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OBJECTIVE

Thepatterns of estimated glomerularfiltration rate (eGFR) decline to end-stage renal
disease (ESRD) in patients with type 1 diabetes has not been conclusively described.
Decline could be linearly progressive to ESRD but with a variable rate. Conversely,
decline may be linear but interrupted by periods of plateaus or improvements.

RESEARCH DESIGN AND METHODS

This observational study included 364 patients with type 1 diabetes attending the
Joslin Clinic who developed ESRD between 1991 and 2013. We retrieved serum
creatininemeasurements from clinic visits or research examinations up to 24 years
(median 6.7 years) preceding the onset of ESRD. Using serial measurements of
serum creatinine to estimate renal function (eGFR), we used regression-based
spline methods and a data smoothing approach to characterize individual trajec-
tories of eGFR over time for the 257 patients with five or more data points.

RESULTS

The rate of eGFR decline per year rangedwidely, from272 to22mL/min/1.73m2

(median 28.5). The trajectories, as characterized with linear regression-based
spline models, were linear or nearly so for 87% of patients, accelerating for 6%,
and decelerating for 7%. Smoothed trajectories evaluated by a Bayesian approach
did not significantly depart from a linear fit in 76%.

CONCLUSIONS

The decline of eGFR in type 1 diabetes is predominantly linear. Deviations from
linearity are small, with little effect on the expected time of ESRD. A single disease
process most likely underlies renal decline from its initiation and continues with
the same intensity to ESRD. Linearity of renal decline suggests using slope re-
duction as the measure of effectiveness of interventions to postpone ESRD.

End-stage renal disease (ESRD) and associatedmorbidity andmortality aremajor health
problems in patients with type 1 diabetes. The lifetime risk of ESRD in type 1 diabetes is
10–15% (1–3). ESRD developsmany decades after the disease onset as a result of renal
decline (3–5). The decline trajectory and underlying mechanisms are not well under-
stood. Theoretically, the decline may be abrupt, as in acute renal failure (6), episodic
with plateausor periods of improvement (7), or inexorably progressive (8). Eachpattern
points to a different pathophysiology. Knowledge of the patterns and their frequencies
can guide research of the disease mechanisms and help develop new interventions.
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Linearity of renal decline in various
kidney conditions was already postu-
lated four decades ago (9). Plots of se-
rum creatinine reciprocal were used as a
predictive tool for ESRD onset (8,10).
Several studies have since examined tra-
jectories of renal function changes, with
few patients reaching ESRD. Some stud-
ies concluded that trajectories were lin-
ear (8,11–13), whereas others found
significant variation and nonlinearity
(7,14,15). These studies were small
(7,8,11–14), included many patients
with advanced renal failure, often had
short follow-up time, and did not use
analytical tools that are now available
for evaluating this question.
In our recent large study of patients

with type 1 diabetes with normal renal
function and proteinuria, estimated glo-
merular filtration rate (eGFR) decline
was present in only one-half. Decline
was predominantly linear within an in-
dividual, but slopes differed widely
among individuals (4). Most of the pa-
tients in that study did not reach ESRD,
making their trajectories incomplete.
Patients who reached ESRD were too
few to draw unambiguous conclusions
and to rule out these ESRD events being
results of acute kidney injury complicat-
ing chronic kidney disease.
Different findings were recently re-

ported from the African American Study
of Kidney Disease and Hypertension
(AASK) (16). That study included 846 pa-
tients with at least 3 years of follow-up
(median 9 years) and$8 GFR estimates.
Baseline eGFR was impaired (median 50
mL/min/1.73 m2). The authors report-
ed that more than 41% had nonlinear
eGFR trajectories. This finding contra-
sts sharply with our results in patients
with type 1 diabetes and proteinuria
(4). Differences in several factors of a
biologic nature may have contributed
to this discrepancy: 1) mechanisms under-
lying hypertensive and diabetic kidney
diseases, 2) race (17), and 3) character-
istics of study subjects and inclusion
criteria. For example, volunteers recruited
into the AASK study had predomi-
nantly slow rates of eGFR decline (18).
However, substantially different an-
alytical approaches and definitions of
linearity may account for the discrep-
ant conclusions (4,19). We therefore ap-
plied both methods in the current study:
the method used in our previous publi-
cation and the one used for analysis of

AASK study data, so the effect of the an-
alytic approach can be assessed. More
importantly, in the current study we eval-
uated, for the first time, complete trajec-
tories of eGFR decline specifically in
patients with type 1 diabetes who devel-
oped ESRD.

