatinine was measured with the alkaline
picrate colorimetric method, and BUN was deter-
mined with the urease/glutamate dehydrogenase
(GLDH) enzymatic method, both on a Modular P800
analyzer (Hoffmann-La Roche, Basel, Switzerland).

In most cases, BP was measured during an outpa-
tient visit on the same day of the renal ultrasound. A
minority of patients had renal ultrasound performed
while they were admitted to the hospital. BP was
measured with a Critikon Dinamap 1846SX NIBP
Monitor before 2002 and with a GE Dinamap ProCare
120 thereafter (GE Healthcare, Chalfont St. Giles, UK).
Appropriate BP cuffs for arm size were used. We
routinely measured BP three times in resting children
and recorded the last reading in the medical chart.

Data Analyses
As opposed to adult data, pediatric data need to

be normalized for growth parameters. Because the
goal of this study was to test whether renal size
correlates with renal function or BP, the entire co-
hort was treated as a unique population, and data

Figure 1. | Data normalization process. The data normalization process is shown for KS and for serum creatinine. Nonlinear
equations were used to calculate the best fitting function of each parameter as a function of height, weight, age, and gender, and
residuals were corrected for heteroscedasticity (A and D). This allowed expressing data as SDS that followed a normal distribution
(B and E). Once expressed as SDS, values were homogeneously distributed on both sides of the mean, independently of height,
weight, age, and gender (C and F). Thinner lines in A, C, D, and F indicate �1SD and �1SD. The same process was used to
generate SDS for BUN, SBP, and DBP (data not shown). aKS was calculated using a best-fitting model (equation 1 in online
supplementary material).
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were expressed in SD scores (SDSs) following steps
that are listed below and that are detailed in the
online supplementary material. Data analyses were
performed using Microsoft Excel spreadsheets and
SPSS 11.0 software (SPSS, Chicago, IL).

Briefly, for each patient, kidney length (mm), kid-
ney thickness (mm), serum creatinine (mg/dl), serum
BUN (mg/dl), SBP (mmHg), DBP (mmHg), and age
(years) were recorded. To correct for differences in
renal geometry, a least square method was used to
generate a best-fitting formula that incorporates renal
length and renal thickness. This formula corresponds
to the weighted sum of right � left kidney lengths
(coefficient � 0.58) and right � left kidney thickness
(coefficient � 0.42). For clarity, we will refer to this
result as “kidney size” (KS).

Nonlinear transformations were applied to express
all dependent variables (kidney size, serum creati-
nine, serum BUN, SBP, and DBP) as a function of
height, weight, age, and gender. All Pearson correla-
tion coefficients between dependent and independent
variables were highly significant before data normal-
ization and were close to zero after data normaliza-
tion (see online supplementary material). At the end
of this process, each dependent variable was ex-
pressed as a function of all four independent vari-
ables. Data were corrected for heteroscedasticity, al-
lowing expressing them as SDSs.

This process is shown in Figure 1. Figure 1, A and
D, shows data dispersion for KS and serum creatinine
as a function of height, weight, age, and gender
(ƒ[H,W,A,G]); Figure 1, B and E, confirms that data
follow a normal distribution; Figure 1, C and F, shows
that SDSs obtained after data normalization are inde-
pendent of height, weight, age, and gender.

Finally, we verified that the four subgroups of pa-
tients were comparable (Table 1). The ANOVA anal-
ysis showed only small, but statistically significant,
differences for DBP. No differences were observed in
KS, serum creatinine, BUN, and SBP.

Results
The data elaboration described in the Materials and

Methods section allowed to select 1748 “normal” re-
nal ultrasound scans and to express, for each patient,
KS, serum creatinine, serum BUN, SBP, and DBP as a
function of height, weight, age, and gender. As a
result of this process, all values were expressed as
SDSs and had a mean value of 0 and an SD value of 1
(Table 1).

To test the initial hypothesis, correlation studies
were performed and are reported in Table 2. As indi-
cated, a strong correlation was observed between KS
and serum creatinine and between KS and serum
BUN. As expected, serum creatinine and serum BUN
correlated among them, as well as SBP and DBP. No
correlation was observed between BP data and KS.

To show these results, the population was divided
in quintiles for KS. As shown in Figure 2A, a differ-
ence in serum creatinine of 0.51 SDS was observed
between the lowest and the highest quintile, indicat-
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ing that serum creatinine was more elevated in
smaller kidneys. Although statistically significant,
this difference was less marked for serum BUN (0.16
SDS) (Figure 2B). No trend was observed when divid-
ing SBP or DBP data per quintiles of KS (Figure 2, C
and D).

