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OBJECTIVE

PATHOPHYSIOLOGY/COMPLICATIONS

To determine whether biomarkers of inﬂammation and endothelial dysfunction are
associated with the development of kidney dysfunction and the time frame of their
association.
RESEARCH DESIGN AND METHODS

Biomarkers were measured at four time points during 28 years of treatment and
follow-up in patients with type 1 diabetes in the Diabetes Control and Complications
Trial/Epidemiology of Diabetes Interventions and Complications (DCCT/EDIC) cohort.
In addition to traditional biomarkers of inﬂammation (C-reactive protein and ﬁbrinogen), we measured interleukin-6 (IL-6) and soluble tumor necrosis factor receptors
1 and 2 (sTNFR-1/2), markers of endothelial dysfunction (soluble intracellular adhesion
molecule-1, vascular cell adhesion molecule-1, and E-selectin [sE-selectin]), and ﬁbrinolysis
(total and active plasminogen activator inhibitor-1 [PAI-1]). Renal outcomes were deﬁned
as progression to incident chronic kidney disease (stage 3 or more severe) or macroalbuminuria (albumin excretion rate ‡300 mg/24 h). Prospective multivariate eventtime analyses were used to determine the association of each biomarker with each
subsequent event within prespeciﬁed intervals (3-year and 10-year windows).
RESULTS

Multivariate event-time models indicated that several markers of inﬂammation
(sTNFR-1/2), endothelial dysfunction (sE-selectin), and clotting/ﬁbrinolysis (ﬁbrinogen and PAI-1) are signiﬁcantly associated with subsequent development of kidney
dysfunction. Although some markers showed variations in the associations between
the follow-up windows examined, the results indicate that biomarkers (sTNFR-1/2,
sE-selectin, PAI-1, and ﬁbrinogen) are associated with progression to chronic kidney
disease in both the 3-year and the 10-year windows.
CONCLUSIONS

Plasma markers of inﬂammation, endothelial dysfunction, and clotting/ﬁbrinolysis
are associated with progression to kidney dysfunction in type 1 diabetes during both
short-term and long-term follow-up.
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with long-term progression to macroalbuminuria (MA) (4).
The objective of the current prospective evaluation is to expand our previous
observations and determine whether
markers of inﬂammation and endothelial
dysfunction are associated with the subsequent development of kidney dysfunction in two follow-up windows (up to
3 years and up to 10 years) and with varying
levels of baseline kidney function. Characterization of the time frame in which these
biomarkers are associated with progression
to kidney dysfunction will aid in the development and design of future clinical studies. In addition to the traditional markers of
inﬂammation (CRP, IL-6, and ﬁbrinogen),
we measured sTNFR-1/2 as well as sICAM1, sVCAM-1, and sE-selectin, markers of
endothelial dysfunction. Additional models
assessed the possible association of both
total and active plasminogen activator
inhibitor-1 (PAI-1), an important risk factor
in thrombosis and atherosclerosis (5).
RESEARCH DESIGN AND METHODS

The DCCT (1983–1993) was a randomized
controlled trial of 1,441 patients age
13–39 years who had type 1 diabetes
for 1–15 years at study entry (6). Participants were randomly assigned from two
study cohorts. Participants in the primary
prevention cohort had no retinopathy on
the basis of fundus photography, diabetes
for 1–5 years, and no microalbuminuria
(,40 mg/24 h). Participants in the secondary intervention cohort had mild to
moderate nonproliferative diabetic retinopathy (at least one microaneurysm in either
eye), diabetes for 1–15 years, and an albumin excretion rate (AER) ,200 mg/24 h.
None of the participants had hypertension ($140/90 mmHg) or dyslipidemia
(total cholesterol .200 mg/dL and/or
LDL .160 mg/dL) at baseline. At the
baseline visit of DCCT, each participant
underwent a physical examination, medical history, and routine laboratory analysis that included serum creatinine, lipid
proﬁle, and HbA1c (6).
The participants were randomly assigned to either intensive or conventional
insulin therapy and followed for an average of 6.5 years before the study was
halted in 1993, 1 year ahead of its scheduled end because of the consistent beneﬁcial impact of intensive therapy on
diabetes complications (6). After the
completion of DCCT, intensive diabetes therapy was taught to the original