RESEARCH DESIGN AND METHODS

Joslin Clinic Population of Patients
With Type 1 Diabetes
A total of 3,500 adult patients with
type 1 diabetes diagnosed before age
40 remain under the care of Joslin Clinic,
an institution established in 1898 and
devoted to the treatment of diabetes
(5). Most of these patients come to the
clinic within 5 years after the diabetes
diagnosis and remain under care for a
long period, frequently for life. The cur-
rent study included the 364 patients
who developed ESRD between 1991
and 2013 and were previously enrolled
into one or more studies on the natural
history of diabetic nephropathy in
type 1 diabetes: Joslin Proteinuria Co-
hort (20), 1st Joslin Study on Natural
History of Microalbuminuria (21–24),
2nd Joslin Study on Natural History of
Early Renal Decline (25,26), and Joslin
Study on Genetics of Diabetic Nephrop-
athy in type 1 diabetes (27,28). Patients
with a diagnosis of nondiabetic kidney
disease present in their medical records
were excluded from enrollment in these
studies.

Participants were monitored until
2013 with the goal of obtaining blood
andurine specimens at least every 2 years
and ascertaining onset of ESRD and
deaths. Research specimens were ob-
tained during routine clinic visits or spe-
cial home visits and stored at 280°C for
future use. All clinical data and labora-
tory determinations for the albumin-to-
creatinine ratio (ACR), serum creatinine,
and glycatedhemoglobinA1c (HbA1c) for all
364 patients included in this study were
retrieved from Joslin medical records.

The Joslin Diabetes Center Institu-
tional Review Board approved the study
protocols and informed consent proce-
dures for the above studies.

Assessment of Urinary Albumin and
HbA1c

In the Joslin Clinic laboratory, albumin
concentrations in spot urines were mea-
sured by immunonephelometry on a
BN100 (Behring, Marburg, Germany)

with N Albumin kits. Creatinine measure-
ments in urine were assayed by Jaffe’s
modified picrate method. Urinary albu-
min inmilligramswas expressed per gram
of urinary creatinine (ACR) (29). HbA1cwas
measured during routine clinic visits and
was standardized to Diabetes Control
and Complications Trial units (30).

Laboratory Assessment of Renal
Function
Routine measurements of serum creati-
nine are performed for Joslin patients at
Joslin Clinic laboratory at least once a
year. In 2011–2014, blood specimens ob-
tained as part of research examinations
were sent to the Advanced Research
and Diagnostic Laboratory at University
of Minnesota to measure serum concen-
trations of creatinine using the Roche en-
zymatic assay (prod. no. 11775685) on
a Roche/Hitachi Mod P analyzer. This
method was calibrated to be traceable
to an isotope dilutionmass spectrometry
reference assay andwas verified bymea-
suring National Institutes of Standards
and Technology Standard Reference
Material No. 967. Whenever a routine visit
(n = 1,133) coincided with a research ex-
amination, we used duplicate measure-
ments in samples from the same blood
draw to calibrate Joslin clinical measure-
ments to the assay method used at the
Laboratory at University of Minnesota
(4,30). This calibration diminished the
possible effect of changes in laboratory
assay and equipment over time.

A total of 4,721 calibrated serum cre-
atinine determinations from clinic visits
in 364 study patients were used to esti-
mate eGFR with the Chronic Kidney Dis-
ease Epidemiology Collaboration formula
(31). For our goal of tracing the trajec-
tory of eGFR decline at the beginning of
follow-up (baseline) was dated from ear-
liest evaluation of renal function (mea-
surement of serum creatinine) while it
was$60 mL/min/1.73 m2 and with per-
sistent proteinuria. In patients with
eGFR ,60 mL/min/1.73 m2 or entering
the follow-up without proteinuria, we
traced the decline retrospectively from
ESRD up to the last observation in chronic
kidney disease (CKD) stage 1 to exclude
the period of normal and stable renal
function before the onset of decline.

