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Rationale & Objective: An abnormally elevated glomerular filtration rate (GFR), or renal
hyperfiltration, may predispose individuals to subsequent rapid GFR decline in diabetes,
obesity and the metabolic syndrome. Although this hypothesis is supported by results of
experimental studies, the importance of hyperfiltration at the population level remains
controversial. We investigated whether a higher baseline GFR predicts a steeper medium- to
long-term GFR decline in type 2 diabetes and in a general population without diabetes.
Study Design: Longitudinal cohort studies.

Setting & Participants: 319 Pima Indians, of whom 83% had type 2 diabetes, and 1594
middle-aged non-diabetic Caucasians (the Renal lohexol Clearance Survey [RENIS]).

Predictor: Baseline measured GFR using exogenous clearance methods.

Outcomes: GFR decline rates.

Analytical Approach: Because spurious correlations between initial values (e.g., GFR level)
and subsequent changes may bias ordinary regression methods, we used a linear mixed model
to assess the correlation between baseline GFR (the random intercept) and GFR decline rate
(random slope). This method separately estimates the error term (e.g., the day-to-day variation

in the GFR) and random effects, minimizing bias because of regression to the mean.

Results: The mean (SD) baseline GFRs were 149.4 (43.3) and 104.0 (20.1) ml/min, and the
median (IQR) follow-up were 9.1 (4.0-15.0) and 5.6 (5.2-6.0) years in the Pima and RENIS
cohorts, respectively. The correlation between baseline GFR (the random intercept) and GFR
decline rate (slope) was -0.41 (95% CI -0.55, -0.26) in the Pima cohort and -0.31 (-0.40, -
0.23) in the RENIS cohort, adjusted for age, sex, height and weight, demonstrating that higher

baseline GFR values were associated with steeper GFR decline rates.

Limitations: Different methods for measuring the GFR in the two cohorts.



Conclusions: A higher baseline GFR is a potentially modifiable risk factor for medium- to

long-term GFR decline in type 2 diabetes and the general population.

Nontechnical summary

Abnormally elevated kidney filtration, or hyperfiltration, causes kidney damage in animal
experiments. Elevated kidney filtration is common in persons with prediabetes, obesity and

diabetes, but it is unclear if it leads to loss of kidney function in humans.

We measured kidney function in two longitudinal studies; 319 Native Americans in Arizona,
most of whom had type 2 diabetes, and 1594 middle-aged non-diabetic Norwegians. In both
studies we found that individuals with higher kidney filtration had an increased risk for

subsequent loss of kidney function during 6-9 years of follow-up.

Elevated kidney filtration may be a target for early preventive measures to reduce kidney

function loss in persons at risk of chronic kidney disease.

Index words: Glomerular filtration rate (GFR), renal hyperfiltration, glomerular
hyperfiltration, type 2 diabetes, prediabetes, general population, non-diabetic, GFR decline,
kidney function, Native Americans, measured GFR, iohexol clearance, iothalamate clearance,

regression to the mean.



Chronic kidney disease (CKD) is a global health problem affecting 10-15% of all adults, and
15-45% of people aged 65-74 years old.! The death rate from CKD has increased by
approximately 40% since 1990 in Western countries, and the number of patients receiving

dialysis has increased rapidly worldwide.?

Age-related loss of the glomerular filtration rate (GFR) is the most important predisposing

cause of CKD 3. However, while some people experience a rapid decline in GFR with age,
others retain a relatively well-preserved GFR.>* The different rates of GFR decline between
individuals is poorly understood and only partially explained by risk factors such as diabetes

and hypertension.t3°

Studies in animals found that an elevated single nephron GFR (the filtration rate in the
smallest functional unit of the kidney), or glomerular hyperfiltration, mediates progressive
kidney disease caused by a variety of initiating injuries, including partial nephrectomy
(surgical removal of part of the kidney).® Abnormally elevated whole kidney GFR, or renal
hyperfiltration, affects 20-70% of patients with diabetes.” Increasing evidence supports that
renal hyperfiltration predicts the initiation of diabetic kidney disease, although the role of
hyperfiltration as an independent risk factor for long-term loss of GFR remains controversial,
particularly in type 2 diabetes.”® Renal hyperfiltration may also affect a considerable
proportion of the general non-diabetic population, in which higher GFR levels have been
linked to prediabetes, obesity, tobacco smoking, the metabolic syndrome and hypertension.®*!
However, whether a higher GFR is a risk factor for an accelerated GFR decline has not been

investigated in the general non-diabetic population.

