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Human Nephrogenesis and Nephron 
Endowment at Birth

Nephrogenesis begins in week 9 of human 
gestation, and ends at approx. week 36.

Nephron endowment is set shortly before term 
birth, and therefore any deficit is permanent.

Strong correlation between increased birth weight 
and increased nephron number in adults –
230,000 more nephrons/kg birth weight (Hughson et 
al. Kidney Int 2003).

Children born preterm or small for gestational age 
have low nephron endowment and increased risk 
for adult hypertension and CKD (Rodriguez et al. Ped 
Nephrol 2005; Abitbol and Rodriguez Nat Revs Nephrol 2012).

Nephron endowment in children and nephron 
number in adults varies widely.

4.5-fold range in nephron number 
in 15 children <3mo

P=0.019

Zhang et al. JASN 2008



Nephron Number in Adults = 
Nephron Endowment Minus Nephron Loss

<25 studies, mostly small samples, all require biopsy/autopsy tissue
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Large Range in Nephron Number in Normal Kidneys
Population N Mean Range Fold-Variation

Nyengaard &
Bendtsen Anat Rec 1992

Danish 37 617,000 331,000 - 1,424,000 4.3

Merlet-Bénichou et al. Lab 
Invest 1999 French 28 1,107,000 655,000 - 1,554,000 2.4 

Keller et al. NEJM 2003 German 
normotensive 10 1,429,200 884,458 - 1,959,914 2.2

Bertram et al. Ped 
Nephrol 2011 Caucasian Americans 147 924,981 227,327 - 1,956,973 8.6

Bertram et al. Ped 
Nephrol 2011 African Americans 190 904,864 210,332 - 2,702,079 12.8 

Hoy et al. Kidney Int 2006 Australian non-
Aborigines 24 861,541 380,517 - 1,493,665 3.9

Hoy et al. Kidney Int 2006 Australian Aborigines 19 713,209 364,161 - 1,129,233 3.1

McNamara et al.
NDT 2008, NDT 2010

Senegalese
Africans

47 988,263 536,171 – 1,764,421 3.3

Kanzaki, Puelles et al. JCI 
Insight 2017

Japanese –
normotensive 9 666,140 419,282 - 960,756 2.3
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Human Nephron Number, Hypertension 
and Renal Pathophysiology

§ Relatively few studies to date due to current need for kidney tissue 
(biopsy/autopsy)

§ Most studies have relied on surrogate markers of nephron number

– Low birth weight
– High birth weight
– Preterm birth
– Being born small for gestational age
– Reduced kidney volume on ultrasound
– Enlarged glomeruli on kidney biopsy
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Human Nephron Number and Hypertension
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trols (median, 5.5 percent vs. 0.0 percent; P<0.001).
This finding prompted us to validate the reliability
of the method of detecting obliterated glomeruli.
To this end we examined the kidneys of two elderly
women (ages, 89 and 90 years) who had had severe
hypertensive heart disease and nephrosclerosis with
renal scarring and who were not study subjects.
The total number of histologically detectable glo-
meruli (i.e., intact plus sclerosed glomeruli) was
slightly below the range described for patients with
hypertension (468,301 and 606,150, respectively),
although 25 percent and 30 percent of the glomer-
uli, respectively, were completely sclerosed. The
mean glomerular volume in these two patients was
2.58¬10
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morphologic investigation of the kidney

 

Arteriolosclerosis of afferent arterioles was consis-
tently found in all the patients with hypertension
(Table 3 and Fig. 2B) but was absent or marginal in
the control group (Fig. 2A). In addition, the score
for the thickening of Bowman’s capsule was sig-
nificantly higher in the patients with hypertension
than in the control group. The percentage of peri-
glomerular interstitium that was infiltrated by
mononuclear cells was also significantly higher in
patients with hypertension than in normotensive
controls. Periglomerular infiltration was seen in all
the patients with hypertension (and affected up to
19 percent of the periglomerular area) but was vir-
tually absent in the controls.

Our findings, obtained in a consecutive series of
subjects who died in accidents, suggest that the
number of glomeruli is lower in the kidneys of pa-
tients with hypertension than in the kidneys of
matched normotensive controls. Nyengaard and
Bendtsen
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 observed that the number of glomeruli
decreases with age owing to the accelerated loss of
glomeruli after the age of 60 years. Consequently,
we excluded all subjects who were 60 or older. Var-
iable numbers of glomeruli have been reported in
the general population, ranging from 331,000 to
2 million glomeruli per kidney, with no difference
between the sexes.
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In our opinion these differ-
ences are largely explained by differences in the
counting methods used. The number of glomeru-
li in our control subjects was similar to the num-
bers obtained with the acid-maceration method
(580,000 to 2 million),
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 which assesses the

entire organ and takes into account the differences
in the density of glomeruli in the various zones of
the renal cortex.
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Recently, Bertram et al. reported preliminary
findings on the number and volume of glomeruli
in forensic-autopsy samples obtained from subjects
without kidney disease.
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 They found a consider-
able variation in the number of glomeruli, ranging
from 210,332 to 1,825,380. Using the fractionator
technique, Gundersen et al. found lower numbers
of glomeruli (331,000 to 1,424,000).
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 The differ-
ence in numbers is unexplained, but we did not use
the original fractionator method. Differences in
findings may in part be explained by tissue shrink-

discussion

 

Figure 1. Number of Glomeruli per Kidney (Panel A) and Mean Glomerular 
Volume (Panel B) in 10 Patients with Hypertension and 10 Matched Normo-
tensive Controls. 

