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10.1	 �The Aging Kidney: Anatomical and Functional 
Modifications

Renal aging is a multifactorial process where gender, race, and genetic background 
and several key mediators such as chronic inflammation, oxidative stress, the renin–
angiotensin–aldosterone system, impairment in kidney repair capacities, and back-
ground cardiovascular disease play a significant role [1]. Features of the aging 
kidney include macroscopic and microscopic changes and important functional 
adaptations, none of which is pathognomonic of aging. The principal anatomical 
modification is a gradual renal mass reduction that is more pronounced in the renal 
cortex than in the medulla [2, 3]. From a microscopic point of view, the aging kid-
ney displays glomerular, tubular–interstitial, and vascular changes.

10.1.1	 �Glomerular Changes

The number of functioning glomeruli decreases during lifetime, while the propor-
tion of hyaline and sclerotic glomeruli increases from 1 % in the young adult to 
20–30 % in the 80-year-old adult (Fig. 10.1) [4]. In response to the reduced number 
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of functioning glomeruli, the aging kidney is characterized by a hyperfiltering con-
dition with an increase in glomerular plasma flow and intracapillary pressure. 
However, this adaptation mechanism may accelerate glomerulosclerosis in the long 
term because it raises intraglomerular pressure [2, 5, 6]. Glomerular basement 
membrane thickening is another typical feature of the aging glomeruli [3] as it is a 
mesangial expansion [7]. Glomerulosclerosis prevails in the cortical zone and deter-
mines a complete atrophy of the glomerulus, while direct shunts between afferent 
and efferent arterioles bypass the glomerular tuft in juxtamedullary nephrons [8]. 
Probably, this is the explanation for the flow preservation in the medulla of the aging 
kidney.

10.1.2	 �Tubulointerstitial Changes

As described for glomeruli, the overall number of tubules decreases with age [9], 
the proximal tubular length is also markedly reduced, while the distal tubules and 
the collecting duct develop more diverticula that may give rise to form simple renal 
cysts [4, 10]. Tubular dilatation may be accompanied by accumulation of hyaline 
material and basement membrane thickening. When extended, this process may 
lead to a sort of “thyroidization” of the kidney, a common feature in end-stage kid-
ney disease [9]. Expanded interstitial volume, infiltration of mononuclear cells, and 
diffuse areas of fibrosis are all hallmarks of the aging kidney [11]. Alterations in 
tubular function go along with anatomical involvement, particularly in renal aging, 
and decrease the capacity of diluting and concentrating urine [12, 13]. Enhanced 
proximal sodium reabsorption coupled to reduced distal fractional reabsorption 
allows maintenance of a normal sodium balance under steady-state conditions in the 
elderly [14]. However, this functional resetting limits the ability to conserve sodium 

Fig. 10.1  Sclerotic glomeruli in the aging kidney
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in response to low-salt intake and makes elderly people predisposed to volume 
depletion and acute kidney injury [15]. Inadequate activation of the renin–angioten-
sin system and reduced aldosterone secretion (hyporeninemic hypoaldosteronism) 
play a leading role into this phenomenon [16] as well as in nocturnal natriuresis, 
another frequent alteration in old people [17]. On the other hand, aged individuals 
display also a relative inability to excrete sodium excess in response to salt load, a 
multifactorial alteration predisposing to salt retention, hypertension, and cardiovas-
cular congestion. Resistance to the natriuretic effect of atrial natriuretic peptide is a 
key step into this process [18]. Alterations in tubular handling of electrolytes extend 
to potassium. Due to tubular atrophy and tubular–interstitial scarring, Na–K ATPase 
activity is reduced in the elderly, resulting in a high risk for hyperkalemia. Reduction 
in GFR, hyporeninemic hypoaldosteronism, dehydration, and metabolic acidosis all 
enhance the tendency to hyperkalemia in the elderly, and the administration of 
potassium-sparing drugs may precipitate serious clinical events in individuals har-
boring these risk factors [19]. Even though the renal regulation of acid–base balance 
is globally conserved in the aging kidney [20], the capacity of generating ammonia 
is clearly impaired [21]. Elderly subjects are more prone than young individuals to 
develop acidosis in response to acid load (such as after a high-protein meal or in 
stress conditions which activate proteolysis) mainly because of the incapacity to 
increase ammonia and H+ synthesis [22–24]. Impaired proton pump activity in the 
cortical collecting duct is a critical element in the deranged response to acid load in 
the elderly [21, 25]. Renal-dependent metabolic acidosis has been implicated in a 
constellation of alterations in the elderly including hypercalciuria, decreased citrate 
excretion, enhanced protein catabolism, muscle wasting, bone dissolution, cardio-
myopathy, and progression of CKD [26].

