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organs, including the kidneys [3–5]. In addition, the rate 
of biological aging varies considerably, even in genetically 
identical members of the same species. Importantly, many 
portions of the world are experiencing a substantial higher 
frequency of elderly in their population, in part, due to a 
longer human life expectancy [6]. Thus, it is not surprising 
that the intersection of CKD and aging has created some 
challenging questions (conundrums) [7]. Among many, 
these include: (a) what physiological and anatomic pro-
cesses lead to loss of glomerular filtration rate (GFR) as 
the aging process proceeds? (b) Should the definitions of 
CKD be the same in young and old adults? (c) What are the 
consequences of normal, physiological aging of the kidneys 
on mortality and morbidity? (d) Can the process of renal 
aging be altered in a beneficial way? These questions will 
be addressed in this brief review.

The loss of GFR with aging

A steady decline of GFR (averaging about 0.75–1.0  ml/
min/1.73  m2/year) with aging in otherwise normal adult 
individuals has been consistently observed in many cross-
sectional studies employing estimated (eGFR) as well 
as measured GFR (mGFR) [8, 9]. Long-term longitudi-
nal studies are far less frequent, for obvious reasons [10]. 
Taken together, these studies indicate that the trajectory of 
decline in GFR with aging is quite variable, and often, but 
not always, independent of blood pressure or cardiac hemo-
dynamics [11, 12], but usually shows a Gaussian distribu-
tion, sometimes with a “tail” of accelerated loss of GFR 
(or creatinine clearance, depending on the study). Some 
longitudinal studies have claimed stable, or even increas-
ing, levels of GFR for long periods in “healthy” aging, but 
these have been criticized for including Type 2 diabetics 
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Introduction

Chronic kidney disease (CKD), as presently defined, is a 
common disorder afflicting millions of persons on a world-
wide basis, although the incidence rate of CKD appears to 
be plateauing in many developed countries of the world [1]. 
Aging is a nearly universal phenomenon (only the genus 
Hydra is exempted) [2], affecting the function of many 
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and for limitations of calculating a true slope of GFR over 
time due to a limited number of observations [9]. The pre-
dominate view is that in otherwise normal and healthy 
adults the GFR begins to decline after about age 30 years 
with some acceleration in the rate after about age 80 years 
[13–15]. Given this assumption, what accounts for this 
phenomenon?

Although many animal species exhibit similar changes, 
the most relevant studies are those that have been carried 
in humans. In this regard, renal transplantation using liv-
ing donors has provided a unique opportunity to exam-
ine this question [16–19]. Precise measurement of GFR 
(mGFR) can be performed in very healthy (by definition) 
living donors, along with CT scans and pre-implantation 
renal biopsies to assess renal macro- and micro-anatomy 
[20–22]. Since the donors span a wide range of ages, it is 
possible to probe the relationships between function and 
anatomy over many decades of aging. These studies have 
characterized the changes in total kidney, cortical and med-
ullary volumes with health aging, as well as iothalamate 
clearance as a direct measurement of GFR (Fig.  1) [21, 
23]. More relevant to this discussion are the changes in 
micro-anatomy, specifically glomerular and tubular altera-
tions and glomerular number [20, 23, 24]. The latter can be 
assessed by counting glomeruli in a renal biopsy specimen, 
applying Weibel and Gomez stereological models to esti-
mated 3-dimensional glomerular density (number of glo-
meruli per mm3), and determining the cortical volume (in 

mm3) by three-dimensional reconstruction of CT images 
[23]. In brief, aging is associated with a rise in the fre-
quency of globally sclerotic glomeruli and a decrease in the 
total number of non-sclerotic and sclerotic glomeruli, indi-
cating the likelihood that sclerotic glomeruli undergo a pro-
cess of re-absorption [23]. Thus, at any given point in time 
(age) the number of functioning (non-sclerotic) glomeruli 
remaining is a function of the number of nephrons (glo-
meruli) present at birth (nephron endowment) and the sub-
sequent rate of loss of nephrons with advancing age. The 
latter appears to decline at a relatively constant rate, with a 
possible exception of more accelerated decline after the age 
of 70  years [23]. Glomerular hypertrophy also develops, 
but this is more conditioned by nephron endowment at birth 
and certain stressors such as obesity, rather than by loss 
of glomeruli from the aging process alone. From a func-
tional perspective, whole kidney GFR (wkGFR) declines 
in parallel with nephron loss, and unlike disease or surgi-
cally induced nephron loss, there is little if any “adaptive 
compensation” of single nephron GFR (snGFR), except 
perhaps when the nephron loss is severe at the extremes of 
life. Nephropenia and hypo-filtration in aging are associ-
ated with global glomerulosclerosis and stable snGFR [25] 
while disease-induced and ablation nephropenia and hypo-
filtration are associated with focal and segmental glomeru-
losclerosis and an adaptive rise in snGFR in less affected 
nephrons [26–28]. Interestingly marked albuminuria is not 
a feature of aging-associated nephrosclerosis [24] whereas 
it is common in disease-induced and ablation nephropenia 
[29].