Renal hyperfiltration is difficult to study at a population level because statistical analyses
relating change to the baseline value using ordinary linear regression or correlation are
hampered by mathematical coupling and regression to the mean.*?'3 Moreover, using an

arbitrary whole kidney GFR cut-off (for example >140 ml/min) to define hyperfiltration is



problematic, particularly in middle-aged and elderly persons, because the number of nephrons
declines with age and varies significantly between individuals.”** Glomerular hyperfiltration
(at the single nephron level) may therefore occur throughout the range of whole kidney GFR,
because whole kidney GFR = single nephron GFR x nephron number.141¢ Finally, the
commonly used creatinine- and cystatin C-based estimates of GFR lack precision and are

biased in the high-normal range of GFR.1%

In this study, we addressed these methodological problems by using the measured GFR and
linear mixed model regression analyses to address the problem of regression to the mean (see
Methods and Discussion).*2!® To explore whether a higher GFR is a common risk factor
associated with rapid GFR decline in the presence or absence of diabetes, we investigated two
diverse cohorts, a cohort of Pima Indians from Arizona, USA, and a representative sample of
middle-aged non-diabetic Norwegians with a high prevalence of prediabetes and metabolic
syndrome.*®® Most of the Pima Indians had type 2 diabetes, since they were part of a study
examining the hemodynamic effects of type 2 diabetes on the kidneys.?’ We hypothesized that
a higher baseline measured GFR is associated with a steeper GFR decline regardless of the

presence or absence of diabetes.

METHODS

Study Participants

The Pima Indians in the study were recruited from the Gila River Indian Community in
Arizona as part of the Diabetic Renal Disease Study (DRDS) and the “Renoprotection in
Early Diabetic Nephropathy in Pima Indians™ trial (ClinicalTrials.gov number,
NCT00340678; “the Losartan trial”’).2%?! The DRDS (1989-1994) consisted of 194 people

with different stages of glycemia. The GFR was measured annually or every 6 months for 2-4



years. A subset of 51 people was followed with GFR measurements for an additional two
years in a subsequent protocol. The Losartan trial (1996-2001) included 169 Pima Indians
with type 2 diabetes and normo-albuminuria or micro-albuminuria who were randomized to
receive losartan treatment or placebo; they were followed for 6 years with annual GFR
measurements.?! Following trial completion, participants continued to be followed with
annual GFR measurements. In the current study, we included all 319 Pima Indians with GFR
measurements who were included in the DRDS and/or Losartan trial. Each participant was
included once only, and their earliest examination at which GFR was measured in either the

DRDS or Losartan trial was selected.

The Renal lohexol Clearance Survey in Tromsg 6 (RENIS-T6) was conducted in 2007-2009
as a sub-study of the population-based sixth Tromsg study (Tromsg 6) in the municipality of
Tromsg, northern Norway.??> A random sample of Tromse’s inhabitants aged 50- 62 years was
invited to participate (N = 5464 persons). A total of 3564 (65%) completed the Tromsg 6
study, and from these, we invited participants who did not report cardiovascular disease,
kidney disease or diabetes (N = 2825) to RENIS-T6. From the 2107 (74%) who gave a
positive response, we included 1632 persons in consecutive order according to a
predetermined target size. A description of the study participants and enroliment in RENIS-
T6 was published previously.?? Five participants had a technical failure in the GFR
measurement and 33 had diabetes at baseline according to their fasting plasma samples or
HbA1lc. These 38 were excluded from the current study, leaving 1594 participants for
inclusion, of whom 30 percent had the metabolic syndrome and 47 percent prediabetes
(fasting glucose 5.6-6.9 mmol/L and/or HbAlc 5.7-6.4%; according to American Diabetes
Association), as reported in two previous publications from RENIS.131° A total of 1299 (81%)

participants had a follow-up examination between 2013 and 2015 (Figure S1).°



The RENIS study was approved by the Committee for Health Research Ethics of North
Norway and the Pima studies were approved by the Institutional Review Board of the
National Institute of Diabetes and Digestive and Kidney Diseases. The studies adhered to the

Declaration of Helsinki. All study participants gave informed consent.

Data

We measured the GFR after an overnight fast using single-sample plasma clearance of
iohexol in the RENIS cohort and by the urinary clearance of iothalamate in the Pima
cohort.?223 Both methods have been validated as accurate methods,!"?* and are described in
Item S1.172% Details regarding health questionnaires and other measurements are reported

elsewhere,?2022:25

Statistical Analysis

The GFR measurements were analyzed in a linear mixed regression model with a random
intercept and slope using an unstructured covariance matrix.?®?’ Details are presented in Item
S1. The absolute GFR measured in ml/min (at each visit) was used as the dependent variable.
The observation time from baseline was used as the independent time variable. The effect of
an independent variable on the GFR change rate in ml/min/year (slope) was analyzed by
including two-way interaction terms between the independent variable in question and the
time variable. The association between the baseline GFR and subsequent GFR change rate
(ml/min/year) was assessed by the correlation between the random intercept and random
slope.®®2” We adjusted for the following covariates: age and sex in model 1; age, sex, height
and weight in model 2; and age, sex, height, weight, blood pressure (BP), fasting glucose, the
use of antihypertensive medications, urinary albumin-to-creatinine ratio (ACR) and current

smoking status (the latter variable only available in RENIS) in model 3. In model 3 for the



Pima cohort, we also included the diabetes duration, study protocol and use of insulin or oral

antidiabetic medications.

