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Abstract

Glomerular hyperfiltration (GHF) is an increase in single-nephron glomerular filtration rate (GFR) that occurs in both physi-
ological states and pathological states. Whole-kidney GHF is often used as a surrogate for single-nephron hyperfiltration
since determining single-nephron GFR is impossible in routine clinical care. A clear definition (read threshold) of GHF is
lacking. The aim of the first part of this review was to find evidence for defining the threshold for GHF, based on literature
review, including systematic reviews and meta-analysis data, with both measured and estimated GFR. The consensus pediatric
threshold for GHF as obtained from reviews, measured and estimated GFR studies, can reliably be set to 135 mL/min/1.73
m? for children aged >2 years. Diagnosing GHF from SCr-based estimated GFR is not reliable in subjects with reduced
muscle mass. In these cases, it could be of interest to confirm the state of GHF using cystatin C-based eGFR, or preferably,
by measured GFR, using methods that are accurate in the high GFR-range.
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Introduction

Glomerular hyperfiltration (GHF) is an increase in single-
nephron glomerular filtration rate (GFR) that occurs in
both physiological states and pathological states. Whole-
kidney GHF is often used as a surrogate for single-nephron
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hyperfiltration since determining single-nephron GFR is
impossible in routine clinical care [1]. GHF is thought to
play an important role in the initiation of chronic kidney
function loss, especially in the diabetic patient. GHF has not
only been described in patients with diabetes mellitus [2, 3]
but also in patients with sickle cell disease [4, 5], polycystic
kidney disease [6], in hypertensive patients [7], and obese
subjects [8] or patients experiencing the metabolic syndrome
[9]. A physiological state of hyperfiltration may occur after
consumption of high-protein meals [10] or during pregnancy
[11]. GHF has been hypothesized to predispose to irrevers-
ible nephron damage, thereby contributing to initiation and
progression of kidney disease. However, many patients reach
kidney failure without going through a hyper-filtering stage
[12]. GHF can start during childhood, but there is contro-
versy about this since a clear definition of GHF is still absent.
Studies have shown that higher baseline GFR is associated
with faster decline in GFR over time, but whether this rela-
tionship is causal is still questionable [12, 13].

There are many factors that contribute to the difficulty
in setting a clear definition (read threshold) of GHF. First,
there is a lack of harmonization to measure GFR, that is,
a large variety of methods are currently used to measure
GFR, depending on different exogenous markers, differ-
ent protocols (kidney versus plasma clearance), different
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timing of sampling and correction methods when only late
samples are used in the concentration—time curve, and dif-
ferent fitting methods for the plasma-concentration versus
time decay. Second, when measured GFR is not available, or
cannot be measured, there exist a wide variety of estimating
GFR formulas, depending on age, gender and/or height, and
biomarkers like serum creatinine (SCr), cystatin C (ScysC),
or the combination of both. Variations in test methods for
SCr and ScysC increase the error in estimating equations.
GHEF status is often missed using estimated GFR (eGFR)-
equations and the accuracy within 30% statistic is much too
broad to ensure accurate diagnosis of GHF based on eGFR.
This might suggest that the true GHF status can only be
determined with directly measured GFR. Third, the natural
decline in GFR with aging may obscure GHF [14]. Fourth,
there are possible differences in eGFR between ethnic pop-
ulations due to differences in creatinine generation [15],
although current pediatric eGFR-equations do not require
race [16]. Finally, the indexation by body surface area (BSA)
may falsely decrease GFR in obese patients and can obscure
hyperfiltration [17].

Evidence for the GHF threshold
From systematic reviews

In a first systematic review [18], the threshold for GHF was
reported as ranging from 125 to 175 mL/min/1.73 m. It was
mentioned that this definition did not take into account the
age-related decline of GFR after the age of 40 years. This
review mentions also that GHF could either be defined as
an abnormally high whole-kidney GFR, increased filtration
fraction, or as increased filtration per nephron. Increased
GFR can occur as an early manifestation of disease, but it
remains to be proven whether GHF is a precursor of chronic
kidney disease (CKD). It should be emphasized that creati-
nine clearance, often used as replacement for GFR, over-
estimates GFR by about 25% owing to tubular secretion of
creatinine, and high creatinine clearance can misleadingly
be confused with GHF. Also, estimating GFR-equations may
be very high when serum creatinine is (very) low, and this
can also misleadingly be attributed to GHF, while this may
be an artifact of the estimating GFR formulae.

