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Skin Collagen Glycation, Glycoxidation, and
Crosslinking Are Lower in Subjects With 
L o n g - Term Intensive Versus Conventional 
Therapy of Type 1 Diabetes

Relevance of Glycated Collagen Products Versus 
H b A1 c as Markers of Diabetic Complications
Vincent M. Monnier, Oliver Bautista, David Kenny, David R. Sell, John Fogarty, William Dahms, 

Patricia A. Cleary, John Lachin, Saul Genuth, and the DCCT Skin Collagen Ancillary Study Group

The relationships between long-term intensive control
of glycemia and indicators of skin collagen glycation
(furosine), glycoxidation (pentosidine and N - [ c a r-
boxymethyl]-lysine [CML]), and crosslinking (acid and
pepsin solubility) were examined in 216 patients with
type 1 diabetes from the primary prevention and sec-
ondary intervention cohorts of the Diabetes Control
and Complications Trial. By comparison with conven-
tional treatment, 5 years of intensive treatment was
associated with 30–32% lower furosine, 9% lower pen-
tosidine, 9–13% lower CML, 24% higher acid-soluble
collagen, and 50% higher pepsin-soluble collagen. All of
these differences were statistically significant in the
subjects of the primary prevention cohort (P < 0 .006–
0.001) and also of the secondary intervention cohort 
(P < 0.015–0.001) with the exception of CML and acid-
soluble collagen. Age- and duration-adjusted collagen
variables were significantly associated with the HbA1 c

value nearest the biopsy and with cumulative prior
H b A1c values. Multiple logistic regression analyses with
six nonredundant collagen parameters as independent
variables and various expressions of retinopathy,
n e p h r o p a t h y, and neuropathy outcomes as dependent
variables showed that the complications were signifi-
cantly associated with the full set of collagen variables.
S u r p r i s i n g l y, the percentage of total variance (R2) in
complications explained by the collagen variables
ranged from 19 to 36% with the intensive treatment and
from 14 to 51% with conventional treatment. These
associations generally remained significant even after

adjustment for HbA1 c, and, most unexpectedly, in con-
ventionally treated subjects, glycated collagen was the
parameter most consistently associated with diabetic
complications. Continued monitoring of these subjects
may determine whether glycation products in the skin,
and especially the early Amadori product (furosine),
have the potential to be predictors of the future risk of
developing complications, and perhaps be even better
predictors than glycated hemoglobin (HbA1 c). D i a b e t e s
48:870–880, 1999

T
he discovery that glycated hemoglobin provides a
measure of cumulative glycemia over a period of
8–12 weeks has advanced our understanding of
the association between glycemic control and

long-term complications of diabetes. It has also made pos-
sible the design of long-term intervention trials such as the
Diabetes Control and Complications Trial (DCCT) (1). The
DCCT demonstrated that intensive glycemic control
reduced the rate of development and progression of dia-
betic microvascular and neuropathic complications in type
1 diabetes (2). The observation that glycated proteins form
stable advanced glycation/Maillard reaction end products
(AGEs) that accumulate in tissues affected by diabetic com-
plications (3) has led to the concept that glycation may be
causal in the development of the complications. Moreover,
quantitation of these end products could provide a tissue
measure of integrated glycemia over several years and an esti-
mate of the consequent risk of developing the above com-
plications (4). In accordance with this concept, several stud-
ies have been carried out with small numbers of patients to
investigate the relationship between skin levels of AGEs
and diabetic complications. Skin collagen levels of nonspe-
c i fic fluorescent and immunoreactive AGEs as well as the
s p e c i fic AGEs/glycoxidation products pentosidine and N -
(carboxymethyl)-lysine (CML) were found to correlate with
duration of diabetes and to various degrees with the sever-
ity of retinopathy and nephropathy in patients with type 1 dia-
betes (4–8). Although certain collagen variables, such as
glycated collagen (Amadori product) and fluorescence,
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were also found to be positively associated with preceding
levels of glycemic control in some studies (6,7), it is unclear
whether long-term intensive glycemic control would pre-
vent elevated levels of AGEs or even slow their increase. In
one study, intensive treatment of glycemia in type 1 diabetic
subjects over a period of 4 months resulted in decreased skin
collagen glycation but had no effect on glycoxidation prod-
ucts (9). Similar results of intensive therapy on glycation of
plasma protein and skin collagen were observed in type 2 dia-
betic subjects followed for 1–5 years but without improve-
ment of tissue fluorescent AGEs, except in those subjects
with the greatest decrease in fasting blood glucose (10).

