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ABSTRACT

Serum creatinine and glomerular filtration rate (GFR) are the current standard tests to
measure kidney function. The baseline GFR does not reflect full function of the kidney since
human kidneys do not always work at full capacity. Similarly, serum creatinine is not a sensitive
measure for kidney function or injury. In healthy individuals the GFR physiologically increases
in response to certain stresses or stimuli, such as protein loading.

Renal functional reserve (RFR) is defined as the difference between the maximal
glomerular filtration rate (generally determined after oral or intravenous protein loading) and the
baseline glomerular filtration rate. The absence of a normal RFR can help identify patients who
are more susceptible to kidney injury. The RFR is also important in patients who develop acute
kidney injury and chronic kidney disease. Even though the GFR might return to a baseline
level, there may be some loss of RFR which can make the patient more susceptible to another
episode of kidney injury.

Acute kidney injury and chronic kidney disease are considered interconnected syndromes;
each is a risk factor for the other. There are no current recommendations regarding the
performance of routine determinations of RFR. Physicians should focus on clinical history and
physical examination in patients with a history of prior episodes of acute kidney injury, monitor
renal function, and avoid nephrotoxic insults.
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INTRODUCTION

The current standard tests of kidney function are
the serum creatinine level and glomerular filtration rate
(GFR). The serum creatinine is the product of the cre-
atinine clearance and the daily creatinine production.
Daily creatinine production depends upon muscle mass
which varies with multiple factors, primarily age, sex,
and race. The serum creatinine provides an estimate of
how well the kidney is functioning, but in the absence
of any calculation or estimate of the GFR, it cannot
predict what will happen to the kidney during clinical
insults, such as exposure to nephrotoxic substances,
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autoimmune complex deposition, and infections. The
serum creatinine concentration does not sensitively
detect changes in kidney function.™® For a person
who is at risk of kidney injury, current serum creatinine
measurements, especially when near normal, cannot
tell who will develop acute kidney injury. The baseline
GFR might not reflect the full anatomical and functional
features, including reserve, in the kidney."*5

Normally, the human kidney does not work at full
capacity. Each individual is born with a different num-
ber of nephrons based on genetic and environmen-
tal factors.” Glomerular filtration rate can increase in
response to stress or stimuli, such as a protein load
or the physiologic changes that occur in pregnancy.
Multiple studies have shown that an assortment of
protein loads can increase GFR; some studies have
reported increases up to 62-81%.""° The change in
GFR with a protein load is similar to the change in
cardiac output with exercise.

26 The Southwest Respiratory and Critical Care Chronicles 2018;6(25):26-30

07_TTUv6bn25-Ratanasrimetha 26-30.1indd 26

07/14/18

11:18 Al



Renal Functional Reserve

Ratanasrimetha et al.

GFR(ml/min)

180
Stressed GFR

e Renal functional reserve

120
Baseline GFR
90

60

30

15 Nephron
number

500K 1 million 2 millions

Figure 1. Relationship between baseline GFR and
stressed GFR with nephron number. Renal functional
reserve starts to decline with the loss of nephron
number. '’

Renal functional reserve (RFR) has been studied
for several decades. It is defined as the difference
between the baseline and maximum GFR, which is
usually measured after oral or IV amino acid load-
ing."®®"" Two people may have the same GFR,
but one might be more susceptible to acute kid-
ney injury (AKI) than the other due to differences in
renal reserve. The RFR acts as a sensitive method
for the detection of subclinical kidney damage, and
thus may help identify patients susceptible to kidney
injury since it provides more information about whole
kidney function and the remaining reserve.*%?3

In a patient who develops AKI, the baseline GFR
may return to normal, but RFR may have been lost.
This has long-term effects as the kidney is now more
vulnerable to future episodes of AKIL.* For this rea-
son, some nephrologists consider a patient who has
already recovered from AKI with a normal GFR but
impaired RFR on stress testing as having chronic kid-
ney disease (CKD)."3467.12

Renal stress testing is useful in predicting the risk
of developing kidney injury since it uncovers loss of
renal functional mass when there is no clinical evi-
dence of kidney injury.” The RFR has been used to

predict risk of AKI in patient undergoing elective car-
diac surgery, and it helped predict the development of
AKI."™ This study showed that patients with reduced
RFR preoperatively were more likely to develop AKI.
Consequently, RFR can help physicians reduce risk
of AKI by triggering the avoidance of nephrotoxic
medications, hypotension, and the use of large vol-
umes of contrast.™

PHYSIOLOGY OF RENAL FUNCTIONAL RESERVE

Oral protein intake increases GFR. This effect
occurs both in normal and impaired kidneys. An
increase in GFR usually occurs in the first hour after
protein load, and the maximum effect occurs around
2-2.5 hrs."25891121418 Glomerular filtration rate can
be increased by increase renal plasma flow (RPF)
or filtration fraction (FF) as in this equation: GFR =
FF x RPF. The increased GFR after protein intake
is a result of increased renal plasma flow without a
change in filtration fraction.* Three main mechanisms
underlie this increased GFR."