conventional treatment group and recommended for all participants, and diabetes care was transferred from DCCT study
staff to the participants’ own health care
providers. In 1994, ;95% of the DCCT
participants were enrolled in the EDIC observational follow-up study. The goal of
EDIC was to assess the development and
progression of more-advanced complications in the type 1 diabetes population,
including cardiovascular disease (7). AER
and creatinine clearance were determined in 4-h urine collection specimens
obtained annually during DCCT; estimated glomerular ﬁltration rate (eGFR)
was calculated on the basis of annual serum creatinine levels, and AER was measured every other year during EDIC (7,8).
The current study was performed to
determine whether markers of inﬂammation, endothelial dysfunction, and ﬁbrinolysis taken at four study time points (DCCT
baseline, DCCT closeout, EDIC years 4–6,
and EDIC years 8–11) would be associated
with the development of kidney dysfunction within two follow-up windows (i.e.,
up to 3 years [short term], up to 10 years
[long term]). The outcomes of interest
were incident MA and chronic kidney
disease (CKD) stage 3 or worse. During
DCCT, 1,396 of the 1,441 randomized participants (96.9%) had biomarker data at
either the baseline (n = 1,345) or the
closeout (n = 1,353) visit. Of the 1,425
surviving DCCT participants, 1,375 (96%)
joined EDIC. In addition, 886 of these
individuals agreed to participate in a biomarker substudy and had blood collected
during EDIC. Of the 1,396 participants
with at least one available measure,
830 had data at all four biomarker measurements. Thus, the analysis cohort
comprised 4,378 paired biomarker and
disease outcome measurements taken
in 1,396 participants. The 886 substudy
participants with available biomarker
data during EDIC did not differ signiﬁcantly from the 510 with only DCCT data
with respect to DCCT treatment arm,
primary prevention cohort, and age; however, women were less likely to be included in the sample than men (P ,
0.05) (data not shown). Additional clinical
characteristics of these participants have
been reported previously (9–13).
Samples and Biomarker Assays

Fasting serum samples obtained during
DCCT/EDIC were sent to a central laboratory for standard lipid analysis, with
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Although the pathological mechanisms
associated with the development and progression of kidney disease in patients with
diabetes are not well understood, both endothelial dysfunction and inﬂammation
appear to play important pathogenic roles
(1). The EURODIAB Prospective Complications Study has provided strong supporting evidence for the clinical signiﬁcance of
biomarkers of inﬂammation and endothelial dysfunction as predictors of a variety of diabetes complications, including
albuminuria, retinopathy, and cardiovascular disease. Schram and colleagues (2,3)
found that the combination of increased
levels of C-reactive protein (CRP), interleukin-6 (IL-6), and soluble tumor necrosis
factor (sTNF) is associated with albuminuria, retinopathy, and cardiovascular disease. The same group also reported that
plasma levels of markers of endothelial
dysfunction (soluble vascular cell adhesion molecule-1 [sVCAM-1] and soluble
E-selectin [sE-selectin]) were strongly
and independently associated with inﬂammation markers, suggesting that endothelial dysfunction and inﬂammatory
activity are closely related in the pathogenesis of complications classically associated with type 1 diabetes.
In a previous cross-sectional study of a
subgroup of patients with samples taken
between 8 and 16 years after enrollment
in the Diabetes Control and Complications Trial (DCCT), we assessed the crosssectional association of risk factors of
endothelial dysfunction and inﬂammation, including CRP, ﬁbrinogen, soluble
intracellular adhesion molecule-1 (sICAM1), sVCAM-1, sE-selectin, and ﬁbrinolytic
markers with prevalent diabetic nephropathy. After adjusting for conventional
risk factors (age, sex, DCCT treatment
group, diabetes duration, HbA1c, systolic
blood pressure, waist-to-hip ratio, total
and HDL cholesterol, and smoking status),
sE-selectin remained strongly associated
with concurrent abnormal albuminuria (1).
Similarly, in a subsequent study, we examined the ability of these biomarkers
measured at DCCT baseline to predict
the development of nephropathy during
an average of 14.5 years of follow-up (i.e.,
average of 6.5 years during DCCT and
8 years as part of the Epidemiology of
Diabetes Interventions and Complications [EDIC] follow-up). Results of these
analyses showed that higher levels of
sE-selectin and sTNF receptors 1 and
2 (sTNFR-1/2) are strongly associated
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Outcomes

The two primary outcomes for each participant were characterized from the
baseline DCCT visit (1983–1989) until
year 18 of the EDIC study (2010–2012).
Levels of eGFR deﬁned progression to
CKD, and AER values deﬁned progression
to MA. Although AER is associated with
progression to CKD, with increases in AER
generally preceding declines in measured
eGFR; in some patients, renal failure occurs with a normal AER. Thus, each outcome was analyzed independently of the
progression of the other. Each participant
had eGFR values calculated annually from
serum creatinine levels by using the
Chronic Kidney Disease Epidemiology Collaboration equation (14). During both
DCCT and EDIC, CKD stage 3 or worse
was deﬁned as any two consecutive
eGFR measures ,60 mL/min/1.73 m2,
and time to CKD was deﬁned as the
date of the ﬁrst of two consecutive low
eGFR values. Incident MA was deﬁned as
an AER $300 mg/24 h at any time during
the study. Outcomes were independently
determined after each of the four biomarker measurements and assessed
from the day of the biomarker measurement up to the observation of an event or
date of censoring. Censoring was deﬁned as the day before the next available biomarker measurement or the end