Discussion
In humans, nephrogenesis begins around the 5th

week of gestation and proceeds until approximately
the 35th week (11). The number of glomeruli at birth
depends therefore on intrauterine and genetic factors
that regulate nephrogenesis.

In the past 15 years, the importance of nephron en-
dowment has been emphasized by several experimental
and clinical studies. Taken together, these studies indi-
cate that low nephron number leads to glomerular hy-
perfiltration and hypertrophy, glomerular sclerosis, and
eventually further loss of nephrons and development of
chronic renal failure (12). This process is exacerbated by
hypertension and decreased renal ability to excrete so-
dium, which may result directly from decreased
nephron mass and/or may represent parallel effects of
the same intrauterine and genetic factors that influence
nephrogenesis (12).

To date, no clinical accessible method exists to mea-
sure nephron number. Despite compensatory glomer-
ular hypertrophy, renal mass has been generally
shown to be proportional to the number of nephrons
per kidney (13). Measuring renal volume has there-
fore been proposed as a surrogate for measuring
nephron endowment in humans (14).

This approach is based in part on autopsy studies
showing a strong correlation between renal weight,
glomerular number, glomerular hypertrophy, and
clinical signs of hypertension (left ventricular mass)
(15). Likewise, intrauterine growth retardation is as-
sociated with decreased renal mass and low nephron

number (16,17). For example, Australian Aboriginal
children have, on average, lower birth weights and
smaller kidneys than white children (18). This popu-
lation has been shown to have kidneys with fewer
nephrons and to more frequently develop hyperten-
sion, proteinuria, and chronic renal failure (18,19).
Similarly, Zhang et al. (10) have shown that a common
variant of the RET gene is associated with reduced KS
in newborns and in the number of glomeruli, as mea-
sured in autopsy specimens of children that died
before the age of 3 months.

In clinical practice, the renal parenchyma endow-
ment of each individual represents its reserve in GFR,
which may impact significantly on the prognosis of
acquired renal diseases and on the response to treat-
ments aimed at decreasing intraglomerular pressure
and renal fibrosis, such as angiotensin-converting en-
zyme inhibitors and angiotensin receptor blockers.

Differences between individuals in renal mass are
probably important since childhood. Small-for-gesta-
tional age children with steroid-dependent nephrotic
syndrome, for example, tend to develop a more se-
vere course of disease (20). Likewise, it has been
shown that small-for-gestational age pediatric pa-
tients with IgA nephropathy are at higher risk of
developing chronic renal failure (21).

The normal range for GFR is relatively large in
the normal population, ranging from 95 to 145 ml/
min per 1.73 m2. In the clinical setting, GFR is most
frequently estimated by creatinine clearance, which
correlates with serum creatinine levels. Serum cre-
atinine increases during childhood as a conse-
quence of increased muscular mass, whereas creat-
inine clearance (ml/min per 1.73 m2), increases
rapidly during the first year of life and stabilizes
thereafter (22).

In this study, we hypothesized that variations in
renal mass, as a surrogate parameter of nephron

Table 2. Correlation table

Kidney Size SDS Creatinine SDS BUN SDS SBP SDS DBP SDS

Kidney Size SDS R �0.17 �0.07 0.00 �0.03
p �0.0001 0.002 0.84 0.19

Creatinine SDS R �0.17 0.22 �0.01 0.00
p �0.0001 �0.0001 0.67 0.88

BUN SDS R �0.07 0.22 �0.01 �0.02
p 0.002 �0.0001 0.81 0.45

SBP SDS R 0.00 �0.01 �0.01 0.61
p 0.84 0.67 0.81 �0.0001

DBP SDS R �0.03 0.00 �0.02 0.61
p 0.19 0.88 0.45 �0.0001

Correlation analysis between parameters of renal function, blood pressure and renal size. R, Pearson correlation
coefficient.
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endowment, explain a significant proportion of the
variance in serum creatinine levels that is observed
in normal children. Pediatric data are more com-
plex to analyze than data from adult subjects be-
cause they require normalization to account for
changes during growth. Conversely, they are influ-
enced by fewer factors such as essential hyperten-
sion, smoking, or diabetes mellitus that typically
influence adult data and may provide a better esti-
mate of the impact of renal size on normal renal
function.