Statistical significance was set at 0.05. All statistical analyses were performed in Stata/MP

14.0 (www.stata.com).

RESULTS
Study population characteristics

Table 1 shows the baseline characteristics of the two study populations. Eighty-three percent
(N=266) of the Pima Indians had diabetes at baseline, and their mean BMI was 34.8 (8.2)
compared to 27.2 (4.0) in the RENIS cohort. The mean (SD) baseline GFR (not adjusted for
body surface area (BSA)) was 149.4 (43.3) ml/min (range 48 - 296 ml/min) in the Pima
cohort and 103.8 (19.9) ml/min (range 24.2 — 140.9 ml/min) in the RENIS cohort. The median
follow-up was 9.1 (IQR; 4.0-15.0) years in the Pima cohort and 5.6 years (IQR; 5.2-6.0) in
the RENIS-FU. The unadjusted GFR decline rates were 3.60 (5.35) ml/min/year and 0.95

(2.23) ml/min/year in the two cohorts respectively.

Association of baseline characteristics with the baseline GFR and GFR change rates

Lower age, higher body weight and higher fasting plasma glucose concentration were
associated with a higher baseline GFR in both cohorts in multivariable adjusted linear mixed
regression models with a random intercept and slope (Tables 2 and 3). Male sex was
associated with a higher baseline GFR in the RENIS study but not in the Pima cohort.

The fasting plasma glucose concentration, ACR and diabetes duration were associated with a
steeper rate of GFR decline in the Pima cohort, and age, smoking, and ACR were associated
with a steeper rate of GFR decline in RENIS. The effect of smoking and ACR in RENIS was

moderate and borderline statistically significant (P=0.05)



Association between the baseline GFR and GFR change rate

There was a negative correlation between the GFR at baseline (random intercept) and the
GFR change rate (random slope) in both cohorts (Tables 2 and 3). The negative correlation
persisted after adjusting for height and weight, and in the fully adjusted model (Tables 2 and
3). This demonstrates that higher baseline GFR values (random intercepts) were associated
with steeper GFR decline (random slopes). The correlation implies that a 10 mL/min higher
baseline GFR is associated with an annual rate of change that is 0.31 mL/min/year faster in
the RENIS cohort and 0.46 mL/min/year faster in the Pima cohort, in the model adjusted for

age, sex, height and weight (Table 2 and 3).

The correlation between baseline GFR and GFR change rate was essentially the same, and
significant in all models, when we adjusted for HbA1c instead of fasting glucose, systolic BP
instead of diastolic BP, and for change in antihypertensive medications during follow-up.
The negative correlation between baseline GFR and GFR change rates was similar for both
genders in RENIS, but it was only significant for women in the Pima cohort (p<0.001 for
interaction) (Table S1).

To study Pima Indians with type 2 diabetes separately, we excluded those 53 (17%) without
diabetes at baseline; the results were similar (r=-0.37 [95% CI -0.52 to -0.20] in model 2).
Sensitivity analyses

Although persons with acute illness or self reported kidney disease were excluded from the
RENIS study, 30 persons had baseline GFR < 60 ml/min/1.73 m?. We repeated the analyses
after excluding persons with baseline GFR < 60 ml/min/1.73 m? in both cohorts [n=3 in the
Pima cohort and n=30 in RENIS]). The correlation between baseline GFR (the random
intercept) and GFR change rate (random slope) remained significant for both cohorts, as
shown in Figure 1. We performed separate analyses for the 169 Pima Indians who were

included in the Losartan trial (all with diabetes) and the remaining 150 who were not included



(53 of whom did not have diabetes). The negative adjusted correlation between the baseline
GFR and GFR change rate (the intercept and slope) was significant in both groups (r=-0.52
[95% CI -0.65, -0.35] vs r = -0.31 [95% CI -0.49, -0.10]), respectively. The study treatment
did not affect the relationship between baseline GFR and GFR change rate for those in the
Losartan clinical trial.