It seems reasonable to assume that the loss of nephrons 
with aging proceeds as a result of glomerulosclerosis and 
that the tubulo-interstitial changes observed are secondary 
to glomerular obsolescence. However, it is acknowledged 
that the wkGFR decline in disease states shows a good cor-
relation with the degree of chronic tubulo-interstitial fibro-
sis and tubular atrophy [30], but whether these changes can 
be inferred to be casually connected to the decline in GFR 
is uncertain. Studies in aging rats have provided evidence 
for peritubular capillary rarefaction and renal ischemia, 
perhaps related to glomerulosclerosis, in the pathogenesis 
of tubulo-interstitial alterations seen with aging [31].

It is also worth emphasizing that in states of hypo-filtra-
tion, nephron endowment at birth is an important modifying 
factor [32, 33]. Nephron endowment at birth is highly vari-
able and influenced by multiple factors, including maternal 
malnutrition, utero-placental insufficiency, and exposure to 
nephrotoxic agents. Low birth weight and possibly short 
adult stature are surrogates for low nephron endowment. 
Starting life’s journey with a deficit in nephrons is very 
likely to have an effect on the aging kidney, that is char-
acterized by progressive nephron loss. Adaptive changes 
in snGFR shortly after birth may restore whole kidney 

18-29 30-39 40-49 50-59 60-69 70+-30

-20

-10

0

10

20 Kidney volume Medulla volumeCortex volume GFR

Age Groups  (years)

%
 C

ha
ng

e

Fig. 1  Percentage change in total kidney, cortical and medullary vol-
umes, and measured GFR among 1638 healthy living kidney donors 
(Figure made from published data [21]). Overall, when compared 
to 18–29  year olds, total kidney volume, cortical volume and GFR 
decline with aging. Until 50 years of age, total kidney volume appears 
not to decline because of combined effect of cortical volume decline 
and medullary volume increase. Beyond this point, total kidney vol-
ume starts to decline but to a lesser extent than cortical volume, due 
to relatively stable medullary volume. Interestingly, GFR decline 
seems to be proportional to the decline in cortical volume
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GFR to “normal” as the expense of hyperfiltration in the 
remaining nephrons. With aging and further nephron loss 
there may be little further adaptation of snGFR so the num-
ber of nephrons remaining parallels the decline in whole 
kidney GFR (except possibly at the extremes of old age). 
The main point is that if one begins life with a deficit in 
nephrons, future physiological renal senescence tip an indi-
vidual patient under the threshold of GFR used to define 
CKD. Thus, it can be postulated that some cases of “CKD” 
in older adults is primarily the consequence of the “bad 
luck” if being born with too few nephrons. If this postulate 
is true it opens an avenue of a primary preventative strategy 
focused on improving in-utero nephrogenesis and minimiz-
ing damage to an already reduced nephron mass in early 
infancy. It is not possible to predict the degree of nephro-
sclerosis in renal biopsies by examining wkGFR alone at 
any age in healthy normal subjects [24]. While the ana-
tomic and functional changes associated with healthy aging 
have been well described in animals and man, progress in 
unravelling the molecular and cellular pathways responsi-
ble for these changes have been tantalizingly slow, and we 
still have much to learn.