1. Metabolic mechanisms

Metabolic mechanisms are thought to involve
amino acid stimulation of other metabolic processes
in the kidney that include tubular sodium reabsorp-
tion and thus increased oxygen consumption by the
kidney.9’11’14'16

2. Humoral factors

Numerous humoral factors might have impor-
tant roles in RFR. Endothelium derived relaxing fac-
tors (such as nitric oxide), prostaglandins, and the
renin-angiotensin-aldosterone system can alter renal
hemodynamics. Nitric oxide causes renal vasodilation
and an increase in GFR. In animal models, when nitric
oxide was inhibited, there was no increase in RFR after
amino acid infusion.'®"” The level of prostaglandins is
not elevated after protein loading, but some studies
have shown that indomethacin administration can
blunt the effect of increased RFR after protein loading
due to indomethacin’s inhibitory effect on vasodilatory
prostaglandins.®® The renin-angiotensin-aldoster-
one system is another important system in regulating
renal vasodilation or constriction. Angiotensin Il has
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been studied extensively since it causes renal vaso-
constriction and controls the renal vascular tone.>""”
Glucagon also increases the GFR, and multiple stud-
ies have demonstrated that elevated levels of gluca-
gon and amino acids increase renal plasma flow.2®’

3. Intrinsic renal mechanisms (tubuloglomerular feed-
back, tubular transport mechanisms)

Intrinsic renal mechanisms are likely involved in
tubuloglomerular feedback; however, these require
intact function of both glomeruli and tubules. After a
protein load, there is an increase in tubular amino acid
absorption. Amino acids in the proximal tubule are
co-transported with sodium so there is an increase
in NaCl transport. This leads to a decrease in sodium
delivery to the distal tubule and macula densa which
provides feedback to release prostaglandin and nitric
oxide. All of these effects cause renal vasodilatation.
In patients with Fanconi syndrome (proximal tubule
dysfunction) or with macula densa dysfunction, GFR
does not increase after protein loads.®' This indi-
cates that prostaglandins and nitric oxide have impor-
tant roles in regulating GFR %1617

Studies have shown that RFR decreases with
age, but it occurs up to at least age 80 years.' Renal
functional reserve also decreases in advanced stage
CKD. Renal functional reserve was shown to fall from
23.4 % (normal population) to 6.7 % in CKD stage
four.3®

Impact of renal functional reserve on acute kidney injury
and chronic kidney disease

Renal

AKI
Same risk factors: DM, HTN
/ \ Loss of autoregulation,
vasodilatation

Recovery renal function, .
creatinine back to baseline CKD ——> Loss of functional
reserve

/N,

Intact RFR Loss RFR
Figure 2. Relationship between renal functional
reserve and development of AKI and CKD.

Donor nephrectomy is a good example of how
RFR responds to an acute loss of renal function. A
single kidney has a 20-40% increase in GFR within
days after nephrectomy. Hyperfiltration and increased
renal blood flow are responsible for this increase.'®

Acute kidney injury is more complicated than
nephrectomy. Acute kidney injury has four phases:
1) initiation, 2) extension, 3) maintenance, and 4)
recovery. The initiation phase occurs when ischemia
or toxin exposure results in cellular injury, particularly
in renal tubular epithelial cells. The extension phase
occurs when inflammatory factors, including a variety
of chemokines and cytokines, are secreted. Renal
vascular endothelial cell damage leads to vasocon-
striction and prolongs the ischemia.?®?! In the main-
tenance phase, cells undergo repair, migration,
apoptosis, proliferation, and restoration of renal blood
flow.?? In the recovery phase, cellular differentiation
continues, the epithelial polarity is reestablished, and
normal cellular and organ function return.?®2*

In episodes of acute kidney injury, some patients
have complete recovery while some progress to CKD.
Physicians usually look at the baseline serum creati-
nine, but even when creatinine normalizes to base-
line, patients may not recover to the same baseline
RFR. In patients with less functional reserve, there
is an increased risk of future AKI due to low nephron
numbers, endothelial dysfunction, and abnormal vas-
cular dilatation."*'%24 In each episode of AKI, patients
lose some nephrons. The remaining nephrons can
develop adaptive hyperfiltration to maintain an
intact GFR, but RFR will have been compromised.
Maladaptive repair produces intrarenal hypertension,
tubular hypertrophy and atrophy, tubulointerstitial
fibrosis, progressive glomerular sclerosis and arteri-
osclerosis, and can lead to CKD.%

Chronic kidney disease patients may be at risk for
the development of AKI. These patients often have
other commonly accepted risk factors, e.g., DM, HTN,
proteinuria, and old age in addition to CKD itself. The
directmechanisms of increased AKl risk in CKD patients
include failure of autoregulation, abnormal vasodilata-
tion, susceptibility to antihypertensive agents, and side
effects of medication (such as diuretics).?® In kidney
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transplant patients, RFR can be used to identify sus-
ceptible donors and recipients for postoperative kidney
injury.?’

Overall RFR can be easily used in clinical prac-
tice. It could help identify patients who are susceptible
to kidney injury and alert physicians to the potential
for adverse kidney outcomes in patients with low
RFRs. More studies of RFR are needed, and it could
be easily incorporated into clinical trials.

CONCLUSION

Acute kidney injury and CKD are interconnected
syndromes. Each is a risk factor for the other. The
appearance of normal renal recovery from AKI may
not reflect lost RFR which leads to increased suscep-
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