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Abstract

Purpose of review: Many studies have suggested low nephron endowment at birth contributes
to the risk of developing hypertension and chronic kidney disease (CKD) later in life. Loss of
nephrons with age and disease is largely a subclinical process. New technologies are needed to
count nephrons as glomerular filtration rate (GFR) is a poor surrogate for nephron number.

Recent findings: Cortical volume, glomerular density, and % globally sclerotic glomeruli are
imperfect surrogates for nephron number. The disector-fractionator method is the most accurate
method to count nephrons but is limited to autopsy settings. Glomerular density plus kidney
imaging and ultrafiltration coefficient based methods require a kidney biopsy, and have been
applied in living humans (kidney donors). Low nephron number predicts a higher post-donation
urine albumin. Contrast enhanced magnetic resonance imaging (MRI) has detected glomeruli
without a biopsy, but so far, not in living humans.

Summary: Currently, there is no accurate and safe method for determining nephron number in
living humans. A clinically useful method may allow GFR to be replaced by its more relevant
determinants: nephron number and single nephron GFR. This could revolutionize nephrology by
separating the measurement of chronic disease (nephron loss) from more reversible hemodynamic
effects (nephron hyper/hypo-filtration).
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Introduction

Older studies have suggested low nephron endowment (nephron number at birth) contributes
to the development of hypertension and chronic kidney disease later in life (1). The proposed
mechanism has been that low nephron endowment causes compensatory glomerular
hyperfiltration and glomerulomegaly, which over time, leads to glomerulosclerosis with
further loss of nephrons, and as a culmination of a vicious cycle, eventually leads to kidney
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failure (2). Indeed, there is evidence to support some aspects of this purported mechanism
(3). Several studies have linked low birth weight (a surrogate for low nephron endowment)
to an increased risk of developing chronic kidney disease (CKD) or hypertension in
adulthood (4, 5). An animal model with 30% fewer nephrons was more likely to develop
maladaptive changes in the kidney (higher blood pressure and albuminuria) and cardiac
fibrosis on a high salt diet (6).

Despites its perceived importance, determining nephron endowment or nephron number in
clinical practice has been challenging.

Limitations of GFR as a surrogate for nephron number

Glomerular filtration rate (GFR) is the product of nephron number and mean single nephron
GFR (snGFR). The GFR is not an ideal surrogate for nephron number because sSnGFR can
vary across states of health and disease (7). Only in setting where snGFR remains stable is
GFR is a good surrogate for nephron number. In particular, the age-related decline in
nephron number is detected by the decline in GFR with age, (8) due to a stable single
nephron GFR (snGFR) with age (7). However, when nephrosclerosis (i.e., chronic changes
on histopathology) with nephron loss exceeds those expected for age, there is a
compensatory increase in the snGFR of the remaining nephrons (7). In the short term,
increased snGFR preserves renal function (total GFR); however, these nephrons are under
stress due to hyperfiltration. Notably, glomerular enlargement and hyperfiltration often
results in proteinuria (3, 7, 9). Proteinuria is a useful complementary biomarker to total
GFR, in part, because it reflects the increase in SnGFR even when total GFR is decreased
from nephron loss. Increased snGFR with resultant glomerular enlargement can itself lead to
glomerulosclerosis and progressive CKD (9). As CKD progresses, interstitial fibrosis
appears to constrain further compensatory glomerular enlargement and may contribute to
glomerular ischemia (9).

Potential clinical uses of nephron number

Many medications used for treating chronic kidney disease have an early effect that lowers
GFR (by decreasing snGFR), and a long-term effect that slows GFR decline (by preventing
nephron loss). In particular, angiotensin blockers (ACE inhibitors or angiotensin receptor
blockers) may be beneficial in slowing progression of eGFR decline by lowering single
nephron GFR (reversing hyperfiltration) (10). However, angiotensin blockers are also
associated with acute kidney injury (AKI) as they can “overshoot” and cause single nephron
hypofiltration, especially in volume depleted states (11). Dosing of these medications could
potentially be optimized to prevent CKD progression, but without risking AKI, by targeting
a specific snGFR level as determined by GFR divided by nephron number. Another potential
use of nephron number would be to detect CKD or CKD progression that is currently not
detected. For example, a patient with 500,000 nephrons per kidney may lose 20% of his or
her nephrons, but if the sSnGFR also increases by 25% there will be no discernable change in
total GFR. The increase in SnGFR may be indirectly detected by a concurrent increase in
proteinuria or it may go undetected.
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Structural surrogates for nephron number

Kidney biopsy and kidney imaging structural findings have been used as surrogates for
nephron number. However, these have important limitations. The percentage of glomeruli
that are globally-sclerosed does identify nephron loss. However, globally sclerotic glomeruli
continue to atrophy to a point where they are no longer detected such that the degree of
nephron loss with glomerulosclerosis is underappreciated (8). Glomerular density on biopsy
may also be useful as a surrogate for nephron number, as more densely packed glomeruli on
biopsy are suggestive of more nephrons in the kidney. But it is better viewed as an inverse
measure of nephron size. Indeed, factors such as obesity and albuminuria associate with
larger nephrons (lower glomerular density) (12) but not with nephron number (8).
Nonetheless, more glomerulosclerosis and lower glomerular density on biopsy predict
kidney failure in a variety of patient settings, and this is likely due, to some extent, their
reflection of lower nephron number (13, 14).

