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PROGNOSTIC ROLE OF GLOMERULAR HYPERFILTRATION

In 314 patients with type 1 or type 2 diabetes followed up for 21 years,
glomerular filtration rate (GFR) was measured at baseline by dynamic renal scintigraphy
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ARTICLE HIGHLIGHTS

¢ The long-term prognostic role of glomerular hyperfiltration in diabetes is unclear.

» We aimed to examine the long-term impact of glomerular hyperfiltration measured by dynamic renal scintigraphy
on kidney function decline and mortality.

« Glomerular hyperfiltration increased the combined risk of worsening kidney function and mortality from cardiovascular
or renal causes over a 21-year follow-up in patients with either type 1 or type 2 diabetes.

 Early identification of glomerular hyperfiltration in patients at risk may allow optimization of risk stratification and
management of subclinical kidney disease.
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OBJECTIVE

To evaluate the prognostic value of glomerular hyperfiltration on long-term
kidney-related outcomes and mortality in patients with diabetes.

RESEARCH DESIGN AND METHODS

We retrospectively analyzed 21-year longitudinal data from 314 patients with
long-standing type 1 or type 2 diabetes. Glomerular hyperfiltration was identified
based on the age- and sex-specific distribution of measured glomerular filtration
rate (MGFR) by *™Tc-DTPA dynamic renal scintigraphy. The primary outcome was
a composite of doubling of serum creatinine, end-stage kidney disease (ESKD),
or cardiorenal death. The kidney-specific outcome was a composite of doubling
of serum creatinine, ESKD, or renal death.

RESULTS

Over a median of 21.0 years, the primary composite outcome occurred in 25 (39.7%),
24 (38.1%), and 46 (24.5%) participants with high mGFR (H-mGFR) (n = 63), low mGFR
(L-mGFR) (n = 63), or normal mGFR (N-mGFR) (n = 188), respectively. Compared with
N-mGFR, the hazard ratio (HR) for the primary composite outcome was 2.09 (95% ClI
1.25-3.49) in H-mGFR and 1.81 (1.05-3.16) in L-mGFR. The HR for the kidney-specific
composite outcome was 4.95 (2.21-11.09) in H-mGFR and 3.81 (1.70-8.56) in
L-mGFR. The HRs for doubling of serum creatinine and cardiorenal death were
4.86 (2.18-10.90) and 2.18 (1.24-3.83) in H-mGFR and 4.04 (1.77-9.20) and 2.26
(1.27-4.01) in L-mGFR, respectively.

CONCLUSIONS

Glomerular hyperfiltration, similar to hypofiltration, increases the combined risk of
worsening kidney function and mortality from cardiovascular or renal causes in pa-
tients with diabetes. These findings encourage the active screening of these pa-
tients to optimize risk stratification and treatment of subclinical kidney disease.

Diabetic nephropathy is a leading cause of end-stage kidney disease (ESKD), with
an estimated prevalence of 30-40% in patients with type 2 diabetes (T2D) and type 1
diabetes (T1D) (1). In the earliest stage of diabetic nephropathy, a supraphysiologic
elevation in glomerular filtration rate (GFR), defined as glomerular hyperfiltration,
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Prognostic Value of Glomerular Hyperfiltration

can lead to an increase in glomerular cap-
illary pressure and tensile stress that, in
turn, may initiate and facilitate the pro-
gression of kidney damage (2,3). Glomer-
ular hyperfiltration has been associated
with nephropathy development and pro-
gression over short observation periods
in patients with T2D and T1D (4-7), but
findings were not confirmed in all cohorts
(8,9). On the other hand, a reduction in
glomerular hyperfiltration via pharmaco-
logical inhibition of the renin-angiotensin-
aldosterone system (RAAS) (10-13) and
possibly sodium—glucose cotransporter 2
(SGLT2) (14-17) can eventually translate
into long-term benefits on kidney out-
comes. Glomerular hyperfiltration was also
linked to increased mortality in both
healthy people (18) and patients with T2D
(19) in large population-based studies.
However, these studies relied only on
estimated GFR (eGFR) to identify individ-
uals with hyperfiltration, which is known
to be inaccurate (20).

The correct identification of glomerular
hyperfiltration is hampered by the high
discordance (+30%) between eGFR and
directly measured GFR (mGFR), especially
for the extreme values characteristic of
patients with glomerular hyperfiltration
(20). In a cohort of 600 patients with
T2D, the majority (64%) of patients with
mMGFR-confirmed glomerular hyperfiltra-
tion were not identified by any eGFR
creatinine-based equation (21), whereas
another cross-sectional study showed that
both the Chronic Kidney Disease Epidemi-
ology Collaboration (CKD-EPI) and Modifi-
cation of Diet in Renal Disease (MDRD)
equations systematically underestimate
values >90 mL/min/1.73 m? in people
with diabetes (22). Moreover, validated
eGFR equations are adjusted for estab-
lished risk factors for kidney disease and
all-cause mortality, including age, sex,
and race, which would eventually lead
to an over- or underestimation of the
prognostic value of eGFR-based glomeru-
lar hyperfiltration (21). Therefore, there is
a need for studies with appropriate di-
agnostic measures of GFR to better de-
fine the long-term prognostic value of this
condition, which remains underdiagnosed
and undertreated.