Age and the definition of CKD

Ever since “generic” CKD was first defined in 2002 [34], 
controversy has arisen over whether the same GFR crite-
ria can be applied equally across the age spectrum, and no 
consensus has yet appeared to resolve the differences of 
opinion [35–38]. The connotations of this debate are far-
reaching as an aging society will generate many new cases 
of CKD from an age-insensitive definition of CKD based 
on fixed and immutable thresholds of GFR. The origi-
nal decision to select a threshold of <60  ml/min/1.73  m2 
regardless of the presence or absence of features of “kid-
ney damage” (e.g. abnormal albuminuria, urinalysis, 
imaging, or biopsy) was in a real sense arbitrary, as the 
evidence pertaining to the prognostic effects of a reduced 
GFR had not yet been analyzed extensively. In retrospect 
it was a reasonable decision as the value was about 50% of 
the mGFR of a healthy 20 year old adult (standardized to 
1.73 m2 BSA). Subsequent extensive epidemiological stud-
ies involving millions of subjects corroborated the notion 
that a decline in GFR below this threshold was associated 
with an increased risk of adverse events [mortality, ESRD, 
Acute Kidney Injury (AKI)] and this risk was aggravated 
by the concomitant presence of abnormal albuminuria (in a 
graded, non-threshold manner) [39–43]. In a seminal study, 
Hallan et al. showed that the risk of adverse events from a 
reduced GFR was blunted by age, but increased in an abso-
lute and relative manner in all ages when GFR fell below 
60 ml/min/1.73 m2 [44]. In a re-analysis of the same data 

we suggested that all-cause mortality was lowest at val-
ues of GFR >75 ml/min/1.73 m2 in young adults and low-
est at values of GFR down to 45 ml/min/1.73 m2 in older 
adults [19]. Other epidemiological studies have shown no 
excess mortality or curtailment of remaining life-expec-
tancy in elderly adults with GFR in the range of 45–59 ml/
min/1.73 m2 in the absence of albuminuria [45, 46]. There 
is broad agreement that any increase in albumin excre-
tion rate above average normal values is associated with 
an increase in risk of adverse events, including mortality, 
ESRD and AKI. This has led to calls for adjusting the defi-
nition of CKD (Stage G3A/A1 according to KDIGO) to 
make it more “age-sensitive” and to avoid over-diagnosis of 
CKD in the rapidly blooming elderly population [34, 47]. 
One could also argue for an upward adjustment of the GFR 
threshold to about 75  ml/min/1.73  m2 in young persons, 
so as to avoid under-diagnosis of CKD in this portion of 
the population. Supporting this notion, re-analysis of Hal-
lan et al. data shows that for ages 18–54 years, the adjusted 
hazard ratios for those with GFR of 60–74 ml/min/1.73 m2 
versus those with GFR >105 ml/min/1.73 m2 is 1.54 (when 
albumin to creatinine ratio is <10) [19]. In addition, a lit-
erature review of the normal GFR range in children, ado-
lescents and young adults, supports raising the threshold of 
CKD for younger patients to 75 mL/min/1.73 m2 [48].

The widespread use of estimating formulas for GFR 
(eGFR) adds another layer of complexity to the issue of 
defining CKD, both in young and elder subjects. Obviously, 
such eGFR determinations are necessary in large epidemio-
logical studies (N > 10,000) as urinary clearance or plasma 
disappearance methods for assessing GFR are too costly, 
cumbersome or difficult to perform on such a large scale 
[1]. However, they are practical and very informative in 
smaller (N = 200–2000) cohort studies or clinical trials.

The caveats for use of eGFR in diagnosis CKD are 
numerous [49–52]. The values are not very precise or accu-
rate, different formulas give different results for diagnosis 
(especially in aging persons), non-GFR determinants can 
bias results (sarcopenia for creatinine-based formulas and 
inflammation, obesity, diabetes and thyroid disease for 
cystatin C based formulas). Also age itself is a variable 
in the estimating formulas, and the age coefficient in the 
formula was optimized for prediction of mGFR not out-
comes [1, 50]. These non-GFR determinants can give rise 
to substantial differences among individual eGFR formulas 
for estimating risk adverse events [51, 52]. Unique eGFR 
formulas have been designed and validated for use in the 
elderly [53]. In addition, progress is being made on devis-
ing and testing of new formulas for estimating renal func-
tion that can be used in a broad array of ages (The Full Age 
Spectrum or FAS equation) [54]. However, it is important 
to understand that a more accurate formula for estimating 
GFR will itself do nothing to address the problems created 
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by an age-insensitive single GFR threshold for defining 
CKD.