To assess the correlation between the random intercept and slope using the relative decrease
in GFR, we used the log-transformed GFR as the dependent variable. The correlation between
the random intercept and slope was attenuated and only statistically significant for women in
both cohorts (Table S2). Inspection of the residuals in these models revealed a slightly
asymmetric distribution, suggesting that these results should be interpreted with caution.
Finally, we repeated the analyses using GFR standardized to body-surface-area (ml/min/1.73
m2). The correlation between baseline GFR and GFR change rate were essentially the same
(Pima model 2: r=-0.42 [95% CI -0.56, -0.26], RENIS model 2: (r=-0.33 [95% CI -0.41, -

0.25]).

DISCUSSION

GFR was higher in the predominantly diabetic Pima Indian cohort than in the non-diabetic
general population cohort, and the average rate of GFR decline was greater. Nevertheless,
despite their differences, higher baseline GFR was associated with a subsequent steeper GFR
decline in either cohort, suggesting that higher GFR is associated with a faster medium- to

long-term GFR decline, regardless of the presence or absence of diabetes.

A few previous studies investigated the association between the baseline GFR, or baseline
hyperfiltration status, and subsequent GFR decline. In a population-based outpatient dataset
(N=1,526,437), including 6% with diabetes, Tonelli et al found that a higher estimated GFR

(eGFR) was associated with an increased risk of doubling in serum creatinine during a median

10



follow-up of 35 months.?® Two other studies found that higher baseline eGFR levels predicted
a steeper eGFR decline in large community cohorts using mixed model analyses.?®3°
However, they did not report the correlation between the random intercept and slope, and they
examined the baseline eGFR as a categorical fixed effect variable. Using a similar method, a
recent study found that a higher baseline measured GFR was associated with a more rapid
decline in GFR in patients with type 1 diabetes during a median follow-up of 19 years.?!
Finally, hyperfiltration, defined as the estimated or measured GFR above a certain threshold
(ranging from 120-137 ml/min/1.73 m?), was associated with an increased risk of rapid GFR
decline in some, although not all, studies in type 1 and type 2 diabetes that used either

traditional logistic or linear regression analyses.’

Although these studies seem to suggest that higher GFR levels increase the risk for
subsequent accelerated GFR decline, none of the studies addressed the statistical phenomenon
of regression to the mean. This means that high observations are likely to be followed by less
extreme ones nearer the subject’s true mean. This statistical phenomenon may result in a
spurious relationship between baseline GFR and GFR decline when analyzed with
conventional regression models.*23 We used the method of Blance et al., who suggested a 2-
level linear mixed model as a solution to the problem.*® Unlike an ordinary linear regression
model, this model separately estimates the variation in the GFR and residual error (the
measurement error and biological day-to-day variation in the GFR measurement). The
correlation between the baseline GFR and GFR change rate can then be tested without the
influence of the error term that mediates the problem of regression to the mean. In the present
study, we used this method in both a small cohort with many GFR measurements and in a
larger cohort with the minimum GFR measurements necessary to estimate the variance

components. The correlations between the intercept and slope were similar in the two cohorts,

11



which suggests that higher GFR levels, indicating hyperfiltration in at least a proportion of the

participants, may play a role in accelerated GFR decline in both cohorts.

The negative correlation between the initial GFR and subsequent rate of GFR change also
implies that people with a GFR lower than the mean have a slower GFR decline, as shown in
Figure 1. This may represent minimal decline in subjects with optimal hemodynamic
conditions at the glomerular level, but we cannot exclude that some individuals may be
recovering from an episode of reduced GFR due to illness or acute kidney injury. However,
individuals with acute illness did not have their GFR measured during the illness, and we

obtained similar results after excluding those with a reduced GFR at baseline.

We used absolute GFR (ml/min) in the main analyses because the practice of indexing GFR
for body surface will obscure (underdiagnose) hyperfiltration in obesity.3* However, separate

analyses using indexed GFR (ml/min/1.73 m2) yielded similar results.

We investigated the issue of renal hyperfiltration without a fixed cutoff GFR to define
hyperfiltration, e.g GFR>140 ml/min. A high-normal age-adjusted whole kidney GFR may
also represent glomerular hyperfiltration, because there is considerable variation in the
number of nephrons with age and between individuals.** For example, a GFR of 80
ml/min/1.73 m? would likely reflect glomerular hyperfiltration in a person with 50% reduction
in nephron number. In healthy kidney donors, Denic et al. found that the numbers of nephrons
decreased linearly from the age of 20 years to approximately 50% at the age of 70.1* Another
study of healthy kidney donors reported that high age-adjusted measured GFR was associated
with higher single nephron GFR, higher 24-h urine albumin, and larger glomerular volume.3*
Although nephron number decrease with age, GFR increased during a time period of 3-6
years in approximately 30% of non-diabetic adults from the general population in other
studies, >33 indicating an increased single nephron GFR in many people. Moreover, a

longitudinal increase in the GFR was independently associated with increasing albuminuria in