This longitudinal study aimed to eval-
uate the long-term impact of measured
glomerular hyperfiltration on kidney func-
tion decline and mortality in a well-
characterized cohort of patients with either
T2D or T1D. To overcome previous study

limitations, we identified patients with
glomerular hyperfiltration by using age-
and sex-specific percentiles of mGFR as-
sessed using dynamic renal scintigraphy
with 9™ Tc-diethylenetriaminepentaacetic
acid (DTPA) and compared the perfor-
mance of this classification with eGFR-
based assessments. The time-dependent
prognostic impact of glomerular hyperfil-
tration on kidney-related outcomes was
evaluated over a long follow-up period,
extending over 20 years.

RESEARCH DESIGN AND METHODS

Study Protocol

The Chronic Diabetes Complications and
All-Cause Mortality in Pisa From 1999
Onwards (CHAMP10ON) study is a single-
center, observational study involving
497 consecutive patients who were re-
ferred to the outpatient clinic for the
management of diabetes at the Univer-
sity Hospital of Pisa between 1999 and
2000. The main inclusion criteria were
age between 18 and 75 years, female
or male sex, and history of diabetes or
prediabetes (either impaired fasting glu-
cose or impaired glucose tolerance). Ex-
clusion criteria were concomitant acute
or chronic diseases associated with reduc-
tions in life expectancy, including ESKD,
lung, hepatic, neoplastic or inflammatory
diseases, and cardiovascular disease (CVD)
events in the previous 12 months.

At baseline, a detailed clinical history
was obtained from all participants through
standardized questionnaires, blood and
urine samples were taken for biochemical
examinations, and a physical examination
was performed by a physician. Additionally,
participants underwent a comprehensive
screening for the presence of diabetes-
related microvascular complications, in-
cluding chronic kidney disease (CKD), car-
diovascular autonomic neuropathy (CAN),
peripheral neuropathy, and retinopathy.

After enrollment, participants periodi-
cally attended the clinic in relation to
their clinical needs and were treated for
the control of major cardiovascular risk
factors according to the best clinical prac-
tice in those years. Relevant kidney out-
comes and mortality on 30 April 2021
were retrieved from local administrative
and clinical health records. Cardiovascular
death was defined as any death resulting
from an acute myocardial infarction, sud-
den cardiac death, heart failure, stroke,
cardiovascular procedures, cardiovascular
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hemorrhage, and other cardiovascular
causes. Renal death was defined as any
death in patients with ESKD who died
prior to initiating renal replacement ther-
apy (RRT) or after withdrawal from RRT if
there was no evidence of other major
diseases leading to death or RRT with-
drawal (23).

In this retrospective longitudinal study,
we included CHAMP10ON study partici-
pants with either T2D or T1D who were
screened for CKD using dynamic renal
scintigraphy and overnight urine collec-
tion and with complete longitudinal data
on survival and relevant kidney outcomes,
for a total of 314 participants (Supple-
mentary Fig. 1). The study was approved
by the local human ethics committee and
conducted in accordance with the princi-
ples expressed in the Declaration of
Helsinki. All participants provided written
informed consent prior to enrollment.

Dynamic Renal Scintigraphy

The mGFR was determined using dynamic
renal scintigraphy with ™ Tc-DTPA, a glo-
merular-specific radiotracer (24). Patients
were hydrated with 500 mL water 30 min
prior to examination. After an intravenous
injection of 200 MBg/m? of **™Tc-DTPA,
image acquisition was performed while
the participant was in the posterior po-
sition, with the regions of kidneys and
bladder placed in the center view of the
gamma camera. The values of mGFR were
calculated by the Gates method (24). The
eGFR was determined using the CKD-EPI
creatinine equation (25).

Overnight Urine Collection

Urinary albumin excretion was measured
via radioimmunoassay using timed over-
night urine collection. Albuminuria was
defined by a urinary albumin excretion
rate between 20 and 200 pg/min (micro-
albuminuria) or >200 pg/min (macroalbu-
minuria), excluding urine samples that
were indicative of significant urinary tract
infection or hematuria.

CAN

A validated battery of cardiovascular tests
for the measurement of heart rate vari-
ability in response to lying to standing,
standing to lying, and deep breathing was
performed using a portable computerized
system (Cardionomic; Medimatica, Martin-
sicuro, Italy). Orthostatic hypotension was
defined as a =20-mmHg reduction in
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systolic blood pressure within 3 min of
standing. CAN was defined as the pres-
ence of at least two cardiovascular tests
showing reduced heart rate variability
and/or orthostatic hypotension.

Peripheral Neuropathy

A standardized questionnaire for symp-
toms of diabetic peripheral neuropathy
(DPN), physical examination, and mono-
filament testing were used for the
screening of DPN. If suspected, DPN was
subsequently confirmed by electroneur-
ography and electromyography.