In a second systematic review [19], focusing on defining
the GHF threshold, it was mentioned that the GHF threshold
(when reported) varied between studies, ranging from 90.7
to 175 mL/min/1.73 m?, although half of GHF thresholds lie
between 130 and 140 mL/min/1.73 m?. The review presented
a distribution of threshold values with expression of GFR in
mL/min/1.73 m? reported in 151 studies with a single thresh-
old. Median (minimum, maximum) was 135 mL/min/1.73
m? (90.7, 175); first and third quartiles, 130 and 140 mL/
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Table 1 GHF thresholds obtained from reference [19] according to
patient age

Age group No of studies Mean cut-off + SD
Pediatric 27 137.7+16.1
Adult 92 133.6 +10.1
Pediatric and adult 43 1345+11.7

Table2 GHF thresholds obtained from reference [19] according to
GFR evaluation method

GFR evaluation method No of studies Mean cut-off + SD

Inulin clearance 38 137.8+9.8
Iohexol plasma clearance 73 134.1+£9.7
eGFR formulas 26 128.0+15.2

min/1.73 m% mean + SD = 134.6+ 11.7 mL/min/1.73 m*.
Also, a pediatric threshold of 137.7 + 16.1 mL/min/1.73 m?
was reported as the mean of 27 studies (see Table 1). The
review mentioned that GHF thresholds reported in pediat-
ric studies were not significantly different from studies that
included mixed-age or adult populations. This may look sur-
prising because GFR declines after the age of 40 years, at
approximately 0.90 mL/min/1.73 m?/year. This implicates
that the threshold for GHF is the same for everyone prior
to age 40, but declines thereafter. Also, GHF thresholds
according to the GFR evaluation method did not really reveal
clinically relevant differences (see Table 2).

From estimating GFR formulas

A different approach to define a GHF threshold for GFR can
be based on SCr-based eGFR-formulas for children. Refer-
ence intervals for SCr vary with age and gender in children,
but the so-called normalized or rescaled SCr, denoted as
SCr/Q (with Q the median or mean SCr for 1-year age-/
sex-specific intervals), is an interesting alternative, as it is
independent of age/sex with a mean of “1” and fixed ref-
erence interval of [0.67—1.33]. This establishment forms
the basis for the (pediatric form of the) full age spectrum
(FAS)-equation [20]. This eGFR-equation was defined as
FAS=107.3/(SC1/Q), where the value of Q has been pub-
lished in tables and formulas before [21, 22]. The lower limit
or 2.5th percentile would correspond to 107.3/1.33 =80.7,
and, symmetrical to 107.3, this would be 107.3 4+ (107.3
- 80.7)=107.3 +26.6=133.9 mL/min/1.73 m?. The Euro-
pean Kidney Function Consortium (EKFC) equation is an
evolution of the FAS equation, with better performance in
low SCr-levels. The lower limit calculated from the EKFC-
equation [23] would be 107.3 / 1.33"132=77.7 mL/min/1.73
m?, and symmetrically to 107.3, this would give an upper
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limit of 107.3+(107.3 — 77.7)=136.9 mL/min/1.73 m?.
Note, however, that the lower limit of SCr/Q=0.67 would
result in a much higher FAS-estimation (107.3/0.67) of
160.1 mL/min/1.73 m2. The inverse relationship between
GFR and SCr/Q does not allow that both variables are nor-
mally distributed (Gaussian bell shaped). Therefore, a lower
limit of SCr/Q=0.80 would correspond to a FAS-prediction
close to 135 mL/min/1.73 m?, suggesting that hyperfiltration
(when defined as eGFR > 135 mL/min/1.73 m?) would cor-
respond to SCr/Q < 0.80.