 

The median value is shown for each group.
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R E S E A R C H  A R T I C L E

tubuloglomerular feedback (44). We therefore propose that compensatory nephron hypertrophy is suffi-
cient to account for hyperfiltration, as an alternative to the hypothesis of  human glomerular hypertensive 
injury. When perfusion pressure is reduced by increasing arteriosclerosis, the hypertrophied tuft cannot 
be maintained and collapses with progression to global glomerulosclerosis.

Our study has several limitations. The first is the small number of  subjects with the attendant risks of  ran-
dom statistical error. The small sample size was imposed by the need to have age-matched and sex-matched 

Figure 2. Numbers and volumes of nonsclerosed glomeruli in normotensive, hypertensive, and CKD Japanese 
subjects. (A) Numbers of nonsclerosed glomeruli (NglomNSG) per kidney, (B) mean volume of nonsclerosed glomeruli 
(VglomNSG), and (C) total volume of all nonsclerosed glomeruli (VglomNSGTOTAL) for the 3 Japanese groups. NT, normo-
tensive; HT, hypertensive; CKD, chronic kidney disease. Bold lines indicate means ± SD. In A–C, n = 9 each for the NT, 
HT, and CKD groups. Data were analyzed using Kruskal-Wallis test with post-hoc Mann-Whitney U tests with the 
Bonferroni correction. Groups labeled with the same letter are similar, whereas those labeled with a different letter are 
significantly different (P ≤ 0.05).

Figure 3. Glomerular number, kidney weight, and cortical volume in relation to eGFR. (A) Associations between 
estimated glomerular filtration rate (eGFR) and numbers of nonsclerosed glomeruli (NglomNSG), (B) mean volume of 
nonsclerosed glomeruli (VglomNSG), (C) kidney weight, and (D) cortical volume. White circles, normotensive (NT); gray 
circles, hypertensive (HT); black circles, chronic kidney disease (CKD). In A–D, n = 9 each for the NT, HT, and CKD groups. 
Measures of association were tested by Spearman rank coefficients. Solid lines are lines of best fit. Dotted lines show 
95% confidence intervals.

N = 8 v 5
P<0.01

N=252

N = 10 v 10
P<0.001

N = 9 v 9
NT v HT P<0.001



Nephron Number and Renal Pathophysiology

Low nephron number associated with 
increased glomerulosclerosis (Douglas-
Denton et al. Ethnic Dis 2006; Hughson et al. Kidney Int
2006; McNamara et al. NDT 2008; Denic et al. JASN 
2017)

Low nephron number associated with 
increased nephrosclerosis (Hughson et al. 
Kidney Int 2006; Denic et al. JASN 2017)

Low nephron number associated with low 
measured and estimated GFR and 
SNGFR (Fulladosa et al. JASN 2003; Tan et al. JASN 
2009, Kidney Int 2010; Denic et al. JASN 2017; Kanzaki, 
Puelles et al. JCI Insight 2017)

Numerous studies showed birth weight 
inversely associated with 
microalbuminuria, decreased GFR, FSGS 
and ESKD.
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Estimation of  nephron numbers and mean glomerular volume. To calculate NglomTOTAL, as well as the num-
bers of  NglomNSG and NglomGSG, we first estimated NglomTOTAL using the physical disector/fractionator 
combination at Monash University. Details of  this method have been published previously (48, 49), but 
are briefly described here. Kidneys were perfusion-fixed with 10% formalin, and a known weight fraction 
of  tissue was sampled (fraction 1). Fraction 1 was sliced into approximately 1 cm × 1 cm × 1 mm tissue 
blocks and systematically sampled to obtain a slice fraction (fraction 2) and processed for embedding in gly-
colmethacrylate. Tissue shrinkage in glycolmethacrylate is much less than in paraffin and thereby provides 
more realistic estimates of  glomerular size. These sampled blocks were exhaustively sectioned at 20 μm, 
and every 10th and 11th section pair (fraction 3) was stained with Periodic acid-Schiff  stain (PAS). Section 
pairs with complete kidney sections were viewed using paired microscopes fitted with projection arms, and 
a motorized stage was used to obtain a systematic uniform random sample of  microscopic fields for glo-
merular counting. NglomTOTAL was estimated using the following equation: NglomTOTAL = f1 × f2 × f3 × fa × 
Q–, where f1 is the weight fraction of  tissue sampled (kidney weight/weight of  4-mm slices), f2 is the inverse 
of  the slice sampling fraction, f3 is the inverse of  the section sampling fraction (i.e., 1/10 or 10), and Fa = [Ps 
× a(p)]/[2 × Pf × a(p)]. Ps × a(p) is the sum of  points overlying all kidney sections on microfiche multiplied 
by the area associated with each grid point, and Pf × a(p) is the sum of  points overlying complete kidney 
sections on physical disector multiplied by the area associated with each grid point (13). Glomeruli were 
counted using the disector principle, in that only those glomeruli present in one section field but absent 
from the next section in the pair were counted; Q– is the number of  glomeruli actually counted with the 
disector. In this study, the average Q– per kidney was 117, with values ranging from 82 to 222.