Diabetic Retinopathy

Dilated fundus oculi examination was per-
formed by a trained ophthalmologist. Ret-
inopathy was defined by the presence of
any characteristic lesions, including intra-
retinal microvascular abnormalities, micro-
aneurysms, hemorrhages, cotton wool
spots, hard exudates, venous beading or
dilation, and new vessels.

Outcomes

Primary and secondary outcomes, assessed
in time-to-event analyses, were defined
according to recent kidney outcome tri-
als (26,27). The primary composite out-
come was the first occurrence of any of
the following: a doubling of serum cre-
atinine levels from baseline, the onset
of ESKD (defined as the initiation of
dialysis, kidney transplantation, or an
eGFR <15 mL/min/1.73 m?), or death
from renal or cardiovascular causes.
Secondary outcomes were the kidney-
specific composite outcome of a dou-
bling of serum creatinine level, ESKD, or
renal death; doubling of serum creati-
nine level; incident ESKD; cardiorenal
death; and all-cause death.

Statistical Analysis

Glomerular hyperfiltration (or high glomer-
ular filtration [H-GFR]), normal glomerular
filtration (N-GFR), and low glomerular
filtration (L-GFR) were defined as a GFR
value greater than the 80th age- and
sex-specific percentile, between the 20th
and 80th percentile, or lower than the 20th
percentile, respectively. Cohen k-coefficient
was used to estimate the agreement
between different classifications. The best
cutoff for eGFR to predict mGFR—based
glomerular hyperfiltration in women and
men stratified by age groups was identified

using the Youden method among cut points
providing at least 60% sensitivity.

Variables were tested for normality
using the Shapiro-Wilk test. Continuous
normally and nonnormally distributed varia-
bles are presented as mean + SD or median
(interquartile range), respectively. Cate-
gorical variables are presented as count
(percentage).

Differences between groups were
tested using Kruskal-Wallis test or Fisher
exact test, followed by post hoc pair-
wise comparisons as appropriate. Group
differences in dichotomous variables were
also tested using the Cochran-Armitage
test for trends.

Cox proportional hazards models were
used to estimate hazard ratios (HRs) and
95% Cls for the primary and secondary
outcomes according to the mGFR-based
grouping at baseline. Multivariable mod-
els were used to account for potential
confounders, including age, sex, BMI, di-
abetes type and duration, HbA, systolic
blood pressure, and log-transformed al-
buminuria as covariates.

Sensitivity analyses were performed
defining H-mGFR and L-mGFR as the ex-
treme quartiles (>75% and <25%, re-
spectively) or deciles (>90% and <10%)
of the age- and sex-specific distribution
of mGFR values and by using mGFR val-
ues not adjusted by body surface area.
Sensitivity analyses were also conducted by
adjusting models for the competing risk of
death from causes unrelated to each spe-
cific outcome, for history of previous CVD
events, and for active treatment with RAAS
inhibitors at baseline. The effect of albumin-
uria was examined by removing this covari-
ate from multivariable models. The effect of
diabetes type was examined by adding an
interaction term between the mGFR-based
grouping and type of diabetes in all the
multivariable models. Statistical analysis was
performed using JMP Pro version 16 soft-
ware (SAS Institute, Cary, NC), with signifi-
cance set at a two-sided a-level of 0.05.

Data and Resource Availability

The data that support the findings of this
study are available from the correspond-
ing authors upon reasonable request.

RESULTS

Study Population

The study population included 314 par-
ticipants (age 55.1 + 12.5 years, BMI
29.2 + 6.1 kg/m?, HbA;. 8.9 + 2.2%) of
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whom 235 (74.8%) had T2D and 79 (25.2%)
had T1D. Women (52.2%) and men (47.8%)
were evenly represented. Most patients
had long diabetes duration (>5 years;
65.6%) and poor glycemic control (HbA;.
>7.5%; 69.7%), and there was a high
prevalence of associated metabolic risk
factors, including obesity (39.0%) and hy-
pertension (48.1%).

Identification of Patients With
Glomerular Hyperfiltration

A total of 63 (20.1%) patients were classi-
fied as H-mGFR, 188 (59.9%) as N-mGFR,
and 63 (20.1%) as L-mGFR (Fig. 1A).
MGFR and eGFR using the CKD-EPI equa-
tion showed a good correlation up to
~100 mL/min/1.73 m? (Fig. 1B). After
this threshold, increases in mGFR were
not followed by proportional increases
in eGFR. The classification of participants
by eGFR showed a weak level of agree-
ment with the classification based on
MGFR (Cohen k-coefficient 0.319), with
>50% of H-mGFR misclassified as N-mGFR
(Fig. 1C). The optimal thresholds of eGFR
for predicting mGFR-based glomerular
hyperfiltration in women and men strati-
fied by age groups are reported in Supple-
mentary Table 1.