10.1.3	 �Vascular Changes

Structural changes in renal vasculature include intimal and medial hypertrophy, 
arteriolosclerosis, and overt atherosclerotic lesions [27]. Increased irregularity and 
tortuosity of pre-glomerular vessels, direct shunts between afferent and efferent ves-
sels (see above), wall thickening and narrowing of the vascular lumen of afferent 
arterioles [28], and an alteration mainly depending on vascular smooth muscle cell 
proliferation are observed [29]. In addition, micro-infarctions triggered by choles-
terol emboli are often observed along with atherosclerosis of the aorta and renal 
arteries in elderly patients with diabetes and hypertension. Interlobular arteries in 
the elderly show fibro-intimal hyperplasia [27], a feature typically observed in 
patients with chronic hypertension regardless of age.

10.1.4	 �Functional Changes

Renal blood flow (RBF) decreases with age, falling from 600 ml/min/1.73 m2 in the 
young adult to 300 ml/min/1.73 m2 by the age of 80 [30, 31]. This decrease is due 
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to both a reduction in renal mass and a progressive reduction in mean blood flow per 
unit of tissue mass. The decrease in blood perfusion seems to be mainly due to 
organic abnormalities of intrarenal vessels but also to an impairment of functional 
vasomotility [31, 32]. GFR decreases less than RBF, so that filtration fraction calcu-
lated as [GFR/RBF-FF]- increases [8]. This phenomenon may be due to two possi-
ble mechanisms: (1) hyperfiltration of functioning glomeruli due to an efferent 
arteriole vasoconstriction greater than the afferent one, with a consequent increase 
in intraglomerular pressure [37], and (2) RBF decrease limited to the cortex, so that 
medullary flow relatively rises [30–32, 34].

10.1.5	 �Renal Autoregulation in the Elderly

In healthy subjects, the kidney maintains a constant RBF and GFR regardless of renal 
perfusion pressure (RPP) over a defined range (80–180 mmHg). This is possible, thanks 
to intrarenal autoregulation, mediated by myogenic control of arteriolar tone and tubu-
loglomerular feedback (TGF). The first one consists of changes in the afferent arteriolar 
tone—vasoconstriction or vasodilation—[35], independently of the local nervous sys-
tem [36]. This phenomenon is probably mediated by stretch receptors in response to 
modifications of perfusion pressure [36]. Tubuloglomerular feedback (TGF) is medi-
ated by specialized cells in the macula densa, a region of the thick ascending limb of the 
loop of Henle adjacent to the glomerular vascular pole. These cells sense changes in the 
tubular flow, probably through chloride delivery, directly modified by GFR and RBF 
changes [37]. Via afferent arteriolar resistance, TGF modifies RBF and GFR and conse-
quently normalizes tubular flow. The primary mediators of TGF feedback are not com-
pletely understood. Certain studies propose angiotensin II as the main mediator, but it 
has been demonstrated that it acts only as sensitivity modulator of the feedback response 
[38]. In fact, angiotensin II modulates TGF activity on the afferent arteriole and directly 
increases the efferent arteriole tone, with a consequent increase in both glomerular capil-
lary pressure and in filtration fraction when GFR is reduced [39, 40]. Other vasoactive 
substances like prostaglandins, endothelin, and various endothelium-derived factors 
modulate autoregulation mechanisms. These autacoids induce variations on GFR and 
RBF by acting on afferent and efferent arteriole tone, but they also influence other renal 
functions such as tubular absorption and excretory activity.

10.1.6	 �Renal Adaptation Capacity During Stress Conditions 
in the Aging Kidney

The vulnerability of the aging kidney, which manifests itself in the presence of path-
ological conditions or administration of drugs normally tolerated by the young, is 
mainly due to an enhanced response to vasoconstrictive stimuli. This hemodynamic 
reaction can also occur in stressful situations of everyday life such as physical exer-
cise [41]. This tendency may be secondary to the reduction of renal autacoid 
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modulatory capacity, particularly at the vasodilating prostaglandin level. In our 
research, we demonstrate that, in the healthy elderly, the renal response to adrenergic 
activation by mental stress is characterized by a prolonged and pronounced vasocon-
striction, due to the lack of prostaglandin modulation of vasoconstrictor factors’ 
activity (Figs. 10.2 and 10.3) [42]. This can explain the greater vulnerability of the 
aging kidney when NSAIDs are administered, particularly when vasoconstrictive 
factors, such as during hypotension, hemorrhage, or congestive heart failure, are acti-
vated [42].