Although in most studies the associations between skin lev-
els of glycation products and complications remained signi-
ficant after adjustment for age (8,9,11), and in some studies
after adjustment for diabetes duration (7,11,12), no study
has reported on whether the correlations were still signific a n t
after adjustment for HbA1 c. This point is critical for two rea-
sons: 1) because an independent effect of glycated proteins
might point to specific pathways responsible for hypergly-
cemic tissue damage and 2) because it might suggest that the
determination of skin AGEs would offer an advantage over
H b A1 c in predicting the risk of developing diabetic compli-
cations. Finally, none of the studies performed so far have
addressed the question of whether glycemic control affects
other variables of collagen crosslinking, such as collagen
solubility and proteolytic digestibility. Because currently
available probes of the Maillard reaction do not explain the
precise mechanism of collagen crosslinking in diabetes, we
have included chemical and physical measurements of col-
lagen crosslinking in analyses of the correlation between
complications and levels of specific AGEs.

The primary goal of this study was to determine whether
long-term intensive control of glycemia, when compared
with conventional therapy, would lead to improvements in
skin collagen acid solubility, pepsin digestibility, glycation
(fructosyl-lysine or furosine level), and the levels of the gly-
coxidation markers pentosidine, CML, and protein-bound
fluorescence. The presumed biochemical relationship
between these variables in skin collagen and glycemia is
shown in Fig. 1. A second goal was to investigate whether
these glycation variables correlated with cumulative gly-
cemia, as measured by HbA1 c levels at various time points
before tissue sampling. Third, we sought to determine
whether the prevalence, severity, and rate of development of
r e t i n o p a t h y, nephropathy, or neuropathy are associated with
the skin collagen variables and whether such associations
would be independent of those previously described for
H b A1 c. A final goal was to determine the relationships among
the skin collagen variables and whether clues to the mecha-
nism of collagen crosslinking in diabetes would emerge
based on the strength of such correlations.

RESEARCH DESIGN AND METHODS

Study subjects. A total of 216 subjects with type 1 diabetes between the ages
of 17 and 50 were recruited at or near closeout of the DCCT in eight DCCT Cen-
ters that elected to participate in this ancillary study (see A P P E N D I X). No selection
criteria were imposed, and the participants represented 53% of the total number
of DCCT subjects at these eight centers. Informed consent was obtained from
each subject. A summary of selected DCCT baseline characteristics is presented
in Table 1. Of the subjects, 122 had originally been assigned to the intensive ther-
apy group and 94 to the conventional treatment group. Of the subjects in the
i n t e nsive group, 65 were from the primary prevention with 1–5 years’ duration of

type 1 diabetes and with no retinopathy or microalbuminuria at baseline, and 57
were from the secondary intervention cohort of the DCCT with 1–15 years’ dura-
tion of type 1 diabetes and with mild to moderate nonproliferative retinopathy and
albumin excretion rates (AERs) <200 mg/24 h at baseline of the DCCT (2). Of those
in the conventional group, 58 were from the primary prevention cohort and 36 were
from the secondary prevention cohort. A total of 40 nondiabetic subjects between
20 and 51 years of age were also studied as age-matched control subjects.
Baseline and closeout characteristics of the skin biopsy study participants.

Baseline characteristics (at entry into the DCCT) of the 216 participating subjects
from the eight DCCT centers are shown for the intensive and conventional treat-
ment groups and within the primary prevention and secondary intervention
cohorts (Table 1). Subjects in the two treatment groups of the primary cohort did
not differ except that patients in the intensive treatment group were older (28 vs.
26 years). Within the secondary intervention cohort, entry HbA1 c was higher (8.9
vs. 8.3%) and systolic blood pressure was lower (115 vs. 120 mmHg) in the inten-
sive than in the conventional treatment group. Near the time of the biopsy, which
was obtained within 6 months of the closeout of the DCCT, in both cohorts the
intensive group subjects compared with the conventional group subjects had lower
H b A1 c and mean blood glucose levels (P < 0.001), as expected based on the over-
all DCCT results. In the primary prevention cohort, the intensive treatment group
subjects also had significantly less retinopathy than the conventional treatment
subjects; however, in the secondary cohort, there was no difference in the dis-
tribution of retinopathy scores between the two treatment groups.

The 216 skin collagen study participants were also compared with the 1,225
nonparticipating DCCT subjects. Within the intensive treatment group, skin col-
lagen study participants were older (29 vs. 27 years), had slightly higher systolic
blood pressure (116 vs. 113 mmHg), and had a higher incidence of neuropathy at
baseline (12 vs. 6%). Within the conventional treatment group, skin collagen
study participants had shorter duration of type 1 diabetes (51 vs. 68 months), mod-
estly lower triglycerides (73 vs. 83 mg/dl), slightly but not significantly milder
r e t i n o p a t h y, and slightly less nephropathy (AER of 13 vs. 16 mg/24 h). At DCCT
closeout, participating subjects in the intensive treatment group had slightly
lower HbA1 c (7.1 vs. 7.3%) compared with nonparticipants. In the conventional
treatment group, participants no longer differed from nonparticipants with
respect to retinopathy and nephropathy levels, but they still had modestly lower
levels of triglycerides (77 vs. 90 mg/dl).