Baseline Characteristics of Patients
With Glomerular Hyperfiltration

The clinical and metabolic characteris-
tics of the study population stratified by
MGFR are presented in Table 1. The three
groups had similar age, sex, disease dura-
tion, history of CVD, and albuminuria,
although the L-mGFR group showed the
highest prevalence of macroalbuminu-
ria. Participants with T1ID were equally
represented across groups. Participants
in the H-mGFR group had lower BMI
and systolic blood pressure than those
in the L-mGFR group and worse glucose
control compared with both the L-mGFR
and N-mGFR groups. Serum creatinine
increased progressively from H-mGFR to
N-mGFR to L-mGFR, while both mGFR
and eGFR decreased. The absolute dif-
ference between average mGFR and
eGFR was greater in H-mGFR (41 mL/min/
1.73 m?) than N-mGFR and L-mGFR (14
and —4 mL/min/1.73 m?, respectively).
The prevalence of diabetic retinopathy
increased progressively from N-mGFR to
H-mGFR to L-mGFR (32.1%, 35.6%, and
52.1%, respectively; P = 0.045; P for trend =
0.018), while the three groups were
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Figure 1—A and B: Distribution of mGFR by *™Tc-DTPA dynamic renal scintigraphy across ages (4) and its relationship with eGFR by the creatinine-based
CKD-EPI equation (B). C: Distribution of participants classified as having H-GFR, N-GFR, or L-GFR according to either mGFR or eGFR. H-GFR, N-GFR,
and L-GFR were defined as a GFR value greater than the 80th age- and sex-specific percentile, between the 20th and 80th percentile, or lower than
the 20th percentile, respectively. The best fit lines (quadratic) of data are shown as continuous lines, and an ideal linear line of perfect fit is shown as
a dashed line. The proportions on the x-axis and the right y-axis of the mosaic plot represent the number of observations for each mGFR and eGFR
group, respectively. The proportions on the left y-axis represent the number of observations of each eGFR group within each mGFR group.

similarly affected by CAN (P = 0.576) and
DPN (P = 0.347).

Prognostic Value of Glomerular
Hyperfiltration on the Primary
Composite Outcome

After a median follow-up of 21.0 years
(range 1.1-22.0 years), the primary com-
posite outcome of doubling of serum cre-
atinine level, ESKD, or cardiorenal death
occurred in 95 (30.3%) participants (16.9
events per 1,000 person-years). The event
rate of the primary composite outcome
was comparably higher in the H-mGFR
and L-mGFR groups than in the N-mGFR

group (23.9, 24.3, and 13.5 per 1,000
patient-years, respectively), which re-
sulted in a 109% and 81% higher adjusted
relative risk (HR 2.09 [95% ClI 1.25-3.49,
P =0.005] and 1.81 [1.05-3.16, P = 0.033],
respectively) (Table 2 and Fig. 2A).
These estimates were consistent in unad-
justed models (Supplementary Table 2)
and in sensitivity analyses using different
group classifications (Supplementary Tables
3-5) or accounting for competing risks
(Supplementary Table 6), history of CVD
(Supplementary Table 7), or treatment
with RAAS inhibitors (Supplementary
Table 8). Not accounting for albuminuria

increased the relative risk of the primary
composite outcome in the L-mGFR group
but not in the H-mGFR group (Supplementary
Table 9). There was no interaction between
type of diabetes and mGFR group in
predicting the primary composite out-
come (P =0.953).

Prognostic Value of Glomerular
Hyperfiltration on the Kidney-
Specific Composite Outcome

The kidney-specific composite outcome
occurred in 44 (14.0%) patients. The
event rate was higher in both the H-mGFR
and L-mGFR groups than in the N-mGFR
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Table 1—Baseline characteristics of study participants stratified by mGFR

Characteristic H-mGFR (n = 63) N-mGFR (n = 188) L-mGFR (n = 63) P
Age, years 56 (45-65) 57 (50-64) 57 (46-63) 0.326
Women 33 (52.4) 99 (52.7) 32 (50.8) 0.987
BMI, kg/m2 26.3 (23.9-30.3) 28.1 (24.7-32.0) 30.0 (26.2-36.6) 0.011
Body surface area, m? 1.84 (1.73-1.97) 1.88 (1.71-1.99) 1.94 (1.73 -2.10) 0.081
Diabetes type 0.122
T1D 18 (28.6) 40 (21.3) 21 (33.3)
T2D 45 (71.4) 148 (78.7) 42 (66.7)
Duration of diabetes, years 11 (7-20) 11 (3-23) 10 (4-20) 0.721
History of CVD 16 (25.4) 41 (21.8) 17 (27.0) 0.782
Smoking status 0.279
Active 23 (36.5) 57 (30.3) 12 (19.1)
Former 10 (15.9) 36 (19.2) 14 (22.2)
Blood pressure, mmHg
Systolic 139 (120-150) 140 (124-154) 142 (132-160)* 0.039
Diastolic 80 (80-90) 82 (78-90) 85 (75-90) 0.863
Fasting plasma glucose, mg/dL 178 (147-232) 155 (12-210) 154 (121-187)°  0.022
HbA,., % 9.3 (8-10.6) 8.6 (7-10.1)% 8.0 (6.9-9.3)°  0.003
Cholesterol, mg/dL
Total 211 (184-237) 210 (180-252) 210 (188-241) 0.832
HDL 50 (39-59) 43 (38-52) 47 (42—58)b 0.017
LDL 131 (109-148) 134 (107-166) 124 (105-152)  0.695
Triglycerides, mg/dL 122 (89-163) 143 (101-199) 147 (114-227)  0.182