Kidney volume has long been considered a surrogate for nephron number, but often
measures of kidney volume are not limited to parenchyma but include renal pelvis, sinus fat,
and cysts. Cortical volume is also a better surrogate for nephron number than kidney
volume, as medullary volume only reflects tubules of deep nephrons and does not decline
with age in a pattern consistent with nephron loss (15). However, cortical volume under
detects nephron loss because of a compensatory increases in the volume occupied by
remaining tubules; tubules account for up to 96% of the volume of the cortex (8). Potentially
toxic contrast agents are also needed to distinguish cortex from medulla with computed
tomography or magnetic resonance imaging.

Nephron number in human kidneys at autopsy

The disector-fractionator method based on stereology provides an unbiased measurement of
nephron number in an autopsy kidney (16, 17). This method requires extensive sectioning of
the whole kidney in a series of steps, ending with a known sampled fraction of representative
cortical tissue (“fractionator”) (Figure 1A) (18). Adjacent sampled sections are then
analyzed in pairs, and glomeruli counted using the “disector” principle (counted when
present in one section but not in the adjacent section) (19). By this method, every glomerulus
regardless of its size has the same chance of being counted, thus, making this method
completely unbiased despite the known variability in number of glomeruli and their size.
The glomeruli counted in the samples and the known fraction of the samples for the total
kidney allows for calculation of the total number of glomeruli in the kidney. By this method,
the number of nephrons per kidney across three continents and five racial groups averages
about 900,000 with a 13-fold range from 210,000 to 2.7 million nephrons (20-26).
Significant variability in nephron number has also been shown in kidneys from children less
than 3 years of age (27). While the disector-fractionator is an unbiased method, it is still
unclear the extent measurement error (imprecision) may inflate the range of nephron number
in the population. Another important caveat is that autopsy studies have counted all
glomeruli, without distinguishing normal (functioning) glomeruli from globally-sclerosed
glomeruli.
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There are also significant challenges with using the disector/fractionator method. The
requirement of precise and careful sectioning of the whole kidney is labor intensive.
Counting glomeruli on the sampled sections is time consuming and tedious, taking up to 8
hours for a human kidney. These steps require expertise and consistency in tissue processing.
Few laboratories are also equipped to handle glycolmethacrylate, a chemical used for tissue
embedding in most disector/fractionator studies (28). However, the biggest limitation is that
this method requires destruction of the kidney. Nonetheless, having a “gold-standard”
unbiased method for testing new methods against is helpful.

Pre-clinical studies to determine nephron number by imaging alone

Imaging glomeruli in ex vivo rodent kidneys—Cationic ferritin can be used to
visualize glomeruli by MRI. Ferritins are a superfamily of proteins, highly conserved among
animals, with a primary role to store iron. A single ferritin molecule consists of 24 subunits
that create a shell with a central cavity, where up to 4,300 iron ions can be stored (29). The
outer surface of this shell can easily be cationized,(30) thus, creating cationic ferritin.
Following intravenous injection, cationic ferritin binds to anionic sites of proteoglycans on
the glomerular basement membrane (31, 32). Then, during the MRI scan, the iron present in
the cationic ferritin causes local distortion of the magnetic field, allowing visualization of all
perfused glomeruli.

The cationic ferritin intravenously injected into a rat accumulated only in the glomerular
basement membrane of healthy individual glomeruli (31). However, in a model of focal and
segmental glomerulosclerosis, due to basement membrane breakdown and leak, there is
diffuse accumulation of cationic ferritin in the tubules, and reduced accumulation in
glomeruli (31). Thus, in diseases with basement membrane disruption, leakage of cationic
ferritin into tubules will likely interfere with the ability to detect and count glomeruli. In the
ex vivo healthy rat kidney, post-processing of the three-dimensional MRI images has been
used to count the number of glomeruli (33, 34). The number of glomeruli obtained via MRI
method was lower than measurements based on the disector-fractionator method (33).

An alternative imaging modality is the use of micro-computed tomography with barium
sulfate contrast. By this method, one study found adriamycin-treated mice had significantly
fewer glomeruli compared to control animals (35).