However, the accuracy of creatinine for eGFR may be
affected by hyperfiltration as suggested by Huang et al.
[24]. These authors state that hyperfiltration should be
defined as the result of an increase in the glomerular
capillary pressure. Hyperfiltration should only be con-
sidered if the filtration fraction (defined as the ratio of
GFR and effective renal plasma flow) is above the refer-
ence interval. The main finding of their study was that
SCr-based eGFR was influenced by the filtration frac-
tion, while this was not the case when using cystatin
C or beta trace protein as kidney biomarker. They con-
cluded that the error between eGFR as estimated from
the bedside Schwartz formula and measured GFR was
altered by hyperfiltration. They further concluded that
SCr was a less accurate marker for eGFR in the presence
of hyperfiltration. It should, however, be noted that the
Schwartz formula was designed for children with CKD
and is less accurate in children with normal or high GFR
[25]. It can therefore be questioned whether the con-
clusion of their study was not an artifact of the bedside
Schwartz-equation. The recently updated Schwartz equa-
tion corrects for some of the artifacts in the original bed-
side Schwartz equation [26]. In a study by Braat et al.
[27], in 20 children with Duchenne muscular dystrophy
(DMD) undergoing direct measurement of GFR (°!Cr-
EDTA plasma clearance), hyperfiltration (as defined by
mGFR > 150 mL/min/1.73 m?) was found in 5/20 patients
(note: the median mGFR was 130.4 mL/min/1.73 m?, and
9/20 patients had mGFR > 135 mL/min/1.73 m?; 19/20
patients had mGFR > 107.3 mL/min/1.73 m?, which could
be considered the median reference GFR for children).
In these 20 DMD children, estimating GFR from creati-
nine-based equations (both the bedside Schwartz equation
and the pediatric FAS-equation) largely overestimated
mGFR (up to 300%) due to the very low serum creati-
nine values in patients with reduced muscle mass, result-
ing in all 20 patients having eGFR > 135 mL/min/1.73
m?, that is, all being diagnosed with GHF. A similar
observation was made in young women with severe ano-
rexia nervosa [28]. Cystatin C-based eGFR-equations
(like FAS=107.3/(ScysC / 0.82)) performed much bet-
ter than SCr-based eGFR-equations in these children,
being closer to measured GFR, and with only 3 patients

having eGFR > 135 mL/min/1.73 m?. It should also be
emphasized that all 20 DMD patients had very low SCr,
reflected in SCr/Q < 0.67, while all 20 DMD patients had
ScysC/0.82 between 0.67 and 1.33, thus normal cystatin
C values. Clearly, the very low SCr-values are mainly
due to the reduced muscle mass in these patients, but the
question is: when is muscle mass too low to avoid the use
of SCr-based eGFR? This study, therefore, demonstrates
that SCr and SCr-based eGFR-equations alone are not
suited to define GHF. It must be kept in mind that SCr
and GFR are inversely related (hyperbolic relationship).
This means that at high GFR levels, and thus by definition
in a possible state of GHF, a slight change in creatinine
(for example due to analytical error) will result in a large
change in GFR [29]. In other words, even if the bias of
the creatinine-based equation is close to zero in a state of
GHF, the imprecision remains quite large. In this context,
it must be underlined that a P30 (a metric frequently used
for the performance of eGFR equations and correspond-
ing to the % of eGFR within 30% of mGFR) of 85% at the
threshold for GHF (30% of 135 mL/min/1.73 m? is 41 mL/
min/1.73 m?) means that the true GFR-result has a chance
of 85% to be between 94 and 176 ml/min/1.73 m?, a very
broad range. It demonstrates that, at the individual level,
the diagnosis of GHF in patients with reduced muscle
mass based on estimated GFR can be very inaccurate.

Based on the FAS-equation, and using the upper limit
1.33 of the normalized biomarker (whether it is SCr
or ScysC), a lower limit for FAS-eGFR can be defined
as 107.3/1.33 (x0.988A2=40) if a0e > 40 years) = 80.7
(% 0.988e=40) if a0e > 40 years), and symmetrical
to this lower limit, the upper limit is defined as 133.9
(x 0.98842e=40) if age > 40 years). The pediatric thresh-
olds are therefore < 80.7 for CKD and > 133.9 for GHF.
The regions defined by these thresholds are illustrated
in Fig. 1.
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Fig. 1 Evolution of GFR with age and categorization in CKD, normal
GFR, and GHF based on the FAS-equation
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From the upper limit of measured GFR

Conventionally, GHF can be defined as a GFR of more than
two standard deviations above the mean of healthy individu-
als. This also corresponds to the 97.5th percentile.