Creatinine, mg/dL

mGFR, mL/min/1.73 m?
mGFR, mL/min

eGFR, mL/min/1.73 m?
Albuminuria, pg/min
Microalbuminuria
Macroalbuminuria

Oral glucose-lowering drugs
Insulin

Insulin total daily dose, IU
Statins

ACEi/ARB

[3-Blockers

Calcium antagonists

a-1 antagonists

a-2 agonists

Diuretics

0.78 (0.70-0.91)
136 (122-146)
145 (128-159)
95 (81-110)
6.1 (3.3-11.25)
7 (11.1)
1 (1.6)

31 (49.0)
25 (39.7)
42 (32-51)

3 (5.0)

22 (35.0)

0 (0)

7 (11.1)

2 (3.2)

0 (0)

6 (10)

0.88 (0.76-1.00)* 1.12 (0.87-1.47)*® <0.0001

98 (85-109)° 64 (49-76)>°  <0.0001
104 (89-118)° 72 (52-89)*"  <0.0001
84 (73-98)° 68 (45-89)*°  <0.0001
6.4 (3.0-15.3) 9.0 (2.0-14.6)  0.498
27 (14.4) 8 (12.7) 0.847
7 (3.7) 9 (14.3)*F 0.005
86 (45.7) 15 (23.8)*° 0.003
74 (39.4) 28 (44.4) 0.877
40 (30-48) 39 (30-50) 0.620
16 (8.5) 8 (12.7) 0.287
77 (41.0) 26 (41.3) 0.695
11 (5.9) 4 (6.4) 0.111
38 (20.2) 19 (30.2) 0.030
20 (11.0)? 12 (19.0)? 0.016
4 (2.0) 3 (5.0) 0.216
23 (12) 7 (11) 0.910

Data are median (interquartile range) or n (%). Differences were tested using Kruskal-Wallis
test or Fisher exact test, followed by post hoc pairwise comparisons as appropriate. ACEi/ARB,
ACE inhibitor/angiotensin receptor blocker. 2P < 0.05 vs. H-mGFR. °P < 0.05 vs. N-mGFR.

group (13.4, 16.2, and 4.1 per 1,000 pa-
tient-years, respectively), which resulted in
a 395% and 281% higher relative risk (HR
4.95 [95% Cl 2.21-11.09, P < 0.0001] and
3.81 [1.70-8.56, P = 0.001], respectively)

(Table 2 and Fig. 2B). These effects were
confirmed in all the sensitivity analyses
(Supplementary Tables 2 and 4-9), except
when a more conservative definition of
H-mGFR was adopted (Supplementary
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Table 3). There was no significant effect
of the interaction between type of dia-
betes and mGFR group (P = 0.654).

Prognostic Value of Glomerular
Hyperfiltration on Individual
Outcome Components
Doubling of serum creatinine level oc-
curred in 44 (13.7%) participants, who
showed a median 68.8% (interquartile
range 59.2-86.8%) reduction in eGFR.
The event rate was higher in both the
H-mGFR and L-mGFR groups than in the
N-mGFR group (13.6, 16.9, and 4.2 per
1,000 patient-years, respectively), which
resulted in a 386% and 304% higher
adjusted relative risk (HR 4.86 [95% Cl
2.18-10.90, P = 0.0001] and 4.04 [1.77-
9.20, P = 0.0009], respectively) (Table 2).
ESKD occurred in 20 (6.4%) partici-
pants (Table 2). The event rate and rela-
tive risk of ESKD in the H-mGFR group
were significantly lower compared with
the L-mGFR group (2.7 and 14.7 per
1,000 patient-years, respectively; HR 0.19
[95% ClI 0.04-0.91, P = 0.038]) but was
numerically higher than N-mGFR (0.6 per
1,000 patient-years; HR 4.39 [0.59—-32.50,
P = 0.147]) (Table 2 and Fig. 2C).
Cardiorenal and all-cause death oc-
curred in 84 (26.8%) and 121 (38.5%)
participants, respectively (Table 2). The
event rate of cardiorenal death was
higher in both the H-mGFR and L-mGFR
groups than in the N-mGFR group (18.1,
21.4, and 11.9 per 1,000 patient-years,
respectively), which resulted in a 118%
and 126% higher adjusted relative risk
(HR 2.18 [95% Cl 1.24-3.83, P = 0.007]
and 2.26 [1.27-4.01, P = 0.006], respec-
tively) (Table 2 and Fig. 2D). The event
rate of all-cause death was also higher
in both the H-mGFR and L-mGFR groups
than in the N-mGFR group (23.5, 27.0,
and 19.1 per 1,000 patient-years, respec-
tively), which resulted in a 62% and 65%
higher adjusted relative risk (HR 1.62
[1.00-2.61, P = 0.049] and 1.65 [1.02—
2.68, P = 0.041], respectively) (Table 2).
The effects of the mGFR group on
doubling of serum creatinine level and
ESKD were confirmed in all the sensitiv-
ity analyses, while the effects on cardio-
renal and all-cause death showed some
discrepancies (Supplementary Tables 2-9).
There were no significant effects of the
interaction between type of diabetes and
mGFR group on doubling of serum creati-
nine levels (P = 0.743), ESKD (P = 0.544),
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Table 2—Primary and secondary outcomes

