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Purpose of review

In this review, we highlight the importance of understanding the inherent biological variability in normal
kidney, or healthy reference tissue, to establish an accurate reference point for biomedical research. We
explore this and the advantages and limitations of various sources of healthy reference tissue suitable for
structural and omics-level studies.

Recent findings

Several large consortia are employing omic technologies for diseased and normal kidney tissue,
underscoring the importance of utilizing healthy reference tissue in these studies. Emerging approaches,
such as artificial intelligence and multiomic analyses, are expanding our understanding of structural and
molecular heterogeneity in healthy reference kidney tissue and uncovering new insights.

Summary

Biological variability in healthy reference tissue at the functional, structural, and molecular level is complex
and remains an active area of study. Thoughtful selection of healthy reference tissue sources is critical,
providing the greatest potential for producing high-quality research outcomes.
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INTRODUCTION

A normal kidney maintains the body’s homeostasis,
filters waste, balances electrolytes, and regulates
blood pressure with a structure free from abnormal-
ities, disease, or dysfunction. The “normal kidney”,
however, does not apply to most individuals with
normal range kidney function as defined by KDIGO
practice guidelines [1], due to significant biological
variability. An understanding of the boundaries of
the ‘normal’ kidney is crucial to understanding bio-
logical variability and providing an appropriate
reference point, a healthy reference kidney, to iden-
tify and evaluate deviations caused by diseases,
aging, or environmental factors. The challenge of
defining a normal kidney carries significant impli-
cations in biomedical research, particularly in
omics-level studies, where precise and clear defini-
tions are critical. Thus, the normal kidney must be
defined within ranges that consider biological var-
iability. The sources of biological variability in ‘nor-
mal’ kidney tissues can arise from a range of factors,
including the early developmental environment,
sex and population differences, and perhaps most
importantly, age-related changes (Fig. 1).
SOURCES OF VARIABILITY IN THE
‘NORMAL’ KIDNEY

Early developmental environment

Human nephrogenesis begins at approximately
9weeks of gestation and concludes by 36weeks. By
full-termbirth, the nephron count is fully established.
However, autopsy studies have shown significant var-
iability innephronendowment, ranging from210000
to 2700000 nephrons per kidney, with an average
of 600000–800000 [2–4]. Thus, there is no single
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KEY POINTS

� An understanding of the boundaries of the ‘normal’
kidney is crucial to understanding biological variability
and providing an appropriate reference point, a
healthy reference kidney, to identify and evaluate
deviations caused by diseases, aging, or
environmental factors.

� Sources of biological variability in the ‘normal’ kidney
stem from differences in the early developmental
environment, sex differences, and aging.

� The ‘normal’ kidney, or healthy reference tissue, has
many subclinical macro and microstructural features,
including nephron loss, increased global
glomerulosclerosis, necessitating careful pathologic
examination when selecting for reference tissue.

� Careful consideration of the source of healthy reference
tissue (e.g. tumor nephrectomy, living kidney donor,
etc.) is needed, as each has unique advantages
and limitations.
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‘normal’ nephron number. The timing of nephrogen-
esis cessation varies among individuals, typically
occurring between 32 and 37weeks of gestation, sig-
naled by low birth weight or exposure to potential
nephrotoxins in the perinatal period. These events
may trigger adaptive changes that influence the struc-
ture and function of the kidneys later in life in appa-
rently healthy individuals [5]. A lower nephron
endowment is linked to a higher risk of developing
conditions such as hypertension, chronic kidney dis-
ease (CKD), and cardiovascular disease later in life [6].
Sex differences

Sex differences in the healthy kidney are evident in
terms of both function and structure as a result of
FIGURE 1. (a) Conditions that influence biological variability i
molecular changes that have been described. Shown are open (*
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influences of hormonal regulation, genetic factors,
and developmental variations. Men have larger kid-
neys with higher cortical and medullary volumes,
and nephron endowment, even after adjusting for
body size [7