Ascertainment of ESRD and Deaths
All patients enrolled into the Joslin Stud-
ies described above were queried against
rosters of United States Renal Data System
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(USRDS) and National Death Index (NDI)
covering all events up to the end of 2013.
ESRD was defined by a match with the
USRDS roster (n = 301) or a listing of re-
nal failure among the causes of death on
anNDI death certificate (n = 63). Onset of
ESRD was given the date of first dialysis
or kidney transplantation or date of
death for those captured by death cer-
tificate. USRDS and NDI data were
screened for disease codes indicating
nondiabetic causes of ESRD.

Statistical Analysis
Continuous variables are summarized as
medians and quartiles, and categorical
variables are presented as numbers
and percentages. Comparisons between
medians were done with the Wilcoxon
test, and categorical variableswere com-
pared with the x2 test.
Linear trajectories were estimated

with least-squares regression. To char-
acterize eGFR trajectories, as previously
reported (4), we used an approach de-
scribed by Jones and Molitoris (32) in
257 patients with$5 eGFR observations
placed at least 1 month apart. A spline
function was fitted by least squares with
position of the knot determined by min-
imizing the residual sum of the squares.
Spline function was tested against the

linear model with a partial F test at a
significance level of 0.05. Nonlinear tra-
jectories were classified as clinically con-
sequential only if predicted time to
ESRD (eGFR = 10 mL/min/1.73 m2) by
the simple linear fit missed the observed
time to ESRD by$1 year; otherwise they
were classified as clinically inconse-
quential. Analysis was performed in
SAS 9.3 software (SAS Institute, Inc.,
Cary, NC).

The Bayesian approach to modeling
trajectories in the 257 patients used pe-
nalized thin-plate splines, as previously
described (16,19). The analysis was
performed with R 3.1.0 software (The
R Foundation for Statistical Comput-
ing, Vienna, Austria) and OpenBUGS
3.2.3 software (University of Helsinki,
Helsinki, Finland). Knots were placed
1 year apart in patients with $3 years
of follow-up and every 0.2 year in pa-
tients with ,3 years of follow-up. We
used noninformative and conjugate pri-
ors. Starting values of fixed-effect param-
eters were estimated with a general
additive model using the SemiPar pack-
age for R. We performed 700,000 itera-
tions in 4 chains to assess convergence.
We discarded the first 200,000 run-in it-
erations and saved 1 of every 50 from the
remaining 500,000 to obtain 10,000

posterior samples. A linear trajectory
was then fitted to the smoothed data,
and the smoothed trajectory was clas-
sified as clinically consequential non-
linearity if any point-wise difference
between the smooth and linear trajec-
tories was$15mL/min/1.73 m2. Because
the threshold of 15 mL/min/1.73 m2 was
an arbitrary choice, we performed a sen-
sitivity analysis using the values of 5 and
10 mL/min/1.73 m2.

RESULTS

Cohort Characteristics
The study group comprised 364 Eastern
Massachusetts residents, 186 men and
178 women (48.9%) with type 1 diabe-
tes. All were long-term (.11 years) pa-
tients of Joslin Clinic (Boston, MA), and
95% were Caucasian (self-reported).
Characteristics are summarized in Table 1.
Median age at baseline was 33 years, and
median diabetes duration was 19 years.
Diabetes was diagnosed in most patients
during childhood or adolescence. Glyce-
mic control was poor: median HbA1c for
the group was 9.5% (80.3 mmol/mol).
Median ACR was 1,262 mg/g. Median
baseline eGFR was 73 mL/min/1.73 m2.
At time of enrollment into Joslin studies,
median blood pressure was 134/80 mmHg.
There were 66.2% patients treated with

Table 1—Characteristics of the study group according to availability of five observations

eGFR observations

All $5 ,5 P value

Characteristic N = 364 N = 257 N = 107 d

Women 178 (48.9) 128 (49.8) 50 (46.7) 0.59

At the time of earliest eGFR observation
Age (years) 33 (27, 40) 34 (28, 40) 32 (26, 40) 0.42
Diabetes duration (years) 19 (15, 26) 19 (16, 26) 18 (14, 24) 0.047
Age of diabetes onset (years) 12 (8, 17) 12 (7, 17) 12 (8, 17) 0.50
ACR (mg/g) 1,262 (526, 2,500) 1,299 (559, 2,500) 966 (471, 2,500) 0.18
HbA1c (%) 9.5 (8.4, 10.8) 9.5 (8.4, 10.8) 9.6 (8.3, 11.0) 0.98
HbA1c (mmol/mol) 80.3 (68.3, 94.5) 80.3 (68.3, 94.5) 81.4 (67.2, 96.7)
eGFR (mL/min/1.73 m2) 73 (57, 97) 71 (56, 87) 84 (63, 109) 0.001