H-mGFR vs. L-mGFR

HR (95% Cl)
1.15 (0.62-2.15)
1.30 (0.54-3.11)

L-mGFR vs. N-mGFR

HR (95% CI)
1.81 (1.05-3.16)
3.81 (1.70-8.56)

H-mGFR vs. N-mGFR

L-mGFR (n = 63)
HR (95% Cl)
2.09 (1.25-3.49)
4.95 (2.21-11.09)

N-mGFR (n = 188)

H-mGFR (n = 63)

P
0.653

P
0.033

P
0.005

n (%)/event rate® n (%)/event rate®

n (%)/event rate®

Outcome

46 (24.5)/13.5 24 (38.1)/24.3
16 (25.4)/16.2

25 (39.7)/23.9
14 (22.2)/13.4

Primary composite outcome

0.555

0.001

<0.0001

14 (7.5)/4.1

Kidney-specific composite outcome

0.678

1.20 (0.50-2.89)

4.86 (2.18-10.90) 0.0001 4.04 (1.77-9.20) 0.0009

16 (25.4)/16.9

14 (7.5)/4.2
2 (1.1) /0.6
1 (0.5)/0.3
2 (1.1)/0.6
41 (21.8)/11.9

14 (22.2)/13.6

Doubling of serum creatinine level

0.038

0.19 (0.04-0.91)
0.11 (0.01-0.92)
0.28 (0.05-1.48)
0.97 (0.50-1.89)
0.39 (0.02-8.17)
1.04 (0.52-2.08)
0.98 (0.54-1.75)

<0.0001
0.0004

23.61 (4.87-114.86)
46.51 (5.57-388.30)

0.147
0.265
0.135

4.39 (0.59-32.50)
4.97 (0.30-82.98)
4.91 (0.61-39.58)
2.18 (1.24-3.83)

15 (23.8)/14.7
13 (20.6)/13.7
12 (19.1)/10.5
23 (36.5)/21.4

3 (4.8)/2.7

2 (3.2)/1.9

2 (3.2)/1.8
20 (31.8)/18.1

ESKD

0.042

eGFR <15 mL/min/1.73 m?

0.135

0.001

17.31 (3.18-94.07)
2.26 (1.27-4.01)

Dialysis initiated or kidney transplantation

0.920

0.006

0.007

Cardiorenal death

0.542
0.921

NA
0.026

NA
1.98 (1.09-3.60)
1.65 (1.02-2.68)

NA
0.014

NA
2.05 (1.16-3.63)
1.62 (1.00-2.61)

3 (4.8)/2.8
20 (31.8)/18.6
29 (46.0)/27.0

0 (0)/0
41 (21.8)/11.9
66 (35.1)/19.1

1 (1.6)/0.9
19 (30.2)/17.2
26 (41.3)/23.5

Renal death

Cardiovascular death

0.938

0.041

0.049

Death from any cause

The primary outcome was a composite of a doubling of serum creatinine levels from baseline, incident ESKD (defined as the initiation of dialysis, kidney transplantation, or an eGFR <15 mL/min/1.73 m?),

or death from cardiovascular or renal causes. The kidney-specific outcome was a composite of a doubling of serum creatinine level, ESKD, or death from renal cause. Cox proportional hazards models

adjusted for age, sex, BMI, diabetes type and duration, HbA;., systolic blood pressure, and log-transformed albuminuria were used to estimate HRs and 95% Cls for the primary and secondary outcomes

according to the mGFR-based grouping at baseline. NA, not applicable. ®Number of events per 1,000 person-years.

cardiorenal death (P = 0.951), and all-
cause death (P = 0.535).