10.2	 �Assessment of GFR

Assessment of glomerular filtration ratio (GFR) in elderly people is essential for 
risk stratification (global, preoperative, etc.), for the use of diagnostic imaging using 
contrast agents, and for establishing the correct dose of antibiotics and other kidney-
excreted drugs.

The gold standard for the evaluation of GFR is inulin clearance, an invasive tech-
nique clearly unsuitable for clinical use. Levels of serum creatinine are a poor indi-
cator of renal function in the elderly, since the combination of a reduced muscle 
mass and physical inactivity maintain levels of serum creatinine normal even for a 
GFR reduced by more than 50 %. Estimation of GFR is calculated by mathematical 
formulas which give a rapid, but often imprecise, estimate. Furthermore different 
formulas present varying degrees of accuracy according to the population consid-
ered. In this commentary, our aim is to illustrate the different formulas available, 
including the new BIS-1 and BIS-2, and offer clinicians a practical guide.

10.2.1	 �Cockcroft–Gault Equation

This equation generally overestimates renal function because it represents an estima-
tion of creatinine clearance, i.e., the actual filtrate plus tubular secretion of creatinine 
[43]. Compared to the measurement of creatinine clearance, it presents the advantage 
of not requiring the measurement of urinary excretion of creatinine. The equation is 
based on serum creatinine, age, weight, and a corrective index for the female sex. The 
results are expressed in mL/min, so data on height is required to normalize the value to 
body surface area. In the original paper, 249 subjects were enrolled, of which 59 aged 
70 years or more, with an average creatinine clearance inferior to 40 mL/min. The 
equation presents two flaws: the tendency to underestimate in advanced age (probably 
because the few old subjects enrolled in the original study had a reduced muscle mass 
and therefore produced less creatinine) and to overestimate in case of overweight/obe-
sity or edema. This is due to the fact that in the equation, weight is used as a proxy of 
muscle mass and therefore of creatinine generation; adipose tissue however does not 
generate creatinine [44]. One possible solution is to use the ideal, rather than the real, 
weight [45], but today there are poor indications to use this equation.
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Fig. 10.2  Effects of 
mental stress on renal 
hemodynamics (mean – 
SD). ● Elderly (n = 8), ○ 
young (n = 8). *P <.05, 
**P <.01, and ***P <.001 
vs. baseline (least 
significant difference test, 
ANOVA). FF filtration 
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10.2.2	 �MDRD Equation

The four-variable MDRD equation (by the Modification of Diet in Renal Disease 
(MDRD) study group) is based on creatinine blood levels, age, sex, and ethnicity 
[46]. The original version included serum urea nitrogen and albumin concentration 
but was later simplified; in 2006 it was recalculated for use with standardized serum 
creatinine assay; [47] results are provided directly in mL/min × 1.73 m2. It has been 
studied measuring the relationship between creatinine blood levels and GFR mea-
sured with radioisotopic techniques in adults with chronic renal failure. The original 
equation was validated in a population with an average age of 51 years; persons 
aged 65 years or more represented 22 % of the sample; even in successive valida-
tions in larger populations, elder individuals were poorly represented [48]. The 
main defect of the equation is the lack of validation for estimated normal-high fil-
trates. This is because the MDRD study did not include healthy individuals; there-
fore, there is a paucity of data for GFR >60 mL/min × 1.73 m2 [49]. Other studies 
have highlighted possible errors in specific subgroups of patients, such as kidney 
transplant recipients [50], diabetics [51], or in regions outside North America, 
Europe, or Australia (specific adaptations have been developed in Chinese [52] and 
Japanese [53] population).