An issue of over-riding importance in defining CKD 
generally is the duration content incorporated into cur-
rent clinical practice guidelines (e.g. KDIGO). Legitimate 
CKD can only be recognized if the abnormalities persist for 
3 months or longer. The seminal work of Gharbi et al. [55] 
has highlighted this issue by showing that “one-off” epide-
miological studies employing only a single determination 
of eGFR or albuminuria lead to a significant over-diagnosis 
of CKD (30% or more) in older adults and under-diagno-
sis of CKD in more youthful subjects, with over-diagnosis 
having a quantitative sly greater impact on overall presence 
of CKD than under-diagnosis. The point is that a single 
determination of an eGFR less than 60 ml/min/1.73 m2 can 
lead to a “false” diagnosis of CKD in many older subjects 
and therefore the epidemiological estimates of the preva-
lence of CKD using one-off testing strategies contains sig-
nificant errors.

The consequences of healthy aging of the kidneys

It is acknowledged that aging exposes individual to diseases 
that result from the accumulation of tissue injury or genetic 
mutations in the presence of faulty or decaying systems of 
repair [3]. Thus, the normal decline of renal function with 
aging is often entangled with diseases that cluster in the 
aged, such as diabetes, atherosclerosis, auto-immunity and 
cancer, any one of which might have a deleterious effect 
on the kidney. Then too, evidence has gradually assem-
bled indicating that subtle degrees of renal function decline 
can incite pathophysiological changes that can be directly 
injurious to non-renal organs or organ systems (e.g. heart, 
vasculature, endocrine) [39, 45, 56–58]. Disentangling the 
effects of a physiological aging-related decline in GFR 
(renal senescence) from “disease” can be very challenging.

Nevertheless, data from analysis of older age populations 
with GFR values in the range of 45–59 ml/min/1.73 m2 in 
the absence of abnormal albuminuria (compatible with a 
diagnosis of CKD Stage C3A/A1 and also within the 95% 
confidence limits of a normal GFR for age) have not con-
sistently shown any increase in all-cause mortality com-
pared to similarly aged subjects with GFR values >60 ml/
min/1.73 m2 [see 57, 58] also in the absence of abnormal 
albuminuria and remaining life expectancy is not altered 
[19, 45]. Of course, the absolute risk of all-cause mortal-
ity is increased with aging and some studies have shown 
that this absolute age-associated risk is enhanced by low 
GFR [44]. Also, the risk for developing and receiving treat-
ment for ESRD is quite low in such subjects and their risk 
of dying (usually of cardiovascular disease) is much higher 
than the risk of reaching treatment for ESRD [46, 59, 60]. 

Healthy Subjects (living donors) with GFRs in the range of 
45–59 ml/min/1.73 m2 may have some degree of “nephro-
sclerosis” on renal biopsy, have fewer nephrons when they 
were age 20 years [24], and may have subtle biochemical 
alterations, like slightly elevated intact parathyroid hor-
mone (iPTH) levels [61], but can this be called a “disease”? 
This is a semantic issue that revolves around what is health 
and what is “disease”. If one adopts the stance that a “dis-
ease” must have some identifiable morbidity for the suf-
ferer, then an isolated GFR of 45–59 ml/min/1.73 m2 in an 
elderly man or woman may not rise to equate with CKD. 
Also, whether eGFR formulas are suitable in the elderly 
for avoiding adverse events from a renally toxic agent or a 
water soluble potentially harmful medication remain uncer-
tain [62, 63]. Unfortunately, we only have observational 
and not randomized controlled data to examine this issue in 
a critical fashion.

Altering the phenomenon of renal aging

Like the general problem of life extension by specific 
interventions, alteration of the rate of renal aging by 
some “elixir of youth” is more imagination than real-
ity. Anti-aging strategies are under intense investigation 
[64–66]. Inhibitors of mTOR, calorie restriction, alter-
ing sirtuin metabolism are a few of the prominent areas 
of research. Little progress in expected in altering renal 
senescence until we more fully understand its patho-bio-
logical origins. Since nephron endowment at birth is such 
an important factor in the determination of the state of 
GFR in later life, efforts to improve maternal and fetal 
nutrition and avoiding fetal dysmaturity and prematurity 
will likely have beneficial effects in the longer term [33, 
67, 68]. Therapeutic agents or diets that increase GFR in 
the short term may have longer term deleterious effects 
by inducing “hyper-filtration” injury in residual nephrons 
that have already expended most of their adaptive capac-
ity [69–72]. Certainly, avoidance of nephrotoxic drugs 
and environmental agents (like smoking and pesticides) 
are valuable steps, but their overall impact is uncertain. 
Control of the rise in systolic blood pressure that com-
monly accompanies aging in non-diabetic subjects, 
largely due to reduced compliance of large vessels is 
not likely to be helpful and may be harmful. There is no 
obvious association between the observed modest eleva-
tion of blood pressure and GFR decline in Caucasian, 
non-diabetic, middle-aged and older adults in the gen-
eral populations [73]. The situation in African–Ameri-
cans may be quite different, in part due to the presence of 
high-risk APOL1 alleles that seem to promote glomeru-
losclerosis and a decline in GFR [74–76]. It seems likely 
that post-natal interventions to slow renal senescence in 
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a clinically meaningful way will need to be introduced 
early in life (possibly before puberty) and would appro-
priately be focused on those subjects with a low nephron 
endowment at birth [77, 78].