12



the RENIS study, indicating possible early alterations in the filtration barrier and/or decreased

reabsorption of albumin in the hyperfiltration state.’®

Previous studies linking higher fasting glucose, body weight and waist-to-hip ratio to higher
measured GFR within the normal range of GFR (in linear regression with mGFR as a
continuous dependent variable) also suggests that single nephron hyperfiltration occurs
through the range of GFR.%%" In type 2 diabetes, an acute reduction of the GFR within the
near-normal range of GFR was inversely associated with the subsequent eGFR change rates in
both the RENAAL and EMPA-REG trials, suggesting a possible protective effect of treating

glomerular hyperfiltration within the normal range of GFR.38%

In a previous investigation of a subsample from the current Pima cohort consisting of 111
persons with protocol kidney biopsies, Fufaa et al reported higher GFRs in people with
glomerular hypertrophy and increased podocyte foot process width.?> These histological
correlates of glomerular hyperfiltration were also associated with an increased risk of rapid

GFR decline at follow-up.®

The negative correlation between the baseline GFR and GFR decline in the Pima cohort was
significant for women only. There were fewer men (n=109) compared to women (n=210) in
the Pima cohort and the sex-interaction should be interpreted with caution. However, we note
that the protective effect of female sex on CKD progression among non-diabetic individuals
may be attenuated in diabetes.*® A recent study found that women with diabetes and
hyperfiltration had a higher glomerular pressure than men with diabetes and hyperfiltration,

which possibly indicates a more pathologic subgroup of hyperfiltration.®4!

There are limitations of this study. Because whole kidney GFR is a product of nephron
number and single nephron GFR we cannot conclude that a higher GFR reflects higher single

nephron GFR. Indeed, people with low GFR and severely reduced nephron number are often

13



hyperfiltering, but this cannot be detected by measuring whole kidney GFR. However, to a
certain degree we accounted for this problem by adjusting for factors that are associated with

nephron number (age, sex and height).

We used different methods for measuring the GFR in the two cohorts, although both
accurately reflected the gold standard method of urinary inulin clearance.*’?* The mixed
model analyses necessarily assume a linear decline in GFR, which is not true for many
participants. Still, this is probably a good approximation of the medium-term change in the
GFR for most individuals.*? Although we accounted for the problem of regression to the
mean, we acknowledge that a negative correlation between the intercepts and slopes may still
arise from natural biological variation even if a high baseline GFR is not the cause of the

more rapid long-term GFR decline in these subjects.

Most participants in the current study still had a GFR within the normal range at follow-up.
Accordingly, we cannot conclude that those with a higher GFR and steeper decline
subsequently progress to CKD or kidney failure. However, a rapid loss of GFR within the
normal range of GFR is still potentially clinically important because it is associated with an
increased risk of end-stage renal disease (ERSD) and all-cause mortality in both high- and
low-risk groups of the general population.®>%642 Indeed, accelerated early GFR loss has been

identified as a phenotype with increased risk of ESRD in the Joslin diabetes cohort.*?

Strengths of this study include obtaining equivalent results in two very different cohorts,
suggesting broad generalizability of our findings. In addition, GFR measurements were
performed with accurate clearance methods. The RENIS cohort is the only longitudinal study
with repeated measurements of the GFR in a representative sample of the non-diabetic general
population. The intra-individual day-to-day variation in the GFR measurement in the RENIS
cohort was lower than in most previous studies.>!’ In the Pima cohort, we measured the GFR

multiple times over an extended period in people with a high risk of CKD and ESRD. The

14



day-to-day variation in the GFR measurement using urinary iothalamate clearance was 5-15
ml/min in different studies,>” although it was not calculated in the Pima cohort. Finally, we
used a linear mixed regression model that handles the problem of mathematical coupling and

regression to the mean.

We conclude that higher baseline GFRs are associated with a steeper GFR decline in the
general non-diabetic white population and in Native Americans with prevalent T2D. This
study supports the belief that higher GFR levels, indicating hyperfiltration in at least a
proportion of individuals, is a potential modifiable risk factor for loss of kidney function in

diverse populations.
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Figure Legends

Figure 1. The association between baseline GFR and GFR change rate

The figure displays the best linear unbiased predictors (BLUPS) of the random slopes and
intercepts, reflecting the association between baseline GFR (the random intercept) and the
GFR change rate (random slope) in a linear mixed model after excluding people with a
reduced GFR at baseline (defined as GFR < 60 ml/min/1.73 m?). Correlation: -0.25 (95% CI:
-0.34 to0 -0.15) in the RENIS cohort and -0.41 (-0.55 to -0.25) in the Pima cohort in the model
adjusted for age, sex, weight and height.
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Table 1 The study population characteristics at baseline.