10.2.3	 �CKD-EPI Equations

The Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) aimed at 
developing more accurate equations for GFR estimated as higher than 60 mL/
min/1.73 m2. This new formula, known as CKD-EPI, pooled information from 
three large databases of 12,000 subjects, with and without renal disease, using as 
a reference test iothalamate clearance [54]. The average ages in the development 
and in the external validation study were, respectively, 47 and 50 years (subjects 
aged 65 years or more, 13 % and 15 %, respectively). The variables adopted by 
the CKD-EPI were the same as in the MDRD equation (creatinine expressed by 
standardized assay). The CKD-EPI equation has a lower bias for the estimation 
of GFR >60 mL/min/1.73 m2, with important repercussions on public health and 
clinical practice: the prevalence of chronic kidney disease, especially among 
women and Caucasians, is reduced but remains high among the elderly [55]. The 
new equation however cannot overcome the principal limits of serum creatinine 
as an endogenous marker of glomerular filtration; indeed all creatinine-based 
equations should be used with caution in subjects with an altered generation and/
or secretion of creatinine: subjects with a reduced muscle mass (limb amputa-
tions, cachexia, sarcopenia, muscular dystrophy), athletes with an increased 
muscle mass, drugs which modify creatinine secretion, etc.). For a few years 
now, there has been a growing interest in cystatin C (CysC), as a possible substi-
tute for creatinine as a marker of GFR. CysC satisfies the ideal marker criteria: 
endogenous production at a constant rate, freely filtrated by the glomerulus, 
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tubular catabolism, and no extrarenal elimination. Furthermore CysC depends 
less on muscle mass compared to creatinine. However serum CysC levels could 
be altered, and therefore unreliable, in the presence of systemic infections [56] 
and thyroid dysfunction [57] and during steroidal therapies [58]. The effects of 
smoking, obesity, and age still need to be clarified [59]. Issues such as dosage 
method standardization, definition of a range of normal values, and high costs 
need to be solved. In 2012, the CKD-EPI group developed two new equations for 
GFR estimation: one equation uses CysC, age, sex, and ethnicity and the other 
combines CysC and creatinine with age, sex, and ethnicity [60]. The sample 
included over 5000 subjects, persons aged 65 years or more were 13 % and 21 % 
of the populations, respectively, in the development and validation group. The 
equation that combines creatinine and CysC resulted in a more accurate GFR 
estimation across the whole range of values, even in specific subgroups, such as 
persons with a BMI lower than 20  kg/m2, in which creatinine-based formulas 
tend to underestimate GFR.  Furthermore this equation allows a more correct 
classification of subjects with GFR values in the 45 and 60  mL/min/1.73  m2 
range, identifying those not affected by renal failure. Cohort studies and meta-
analysis conducted on general population studies show that formulas based on 
CysC, alone or combined with creatinine, establish GFR as a predictor of mortal-
ity in various populations, starting from a GFR <85 mL/min/1.73 m2 [61]. GFR 
values estimated with creatinine only have a J-shaped correlation with all cause 
of mortality. Non-GFR-related factors which influence serum creatinine levels, 
such as muscle mass, diet, and physical activity, alter the link between GFR and 
mortality [62]. Creatinine levels lower than those normally expected from the 
corresponding GFR values in subjects in precarious health conditions and at 
high risk of mortality seem to be the responsible mechanisms. Non-GFR-
dependent factors which influence CysC levels seem to reinforce the association 
between GFR and mortality; [63] a possible explanation is that obesity, inflam-
mation, and diabetes are all conditions that increase CysC serum levels [64]. In 
a recent cohort study of individuals aged 80 years or older, CKD-EPICysC and 
CKD-EPIcreatinine/CysC equations appear to predict with greater accuracy mortality, 
renal replacement therapy, and severe cardiovascular events compared with 
MDRD and CKD-EPIcreatinine equations [65].

All the above-described equations have been validated and should be used in 
subjects aged 18–70 years old; nonetheless, CKD-EPI and MDRD should be pre-
ferred over Cockcroft–Gault formulas in elderly population [66]. MDRD and CKD-
EPI equations compared to a reference GFR measurement, in older Caucasians, 
overestimated GFR (especially for GFR >60  mL/min/1.73  m2), whereas CKD-
EPIcysC was unbiased; all three CKD-EPI equations appear to be more accurate than 
MDRD [67]; CysC-based equations’ superiority was proved not only in Caucasian 
elderly population [68].