Summary and perspectives

The kidneys undergo a systematic decline in nephron 
mass with aging, largely due to progressive glomeru-
lar obsolescence. This seems to be a programmed event 
whose renal consequences are modified by nephron 
endowment at birth. Unlike disease-induced or surgical 
ablation of nephrons, aging glomeruli undergo global 
glomerulosclerosis and show few signs of adaptive hyper-
filtration in residual less-affected nephrons. Correspond-
ingly, whole kidney GFR declines in parallel with the 
reduction in nephron mass.

When the GFR reaches values of 45–59  ml/
min/1.73  m2, even in the absence of abnormal albumi-
nuria, elderly subjects can be diagnosed as having CKD, 
even though this may be merely a manifestation of physi-
ological renal senescence, not disease. Errors in defining 
CKD can be introduced by “one-off” testing of eGFR or 
albuminuria. Disentangling the effects of co-morbidity 
and renal senescence can be challenging in individual 
subjects, but concomitant and persisting abnormal albu-
minuria/proteinuria is most often a sign of disease. For 
many subjects without co-existing comorbidity or abnor-
mal albuminuria such a level of GFR may not confer any 
greatly enhanced risk for shortening of life expectancy 
or other adverse events. Unfortunately, at present there 
is little from the interventional perspective that can (or 
should) be done to modify the loss of GFR with aging, 
but once a better understanding of the fundamental 
pathobiology is obtained, specific interventions may be 
possible. Prevention of the consequences of nephron loss 
from aging by promoting a more normal nephron endow-
ment at birth (e.g. avoiding premature births or altering 
fetal dysmaturity) seems feasible.

Compliance with ethical standards 

Conflict of interest The authors have no conflicts of interest to dis-
close.

Ethical approval All procedures performed in studies involving 
human participants were in accordance with the ethical standards of 
the institutional or national research committees and with the 1994 
Helsinki declarations and its later amendments or comparable ethical 
standards.

Informed consent Informed consent was obtained from all individ-
ual participants included in the study.

References

 1. Glassock RJ, Warnock D, Delanaye P (2016) The Global bur-
den of CKD. Nat Rev Nephrol (in press)

 2. Martinez DE (1998) Mortality patterns suggest lack of senes-
cence in hydra. Exp Gerontol 33(3):217–225

 3. Finch CE, Kirkwood TBL (2000) Chance, development and 
aging, 1st edn. Oxford University Press, New York

 4. Weinstein JR, Anderson S (2010) The Aging Kidney: physi-
ological Changes. Adv Chronic Kidney Dis 17:302–307

 5. Schlanger L (2009) Kidney senescence. In: Geriatric nephrol-
ogy curriculum. American Society of Nephrology

 6. Klenk J et  al (2016) Changes in life expectancy 1950–2010: 
contributions from age- and disease-specific mortality in 
selected countries. Popul Health Metr 14:20

 7. Tonelli M, Riella M (2014) Chronic kidney disease and the 
aging population. J Nephrol 27:1–5

 8. Ebert N, Jakob O, Gaedeke J, van der Giet M, Kuhlmann 
MK, Martus P, Mielke N, Schuchardt M, Tölle M, Wenning 
V, Schaeffner ES (2016) Prevalence of reduced kidney func-
tionand albuminuria in older adults: the Berlin Initiative Study. 
Nephrol Dial Transplant (Epub ahead of print)

 9. Wetzels JF, Kiemeney LA, Swinkels DW, Willems HL, den 
Heijer M (2007) Age- and gender-specific reference values 
of estimated GFR in Caucasians: the Nijmegen Biomedical 
Study. Kidney Int 72:632–637

 10. Lindeman RD, Tobin J, Shock NW (1985) Longitudinal stud-
ies on the rate of decline in renal function with age. J Am Ger-
iatr Soc 33:278–285

 11. Lindeman RD, J.D. To bin, Shock NW (1984) Association 
between blood pressure and the rate of decline in renal func-
tion with age. Kidney Int 26:861–868