Cationic ferritin-enhanced MRI in deceased human kidneys—In humans, cationic
ferritin-enhanced MRI has been used to count and measure the size of glomeruli in deceased
donor kidneys that were declined for use in transplantation (32). Notably, a control kidney
without cationic ferritin perfusion still detected nearly 60,000 glomeruli-like particles,
assumed to originate from traces within residual blood. This number translates into about
6% false detection rate, similar to that reported in a cationic ferritin-enhanced MRI study in
rats (33). For 2 of 3 kidneys tested, the number of glomeruli obtained via MRI was in
excellent agreement with the stereology measurements based on disector-fractionator
method (32). In the third kidney, the MRI-measurement of number of glomeruli was about
25% higher than by stereology, although about a fifth of the cortex did not have cationic
ferritin labeled glomeruli. Review of clinical information revealed that this subject had high
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and uncontrolled hypertension with accompanying vascular and glomerular pathology.
Histological analysis of the regions with no cationic ferritin labeled glomeruli revealed
severe glomerulosclerosis, ischemia, and arteriosclerosis, which likely hindered perfusion of
glomeruli in these regions. This not only included globally sclerosed glomeruli, but
ischemic-appearing glomeruli that were likely under-perfused due to severe vascular
changes. However, the reason for overestimated glomerular number was the accumulation of
cationic ferritin in regions of vascular remodeling, erroneously detected as glomeruli.

Recent advances in this field are encouraging, but more work is still needed. This includes
improved image processing tools to remove artifacts and false positive particles, and
developing new contrast agents that have better sensitivity and specificity for glomeruli and
at low doses. Tungsten-iron nanoparticles are a potential option (36).

In vivo cationic ferritin-enhanced MRI in rodents—More recently, an in vivo
cationic ferritin MRI method with a custom built radio frequency surface coil was used to
count glomeruli and measure their size in healthy rats, using presumably non-toxic doses of
cationic ferritin (37). With MRI methods, the proximity of the radio frequency coil to the
kidney is important for improving spatial resolution. In an attempt to achieve a better spatial
resolution, a small wireless amplified NMR detector (WAND) was inserted into the rat colon
near the kidneys, allowing high resolution imaging of both cortex and medulla (38). Thus, a
WAND placed via colonoscopy, may potentially be useful in assessing number of glomeruli
in the human kidney.

Methods to determine nephron number in living humans

Ultrafiltration coefficient based methods—The permeability of the glomerular
basement membrane to filtrate is known as the ultrafiltration coefficient (K¢). Adaptive
increases in glomerular filtration rate are due to increases in K¢, which may help prevent
glomerular hypertension (39). The whole kidney ultrafiltration coefficient (wkKj) divided by
the single nephron ultrafiltration coefficient (snKs) provides a count of functional nephrons
(Figure 1B) (40). The whole kidney filtration coefficient (wkKg) can be estimated from
measured GFR, renal plasma flow (RPF), and plasma oncotic pressure (41). Then, an
ultrastructural analysis of a kidney biopsy (at 12,000X magnification) was used to estimate
the filtering surface area (by measuring the volume and percentage of filtering capillary
surface area of glomeruli), and hydraulic permeability in glomeruli (from measurement of
glomerular basement membrane thickness and frequency of filtration slits). The product of
the filtering surface area and hydraulic permeability calculates snK¢. By this method, lower
GFR in older living kidney donors has been linked to reduced nephron number (40). Using
this method, one study found that living donors with hypertension had fewer glomeruli than
normotensive donors (42). Limitations of this method are potential bias and imprecision
with determining snK¢ , and hemodynamic factors may bias estimation of wkKs (43). The
invasiveness of kidney biopsies and the burdensome nature of measuring GFR and RPF limit
clinical utility.

Product of glomerular density and cortical volume method—The product of
glomerular density (determined from a kidney biopsy) with the volume of cortex
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(determined from contrast computed tomography (CT) or MRI) can be used to calculate
nephron number. Higher nephron number by this method was first shown to associate with
younger age and higher GFR in a small study (44). Larger studies in living kidney donors
(n=1638) have applied this method to study nephron number by separately counting non-
sclerotic (functioning) and globally sclerotic glomeruli (8). The pre-donation angiogram
phase CT images are used to segment the volume of kidney cortex with a semi-automated
image processing algorithm (15). The kidney biopsy obtained at the time of transplantation
are sectioned, stained, and scanned into high resolution images. After outlining the cortex
and each individual glomerular profile, the Weibel and Gomez stereological formula (45)
calculates the three-dimensional glomerular density (separately for non-sclerosed and
globally sclerosed glomeruli). Importantly, this formula accounts for any lower two-
dimensional density of smaller glomeruli at the same three-dimensional density as larger
glomeruli. To determine nephron number, cortical volume (mm3 per kidney) is multiplied by
the three-dimensional glomerular density (per mm3) and further divided by a correction
factor for tissue shrinkage from formalin fixation and a coefficient for tissue shrinkage from
loss of perfusion pressure (Figure 1C) (46).