CONCLUSIONS

In this 21-year-long longitudinal study,
glomerular hyperfiltration was identified
in patients with long-standing diabetes
by using dynamic renal scintigraphy for
GFR measurement. More than 50% of
these participants would have been mis-
diagnosed as having normofiltration based
on the CKD-EPl—calculated eGFR, which
underestimates high GFR values. Com-
pared with participants with normal kid-
ney function matched for competing risk
factors, those with glomerular hyperfil-
tration showed worse glucose control,
greater prevalence of diabetic retinopa-
thy, and an increased relative risk for
both the primary and kidney-specific
composite outcomes over time, with
faster decline of kidney function and
increased cardiorenal mortality indepen-
dent of potential confounders. Overall,
these findings demonstrate that glomer-
ular hyperfiltration 1) is a pathological
condition associated with markedly im-
paired glucose control and diabetic reti-
nopathy; 2) cannot be accurately diagnosed
using eGFR, which is, however, valuable for
screening purposes; and 3) has a long-term
prognostic role on kidney function and
mortality. Thus, the identification of pa-
tients with glomerular hyperfiltration may
improve risk stratification and refine kidney
outcome—directed prevention strategies.
We used a prespecified age- and sex-
adjusted percentile of mGFR distribution
to define glomerular hyperfiltration while
accounting for important sex-based differ-
ences and the physiological GFR decline
in elderly patients (28), avoiding fixed
thresholds (4,29). This method, supported
by other groups (30,31), allowed us to
identify a priori a group of individuals
with glomerular hyperfiltration whose
prevalence was similar to that reported in
600 patients with hypertension and T2D
and by using iohexol-measured GFR (4). Of
note, the 80th age- and sex-specific per-
centile of mGFR, herein proposed as a
conservative cutoff point in patients at
high risk for glomerular hyperfiltration,
was graphically comparable to the 92nd
age-specific percentile of the distribu-
tion of mGFR in a cohort 633 healthy
kidney donors (32), where the preva-
lence of glomerular hyperfiltration was
expectedly lower. Different thresholds
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Figure 2—A-D: Cumulative hazard of the primary composite outcome, kidney-specific composite outcome, ESKD, or cardiorenal death in partici-
pants with H-mGFR or L-mGFR compared with those with N-mGFR. The primary outcome was a composite of a doubling of serum creatinine levels
from baseline, incident ESKD (defined as the initiation of dialysis, kidney transplantation, or an eGFR <15 mL/min/1.73 m?), or death from cardio-
vascular or renal causes. The kidney-specific outcome was a composite of a doubling of serum creatinine level, ESKD, or death from renal cause.
Cox proportional hazards regression models adjusted for age, sex, BMI, diabetes type and duration, HbA,, systolic blood pressure, and log-trans-
formed albuminuria were used to calculate HRs 95% Cls for the H-mGFR and L-mGFR groups vs. the N-mGFR group.

may be adopted without affecting the main
study findings (Supplementary Tables 3
and 4). Given that glomerular hyperfil-
tration is a predictor of accelerated GFR
decline, the N-mGFR group may have in-
cluded some participants with advanced
glomerular hyperfiltration, having already
progressed to apparent normofiltration
because of a numerical reduction in
hyperfiltrating nephrons. Nevertheless,
considering that this error should reduce
the differences between the H-mGFR
and N-mGFR groups, the lower risk for
the primary and kidney-specific outcomes

observed in the latter reassures that
this possible misclassification did not
significantly affect the results. Early identi-
fication of glomerular hyperfiltration through
repeated GFR measurements should have
minimized the possible dilution effect in
these participants, further amplifying the
important differences between H-mGFR
and N-mGFR.

We highlighted the challenges in the
identification of glomerular hyperfiltra-
tion and the value of direct measurement
of GFR. Several cross-sectional studies eval-
uated the performance of eGFR versus

MGFR over a wide spectrum of kidney
function in patients with diabetes and
obesity (20,33), showing a +30% differ-
ence (20) and poor concordance in the
identification of glomerular hyperfiltration
(21). Consistently, the creatinine-based
CKD-EPI equation for eGFR, though widely
used and supported by current guidelines
(1), failed to reflect extreme mGFR values
in our cohort, leading to a 50% misclassi-
fication of participants with glomerular
hyperfiltration, with potential clinical con-
sequences. Although dynamic renal
scintigraphy with ™ Tc-DTPA provides
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an accurate measure of GFR (34,35), this
technique is expensive and requires ad-
vanced equipment and expertise. More
recently, other techniques based on the
clearance of exogenous filtration markers
(e.g., inulin, iohexol) have become reference
methods for direct measurement of GFR.
These techniques, still labor intensive
and unfeasible in clinical practice and
population-based studies, show poten-
tial for screening in selected individuals
with high pretest probability of having
glomerular hyperfiltration. Importantly, our
findings suggest that preferential candidates
for direct GFR measurement are patients
with high eGFR, worse glycemic control,
and retinopathy, who can be identified
by using readily available clinical data.

Hyperglycemia is involved in the path-
ogenesis of glomerular hyperfiltration (2).
Thus, finding that glycemic control was
worse in patients with glomerular hyper-
filtration, despite similar diabetes dura-
tion and intensity of the glucose-lowering
therapy, was expected. On the other
hand, we demonstrated that the nega-
tive long-term effects of glomerular hy-
perfiltration on GFR decline and mortality
are not solely explained by glucose control
at baseline. Chronic hyperglycemia con-
tributes also to the progression of diabetic
microvascular complications and may ex-
plain the increased prevalence of diabetic
retinopathy in the H-mGFR group. Given
the synergistic, negative prognostic role
of diabetes-related retinopathy and ne-
phropathy (36,37), this novel observa-
tion should encourage the screening for
diabetic retinopathy in patients with high-
normal glomerular filtration for risk
refinement.