 12. Hollenberg NK et  al (1999) Age, renal perfusion and func-
tion in island-dwelling indigenous Kuna Amerinds of Panama. 
Nephron 82:131–138

 13. Epstein M (1996) Aging and the kidney. J Am Soc Nephrol 
7:1106–1122

 14. Glassock RJ, Rule AD (2015) The kidney in aging. In: Davi-
son AM et  al (eds) Oxford textbook of clinical nephrology. 
Oxford University Press, Oxford

 15. Cohen E, Nardi Y, Krause I et al (2014) A longitudinall asses-
ment of the natural rate of decline of renal function with age. J 
Nephrol 27:635–641

 16. Hoang K et  al (2003) Determinants of glomerular hypofiltra-
tion in aging humans. Kidney Int 64:1417–1424

 17. Tan JC et  al (2010) Effects of aging on glomerular function 
and number in living kidney donors. Kidney Int 78:686–692

 18. Glassock RJ, Rule AD (2012) The implications of anatomical 
and functional changes of the aging kidney: with an emphasis 
on the glomeruli. Kidney Int 82:270–277

 19. Denic A, Glassock RJ, Rule AD (2016) Structural and func-
tional changes with the aging kidney. Adv Chronic Kidney Dis 
23:19–28

 20. Elsherbiny HE et al (2014) Nephron hypertrophy and glomeru-
losclerosis and their association with kidney function and risk 
factors among living kidney donors. Clin J Am Soc Nephrol 
9:1892–1902

 21. Wang X et  al (2014) Age, kidney function, and risk factors 
associate differently with cortical and medullary volumes of 
the kidney. Kidney Int 85:677–685

 22. Denic A et al (2016) Detection and clinical patterns of nephron 
hypertrophy and nephrosclerosis among apparently healthy 
adults. Am J Kidney Dis 68:58–67



482 J Nephrol (2017) 30:477–483

1 3

 23. Denic A et al (2016) The substantial loss of nephrons in healthy 
human kidneys with aging. J Am Soc Nephrol (Epub ahead of 
print)

 24. Rule AD et al (2010) The association between age and nephro-
sclerosis on renal biopsy among healthy adults. Ann Intern Med 
152:561–567

 25. Denic A et al (2015) Clinical characteristics associate differently 
with single nephron GFR than total GFR in normal adults. J Am 
Soc Nephrol (Abstract, in preparation)

 26. Brenner BM, Meyer TW, Hostetter TH (1982) Dietary protein 
intake and the progressive nature of kidney disease: the role of 
hemodynamically mediated glomerular injury in the pathogen-
esis of progressive glomerular sclerosis in aging, renal ablation, 
and intrinsic renal disease. N Engl J Med 307:652–659

 27. Olson JL et  al (1982) Altered glomerular permselectivity and 
progressive sclerosis following extreme ablation of renal mass. 
Kidney Int 22:112–126

 28. Hostetter TH et al (2001) Hyperfiltration in remnant nephrons: a 
potentially adverse response to renal ablation. J Am Soc Nephrol 
12:1315–1325

 29. Brenner BM (1985) Nephron adaptation to renal injury or abla-
tion. Am J Physiol Renal Physiol 249:F324–F337

 30. Risdon RA, Sloper JC, de Wardener HE (1968) Relationship 
between renal function and histological changes found in renal 
biopsy specimens from patients with persistent glomerular 
nephritis. Lancet 2:363–366

 31. Thomas SE, Anderson S, Gordon KL, Oyama TT, Shankland SJ, 
Johnson RJ (1998) Tubulointerstitial disase in aging: evidence 
for underlying peritubular capillary damage, a potential role for 
glomerular ischemia. J Am Soc Nephrol 9:231–242

 32. Schreuder MF (2012) Safety in glomerular numbers. Pediatr 
Nephrol 27:1881–1887

 33. Luyckx VA, Brenner BM (2015) Birth weight, malnutrition and 
kidney-associated outcomes—a global concern. Nat Rev Neph-
rol 11:135–139r

 34. Kidney Disease Outcome Quality Initiative (K/DOQI) (2002) 
Clinical practice guidelines for chronic kidney disease: evalua-
tion, classification, and stratification. Am J Kidney Dis 39(Suppl 
2):S1–S246

 35. Glassock R, Delanaye P, El Nahas M (2015) An age-calibrated 
classification of chronic kidney disease. JAMA 314:559–560