Clinical risk factors and outcomes associated with nephron number have been studied by this
method. The mean number of non-sclerotic glomeruli in young adults (18-29 years) is
990,000 per kidney and decreases to 520,000 per kidney in older adults (70-75 years).
Conversely, the mean number of detectable globally sclerotic glomeruli in young adults
(18-29 years) is 17,000 per kidney and increases to 142,000 per kidney in older adults
(70-75 years) (8). By this method, clinical risk factors independently associated with lower
nephron number were older age, shorter height, family history of ESRD, higher uric acid
level, and lower GFR. Mild hypertension also associated with lower nephron number but not
after adjusting for these other risk factors. Lower nephron number was also associated with
larger nephrons (larger glomeruli and larger tubules) and with nephrosclerosis
(glomerulosclerosis and arteriosclerosis) on biopsy (8). At a median 4 months after
donation, low nephron number (<5™ percentile for age) predicted onset of a detectable urine
albumin excretion (= 5 mg/24 h) but not hypertension or GFR <60 ml/min/1.73 m2 (47).
Applying this method in Japanese living kidney donors identified a 25% lower nephron
number than has been reported in white donors,(48) consistent with findings by the disector-
fractionator method in autopsy studies (49). This Japanese study also found lower nephron
number to associate with older age, lower estimated GFR, and larger glomerular volume
(48).

Limitations of this method are potential bias and imprecision with determining glomerular
density from a limited tissue biopsy sample using a stereological model that assumes
glomeruli are uniform spheres and that cortex and medulla were accurately distinguished on
a biopsy. The invasiveness of kidney biopsies (hard to justify in absence of a significant
nephropathy) and the invasiveness of contrast imaging by CT or MRI (hard to justify with
presence of a significant nephropathy) limit clinical utility.

Estimation of nephron number—Given the challenges with directly measuring nephron
number, methods that indirectly estimate nephron number may be of interest. A formula was
developed to estimate nephron number from birthweight and age (50). However, this
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formula will not detect loss of nephrons due to an acquired disease, limiting its clinical
usefulness. Birthweight data may be difficult to obtain in patients further limiting the clinical
utility of this method. Nonetheless, lower estimated nephron number by this method
associates with post-donation lower GFR, hypertension, and proteinuria (50, 51).

Conclusion

There are methods to calculate nephron number in living humans, but they have largely been
studied in living kidney donors, a population at low risk for kidney disease. These methods
have helped gain important insights into kidney physiology and pathophysiology, but have
significant limitations that limit their practical use. Ideally, an imaging modality that can
safely detect the average density of non-sclerosed glomeruli is needed to make nephron
number an accessible tool for clinical practice. Nephron number and snGFR are fundamental
properties of the kidney that if measured, may help distinguish nephron loss from more
reversible hemodynamic effects on the kidney.
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Key points:

. Glomerular filtration rate is determined by the product of nephron number
and mean single nephron GFR.

. Increases in single nephron GFR can mask the loss of nephrons with disease.

. Current methods for calculating nephron number in living humans require a
kidney biopsy and either cortical volume on imaging or measurement of GFR
and renal plasma flow.

. Cationized ferritin-enhanced MRI has counted glomeruli without a tissue
biopsy, but only /n vivo with rodents and ex vivo with human kidneys.
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Figure 1. Different methods for estimation of nephron number.
A) Disector/Fractionator method requires extensive sectioning of the whole kidney. In a

series of subsampling steps, a known fraction of tissue is processed and sectioned.
Glomeruli are then counted using section pairs (disector principle). In a schematic example
of 2 pairs, only the three glomeruli in blue color indicated with arrows would be counted.
Finally, total number of counted glomeruli is multiplied with an inverse of known sampling
fractions to obtain the total number of glomeruli in the whole kidney. B) Measured GFR,
renal plasma flow and plasma oncotic pressure are used to estimate the whole kidney Kf.

Curr Opin Nephrol Hypertens. Author manuscript; available in PMC 2020 November 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Denic et al.

Page 13

Following kidney biopsy, an ultrastructural analysis of glomeruli provides estimates of
filtering surface area and hydraulic permeability, used to calculate single nephron Kf. The
number of functional glomeruli is then calculated by dividing whole kidney Kf by single
nephron Kf. C) Semi-automated segmentation of predonation CT scans provides measure of
cortical volume. A time zero biopsy is performed following kidney implantation, and Weibel
and Gomez stereology models are used to estimate volumetric glomerular density. A product
of cortical volume and volumetric density provides the total number of glomeruli.
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