In a meta-analysis [30] to define mean GFR in healthy liv-
ing potential kidney donors, the 2.5th and 97.5th percentiles
for mGFR were obtained as mean + 1.96 X SD for 12 studies
[31] and 6 different age-groups. The means of the lower
limits and upper limits with their SDs are listed in Table 3.
The upper limit for young adults (20-30 years) is 136.0+7.6
(mean + SD) and can be considered a good estimate for the
GHF-threshold, also for children.

In a study by Chakkera et al. [14] in 3317 potential
donors, including 2125 actual donors, the overall 95th
percentile for BSA-indexed measured GFR was reported
as 134 mL/min/1.73 m?. They calculated an age-based
threshold for mGFR expressed in mL/min/1.73 m? as 164
—0.730 x age, and for mGFR expressed in mL/min, it was
198 — 0.943 x age. However, they claimed that high age-
based mGFR expressed in mL/min (thus not corrected for
BSA) had the strongest association with higher single-
nephron GFR.

To our knowledge, the study by Piepsz et al. [32] is proba-
bly the only study with measured GFR in 623 children, aged
0.1 year to 15 years, with apparently normal kidney function.
They published a mean GFR of 104.4 +19.9 mL/min/1.73
m? with 10th and 90th percentiles of 81 and 135 mL/
min/1.73 m?, respectively, for children aged > 2 years. For
infants (children younger than 2 years), the mean + SD
for measured GFR is presented in Table 4. GHF thresh-
olds for children <2 years of age were calculated as
mean + 1.96 X SD (corresponding to the 97.5th percentile).
The FAS-equation has been presented for infants by multi-
plying the pediatric form 107.3/(SCr/Q) with a “correction
factor” of 1 — exp(—age/0.5) [20]. Upper limits calculated
from this “corrected” equation are also presented in Table 4,
for children aged > 1 year.

Finally, in a smaller study by Blake et al. [33] in 24
children, aged 2-17 years, with a normal scan result

Table 3 Lower (LRL) and upper (URL) reference limits for measured
GFR and calculated from the FAS-equation at the age mid-points of
10-year age-intervals (from [30])

Age at mid-point mGFR-LRL mGFR-URL FAS-LRL FAS-URL
(years) (mean + SD) (mean + SD)

25 78.1£5.5 136.0+7.6 80.7 133.9

35 76.8+4.6 133.8+7.1 80.7 133.9

45 70.1+6.0 128.5+7.0 76.0 126.1

55 62.1+10.5 118.6+9.7 67.3 111.7

65 553+74 114.0+10.0 59.7 99.0

75 48.6+5.3 102.8+11.3 529 87.8
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Table 4 GFR-values expressed in mL/min/1.73 m? from Piepsz et al.
[32]. The GHF-thresholds were calculated as mean+ 1.96 X SD. The
FAS-URL is obtained from FAS=133.9x (1 — exp(-Age / 0.5)) (for
age > 1 year) [20]

Age at mid-point  mGFR (mean +SD) GHF threshold = FAS-URL
(years) mean+ 1.96xXSD

<0.10 52.0+9.0 69.6

0.10-0.30 61.7+14.3 89.7

0.30-0.66 71.7+13.9 98.9

0.66-1.00 82.6+17.3 116.5

1.00-1.50 91.5+17.8 126.4 122.9
1.50-2.00 94.5+18.1 130.0 129.9
>2.00 104.4+19.9 143.4 131.5

(*™Tc-dimercaptosuccinic acid (*™Tc-DMSA) scintigra-
phy), the reported mean GFR (+ SD) was 109.5 +16.8 mL/
min/1.73 m?, which would result in a GHF threshold of
109.5+ 1.96x 16.8 = 142.4 mL/min/1.73 m?, very close to
the reported 97.5th percentile obtained from Piepsz et al.

Conclusion

The consensus pediatric threshold for GHF as obtained from
reviews, measured and estimated GFR studies, can reliably
be set to 135 mL/min/1.73 m? for children aged > 2 years.
Diagnosing GHF from SCr-based estimated GFR is not reli-
able in subjects with reduced muscle mass. In these cases, it
could be of interest to confirm the state of GHF using cysta-
tin C-based eGFR, or preferably, by measured GFR, using
methods that are accurate in the high GFR-range.
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