 36. Levey AS, Inker LA, Coresh J (2015) Chronic kidney disease in 
older people. JAMA 314:557–558

 37. Rosansky SJ (2016) Managing chronic kidney disease in older 
people. JAMA 315:306–307

 38. Coresh J et al (2014) Decline in estimated glomerular filtration 
rate and subsequent risk of end-stage renal disease and mortality. 
JAMA 311:2518–2531

 39. Chronic Kidney Disease Prognosis Consortium et  al (2010) 
Association of estimated glomerular filtration rate and albu-
minuria with all-cause and cardiovascular mortality in gen-
eral population cohorts: a collaborative meta-analysis. Lancet 
375:2073–2081

 40. Astor BC et al (2011) Lower estimated glomerular filtration rate 
and higher albuminuria are associated with mortality and end-
stage renal disease. A collaborative meta-analysis of kidney dis-
ease population cohorts. Kidney Int 79:1331–1340

 41. Gansevoort RT et  al (2011) Lower estimated GFR and higher 
albuminuria are associated with adverse kidney outcomes. A 
collaborative meta-analysis of general and high-risk population 
cohorts. Kidney Int 80:93–104

 42. van der Velde M et al (2011) Lower estimated glomerular filtra-
tion rate and higher albuminuria are associated with all-cause 
and cardiovascular mortality. A collaborative meta-analysis of 
high-risk population cohorts. Kidney Int 79:1341–1352

 43. Coca SG, Singanamala S, Parikh CR (2012) Chronic kidney 
disease after acute kidney injury: a systematic review and meta-
analysis. Kidney Int 81:442–448

 44. Hallan SI et  al (2012) Age and association of kidney meas-
ures with mortality and end-stage renal disease. JAMA 
308:2349–2360

 45. Gansevoort RT et al (2013) Chronic kidney disease and cardio-
vascular risk: epidemiology, mechanisms, and prevention. Lan-
cet 382:339–352

 46. O’Hare AM et  al (2014) Interpreting treatment effects from 
clinical trials in the context of real-world risk information: end-
stage renal disease prevention in older adults. JAMA Intern Med 
174:391–397

 47. Delanaye P et al (2016) An age-calibrated definition of chronic 
kidney disease: rationale and benefits. Clin Biochem Rev 
37:17–26

 48. Pottel H, Hoste L, Delanaye P (2015) Abnormal glomerular fil-
tration rate in children, adolescents and young adults starts below 
75 mL/min/1.73 m2. Pediatr Nephrol 30:821–828

 49. Perrone RD, Madias NE, Levey AS (1992) Serum creatinine as 
an index of renal function: new insights into old concepts. Clin 
Chem 38:1933–1953

 50. Levey AS et  al (2009) A new equation to estimate glomerular 
filtration rate. Ann Intern Med 150:604–612

 51. Delanaye P, Mariat C (2013) The applicability of eGFR equa-
tions to different populations. Nat Rev Nephrol 9:513–522

 52. Rule AD, Glassock RJ (2013) GFR estimating equations: getting 
closer to the truth? Clin J Am Soc Nephrol 8:1414–1420

 53. Schaeffner ES et al (2012) Two novel equations to estimate kid-
ney function in persons aged 70 years or older. Ann Intern Med 
157:471–481

 54. Pottel H, Hoste L, Dubourg L, Ebert N, Schaeffner E, Eriksen 
BO, Melsom T, Lamb EJ, Rule AD, Turner ST, Glassock RJ, De 
Souza V, Selistre L, Mariat C, Martens F, Delanaye P (2016) An 
estimated glomerular filtration rate equation for the full age spec-
trum. Nephrol Dial Transplant 31:798–806

 55. Gharbi MB, Elseviers M, Zamd M, Alaoui AB, Benahadi N, Tra-
belssi EH, Bayahai R, Ramdani B, De Broe ME (2016) Chronic 
kidney disease, hypertension, diabetes and obesity in the adult 
population of Morocco: how to avoid “over"- and “under"- diag-
nosis of CKD. Kidney Int 89:1363–1371

 56. Singh, AK, Raed A, Kari J (2015) Endocrine complications of 
chronic kidney disease. In: Kimmel PL, Rosenberg ME (eds) 
Chronic renal disease. Academic Press, San Diego, pp 310–319