This study has limitations. It is a retrospective
study, and patients underwent a renal ultrasound
scan for medical reasons, although these were not
expected to significantly influence the parameters of
interest. This limitation was partially overcome be-
cause a significant number of subjects were not diag-
nosed with a renal or urologic disease, and they
served as controls. Although there was a reason in the
first place for the ultrasound to be performed, the low
invasiveness of this technique has probably led to

performing these studies in essentially normal chil-
dren. Previous urinary tract infections or nephrolithi-
ases, idiopathic hypercalciuria, enuresis, and mild/
moderate bladder dysfunction had no significant
effect on the analyzed parameters, except on DBP. We
do not have a convincing explanation for this finding,
which was modest. Most likely, the large sample size
of our cohort conferred high statistical power to the
analysis, which was able to detect small changes of
questionable clinical relevance.

A second limitation of this study is related to the
fact that we assessed renal function using serum cre-
atinine levels. Although creatinine clearance based on
a 24-hour urine collection was available in a signifi-
cant proportion of the studied population, it is often
hampered in small incontinent children by unreliable
urine collections. Calculation of GFR by the Schwartz
formula (23), which uses height and serum creatinine
in a first-degree ratio, would not have added to our
results, because serum creatinine was normalized for
height during the normalization process and would

Figure 2. | Distribution of SDS for serum creatinine, serum BUN, SBP, and DBP per quintiles of KS. Quintiles are expressed in SDS (see
Figure 1B): 1st quintile, � �0.85; 2nd quintile, from �0.85 to �0.22; 3rd quintile, from �0.23 to �0.24; 4th quintile, from �0.25 to �0.84;
5th quintile, � �0.84.

Clin J Am Soc Nephrol 6: 107–113, January, 2011 Renal Size and GFR in Children, Di Zazzo et al. 111



have introduced a statistical redundancy. We also
performed the analyses using GFR calculated with the
Schwartz formula and obtained the same results as
with serum creatinine (data not shown). Because mea-
surements of creatinine clearance allow reducing the
variance related to differences in body muscle mass, it
is likely that our analysis has underestimated the
relationship between renal function and renal mass
by using serum creatinine levels.

Finally, the accurateness of ultrasound measure-
ments is influenced by intra- and interobserver vari-
ability (24), and measurements of renal volume were
not available in most of our patients. We used length
and thickness to estimate KS. In fact, data in children
with renal dysplasia have shown that correlation be-
tween ultrasonographic measurements and renal
function increase as KS is expressed as kidney length,
kidney area, or kidney volume (25). Here again, the
unavailability of kidney volume measurements and
intra- and interobserver variations in ultrasono-
graphic measurements probably resulted in underes-
timating the impact of renal mass on GFR.

In contrast, we were able to study a very large num-
ber of patients, which significantly powered the analysis
and allowed us to normalize data to treat the entire
population as a whole.

Our results confirmed the initial hypothesis that
serum creatinine levels are higher in patients with
smaller kidneys. As expected, correlation with BUN
was weaker, because this parameter is influenced by
other variables, such as nutrition and hydration sta-
tus.

In contrast, no correlation was found between KS
and BP. Several studies have shown that office mea-
surements of BP in children are poor estimates of
average BP, as assessed by ambulatory BP measure-
ments (26,27). Even with this limitation, we antici-
pated at the beginning of the study to detect at least a
trend correlating BP and KS, given the very large
sample size of our cohort. This hypothesis was based
on multiple clinical and experimental evidences. A
systematic review of the literature that included �50
studies, for example, has shown a strong correlation
between systolic BP and birth weight (28). Similarly,
diet modification in rats resulting in low birth weight
is associated with decreased nephron number, de-
creased GFR, and higher BP (29). On the other hand,
low nephron number is not always associated with
elevated BP, and a second hit may be needed for this
association to be expressed (30). The present data
suggest that renal mass does not influence substan-
tially BP control during childhood.

In conclusion, this study showed a strong correla-
tion between renal function and renal mass among
normal children. Technical limitations of this study
may have underestimated this correlation. Because
genetic studies are increasingly used to evaluate risk
factors for renal disease, accurate measurements of
renal volume by ultrasonography may prove to have
equally significant prognostic value in patients with
acquired renal disease. In addition, this study pro-

vided a rationale for population-based genetic studies
aimed at identifying genes that influence renal devel-
opment.

Disclosures
None.
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