Recorded at the research enrollment examination
Systolic blood pressure (mmHg) 134 (125, 148) 135 (127, 150) 134 (120, 144) 0.21
Diastolic blood pressure (mmHg) 80 (74, 88) 80 (74, 86) 82 (78, 88) 0.16
Treatment with ACE-I or ARB 241 (66.2) 169 (65.8) 72 (67.3) 0.78
Smoking
Current 75 (20.6) 54 (21.0) 21 (19.6) 0.77
Past 111 (30.5) 74 (28.8) 37 (34.6) 0.21

Follow-up
Follow-up duration (years) 6.6 (4.2, 9.9) 6.7 (4.4, 9.8) 6.1 (3.7, 10.5) 0.22
eGFR measurements 10 (4, 18) 15 (9, 24) 3 (2, 4)
eGFR measurements per year 1.7 (0.6, 3.4) 2.7 (1.3, 3.9) 0.5 (0.3, 0.8)
Death at ESRD onset 63 (17.3) 48 (18.7) 15 (14.0) 0.28
Preemptive kidney transplant 17 (4.7) 13 (5.1) 4 (3.7) 0.59

Data are presented as n (%) or median (1st, 3rd quartile). P value for comparison between patients with ,5 and $5 eGFR observations.
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ACE inhibitors (ACE-I) or angiotensin re-
ceptor blockers (ARB). This proportion
reflects gradual entry of renoprotective
treatment into clinical practice in 1990s.
Observed time from baseline to the

initiation of renal replacement therapy
varied widely. Median (1st, 3rd quar-
tiles) interval was 6.6 years (4.2, 9.9).
Median number of eGFR observations
per patient was 10 with a median den-
sity of 1.7 per year. Median (1st, 3rd
quartile) individual-specific rate of
eGFR decline (estimated with linear re-
gression) was29.1mL/min/1.73m2/year
(25.8, 214.9), whereas the mean per
year was212.2 mL/min/1.73 m2, reflect-
ing that all patients developed ESRD. For
most patients, renal replacement ther-
apy began with dialysis, and mortality at
ESRD diagnosis was high, at 17.3%. Few
patients (4.7%) received preemptive
transplants.
The slope of eGFR decline was not

associated with age at study entry or
diabetes duration (adjusting for base-
line eGFR). There was no association
with the age at diabetes onset or any
significant protective effect of prepu-
bertal diabetes diagnosis. The distribu-
tions of slopes were similar in men and
women. A steep eGFR slope was asso-
ciated with higher urinary ACR (P =
0.017) and worse glycemic control
(1.2 mL/min/1.73 m2/year steeper per
1% HbA1c increase, P , 0.001,). Higher
baseline eGFR was associated with
steeper decline (P , 0.001), which re-
flects the study design, because the pa-
tients with slow eGFR decline were
likely to be recruited with an already
low eGFR. Systolic blood pressure was
not associated with eGFR slope, but
there was a statistically significant
difference between slopes in patients
treated and not treated with an ACE-I
or ARB (median 27.2 vs. 211.9 mL/min/
1.73 m2/year, P, 0.001). No association
of eGFR slope was found with to-
bacco use.
Because 5 observations are required

for tests of nonlinearity, patients with
fewer eGFR observations could not be
included in the analysis of trajectories.
Clinical characteristics of the 257 patients
with$5 observations and the 107with,5
were generally similar (Table 1). Exceptions
were steeper slopes of eGFR decline in
thosewith,5observations (median211.7
vs. 28.5 mL/min/1.73 m2/year, P ,
0.001 (Fig. 1A and B), slightly shorter

diabetes duration (P = 0.047 (Table 1),
and higher baseline eGFR (84 vs.
71 mL/min/1.73 m2, P = 0.001) (Table
1). Paucity of observations in these pa-
tients was perhaps caused by rapid
rates of eGFR decline.

For the 257 patients with $5 obser-
vations, the median interval to ESRD
was 6.7 years, with a median of 15 eGFR
observations for a median density of
2.7 observations per year. At the first
measurement of serum creatinine, dis-
tribution according to CKD stage was
55 at stage 1, 127 at stage 2, and 70 at
stage 3.