of available follow-up data. However,
when a measurement was missing, the
time to event from the previous measure
was limited to 120 months of follow-up
(maximum follow-up between two measures given complete follow-up data).
Therefore, the 510 participants with
only DCCT baseline and/or closeout biomarker data available who chose not to
participate in the MUSC program project
grant substudy had follow-up data censored 120 months after the last available
DCCT biomarker measurement (hence
the lower number of participants with
later study time points). By using the
10-year follow-up window, 166 of the
1,396 participants (11.9%) progressed to
either CKD (n = 74) or MA (n = 143), 51 of
the 166 (30.7%) progressed to both CKD
and MA, 23 (31.1%) progressed to CKD
without MA, and 92 (64.3%) progressed
to MA without CKD. When the follow-up
window was limited to 3 years, 68 of the
1,396 (4.9%) participants progressed to
either CKD (n = 25) or MA (n = 44), and
19 of the 68 (27.9%) progressed to both.
In addition to the primary outcomes, 21 participants progressed to end-stage renal
disease (eGFR ,10 mL/min/1.73 m2 or
renal dialysis/transplantation) within a
10-year window of the prior biomarker
measurement (data not shown).
Statistical Analysis

Trends in demographic, clinical, and biomarker measurements over time were assessed by using methods of maximum
likelihood through mixed-effects regression models (Table 1). Concentrations of
markers were measured longitudinally
during DCCT and EDIC and used to determine whether increased levels in these
measures were associated with risk of
progression to kidney dysfunction. Before
analysis, all biomarker levels were assessed for normality and transformed
when necessary. After data normalization, all biomarkers were standardized
(z scores), and the results represent the
association between a change of 1 SD in
each biomarker and the risk of progression to kidney dysfunction before the
next measurement or the end of followup/censoring. Covariates for the analysis
were obtained from clinical measures
taken at baseline as well as concurrently
with each biomarker measurement (i.e.,
at the beginning of each follow-up window) whenever possible, and when a clinical characteristic was unavailable at the

time of biomarker measurement, the
temporally nearest measure was included
(usually within 12 months before or after
the biomarker measurement).
Prospective multivariate event-time
analysis was used to account for the
within-participant correlation as a result
of the repeated biomarker measurements. Each study participant had from
one to four ordered biomarker measurements during DCCT and the ﬁrst 18 years
of the EDIC follow-up study (DCCT baseline, DCCT closeout [average 6.5 years,
maximum 10 years], and two measurements during EDIC). The primary hypothesis that biomarkers measured during
DCCT and EDIC are associated with progression to kidney disease was assessed
by using marginal Cox proportional eventtime models for clustered data (15). This
modeling strategy allowed for multiple
follow-up windows for each participant
to be included in one model, whereas robust variance estimates (sandwich estimates) were used to account for the
clustering of measurements by participant. Data were structured to allow
each measured biomarker and associated
follow-up event status to be modeled as a
single observation while accounting for
the clustering of multiple biomarker
measures for each participant. Each biomarker follow-up window began on the
day of the measure and ended the day
before the next measure or at the time
of an event or censoring. After the occurrence of an incident event, measures
taken after progression to that event
were removed from the analysis. We
evaluated the association of biomarker
levels on subsequent events taken during follow-up windows of up to 3 and
10 years to determine whether associations between biomarkers and outcomes
changed depending on assessment window length. Next, composite biomarker
scores were created to assess the combined impact of multiple biomarkers acting on the same pathway. Speciﬁcally,
four scores were created by combining
standardized individual biomarkers: acute
phase reactants (ﬁbrinogen and CRP),
cytokines/adipokines (sTNFR-1/2, active
PAI-1, total PAI-1, and IL-6), thrombosis
(ﬁbrinogen, active PAI-1, and total PAI-1),
and endothelial dysfunction (sICAM-1,
inverse of sVCAM-1, and sE-selectin). The
inverse z score of sVCAM-1 was used because of its consistent inverse relationship with the outcomes of interest (4).
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excess samples sent to the Medical University of South Carolina (MUSC) where
they were aliquoted and stored at 270°C
to minimize refreezing effects. A new frozen aliquot was used for each new test
performed. The institutional review boards
at MUSC and all participating DCCT/EDIC
centers approved the sample collection
procedures. Written informed consent
was obtained from all participants.
Serum levels of CRP, total and active
PAI-1, sICAM-1, sVCAM-1, sE-selectin, IL-6,
and sTNFR-1/2 were assayed by using the
SignaturePLUS Protein Array Imaging and
Analysis System (Aushon BioSystems),
and ArrayVision software was used for
data analysis. Coefﬁcients of variation
were 2.6% for CRP, 3.4% for total PAI,
5.9% for active PAI-1, 3% for sICAM-1,
4% for sVCAM-1, 4% for sE-selectin, 7.5%
for IL-6, 5.9% for sTNFR-1, and 2.7% for
sTNFR-2. Plasma concentrations of ﬁbrinogen were determined by immunonephlometry (catalog number 86086; DiaSorin,
Stillwater, MN) with a Beckman IMMAGE
800 analyzer.
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Table 1—Participant demographic and clinical levels taken at each measurement time point
DCCT baseline
(n = 1,346)