Because of  the low numbers of  sclerotic glomeruli in the 3 groups of  kidneys, it was not possible to 
estimate numbers of  sclerotic glomeruli using the disector principle, where a Q– of  around 100 is required 
to obtain estimates with a suitably low coefficient of  error. Therefore, to obtain separate estimates for 
NglomNSG and NglomGSG per kidney, profiles of  nonsclerotic and sclerotic glomeruli were counted in 1 
PAS-stained glycolmethacrylate section from each sampled block per kidney using unbiased counting 
frames (50). The percentage of  nonsclerotic and sclerotic glomerular profiles was calculated for each kid-
ney and then multiplied by NglomTOTAL to obtain NglomNSG and NglomGSG.

To estimate the VglomNSG, the volume density of  nonsclerosed glomeruli in renal cortex (VVNSG,Cort) was 
divided by the numerical density of  nonsclerosed glomeruli in cortex (NVNSG,Cort). The former was estimated 
in the single glycolmethacrylate sections used to count nonsclerotic and sclerotic glomerular profiles, while 
the latter was estimated by dividing NglomNSG by cortical volume.

Cortical volume was estimated using the Cavalieri principle by counting the number of  stereological 
test grid points overlying the cortical area in every tenth section used for point counting (51, 52). The fol-
lowing formula was used to calculate cortical volume: Cortical volume = f1 × f2 × f3 × ∑P × a(p) × T, where 
f1 is the weight fraction of  tissue sampled, f2 is the inverse of  the slice sampling fraction, f3 is the inverse of  
the section sampling fraction, ∑P is the total number of  grid points overlying cortex in sections, a(p) is the 
area of  the grid associated with each point, and T is section thickness.

Histopathology. Samples for histopathological analysis were fixed in 10% formalin, embedded in paraffin, 
sectioned at 2–3 μm, and stained with PAS. Glomerulosclerosis was determined using a standardized GSI 

Figure 5. SNeGFR and SNeGFR/VglomNSG in normotensive, hypertensive, and CKD Japanese subjects. (A) Estimated 
single-nephron glomerular filtration rate (SNeGFR) is the ratio of eGFR to twice the number of nonsclerosed glomeruli 
(NglomNSG). (B) SNeGFR/VglomNSG is the ratio of SNeGFR to the mean volume of nonsclerosed glomeruli (VglomNSG). NT, 
normotensive; HT, hypertensive; CKD, chronic kidney disease. Bold lines indicate means ± SD. In A and B, n = 9 each for 
the NT, HT, and CKD groups. Data were analyzed using Kruskal-Wallis test with post-hoc Mann-Whitney U tests with 
the Bonferroni correction. Groups labeled with the same letter are similar, whereas those labeled with a different letter 
are significantly different (P ≤ 0.05).

Kanzaki, Puelles et al. 
JCI Insight 2017



Towards the Glomerular Size Distribution 
for a Whole Kidney

(US white males; 6 subjects/group, 30 gloms/subject - 1,440 gloms; Cavalieri)

Hoy et al. Clin Nephrol 2010 
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Why Estimate Glomerular Number 
and Size In Vivo?

Obtain a measure of functional nephron/glomerular mass.

Enable more accurate estimation of SNGFR.

Estimate functional nephron mass in patients newly-diagnosed with CKD – baseline value.

Determine the effectiveness of therapy in patients with CKD – progression rates, is nephron 
mass stabilised or decreasing? What is happening to SNGFR?

Count/size perfused (non-sclerosed) and non-perfused (sclerosed) glomeruli.

Better understand temporal relationships between decreasing nephron number and 
changes in blood pressure, GFR and pathology

In animal studies, perform longitudinal studies on effects of potential new therapies on 
glomerular number, size and SNGFR.

Estimate nephron number in children born small or premature and identify those to monitor 
closely (proteinuria, blood pressure). Detect problems early and treat accordingly.
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Summary

Reports of human nephron (glomerular) number

• <25 studies to date – we have a lot to learn
• Only approx. 10 racial groups studied to date
• Generally small samples
• All used kidney tissue

Nephron number 

• Varies >10-fold in normal human kidneys – some of this variation present at 
birth

• Is lower in premature and low birth weight babies
• Is lower in some racial groups than others
• Low nephron number is often associated with 

• hypertension
• lower estimated and measured GFR
• glomerulosclerosis, cortical fibrosis, nephrosclerosis
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