Patterns of eGFR Decline
Criteria for classifying trajectories as
nonlinear are summarized in Table 2.
We used an approach described by
Jones and Molitoris (32) for fitting a

nonlinear splinemodel to an individual’s
eGFR data. Nonlinearity was subse-
quently classified as clinically conse-
quential if predicted time to ESRD
(eGFR = 10 mL/min/1.73 m2) by simple
linear fit missed the observed time to
ESRD by 1 year or more. Clinically conse-
quential nonlinear trajectories were fur-
ther characterized as decelerating or
accelerating (Table 2).

The test of nonlinearity failed to re-
ject the null hypothesis of linearity for
124 trajectories. Furthermore, 101 non-
linear trajectories failed to meet the cri-
terion of clinical consequence. Thus,
225 trajectories (87%) were satisfacto-
rily characterized by a constant slope,
and representation of eGFR decline
as a single slope, as shown in Fig. 1A, is
valid for the vast majority of patients.
The remaining 32 trajectories were

Figure 1—Distribution of eGFR decline slopes with $5 (A) and ,5 (B) eGFR observations.
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equally divided between 15 significant
accelerations (6%) and 17 significant
decelerations (7%). Examples are pre-
sented in Fig. 2.

Apart from the previously applied
method of testing linearity with the
spline model, we analyzed data with a
Bayesian technique previously used in

the analysis of data from the AASK
(16,19). The same criteria of linearity
applied to our ESRD cohort (Table 2) re-
sulted in rejection of the linear model in
most patients. A careful inspection of
eGFR decline trajectories of patients
declared nonlinear identified a large
number of trajectories, for which the
criterion suggested in the AASK study
(16) was clearly too stringent, as shown
in the examples presented in Fig. 3. In
the examples in Fig. 3C and D, the tra-
jectory is apparently linear, but only a
minority of the Bayesian trajectories
conform to AASK study criteria. As an
alternative, we based the test of nonlin-
earity on the magnitude of the largest
departure of the smoothed trajectory
from a simple regression line fitted to
it (Table 2). Provisionally, we chose a
departure $15 mL/min/1.73 m2 as the
criterion for nonlinearity and then
performed a sensitivity analysis using
values of 5 and 10 mL/min/1.73 m2. Ac-
cording to the15mL/min/1.73m2criterion,
overall prevalence of linear trajectories in
posterior Bayesian samples was 76.0%,
and 5 and 10 mL/min/1.73 m2 departures
yielded 42.2% and 62.7% of linear tra-
jectories, respectively.

The linear spline approach classified
13% of the trajectories as sufficiently
nonlinear to have a clinically consequen-
tial effect on the anticipated time to
ESRD. The Bayesian approach classified
24% of the posterior samples as nonlin-
ear because they departed by at least
15 mL/min/1.73 m2 from a linear trajec-
tory. To determine concordance of clas-
sifications by the two approaches, we

Table 2—Criteria for classifying trajectories of eGFR decline according to analytic approach

Classification of trajectory
if criterion met Criterion

Classification of trajectory
if criterion not met

Spline regression method

Nonlinear Linear model is rejected in favor of spline model at P, 0.05 with partial F test. Linear

Clinically consequential
nonlinearity

Linear model rejected and linear projection of time to reach eGFR = 10 mL/min/
1.73 m2 misses the observed time of ESRD by 1 year or more.

Clinically inconsequential
nonlinearity

Acceleration Clinically consequential nonlinear trajectory and the slope of the second spline
segment is steeper than the first.

Deceleration Clinically consequential nonlinear trajectory and the slope of the first spline
segment is steeper than the second.

Bayesian method

Nonlinear Any eGFR difference between the smoothed trajectory and the line fitted to it
is $15 mL/min/1.73 m2.

Linear

Bayesian method with criteria of linearity
proposed in AASK study

Nonlinear Mean slope for the half of the follow-up months with faster decline differs from
the mean slope for the half with slower yearly decline .3 mL/min/1.73 m2.