&

]. In addition, women tend to maintain
GFR better than men. Melsom et al. [8] investigated
sex differences in the loss of kidney function in 1837
healthy individuals (53% women) and demon-
strated a lower GFR in women than men at baseline
aged 50–75years, but a slower decline in mean GFR
in women. The differences result in long-lasting
effects on renal health with aging.
Population differences

The etiologies of the population differences in neph-
rosclerosis are of great consequence to public health
but remain unknown. Seminal comparative studies
by Richard Tracy across populations in the U.S.,
Peru, Bolivia, Mexico, Japan, and India revealed
significant differences in nephrosclerosis, with
emphasis on arteriosclerosis and arteriolohyalinosis,
in autopsy series from normotensive patients across
a wide range of ages [9–11].
The aging kidney

Aging in the kidney is a natural biological process
marked by a progressive decline in cellular function
and structural alterations. Age-related functional and
structural changes have been a focus of research for
decades, and in recentyears,molecular analysisof the
aging kidney has become increasingly important
[12]. Due to a high metabolic demand and exposure
to physiological stress, kidneys are particularly sus-
ceptible to an aging process that progressively
impairs kidney resilience, adaptability, and increases
susceptibility to CKD [13]. Notably, CKD has been
viewed as a form of premature or accelerated aging
n the kidney and (b) the common functional, structural, and
) and globally sclerotic (�) glomeruli.
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Renal immunology and pathology
due to similar changes inmorphology, function, and
common underlying mechanisms [14].
Loss of renal function in the aging kidney

Healthy aging is consistently associated with a
decline in glomerular filtration rate (GFR) by
approximately 1ml/min/1.73m2 annually begin-
ning at age 30–40, with an accelerated drop after
60–70years [15–17]. However, variability in GFR
measurement methods complicates the interpreta-
tion and comparison of findings. In 1950, Davies
et al. [18] documented a linear GFR reduction from
age 30 to 90, averaging a 46% decline. Research
involving living kidney donors has also confirmed
age-related decreases in GFR, though the decline
rates vary between 0.91 and 6.3ml/min/1.73m2

per decade [19–22]. The large Renal Iohexol Clear-
ance Survey in Tromsø 6 (RENIS-T6) reported a GFR
decline of 0.95�2.23ml/min/1.73m2 annually
among 1594 individuals aged 50–62 years [23]. This
decline is attributed primarily to nephron loss, with
renal hemodynamic changes, such as vasoconstric-
tion and impaired endothelium-dependent vasodi-
lation, also contributing [24–26]. Importantly, the
distinction between physiological and pathological
GFR decline is critical in older adults, as age-related
reductionsmay naturally fall below the KDIGOCKD
threshold of 60ml/min/1.73m2, complicating the
detection of kidney disease in the elderly.
Structural changes in the aging kidney

A study involving 1612 kidney donors used a novel
deep-learning-based approach to demonstrate sig-
nificant age-related declines in cortical volume, but
not medullary volume, but after the age of 50,
pronounced cortical atrophy leads to a noticeable
reduction in total kidney volume [27,28]. Gregory
et al. [29

&&

] demonstrated an age-related increase in
pyramid volume and loss of pyramid number, likely
reflecting pyramid merging with increased nephro-
sclerosis, using a deep-learning algorithm in CT
images from 2876 living kidney donors. Undoubt-
edly, future studies will employ deep-learning
approaches to discern additional age-related struc-
tural features. Microscopically, nephrosclerosis (glo-
merulosclerosis, interstitial fibrosis/tubular atrophy,
and arteriosclerosis) and nephron loss are the major
changes associated with healthy aging. In a study
of 1203 living kidney donors, nephrosclerosis
increased from 2.7% donors under age 30 to 73%
among donors over age 70 [20]. A frequent and con-
sistently described change is an age-dependent
increase in focal global glomerulosclerosis in autopsy
and living kidney donor studies, with half of neph-
rons lost over 50years [3,20,30,31], primarily in the
220 www.co-nephrolhypertens.com
superficial cortex [32]. Valuable studies have estab-
lished age-specific patterns of global glomeruloscle-
rosis [33] andhave proposed age-based thresholds for
nephrosclerosis [34