At present, the latest KDIGO guidelines (2012) recommend use of CKD-EPI 
creatinine in clinical practice. It is suggested that CysC equations (CKD-EPICysC – 
CKD-EPIcreatinine/CysC) be used: 
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•	 In the 59–45 mL/min/1.73 m2 range, in the absence of markers of kidney damage 
for confirmation of chronic kidney disease

•	 In specific circumstances when GFR calculated with creatinine alone is less 
accurate [69]

10.2.4	 �BIS Equations

In 2012 the Berlin Initiative Study (BIS) research group proposed to develop new 
equations, accurate at estimating GFR in persons aged 70 years or more [70]. The 
population consisted of 610 subjects, a subset of a larger cohort study. Four vari-
ables were considered: age, sex, serum creatinine, and serum CysC. Ethnicity was 
not included because of the homogeneity of the population. The difference between 
BIS-1 and BIS-2 is the use, in the latter, of CysC. In the validation, iohexol was used 
as the reference test. The average age of the sample was 78.5 years old. Results were 
compared to the GFR estimations achieved through the known equations. Both the 
two new equations have shown more precision and accuracy in GFR measurement 
compared to the other formulas, especially in the group with values >30  mL/
min/1.73  m2. In the sample, all the other equations tended to overestimate GFR 
values, especially MDRD, and to a lesser extent Cockcroft–Gault. The addition of 
CysC values to the equation appears advantageous in the studied population, as it 
appears to reduce the effects of sex and age, supporting its potential use in the pres-
ence of a reduced muscle mass. Both equations confirm a high prevalence of GFR 
values <60 mL/min/1.73 m2 in the over 70 population and the lowest rate of reclas-
sification compared to the other formulas. The study sample consisted only of 
Caucasian individuals, with a slightly or moderately reduced renal function: there-
fore their predictive value for different ethnicities or in the case of severe renal 
failure is unknown. Nowadays few external validation studies exist with opposing 
results on the benefit of BIS compared to CKD-EPI equations in elderly [71–75]. 
Further validation studies of these equations in the elderly population are warranted 
also as a predictor of important outcomes.

Tables 10.1 and 10.2 illustrate the pros and cons of each formula, in different 
clinical settings [42].

In conclusion, estimation of GFR, considered easy and intuitive by most physi-
cians, remains a complex process, especially in the elderly, and a greater awareness 
about the limits of the various GFR estimation formulas is auspicable.

A. Ungar et al.



123

Table 10.1  Pros and cons for each GFR-estimating formula

Equations for 
GFR estimation Variables Pros Cons

Cockcroft–
Gault – 1976

Cr
Age
Weight
Sex

No 24-h urine collection 
required
Easiness
Widely studied

Body weight requested
It correlates with ClCr, but not 
with GFR (GFR 
overestimated)
Correction for body surface 
area is needed, in order to 
normalize to mL/min/1.73 m2

Underestimation in advanced 
age
Overestimation in the 
presence of overweight/
obesity or edema

Four-variable 
MDRD – 2006

Cr
Age
Sex
Ethnicity

Recommended by the 2002 
KDOQI guidelines
Widely studied
Correlation to GFR
Body weight not required
Results already normalized 
for body surface area

Systematic underestimation 
for GFR >60 mL/min/1.73 m2

Poorly validated in the elderly

CKD-EPI – 
2009

Cr
Age
Sex
Ethnicity

Recommended by the 2012 
KDIGO guidelines
Better correlation with GFR 
than MDRD, especially for 
GFR >60 mL/min/1.73 m2

Bias due to the use of three 
databases
Poorly validated in the elderly

CKD-EPI 
Cys/
Cr-CysC – 
2012

Cr
CysC
Age
Sex
Ethnicity

CysC less influenced by age, 
sex, ethnicity
More accurate and precise, in 
particular for GFR >60 mL/
min/1.73 m2 and for BMI 
<20 kg/m2

Suggested by the 2012 
KDIGO guidelines in special 
conditions
Probably more useful in case 
of reduced muscle mass

CysC influenced by systemic 
infections, thyroid 
dysfunction, steroidal 
therapies
Problems for the dosage 
method standardization, lack 
of normal values range, cost
Poorly validated in the elderly

BIS 1 – 2012 Cr
Age
Sex

More precision and better 
correlation with mGFR in the 
elderly, especially with GFR 
>30 mL/min/1.73 m2

Validated for Caucasians only
Validated for over 70 years old 
subjects only
Limited external validation

BIS 2 – 2012 Cr
CysC
Age
Sex

More precision and better 
correlation with mGFR in the 
elderly, especially with GFR 
>30 mL/min/1.73 m2

CysC less influenced by age, 
sex, ethnicity
Probably more useful in case 
of reduced muscle mass
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