Linear

Figure 2—Examples and frequency of linear and nonlinear of trajectories of eGFR decline
classified with the linear spline approach. Trajectories were classified by comparing the linear
model (solid gray line) with spline regression (solid black line). The dots represent eGFR obser-
vations, the horizontal gridlines correspond to boundaries of CKD stages, and the vertical dashed
line indicates the onset of ESRD.
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calculated the frequency of Bayesian
nonlinear posterior samples according
to class of trajectory determined by the
linear spline approach. The frequency
of Bayesian nonlinearity was 10.8% in
124 patients whose trajectories were
classified as linear by the spline method,
31.6% in 104 patients classified as in-
consequentially nonlinear, and 51.1%
among 32 patients whose decline was
concluded consequentially nonlinear
with the spline method.
We tested patients’ characteristics,

such as sex, age, duration of diabe-
tes, age at diabetes onset, ACR, HbA1c,
eGFR at baseline, blood pressure, ACE-I
or ARB treatment, and smoking status
for their association with deviations
from linearity and with accelerations
or decelerations. None were statistically
significant.

CONCLUSIONS

We characterized trajectories of eGFR
decline that preceded onset of ESRD
in a large group of patients with type 1
diabetes. For more than 70%, serial mea-
surements of serum creatinine began
while their eGFR was.60 mL/min/1.73 m2.
The eGFR declined at a very rapid rate
in most patients. In half of the group,
the yearly rate of eGFR loss was steep-
er than 9 mL/min/1.73 m2 and up to
72 mL/min/1.73 m2. In the other half, the
yearly rate of eGFR loss was between
2 and 9 mL/min/1.73 m2.

In most of the patients studied, tra-
jectories of eGFR decline were linear on
the arithmetic scale and not constant on
the percentage scale, as it is erroneously
assumed and used in outcome defini-
tions recommended for clinical trials
(33–35). Furthermore, acceleration or

deceleration was observed in a small mi-
nority of trajectories. There was no evi-
dence that acute kidney injury or series
of it, as suggested by others (6,7), leads
to onset of ESRD in a significant propor-
tion of patients with type 1 diabetes.

There was a statistically significant as-
sociationof glycemic control, urinaryACR,
and renoprotective/antihypertensive
treatment with eGFR decline. No sex dif-
ferences in the slopeswere present in our
study group, and the protective effect of
prepubertal diabetes onset was absent
(3,36,37). We were not able to identify
predictors of deviations from linearity in
our study group. This may be partly ex-
plained by the lack of statistical power
and the inclusion, by design, of only those
patients who developed ESRD.

Infrequent presence of accelerations
and decelerations, regardless of the ini-
tial slope, suggests that eGFR decline is
determined by constitutive factors,
possibly genetic susceptibilities. A dis-
ease process that initiates the onset of
eGFR decline occurs when patients
have normal eGFR, as found in this study
and in our previous report (26). In the
Joslin Proteinuria Cohort, baseline HbA1c
and blood pressure were higher in those
who reached ESRD (20). An intriguing
question is, “Is persistence of a trigger
necessary to sustain the disease process
that underlies progressive eGFR decline
once it is initiated?” Our recent reports
suggest that persistence of triggers is
important. Improvement in glycemic
control sustained for several years in
patients with previously poor control
had salutary effects on the incidence
rate of ESRD (30) and on the influence
of markers of constitutive susceptibil-
ity (38).

We previously (4) traced eGFR decline
trajectories in 244 patients with type 1
diabetes and persistent proteinuria who
had normal baseline renal function. Re-
nal function was stable in approximately
half of the patients. Significant nonlin-
ear decline was rare, and decelerations
were more frequent than accelerations.
Most patients did not reach ESRD, mak-
ing their trajectories incomplete. Pa-
tients in that cohort who reached ESRD
were too few to draw unambiguous con-
clusions and to rule out that these ESRD
events resulted from acute kidney injury
complicating the chronic condition. Our
current results, for the first time, de-
scribe complete trajectories in a large