&&

]. Nephron numbers decline
with aging at an estimated rate of 6800 nephrons
per kidney per year in autopsy studies [3,35]. How-
ever, the extent of nephron loss may be significantly
underestimated when relying on the percentage of
globally sclerosed glomeruli due to the eventual
reabsorption of sclerosed glomeruli in older individ-
uals [36]. Aging has also been associated with an
increase in tubular area and cortical area per glomer-
ulus [37], and to a decrease in podocyte density [38].
However, studies limited to healthy living kidney
donors have not demonstrated a consistent increase
in glomerular volume with age [36,37,39]. These
findings suggest that while structural changes occur
with aging, the relationship between nephron loss
and glomerular volume remains complex and war-
rants further investigation.
Molecular changes in the aging kidney

Despite the well documented age-related structural
and functional changes, the molecular mechanisms
underlying the aging process are less clear. Several
cellular and molecular mechanisms have been des-
cribed to mediate aging-associated changes in the
kidney. These complex mechanisms and their inter-
play with aging are extensively covered in excellent
recent reviews [14,40,41

&

,42
&

]. In brief, the mecha-
nisms that have been linked to mediate age-related
changes in the kidney include accumulation of sen-
escent cells, reduced autophagy, and genetic and
epigenetic changes [41

&

,43–45]. The senescence of
renal cells is of particular interest because these cells
secrete senescence-associated proteins that promote
inflammation and fibrosis [46,47]. The relevance of
any of these mechanisms has also been described in
the setting of acute andCKD. Thus,molecularmech-
anisms and biological markers that are specific to the
aging process in the kidney are lacking. The SenNet
consortium [48] is funded to identify and character-
ize organ-specific markers for senescence cells and
their findings are anxiously awaited by the kidney
clinicians and research community.
SOURCES OF HEALTHY REFERENCE
KIDNEY TISSUE FOR RESEARCH

Healthy reference kidney tissue serves as a critical
baseline for assessing deviations in function, struc-
ture, and molecular or cellular profiles associated
with disease states. Such reference tissue helps iden-
tify changes that may contribute to disease pro-
gression while enabling the characterization of
natural variability in kidney structure and function.
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Providing a standard for comparison also reduces
the risk of false positives or negatives arising from
artifacts or technical variability. However, different
sources of healthy reference kidney tissue present
unique benefits and constraints, requiring careful
consideration of their suitability for specific research
goals.
Nephrectomy

Kidney tissue from patients undergoing nephrecto-
mies for malignant or benign tumors often includes
unaffected areas of the kidney that have been a
frequent source of healthy reference tissue for bio-
medical research. A general rule is to collect tissue at
or more than 3 cm from the tumor to best avoid
compression artifacts from the tumor on the unin-
volved parenchyma. Nephrectomy samples allow
access to tissue from a potentially large number of
patients, with a broad age range, but without phys-
ical risk to patients. Additional benefits include the
ability to collect a large portion of tissue in a con-
trolled clinical setting, providing a wide range of
sampling across the cortex and medulla. Studies
have shown distinct molecular profiles across the
cortex, medulla, and kidney papilla [49

&&

,50
&&

], and
structural differences within the cortex, from super-
ficial to deep, have been described [51

&&

]. Further-
more, analysis of large sections of the kidney cortex
has revealed spatial heterogeneity of glomerular
phenotypes that allows the detection of rare struc-
tural features such as atypical glomerular pheno-
types [52

&

]. On the other hand, kidney tissue from
patients undergoing nephrectomy is enriched for
patients with relevant comorbidities and risk factors
of kidney disease, which could potentially cause
disease-related structural and molecular changes
[52

&

]. Another concern with nephrectomy tissue is
the potential impact of variable ischemia time dur-
ing the surgical procedure, which may also impact
molecular profiling. Importantly, a careful histopa-
thologic review is needed for any source of healthy
reference tissue to assess clinically silent pathology
and determine suitability.
Autopsy