The RENIS cohort

The Pima cohort

N=1594 N=319

Male gender, n (%) 781 (49 %) 109 (34 %)
Age, years 58.1 (3.8) 41.4 (10.5)
Body mass index, kg/m? 27.2 (4.0) 34.8 (8.2)
Current smoker, n (%) 322 (20 %)
Fasting glucose, mg/dl 95.4 (90.0 to  100.8) 198.7 (82.6)
Hemoglobin Alc, % 5.5 (5.3 to 5.8) 8.5 (5.9 to 10.7)
Urinary ACR, mg/g 2.0 (0.9 to 4.8) 29.1 (10.5t0 96.1)
Systolic BP, mmHg 129.4 (17.5) 120.9 (16.0)
Diastolic BP, mmHg 83.4 (9.8) 77.4 (9.4)
Diabetes, n (%) 0 266 (83 %)
Diabetes duration, years 8.5 (3.9 to 13.3)
Antihypertensive medication, n (%) 289 (18 %) 21 (7 %)

ACE-inhibitor, n (%) 28 (1.8 %) 0

Angiotensin 2 blocker, n (%) 132 (8.3 %) 0
Insulin treatment, n (%) 0 59 (18.5 %)
Oral anti-diabetic medication, n (%) 0 122 (38.2 %)
Absolute GFR, ml/min 103.8 (29.9) 149.4 (43.2)
GFR, ml/min/1.73m? 93.8 (14.3) 129.1 (35.0)

Abbreviations: RENIS, the Renal Iohexol clearance Survey; Pima; Pima Indians from Arizona,

USA. BP, blood pressure; GFR, glomerular filtration rate; ACR: albumin to creatinine ratio.

Estimates are given as number (%), mean (standard deviation) or median (interquartile range).
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Table 2 Association of risk factors with the GFR (Fixed effects), and the correlation between the baseline GFR and GFR decline rates (Random effects)
in the Pima cohort.

Model 1 Model 2 Model 3
Fixed effects Coef Coef Coef
=]

(ml/min) 95 % Cb P value (ml/min) (95 % Cl) value (ml/min) (95 % Cl P value
Effects on baseline GFR? (intercept)
Sex, male 13.00 (324 to 22.77) 0.009 -3.61 (-15.98 to 8.75) 0.6 9.11 (-2.44 to 20.66) 0.1
Age, per year -2.22 (-2.66 to -1.77) <0.001 -1.90 (-2.32 to -1.49) <0.001 -1.88 (-2.30 to -1.46) <0.001
Height, per cm 1.07 (0.32 to 1.82) <0.01 0.80 (0.12 to 1.48) 0.02
Weight, per kg 0.63 (0.44 to 0.82) <0.001 0.66 (048 to 0.84) <0.001
Diastolic BP, per mmHg -0.15 (043 to 0.12) 0.3
Systolic BP®, per mmHg -0.47 (-0.92 to -0.02) 0.04
Fasting glucose, per 10 mg/dI 1.54 (.03 to 2.05 <0.001
Urinary ACR, per doubling -1.01 (-284 to 0.83) 0.3
Diabetes duration, per year 0.27 (0.44 to 0.98) 0.5
Effects on GFR slope (per year)
Sex 0.21 (-1.09 to 1.51) 0.8 2.09 (0.36 to 3.82) 0.02 1.30 (-0.24 to 2.84) 0.1
Age, per year -0.02 (-0.08 to 0.04) 0.5 -0.03 (-0.09 to 0.03) 0.4 0.04 (-0.02 to 0.10) 0.2
Height, per cm -0.16 (-0.26 to -0.06) <0.001 -0.11 (-0.19 to -0.02) 0.02
Weight, per kg 0.01 (-0.01 to 0.04) 0.4 -0.01 (-0.04 to 0.01) 0.2
Diastolic BP, per mmHg -0.073 (-0.14 to -0.01) 0.02
Systolic BP®, per mmHg -0.03 (-0.07 to 0.01) 0.1
Fasting glucose, per 10 mg/dl -0.18 (-0.24 to -0.11) <0.001
Urinary ACR, per doubling -0.61 (-0.86 to -0.35) <0.001
Diabetes duration, per year -0.15 (-0.24 to -0.05) <0.001
Random effects® Estimate 95 % CI Estimate (95 % Ch Estimate (95 % Cl)
SD of slope (GFR change), ml/min/year 3.82 (3.33 to 4.39) 3.67 (3.19 to 4.23) 2.85 (244 to 3.33)
SD of intercept, ml/min 37.30 (33.90 to 41.03) 33.00 (29.86 to 36.47) 28.70 (25.86 to 31.85)
Correlation (intercept, slope) -0.40 (-0.53 to -0.24) -0.41 (-0.55 to -0.26) -0.31 (-0.47 to -0.13)
SD of the residuals 30.94 (30.15 to 31.75) 30.96 (30.17 to 31.78) 30.70 (29.92 to  31.50)
Change in slope (ml/min/year)
per 10 ml/min higher intercept -0.41 (-0.52 to -0.26) -0.46 (-0.59 to -0.30) -0.31 (-0.44 to -0.13)

Abbreviations; SD: Standard deviation. BP: Blood pressure. ACR: albumin-to-creatinine ratio

aAbsolute GFR (ml/min; not adjusted by body surface)

bAnalysed in a separate model without diastolic BP because of collinearity

¢Random effects reflect variation in slope and intercept between individuals that are not explained by the fixed effects or the error term.