Figure 3—Examples of Bayesian trajectories of eGFR decline. The solid black line represents the
mean estimated trajectory, the gray zone indicates the 95% point-wise Bayesian credible in-
terval, the black dots represent eGFR observations, the horizontal gridlines represent CKD stages
boundaries, and the vertical gridline indicates the time of ESRD onset. A and B: Patients have
varying slopes of eGFR decline, but all of their trajectories are linear. C and D: Patients have
visibly linear trajectories but present some fluctuations of eGFR. E and F: Patients have clearly
nonlinear trajectories. Probability of linearity [P(I)] according to AASK study criteria is provided.
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number of patients and indicate that
eGFR decline is linear during the early
stage of the process (4) and just before
ESRD. The same disease process seems
to be responsible for the early (eGFR
$60 mL/min/1.73 m2) and late (eGFR
,60 mL/min/1.73 m2) decline in eGFR.
Our findings have important implica-

tions for the design and evaluation of
clinical trials of interventions to reduce
risk of ESRD in type 1 diabetes. First, the
predominance of linear trajectories is
fortunate because the slope is easy to
interpret and makes possible simple
predictions of a patient’s near and
more distant future. Its stability over
time allows it to be used as a dependent
variable in studies of determinants of
eGFR decline and ESRD risk biomarkers
(M. Yamanouchi, A.S.K., unpublished ob-
servations). Linearity of eGFR decline im-
plies that an association with the slope
observed during 3–6 years of follow-up
translates strongly into an association
with the risk of ESRD. An early slope of
renal decline may serve as a surrogate
end point as long as it is estimated
from sufficiently dense data (we postu-
late measurements for research pur-
poses every 3–6 months).
From data presented in Fig. 1 we may

estimate that .80% of patients with
type 1 diabetes who will develop ESRD in
the fourth to sixth decade of life will have
a yearly eGFR loss $5 mL/min/1.73 m2.
Once prognostic algorithms are devel-
oped, these high-risk patients should
be screened to identify them while
they have still normal renal function. Ef-
fective interventions at this early stage
might decelerate eGFR slopes and post-
pone onset of ESRD by years rather than
by several months, as is expected when
treatment is implemented in CKD stage
3 or 4. Our recent study suggests that
improvement in HbA1c can decrease the
rate of eGFR decline and postpone ESRD
onset (30); however, such improvement
had to be sustained for several years. In-
terventions aimed at glycemic control, if
initiated too late, will likely fail.
Patients described in this study re-

present a group in which available pre-
ventive measures failed. In our previous
study, where only a minority of patients
with type 1 diabetes with proteinuria
developed ESRD, there were more
eGFR trajectories with clinically signifi-
cant deceleration (4). Such decelerations
may represent responses to effective

therapeutic interventions (30). Change
in slope of eGFR may be considered
for future use as the primary end point
in clinical trials, possibly tested using
a quadratic model of decline (30). Un-
der such a model, an expected linear
decline in the placebo group will be
compared with a change of slope (de-
celeration) in the treated group. Use
of a quantitative outcome may provide
more power than current threshold-
based end points.

Emphasizing the strength of our study
we would like to point out the large size
and unbiased selection of our study
group, the reliable measurements of se-
rum creatinine (most eGFR observa-
tions in the range ,90 mL/min/1.73 m2,
where less noise is observed), and two
alternative analytical methods to ana-
lyze eGFR trajectories that provided
similar results. The Bayesian approach
is appealing because the fit to the data
is not constrained to just two or three
linear segments (20,27) and it provides
estimates of uncertainty about the char-
acter of a trajectory. However, the ap-
proach based on fitting linear spline
segments provides results that are easier
to summarize numerically in clinical trials
and epidemiologic studies. Once the pre-
dominance of the linear pattern is estab-
lished, the preferred summarymeasure of
eGFRdecline should bea single slope. This
metric is also suitable as an outcomemea-
sure for evaluating clinical interventions.
We would like to emphasize that the con-
clusionabout linearity is highly sensitive toa
chosen definition of what constitutes a sig-
nificant departure from it. Current def-
initions are arbitrary and data driven;
therefore, we postulate adopting uniform
consensus criteria for the future research.

Although our study hasmany strengths,
we acknowledge its limitations. First, its
generalizability would benefit from repli-
cation, especially in type 2 diabetes and
non-Caucasian individuals. Second, we
were unable to test trajectories of all
ESRD patients at Joslin Clinic because too
few eGFR measurements were available,
often because of the very rapid decline
of renal function. Also, eGFR measure-
mentswerenot uniformly spaced, aweak-
ness that favors detection of too many
rather than too few nonlinear trajectories
as they become unstable in areas with
sparse observations. Finally, we acknowl-
edge that direct GFR measurements were
not available in our patients; however, a

recent study found that measured GFR
compared with eGFR did not show an
enhanced association with risk of ESRD,
cardiovascular events, or death (39).
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