Kidneys obtained from autopsies have been exten-
sively utilized in kidney research, particularly in
studies examining kidney structure in aging popu-
lations and in large-scale studies investigating kid-
ney health across diverse populations [3,35].
Autopsy tissue also offers full, unbiased access to
the entire organ and enables detailed histological
analyses of all kidney components providing com-
prehensive insights into normal and pathological
structures, although structural analysis may be
1062-4821 Copyright © 2025 The Author(s). Published by Wolters Kluwe
limited to chronic changes, such as glomeruloscle-
rosis and interstitial fibrosis, due to variable autol-
ysis in autopsy kidneys that mimics or obscures
acute changes such as acute tubular necrosis. Nota-
bly, autopsies often reveal previously undiagnosed
health conditions or exposures that impact kidney
health [53]. Unfortunately, the quality of RNA, pro-
tein, andmetabolites deteriorates rapidly after death,
making the tissue unsuitable for molecular analysis.
Employing a rapid autopsy program to minimize
postmortemdegradationmayhelp tomaintain tissue
viability and molecular integrity [54].
Deceased donor

Kidneys unsuitable for transplantation, whether due
to factors such as age, minor injury, or logistical
constraints, are often utilized for research purposes
with proper consent. Similar to autopsy specimens,
deceased donor kidneys provide access to the entire
organ, enabling sampling from multiple anatomical
regions. These kidneys also reflect a wide range of
ages, ethnicities, and health conditions, offering a
diverse resource for research. However, the process,
medical interventions prior to and the specific cir-
cumstances of the patient’s death and the procure-
ment process are highly variable and may subject
deceased donor kidneys to diverse types of acute
injuries, potentially affecting in particular molecular
integrity.
Living donor

Living donor kidney tissue is a valuable source of
healthy reference material for research. One signifi-
cant benefit is that donors are extensively screened
to confirm optimal kidney function and the absence
of comorbidities. Additionally, tissue collection
occurs under controlled conditions with prompt
preservation, minimizing degradation and main-
taining molecular integrity. However, the use of
living donor tissue has limitations. The small tissue
sample size constrains its application in large-scale
studies involving multiple omic technologies.
While pathological findings are minimal, obtaining
additional tissue cores increases the risk of adverse
events, such as bleeding, for the donor. Further-
more, the biopsies are usually performed after the
kidney has been removed from the donor, perfused
with special solutions ex vivo and reimplanted into
the recipient, potentially introducing artificial
changes that could alter the molecular profile.
Healthy volunteer

Kidney biopsies from healthy volunteers are a rare
yet highly valuable resource for kidney research.
r Health, Inc. www.co-nephrolhypertens.com 221



Renal immunology and pathology
Similar to biopsies from living donors, these samples
are limited by their small size but are likely the most
suitable option for controls in studies involving
tissue from patients with clinically evident diseases
undergoing indication biopsies. Their procurement
conditions closely match those of the disease sam-
ples, ensuring greater consistency, molecular integ-
rity, and reliability for comparative analysis. The
potential risks of complications from the kidney
biopsy limit the number of samples that can be
safely collected. Furthermore, the significant chal-
lenges associated with the recruitment of volunteers
is a significant obstacle for this source of healthy
kidney tissue, but it has been accomplished in a
recent study investigating oxidative metabolism
in the kidneys of young adults with type 1 diabetes
[55

&

].
CONCLUSION

In this review, we have highlighted the substantial
biological variability inherent in the definition of a
normal kidney and the varied sources of healthy
reference tissue. One may consider a biopsy from a
normotensive, average-weight individual, aged 20–
25years, to be ideal. However, even the definitions
of normal blood pressure and body weight are con-
troversial. What is required is careful consideration
of the source of the healthy reference tissue within
the context of the particular study or experiment.
This is especially important for large consortia
efforts such as the Kidney PrecisionMedicine Project
[56], Human Biomolecular Atlas Project [57],
Human Cell Atlas [58], and the Cellular Senescence
Network [48], that applymultiomic characterization
of the kidney. Such efforts also require sufficiently
large sample numbers, with deep clinical and struc-
tural phenotyping, to efficiently assess thousands of
molecular events. The effective utilization of
healthy reference kidney tissue from diverse sources
offers the best opportunity to achieve high-quality
research outcomes.
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