DCCT closeout
(n = 1,354)

EDIC years 4–6 (n = 816)

EDIC years 8–11 (n = 830)

P value

Age (years)

27.0 (7.1)

33.2 (7.1)

39.4 (6.9)

43.6 (6.9)

d

Male sex

52.9 (712)

52.7 (714)

56.1 (455)

55.4 (456)

d

Intensive treatment

49.9 (671)

49.5 (670)

51.7 (419)

51.0 (420)

d

Primary prevention cohort

50.9 (685)

50.5 (683)

51.8 (420)

51.4 (423)

d

Duration of type 1 diabetes
(years)

5.6 (4.1)

12.0 (4.9)

17.5 (4.8)

21.8 (4.9)

d

d

6.4 (1.8)

12.1 (2.0)

16.3 (2.1)

d
,0.001

Characteristic

Study duration (years)

9.0 (1.6)

8.3 (1.6)

8.1 (1.3)

7.9 (1.3)

75 (17.5)

67 (17.5)

65 (14.2)

63 (14.2)

,0.001

Study-weighted mean HbA1c (%)

9.0 (1.6)

8.2 (1.5)

8.1 (1.1)

8.1 (1.1)

,0.001

AER (mg/24 h)*

11.3 (2.2)

11.6 (3.1)

13.6 (3.8)

15.1 (3.6)

,0.001

eGFR*

125 (1.1)

116 (1.1)

107 (1.2)

101 (1.2)

,0.001

Serum creatinine
LDL cholesterol (mg/dL)

0.7 (0.1)
110 (29)

0.7 (0.2)
113 (29)

0.8 (0.2)
114 (31)

0.8 (0.2)
109 (28)

,0.001
0.047
,0.001

HDL cholesterol (mg/dL)

51 (12)

51 (13)

56 (15)

55 (15)

Triglycerides (mg/dL)*

73 (1.5)

74 (1.6)

75 (1.7)

77 (1.7)

0.002

SBP (mmHg)

115 (11)

116 (12)

120 (14)

121 (14)

,0.001

MBP (mmHg)

87 (8)

88 (9)

90 (10)

90 (10)

,0.001

ACE/ARB taken to date

0.0 (0)

0.1 (1)

19.2 (156)

39.6 (326)

,0.001

18.7 (251)

20.1 (272)

16.7 (135)

14.3 (118)

0.005

Smoker (current)

Data are mean (SD) or % (n). P values shown are for trends over time by using methods of maximum likelihood through mixed-effects regression models.
MBP, mean blood pressure; SBP, systolic blood pressure. *Presented as geometric means.

Associations were reported as hazard
ratio (HRs) and 95% CIs. Because of the
efﬁcacy of DCCT treatment on reduction
and control of blood glucose (16) and the
potent effect of HbA1c levels on renal outcomes, initial models were adjusted for
concurrent HbA1c. Expanded models explored the inﬂuence of additional clinical
characteristics on the basis of univariate
associations and known clinical associations with the overarching goal of
identifying a parsimonious and clinically
interpretable model in the presence
of a relatively small number of events.
All statistical analyses were performed
with SAS 9.4 software (SAS Institute,
Cary, NC). No corrections for multiple
testing/comparisons were applied.
RESULTS
Demographics and Clinical
Characteristics

Demographic and clinical measures taken
concurrently with biomarker measurements are shown in Table 1. At DCCT
study enrollment, the mean age of participants with available data was 27.0 (SD
7.1) years, with a mean duration of diabetes of 5.6 (4.1) years. Seven hundred
thirty-one (52.9%) participants with available samples were male, 696 (49.9%)

were randomly assigned to the intensivetherapy groups, and 704 (50.5%)
were assigned to the primary prevention
cohort. At the time of the ﬁnal biomarker
sample collection (EDIC years 8–11), the
mean age was 43.6 (6.9) years, and the
mean duration of diabetes was 21.8 (4.9)
years. During the study period, the 1,396
included participants contributed 4,378
biomarker measurements, with a median
of 6.1 (interquartile range [IQR] 4.7–8.7)
years between each measurement. Biomarker measurements taken across the
four time points were assessed for changes
over the duration of the DCCT and EDIC
follow-up period (Supplementary Table 1).
Although levels of sTNFr-1, ﬁbrinogen, and
CRP increased during the study (P ,
0.001), sTNFr-2 and total PAI-1 levels remained stable over time (P = 0.764 and
0.760, respectively). Levels of sE-selectin
showed a clear decreasing trend over
time (P , 0.001), whereas the remaining
biomarker levels had inconsistent patterns of change over time.
Clinical Correlates