 57. Malmgren L, McGuigan FE, Berglundh S, Westman K, Chris-
tensson A, Åkesson K (2015) Declining estimated glomerular 
filtration rate and its association with mortality and comorbidity 
over 10 years in elderly women. Nephron 130:245–255

 58. Delanaye P, Glassock RJ (2015) Glomerular filtration rate 
and aging: another longitudinal study—A long time coming! 
Nephron 131:1–4

 59. Dalrymple LS et  al (2011) Chronic kidney disease and the 
risk of end-stage renal disease versus death. J Gen Intern Med 
26:379–385

 60. Sud M et  al (2014) Risk of end-stage renal disease and death 
after cardiovascular events in chronic kidney disease. Circulation 
130:458–465

 61. Kasiske BL, Kumar R, Kimmel PL, Pesavento TE, Kalil RS, 
Kraus ES, Rabb H, Posselt AM, Anderson-Haag TL, Steffes 
MW, Israni AK, Snyder JJ, Singh RJ, Weir MR (2016) Abnor-
malities in biomarkers of mineral and bone metabolism in kidney 
donors. Kidney Int (Epub ahead of print)

 62. Gansevoort RT, de Jong PE (2010) Challenges for the pre-
sent CKD classification system. Curr Opin Nephrol Hypertens 
19:308–314



483J Nephrol (2017) 30:477–483 

1 3

 63. Hudson JQ, Bean JR, Burger CF, Stephens AK, McFarland MS 
(2015) Estimated glomerular filtration rate leads to higher drug 
dose recommendations in the elderly compared with creatinine 
clearance. Int J Clin Pract 69:313–320

 64. Ocampo A, Reddy P, Izpisua Belmonte JC (2016) Anti-aging 
strategies based on cellular reprogramming. Trends Mol Med 
22:725–738

 65. Snell TW et  al (2016) Repurposing FDA-approved drugs for 
anti-aging therapies. Biogerontology 17:907–920

 66. Glassock RJ, Rule AD (2016) The kidney in aging: biology, 
anatomy, physiology and clinical relevance. In: Turner N et  al 
(eds) Oxford textbook of clinical nephrology. Oxford University 
Press, Oxford

 67. Boubred F et al (2007) Effects of early postnatal hypernutrition 
on nephron number and long-term renal function and structure in 
rats. Am J Physiol Renal Physiol 293:F1944–F1949

 68. Brenner BM, Mackenzie HS (1997) Nephron mass as a risk 
factor for progression of renal disease. Kidney Int Suppl 
63:S124–S127

 69. Wlodek ME et al (2007) Normal lactational environment restores 
nephron endowment and prevents hypertension after placental 
restriction in the rat. J Am Soc Nephrol 18:1688–1696

 70. Chin MP et  al (2014) Risk factors for heart failure in patients 
with type 2 diabetes mellitus and stage 4 chronic kidney disease 
treated with bardoxolone methyl. J Card Fail 20:953–958

 71. Marckmann P et al (2015) High-protein diets and renal health. J 
Ren Nutr 25:1–5

 72. Boubred F et  al (2016) High protein intake in neonatal period 
induces glomerular hypertrophy and sclerosis in adulthood in 
rats born with IUGR. Pediatr Res 79:22–26

 73. Eriksen BO et al (2016) Elevated blood pressure is not associated 
with accelerated glomerular filtration rate decline in the general 
non-diabetic middle-aged population. Kidney Int 90:404–410

 74. Parsa A et al (2013) APOL1 risk variants, race, and progression 
of chronic kidney disease. N Engl J Med 369:2183–2196

 75. Freedman BI (2013) APOL1 and nephropathy progression in 
populations of African ancestry. Semin Nephrol 33:425–432

 76. Larsen CP et al (2015) Histopathologic findings associated with 
APOL1 risk variants in chronic kidney disease. Mod Pathol 
28:95–102

 77. Luyckx VA, Bertram JF, Brenner BM, Fall C, Hoy WE, Ozanne 
SE, Vikse BE (2013) Effect of fetal and child health on kidney 
development and long-term risk of hypertension and kidney dis-
ease. Lancet 382:273–283

 78. Luyckx VA, Shukha K, Brenner BM (2011) Low nephron num-
ber and its clinical consequences. Rambam Maimonides Med J 
31:e0061


	The conundrums of chronic kidney disease and aging
	Abstract 
	Introduction
	The loss of GFR with aging
	Age and the definition of CKD
	The consequences of healthy aging of the kidneys
	Altering the phenomenon of renal aging
	Summary and perspectives
	References