Model 1. Sex and baseline age.

Model 2. Sex and baseline age, height and weight.

Model 3. Model 2 and baseline diastolic BP, fasting glucose, diabetes duration, urinary ACR ratio, recruitment protocol (the Diabetic Renal Disease Study
(DRDS) and/or the Losartan trial), and use of antihypertensive medication, insulin or oral glucose lowering medications.

N=319 in the fully adjusted model. Smoking not included due to 140 missing values.

Conversion factor for units: Glucose in mg/dl to mmol/l; x 0.0551.
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Table 3 Association of risk factors with the GFR (Fixed effects), and the correlation between the baseline GFR and GFR decline rates (Random effects)

in the Renal Iohexol Clearance Survey.

Model 1 Model 2 Model 3
Fixed effects Coef Coef Coef
P P P

(ml/min) 95 % CI) value (ml/min) (95 % Cl) value (ml/min) (95 % Cl) value
Effects on baseline GFR? (intercept)
Sex, male 2267 (21.10 to 24.30) <0.001 14.08 (1199 to 16.18) <0.001 1355 (1141 to 15.68) <0.001
Age, per year -0.75 (-0.96 to -0.55) <0.001 -0.82 (-1.01 to -0.62) <0.001 -0.80 (-0.99 to -0.61) <0.001
Height, per cm 0.10 (-0.03 to 0.23) 0.1 0.10 (-0.03 to 0.24) 0.1
Weight, per kg 0.50 (044 to 0.57) <0.001 0.49 (042 to 0.56) <0.001
Diastolic BP, per mmHg -0.10 (-0.18 to -0.01) 0.02
Systolic BP®, per mmHg -0.03 (-0.08 to 0.01) 0.2
Fasting glucose, per 10 mg/dl 2.35 (.43 to 3.27) <0.001
Smoking, y/n 2.92 (.08 to 4.75) 0.002
Urinary ACR, per doubling 0.35 (-0.15 to 0.85) 0.2
Effects on GFR slope (per year)
Sex -0.15 (-0.38 to 0.09) 0.2 -0.19 (-0.52 to 0.14) 0.2 -0.12 (-0.47 to 0.22) 0.5
Age, per year -0.06 (-0.09 to -0.03) <0.001 -0.05 (-0.08 to -0.02) 0.001 -0.05 (-0.08 to -0.02) 0.002
Height, per cm 0.01 (-0.01 to 0.03) 0.2 0.01 (-0.01 to 0.03) 0.4
Weight, per kg -0.01 0.02 to 0.00) 0.2 0.00 (-0.01 to 0.01) 0.6
Diastolic BP, per mmHg -0.004 (-0.02 to 0.01) 0.5
Systolic BP?, per mmHg -0.005 (-0.01 to 0.00) 0.2
Smoking, y/n -0.31 (-0.61 to 0.00) 0.05
Fasting glucose, per 10 mg/dl -0.09 (-0.24 to 0.06) 0.3
Urinary ACR, per doubling -0.08 (-0.16 to  0.00) 0.05
Random effects® Estimate 95 % CI Estimate (95 % Cl) Estimate (95 % Cl)
SD of slope (GFR change), ml/min/year 1.58 (.33 to 1.87) 1.57 (.32 to 1.86) 1.56 (1.30 to 1.87)
SD of intercept, ml/min 14.97 (1426 to 15.71) 14.65 (13.94 to 15.39) 13.33 (12.62 to 14.08)
Correlation (intercept, slope) -0.30 (-0.38 to -0.22) -0.31 (-0.40 to -0.23) -0.31 (-0.40 to -0.23)
SD of the residuals 5.95 (5.03 to 7.03) 5.97 (5.04 to 7.05) 5.93 (497 to 7.06)
Change in slope (ml/min/year)
per 10 ml/min higher intercept -0.32 (-0.36 to -0.26) -0.33 (-0.37 to -0.27) -0.37 (-041 to -0.30)
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Abbreviations; GFR: glomerular filtration; BP: blood pressure; ACR: albumin-to-creatinine ratio
aAbsolute GFR (ml/min; not adjusted by body surface)
bAnalyzed in a separate model without diastolic BP because of collinearity

¢Random effects reflect variation in slope and intercept between individuals that are not explained by the fixed effects or the error term.
Model 1. Sex and baseline age.