Univariate associations between baseline
demographic characteristics (participantspeciﬁc covariates: DCCT treatment assignment, baseline disease cohort, and
sex) as well as clinical characteristics taken

concurrently with biomarker and outcome
measurements during the subsequent
follow-up window (observation-speciﬁc
covariates) are presented in Table 2. Increased current and study-weighted
mean HbA1c levels, total and LDL cholesterol, triglyceride levels, and blood pressure levels concurrent with biomarker
measurements were signiﬁcantly associated with an increased risk of progression to CKD stage 3 and MA during the
follow-up windows. Males were more
likely than females to progress to MA
(HR 2.1 [95% CI 1.5–3.0]; P , 0.001) but
not to CKD. Participants who reported
taking ACE inhibitor or angiotensin II receptor blocker (ARB) medication at the
start of each follow-up window were
likely to have increased kidney dysfunction and, thus, were signiﬁcantly more
likely to experience a kidney event than
those who did not report taking the medications (P , 0.05). This positive association is likely due to the use of ACE/ARB
medications as a ﬁrst-step response to
not only hypertension but also low-level
proteinuria and decreases in eGFR before
progression CKD (17,18).
Kidney Dysfunction

Table 3 depicts mean biomarker levels stratiﬁed by whether a participant progressed
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Table 2—Univariate associations of clinical and demographic characteristics as well as biomarkers with each study outcome
between available biomarker measurements
Events
CKD (n = 74)

MA (n = 143)
P value

HR (95% CI)

x2

16.8

,0.001

0.99 (0.97–1.01)

1.1

0.286

0.7

0.396

2.11 (1.48–3.01)

16.8

,0.001

HR (95% CI)

x

Age (years)

1.07 (1.04–1.10)

Male sex*

1.22 (0.77–1.93)

Characteristic

2

P value

0.48 (0.30–0.77)

9.0

0.003

0.36 (0.25–0.52)

30.2

,0.001

0.99 (0.63–1.56)

0.0

0.962

1.68 (1.20–2.36)

9.1

0.003

Duration of type 1 diabetes (years)
Study duration (years)

1.06 (1.03–1.09)
1.16 (1.11–1.22)

15.6
39.7

,0.001
,0.001

1.04 (1.01–1.07)
1.04 (0.99–1.08)

8.8
2.7

0.003
0.097

BMI

1.04 (0.99–1.08)

2.7

0.102

1.01 (0.97–1.05)

0.2

0.639

Current HbA1c (%)

1.55 (1.38–1.75)

52.9

,0.001

1.73 (1.60–1.87)

184.0

,0.001

Study-weighted mean HbA1c (%)

2.00 (1.74–2.29)

98.4

,0.001

1.84 (1.68–2.01)

177.2

,0.001

AER (50 mg/24 h)

1.04 (1.03–1.04)

82.9

,0.001

1.73 (1.44–2.08)

34.8

,0.001
0.036

eGFR (10-unit decrease)

2.20 (1.91–2.54)

116.5

,0.001

1.16 (1.01–1.34)

4.4

Cholesterol (10 mg/dL)

1.20 (1.14–1.26)

54.4

,0.001

1.08 (1.03–1.13)

10.1

0.002

LDL cholesterol (10 mg/dL)
HDL cholesterol (10 mg/dL)

1.18 (1.08–1.28)
0.94 (0.80–1.11)

15.2
0.5

,0.001
0.495

1.05 (1.00–1.11)
0.85 (0.74–0.98)

3.7
5.1

0.055
0.024

Triglycerides (10 mg/dL)

1.06 (1.05–1.07)

110.6

,0.001

1.05 (1.04–1.06)

146.7

,0.001

SBP (10 mmHg)

1.98 (1.68–2.33)

67.8

,0.001

1.25 (1.10–1.42)

11.3

,0.001

DBP (10 mmHg)

2.41 (1.73–3.36)

26.7

,0.001

1.57 (1.29–1.91)

19.8

,0.001

Any ACE/ARB taken to date

5.39 (3.23–9.00)

41.5

,0.001

2.65 (1.56–4.50)

13.0

,0.001

Current smoker

1.33 (0.77–2.32)

1.0

0.308

1.72 (1.19–2.49)

8.4

0.004

A total of 4,378 measurements were taken in 1,396 participants, with a median time between measurements of 6.1 years. DBP, diastolic blood pressure;
SBP, systolic blood pressure. *Time invariant characteristics; all other characteristics are measured at time points corresponding to each biomarker
measurement.

to kidney dysfunction (i.e., CKD stage 3 or
worse or MA) before the next biomarker
measurement or the end of study followup. Ninety-four of 1,396 participants
(6.7%) progressed to CKD stage 3 or
worse during DCCT or during the ﬁrst
10–18 years of EDIC follow-up (21–28
years of follow-up time since enrollment
in the DCCT study); the median progression time was 19.3 (IQR 14.3–22.2) years
since DCCT baseline. Progression to CKD
stage 3 or worse occurred on average