Persistent glomerular hyperfiltration
despite intensified treatment has been
associated with kidney function decline
during shorter observation periods (up
to 10 years) in most (4-7) but not all
(8,9) previous studies. Furthermore, glo-
merular hyperfiltration assessed by eGFR
increased the risk of cardiovascular dis-
ease (31,38) and reduced life expectancy
(18,19) in large-scale studies. Our find-
ings extend previous evidence with an
accurate definition of glomerular hyper-
filtration based on mGFR and a follow-
up period of >20 years, which is at least
twice as long as previous observations.
This long observation period, approaching
the typical life expectancy of adult patients
referred for complicated T2D, allowed us
to appreciate the time-dependent negative

effects of glomerular hyperfiltration on GFR
decline and mortality, which become increas-
ingly evident after 5 years of observation.

There is a U-shaped relationship be-
tween GFR and cardiovascular events,
which remain the leading cause of death
associated with kidney disease (31,38).
Consistently, the higher mortality rate ob-
served in both the H-mGFR and L-mGFR
groups was largely driven by an increased
incidence of cardiovascular deaths, being
that renal death is a rare event (at least
according to the current definition [23])
and non-cardiorenal deaths are possibly
unrelated to the GFR.

The effect of glomerular hyperfiltration
was inconsistent across individual compo-
nents of the prespecified primary out-
come, with the associated relative risk
greater for kidney function decline than
for cardiorenal death and not significant
for ESKD. The lack of statistical difference
in incident ESKD between the H-mGFR
and N-mGFR groups could be explained
by the limited statistical power in rela-
tion to the low event rate of ESKD, which
occurred in fewer than five participants in
each of these two groups.

Glomerular hyperfiltration more than
doubles the risk for incident albumin-
uria (6), which may directly contribute
to the progression of kidney disease. Thus,
multivariable models were adjusted for
baseline albuminuria to dissect the prog-
nostic role of glomerular hyperfiltration
from that of albuminuria. We also re-
ported HRs not adjusted for albuminuria
to provide additional mechanistic insight.
Remarkably, accounting for albuminuria
attenuated the relative risks of the pri-
mary and secondary outcomes associated
with L-mGFR but not with H-mGFR. This
observation, which may be explained by
the relatively low prevalence of clinically
meaningful micro- and macroalbuminuria
in H-mGFR in our cohort, does not sub-
stantiate the hypothesis that the kidney
damage associated with glomerular hy-
perfiltration is mediated by albuminuria,
at least in the early phase of the disease.

Two classes of drugs, namely RAAS in-
hibitors and SGLT2 inhibitors, have shown
beneficial actions against glomerular hy-
perfiltration, leading to a transient acute
dip in GFR followed by a slower decline
in kidney function and delayed progres-
sion toward ESKD (10-17). Therefore,
identifying patients with glomerular hy-
perfiltration can be relevant in clinical
practice not only to improve risk stratifica-
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tion but also to tailor medical therapy to
the individual patient’s needs. In our cohort,
<40% of study participants were treated
with RAAS inhibitors at enrollment, and
none could benefit from SGLT2 inhibitors,
which were approved for the treatment
of T2D 14 years later (39). Suboptimal
therapy, along with long disease duration
and poor metabolic control, compared
with current standards, can partly justify
the high mortality rate, which nonetheless
is in line with other studies performed in
those years (40).

There are some limitations to the current
study mostly inherent to its retrospective
design. Baseline assessments were not re-
peated regularly over the follow-up; thus,
we could not evaluate the time course of
clinical parameters and biochemical varia-
bles after enrollment or track treatment
changes that may influence study findings.
Statistical power was limited when assessing
the relative incidence of rare events, includ-
ing ESKD and renal death; thus, negative
findings should be interpreted with caution.
Although multivariable models were imple-
mented to account for relevant confound-
ers, the models were not adjusted for all
the available variables (e.g., medications, mi-
crovascular complications) to avoid model
overfitting. Nonetheless, this study also had
several strengths, being the first, to our
knowledge, to demonstrate the effect of
glomerular hyperfiltration on kidney-related
outcomes and mortality in people with T2D
and T1D over such an extended follow-up
period. Furthermore, the characterization of
participants using a direct method for GFR
measurement allowed us to overcome the
limitations of estimation equations of eGFR,
which can lead to misclassification of partici-
pants with hyperfiltration.

In conclusion, this study demonstrates
that measured glomerular hyperfiltration
associated with long-standing diabetes is
a pathological condition with lifelong neg-
ative effects on kidney function and mor-
tality, independent from traditional risk
factors. Identifying glomerular hyperfil-
tration in populations at risk via direct
methods can help to refine risk stratifica-
tion and prompt the therapeutic man-
agement of subclinical kidney disease,
using widely available pharmacological
options, to prevent a rapid GFR decline
and progression toward overt CKD.
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