Model 2. Sex and baseline age, height and weight

Model 3. As model 2 and diastolic BP, fasting glucose, smoking (y/n), use of antihypertensive medication and urinary ACR ratio.
N=1586 in the fully adjusted model (Eight missing values; 3 for smoking and 5 for ACR)

Conversion factor for units: Glucose in mg/dl to mmol /I; x 0.0551.
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The association between baseline GFR and GFR change rate
The RENIS cohort The Pima cohort
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Melsom et al, AJKD, «Correlation Between Baseline GFR and Subsequent Change in GFR in Norwegian Adults Without Diabetes and in Pima
Indians»

Item S1: Supplementary methods and statistics.

GFR measurements

In the RENIS study, we injected five milliliters of iohexol via a Teflon catheter in the
antecubital vein. The catheter was flushed with 30 ml of isotonic saline. After a calculated
time period based on each person’s estimated GFR, the iohexol blood sample was drawn from
the same catheter.® GFR was calculated as described by Jacobsson.?

In the Pima study, diuresis was initiated by an oral water load after the bladder was emptied.
A loading dose of 300 mg iothalamate plus 3 mg/kg for each 1 kg > 100 kg was given
intravenously, which was followed by a continuous infusion to maintain a constant serum
concentration. The bladder was again emptied after one hour, and four urine and blood
samples were collected at 20-minute intervals.®

The serum iohexol and the urinary iothalamate concentrations were measured using high-
performance liquid chromatography.*:3

Statistical methods

The GFR measurements were analyzed in a two-level linear mixed regression model with a
random intercept and slope using an unstructured covariance matrix for the intercept and
slope.* ® The linear mixed regression model divides the unexplained variance (not explained
by fixed effects predictors) in the outcome variable (GFR) into different components
(random effects); one related to random intercept (baseline levels) and one related to random
slopes (change rates). The model further separates the variation in random effects and residual
error (e.g. due to measurement error).* °

All subjects from the baseline investigations were included in the linear mixed regression
analyses regardless of whether they were examined at follow-up because linear mixed models
allow for missing observations at one or more time points.* © The participants had 1 to 30
measurements in the Pima cohort (median of 11 [IQR; 4-17] times) and 1 to 3 measurements
in the RENIS cohort (baseline [n=1594], one follow-up [n=1299] and/or repeated follow-up
[n=87]). By design, three measurements were only obtained for a random subsample in the
RENIS cohort, because this suffices for estimating the three variance components in the
unstructured covariance matrix of the model.

The improvement of the mixed models by including a random intercept and slope was tested
by likelihood ratio (presented below).

The absolute GFR measured in ml/min at each visit was used as the dependent variable. The
observation time from baseline was used as the independent time variable. The effect of an
independent variable on the GFR change rate in ml/min/year (slope) was analyzed by
including two-way interaction terms between the independent variable in question and the
time variable. For all covariates, the models included both the main effects of each covariate
and the interaction of each covariate with time. Residuals and predicted random effects were
examined to ensure that they were normally distributed.

The association between the baseline GFR and subsequent GFR decline (ml/min/year) was
assessed by the correlation between the random intercept and random slope.® 7 (This is given
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as corr(obstime,_cons) in the Random-effects Parameter at the end of the statistical output
using STATA). The quantitative assessment of this correlation (in ml/min/year faster decline
in GFR per ml/min higher intercept (reflecting baseline GFR) was calculated by multiplying r
(the correlation coefficient) with SD of the slope and dividing with the SD of the intercept.

Best linear unbiased predictors (BLUPS) of the random slopes and intercepts were calculated
to display the correlation between intercept and slope.

Possible effect modification by sex was investigated by running a mixed regression model
that includes sex and sex*time and allows the random effects and the correlation between
them to differ by sex.®

Statistical tests of the random intercepts and slopes:

The total fit of the unadjusted and adjusted linear mixed model analyses for both cohorts
improved by allowing for random variation in the GFR change rate (random slope)
(likelihood ratio (LR); ¥?=291.51, d.f.=2, p<0.001 and LR ?=5.49, d.f.=2, p=0.02 for the
Pima and RENIS cohorts, respectively) and by including the correlation between the GFR at
baseline (random intercept) and the GFR change rate (random slope) (LR x?=22.5, d.f.=2, p<
0.001 and LR %?=14.7, d.f.=2, p<0.001 in the Pima and RENIS cohorts) for the model
adjusted for age, sex, height and weight (Model 2).
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Figure S1. Inclusion of participants in the RENIS Follow-Up Study
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