5.3 (IQR 2.9–8.5) years after the last
available biomarker measurement, and
three CKD events of stage 3 or worse per
1,000 person-years of follow-up was calculated. Seventy-four participants progressed to CKD within a 10-year window
since the last available measurement, and
25 progressed within a 3-year window.
By using a 10-year window, increased
levels of some markers of inﬂammation
(cytokines) and endothelial dysfunction
(sTNFr-1/2 and sE-selectin) were associated

with an increased risk of progression to CKD
(Table 4). When selecting a short-term
follow-up (3 years) to monitor outcomes,
the risk of progression to CKD associated
with increases in the same markers of
inﬂammation and endothelial dysfunction remained strong. Increased levels of
markers of thrombosis (ﬁbrinogen and
total PAI-1) also were associated with
an increased risk of progression to CKD.
sTNFr-1/2 levels as well as sE-selectin,
ﬁbrinogen, and PAI-1 were similarly

Table 3—Biomarker means taken before follow-up windows with and without clinical events
CKD

MA

Event (n = 74)

No event (n = 4,313)

Event (n = 143)

No event (n = 4,244)

sTNFR-1

2.10 (1.94–2.28)

1.50 (1.47–1.54)

1.67 (1.57–1.79)

1.48 (1.45–1.51)

sTNFR-2

1.82 (1.70–1.94)

1.38 (1.35–1.40)

1.51 (1.43–1.59)

1.36 (1.34–1.39)

sE-selectin

45.3 (39.9–51.3)

44.6 (42.8–46.4)

51.8 (46.6–57.5)

44.0 (42.3–45.9)

PAI-1 active

8.64 (7.27–10.26)

7.88 (7.61–8.16)

9.44 (8.25–10.80)

7.75 (7.48–8.03)

PAI-1 total
sICAM-1

158.2 (140.8–177.8)
293.8 (273.9–315.0)

153.4 (148.8–158.1)
306.9 (300.8–313.0)

166.3 (151.3–182.7)
309.8 (292.7–327.9)

151.9 (147.3–156.6)
306.4 (300.4–312.5)

sVCAM-1

879.6 (797.8–969.9)

945.4 (917.1–974.5)

893.4 (820.3–973.0)

948.2 (920.1–977.2)

7.03 (5.96–8.29)

6.60 (6.35–6.85)

7.36 (6.46–8.38)

6.56 (6.31–6.83)

253.4 (233.9–274.5)

220.5 (217.0–224.0)

230.0 (215.3–245.8)

220.6 (217.1–224.1)

0.21 (0.16–0.28)

0.21 (0.19–0.22)

0.19 (0.15–0.24)

0.21 (0.20–0.23)

IL-6
Fibrinogen
CRP

Data are geometric mean (95% CI). Event count across up to four measurements in 1,396 participants.

Downloaded from http://diabetesjournals.org/care/article-pdf/41/1/128/553486/dc170867.pdf by guest on 03 October 2022

Intensive treatment*
Primary prevention cohort*

care.diabetesjournals.org

Baker and Associates

133

Table 4—Associations between biomarker measures and time to progression to kidney dysfunction during two window lengths
10-Year window

MA
sTNFR-1
sTNFR-2
sE-selectin
PAI-1 active
PAI-1 total
sICAM-1
sVCAM-1
IL-6
Fibrinogen
CRP
Composite scores‡
Acute-phase reagents
Cytokines/adipokines
Thrombosis
Endothelial dysfunction

Events

HR (95% CI)*

HR (95% CI)†

Events

HR (95% CI)*

HR (95% CI)†

64
74
61
74
74
74
63
61
46
64

1.29 (1.16–1.45)
1.55 (1.38–1.74)
1.31 (1.14–1.50)
1.23 (1.06–1.43)
1.23 (1.02–1.49)
1.09 (0.86–1.37)
0.82 (0.60–1.12)
0.85 (0.66–1.09)
1.96 (1.36–2.83)
0.93 (0.76–1.15)

1.36 (1.23–1.49)
1.63 (1.47–1.82)
1.23 (1.08–1.40)
1.15 (0.95–1.39)
1.14 (0.94–1.39)
1.02 (0.79–1.31)
0.88 (0.65–1.17)
0.91 (0.75–1.10)
1.74 (1.24–2.45)
0.88 (0.67–1.15)

23
25
23
25
25
25
23
21
18
23

1.61 (1.43–1.82)
1.77 (1.52–2.06)
1.42 (1.19–1.70)
1.30 (1.03–1.65)
1.55 (1.23–1.94)
0.84 (0.53–1.32)
0.74 (0.42–1.30)
1.11 (0.90–1.37)
2.59 (1.50–4.47)
1.06 (0.77–1.47)

1.56 (1.40–1.74)
1.97 (1.70–2.29)
1.38 (1.18–1.61)
1.18 (0.87–1.61)
1.52 (1.24–1.87)
0.88 (0.56–1.38)
0.76 (0.41–1.40)
1.13 (0.96–1.33)
2.13 (1.29–3.51)
0.99 (0.63–1.56)

46
61
46
60

1.34 (1.05–1.72)
1.53 (1.27–1.85)
1.92 (1.37–2.70)
1.82 (0.78–4.24)

1.25 (0.99–1.57)
1.70 (1.34–2.15)
1.77 (1.20–2.61)
1.59 (1.06–2.38)

18
21
18
23

1.51 (1.09–2.10)
3.58 (2.45–5.23)
2.91 (1.86–4.54)
2.28 (1.21–4.28)

1.56 (1.19–2.04)
3.25 (2.20–4.81)
2.45 (1.50–4.01)
2.16 (1.27–3.68)

116
143
117
141
143
143
100
113
70
115

1.09 (0.97–1.23)
1.31 (1.18–1.46)
1.20 (1.07–1.35)
1.22 (1.07–1.38)
1.22 (1.06–1.41)
1.16 (0.97–1.40)
0.85 (0.67–1.09)
0.96 (0.84–1.08)
1.01 (0.80–1.27)
0.95 (0.79–1.14)

1.08 (0.97–1.20)
1.25 (1.10–1.42)
1.17 (1.04–1.33)
1.10 (0.96–1.27)
1.17 (1.00–1.36)
1.19 (0.99–1.42)
0.93 (0.76–1.15)
1.02 (0.93–1.13)
1.01 (0.79–1.30)
0.95 (0.77–1.18)

39
44
40
43
44
44
36
38
26
38

1.19 (1.02–1.38)
1.32 (1.15–1.52)
1.10 (0.92–1.33)
1.13 (0.90–1.42)
1.27 (0.99–1.63)
1.02 (0.71–1.46)
1.03 (0.70–1.53)
0.97 (0.72–1.30)
0.72 (0.46–1.12)
0.88 (0.63–1.23)

1.10 (0.83–1.44)
1.19 (0.97–1.46)
0.96 (0.70–1.32)
0.97 (0.70–1.34)
1.22 (0.93–1.61)
1.07 (0.78–1.47)
1.11 (0.85–1.45)
1.05 (0.84–1.32)
0.62 (0.38–1.03)
0.83 (0.48–1.43)

70
113
70
99

0.84 (0.63–1.11)
1.26 (1.06–1.50)
1.53 (1.12–2.08)
1.61 (1.19–2.19)

0.86 (0.60–1.24)
1.30 (1.04–1.63)
1.26 (0.89–1.78)
1.47 (1.06–2.04)

26
38
26
36

0.57 (0.31–1.05)
1.47 (0.99–2.16)
0.96 (0.57–1.62)
1.08 (0.60–1.95)

0.41 (0.18–0.92)
1.28 (0.75–2.20)
0.87 (0.41–1.86)
0.83 (0.48–1.45)

Boldface indicates signiﬁcance at P , 0.05. *Initial model adjusted for concurrent HbA1c %. †Covariate-adjusted model also adjusted for sex, concurrent
duration of type 1 diabetes, cholesterol (CKD), triglycerides (MA), and blood pressure. Time to MA was also adjusted for AER values measured concurrently
with biomarkers. ‡Composite scores were created by combining the standardized individual biomarkers as follows: acute-phase reactants (ﬁbrinogen
and CRP), cytokines/adipokines (sTNFR-1/2, active PAI-1, total PAI-1, and IL-6), thrombosis (ﬁbrinogen, active PAI-1, and total PAI-1), and endothelial
dysfunction (sICAM-1, inverse of sVCAM-1, and sE-selectin). The inverse z score of sVCAM-1 was used because of its consistent inverse relationship with
the outcomes of interest.

associated with CKD progression for both
the 10-year and the 3-year windows, despite the reduced power for the 3-year
window.
One hundred sixty-one of the 1,396
participants (11.5%) progressed to MA
during DCCT or the ﬁrst 18 years of EDIC
follow-up; the median progression time
was 11.7 (IQR 6.3–16.1) years since
DCCT baseline. MA occurred on average
5.1 (IQR 2.7–6.3) years after the last
available biomarker measurement, and
5.5 MA events per 1,000 person-years of
follow-up occurred. One hundred fortythree participants progressed to MA
within a 10-year window since the last
available measurement, and 44 progressed within a 3-year window. Similar
to CKD, sTNFR-2, sE-selectin, and PAI-1
were associated with progression to MA
during the 10-year follow-up window, but

the association was less marked within
the 3-year window.
CONCLUSIONS

The primary objective of this study was to
determine whether biomarkers of inﬂammation and endothelial dysfunction are
associated with an increased risk to develop incident CKD or MA and the time
frame in which the association was signiﬁcant. The choice of biomarkers was
based on previously reported results
(1,4,19–27) on inﬂammatory, thrombosis,
and endothelial dysfunction biomarkers
and how they relate to progression of diabetes complications. We have examined
the long-term association of inﬂammatory markers, adhesion molecules, and
clotting/ﬁbrinolysis biomarkers on the
development of MA by using the levels
of biomarkers obtained at DCCT baseline

and closeout (4). The current results show
that both sE-selectin and sTNFR-1/2 are
associated with the long-term development of MA. Higher levels of these biomarkers indicated the development of
MA in participants who were completely
free of clinically detectible kidney disease
(i.e., with normal albuminuria and normal eGFR) at baseline. Identiﬁcation of
biomarkers associated with long-term
disease progression is important to understanding the underlying mechanisms
of disease development and may allow
the identiﬁcation of patients more likely
to beneﬁt from targeted therapeutic
measures.
Although albuminuria is one of the
more commonly used parameters to detect early damage of kidney function in
diabetes, a few patients with diabetes
may develop nephropathy without MA
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(short-term) window. sTNFR-1/2 were, in
contrast, strongly associated with reduced
eGFR within both the 3- and 10-year
windows.
A high percentage of participants who
developed MA had normal eGFR, and
those with reduced eGFR did not necessarily have MA. The physiopathology of
these renal outcomes may be different,
although they likely have common pathways, such as inﬂammation. MA is related
to increased glomerular permeability and
decreased tubular reabsorption of proteins and is likely strongly inﬂuenced by
treatment with ACE inhibitors and ARBs.
Reduction of eGFR is related to kidney
mesangial cell expansion and ﬁbrosis
and subsequent deterioration of kidney
function. Therefore, although albuminuria is useful to the identiﬁcation of early
stages of diabetic kidney disease, it does
not necessarily identify early stages of reduced eGFR, and both end points should
be watched closely in diabetes to gain
more clear and precise information about
progression of kidney disease in diabetes.
Overall, the results suggest that high
sTNFR-1/2 levels are associated with
short-term progression of kidney dysfunction and may aid in the recruitment
of participants for trials in which the main
end point is the development of CKD.
Both sTNFR-1/2 and sE-selectin are useful
biomarkers for identifying patients at
increased risk for MA earlier in life and
can be used to institute therapeutic
measures to prevent the development
of overt nephropathy.
Although this study population is well
deﬁned and followed for a signiﬁcant
amount of time, some limitations temper
the results. Because the number of events
in this cohort was relatively small, primarily in the 3-year follow-up window, the
lack of statistical signiﬁcance may have
resulted from insufﬁcient power. In addition, participant AER values were measured annually during DCCT but only
every other year during EDIC, creating a
challenge to measuring persistent MA in
the presence of treatment with ACE/ARB
medications. Furthermore, one-third of
the DCCT study participants did not participate in the MUSC program project
grant biomarkers study, which examined
levels during the EDIC, and only had levels
available for follow-up windows early in
the study. This analysis does not provide
added clinical utility for disease prediction beyond the traditional risk factors,

and further classiﬁcation analysis, including prediction models, should be conducted. Future analytic directions include
classiﬁcation models with traditional risk
factors and evaluation of improvement in
classiﬁcation accuracy with inclusion of
these biomarkers. A better determination
of whether the association of the biomarkers associated with MA reﬂect glomerular disease or tubular disease would
be interesting. Unfortunately, the current data do not allow us to answer this
question.
Most of the biomarkers shown by us
and others to correlate with renal function
deterioration in patients with diabetes
seem to have long-term predictive value.
However, only a limited number of these
markers can predict the onset of chronic
disease closer to the development of the
outcomes considered in this study. Of
these markers, sTNFR-1 and sTNFR2
seem to be the most useful for inclusion
in clinical trials of relatively short duration.
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(16); furthermore, albuminuria may represent a mixture of glomerular and tubular damage and may not be completely
representative of classical diabetic nephropathy. Therefore, determination of
whether the same biomarkers associated
with incident cases of MA also are associated with progressive reduction of eGFR
and whether the time frame for this relationship is similar was important. Also
important was the determination of
whether biomarkers associated with
long-term development of CKD in participants free of apparent clinical renal disease maintained their association when
measured closer to the development of
CKD and with varying stages of disease.
Biomarkers associated diabetes complications in a close temporal relationship with
the event could be useful in clinical trials
for the recruitment of patients more likely
to have the event during the trial, thus
increasing the number of events and,
therefore, enhancing the power of the
study and validity of the conclusions.
The results in the whole subset of
participants studied indicate, as seen in
Supplementary Table 1, that the levels
of CRP, ﬁbrinogen, sTNFR-1, and active
PAI-1 increased over time, whereas
sE-selectin levels decreased over time.
Some of the other biomarkers did not
show a sustained trend with increasing
age. These results also show that the
overall levels of the biomarkers were increased in participants who developed
impaired eGFR and MA compared with
those who maintained normal kidney
function. The only exceptions were IL-6,
which did not show an appreciable difference between the two groups, and
VCAM-1, which was lower in participants
who developed nephropathy.
As shown in Table 4, some differences
existed between the association of the
biomarkers according to the outcome
chosen to assess kidney dysfunction and
the follow-up window examined. sEselectin was associated with both longterm and short term development of
decreased eGFR but was only associated
with long-term development of MA.
Other adhesions molecules, like ICAM-1
and VCAM-1, were not associated with
the development of nephropathy in this
cohort. sTNFR-1/2 and total PAI-1, like
sE-selectin, were short- and long-term
predictors of reduced eGFR. Total PAI-1,
like sE-selectin, was not associated with
the development of MA within the 3-year
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