With the exception of the few relatively small clinical differences noted
between the skin collagen study participants and nonparticipants at baseline, the
skin collagen study subjects were reasonably representative of the entire DCCT
patient cohort. Moreover, any differences between the skin collagen study par-
ticipants in the intensive and conventional treatment groups at baseline were quan-
titatively minor and would not likely bias the comparison of their skin collagen
data or its relationship to diabetic complications. Also, the three major known fac-
tors that could be expected to affect glycation, i.e., age, diabetes duration, and dura-
tion of glycemic exposure during the DCCT, were not meaningfully greater in the
conventional treatment group. In addition, all collagen data were adjusted for age
and duration of diabetes. At closeout, the lack of difference between retinopathy
levels in the intensive and conventional groups of the secondary cohort was dis-
cordant with the whole DCCT secondary cohort experience (2). It could refle c t
the lower entry HbA1 c of the conventional group (13).
Skin biopsies. Skin biopsies (4-mm diameter) were obtained from the medial
region of the right buttock ~8 cm below the iliac crest. Specimens were imme-
diately rinsed twice with saline, frozen at –80°C, and shipped on dry ice to the Insti-
tute of Pathology at Case Western Reserve University, where they were stored
under argon at –80°C until processing. Specimens were coded and processed with-
out prior knowledge of the subjects’ DCCT treatment group assignments or their
r e t i n o p a t h y, nephropathy, and neuropathy status.

The skin biopsies were processed for quantitation of acid-soluble, pepsin-sol-
uble, and pepsin-insoluble collagen as described below. The levels of collagen gly-
cation (furosine method), AGEs with fluorescence at 440 nm (excitation at 
370 nm), and the glycoxidation products CML and pentosidine were determined
in the acid hydrolysates of the combined pepsin-soluble and digested insoluble
fractions, which represent more than 95% of total skin collagen.

The specimen was frozen in liquid nitrogen, and the stratum corneum and any
noticeable fat were excised with a scalpel. The remaining portion of this biopsy
was finely minced and suspended in 5 ml of CH2C l : C H3OH (2:1 vol/vol) for delip-
idation on a rotary shaker at 4°C for 18 h. After centrifugation at 2,500 rpm, the
supernatant was discarded. After storage in 50% methanol (15 h), each tissue
sample was homogenized (Brinkman Polytron PT 10/35, We s t b u r y, NY) in cold phos-
phate-buffered saline (pH 7.4) for 1 min and centrifuged at 11,000 rpm for 20 min.
The supernatant was discarded. Samples were then sequentially extracted in salt,
acetic acid, and pepsin, with each extraction being accomplished by rotary shak-
ing for 18 h. After extraction, samples were centrifuged at 11,000 rpm for 1 h, and
supernatants were frozen (–80°C). The order of the extractions was as follows: after
homogenization, pellets were suspended in 1 ml NaCl (1 mol/l) with extraction at
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4°C. Sequential extractions were done in 1 ml acetic acid (0.5 mol/l) at 4°C (acid-
soluble collagen), 1 ml acetic acid (0.5 mol/l) with 30 µg pepsin at 4°C (pepsin-sol-
uble collagen) (P-6887; Sigma, St. Louis , MO), and 1 ml acetic acid (0.5 mol/l) with
60 µg pepsin at 37°C (insoluble collagen) according to Dyer (14). To l u e n e : c h l o-
roform (1:1 vol/vol; 2 µl) was added to the second pepsin digestion as an antimi-
crobial agent. A small pellet remained after centrifugation of the second pepsin
digestion. Control specimens without collagen were processed for correction of
AGE levels normally present in the commercial enzyme preparations.
Acid hydrolysis and collagen assays.For quantitation of collagen content in each
fraction, a portion of salt fraction (50%), acetic acid fraction (5%), pepsin-soluble
fraction (5%), insoluble fraction (5%), and all of the remaining pellet were
hydrolyzed in 1 ml HCl (6 N, deaerated) (Optima; Fisher, Silver Spring, MD). Tu b e s
were flushed with N2 (g) before being sealed with Te flon-lined caps and heated at
110°C for 18 h. The HCl was evaporated with a Savant concentrator (model AS 160;
Farmingdale, NY), and each pellet was resuspended in 1 ml of distilled water (Milli-
Q Plus; Millipore, Bedford, MA). Aliquots (200–500 µl) were taken from each sam-
ple, and collagen content was determined by a hydroxyproline colorimetric assay
as described earlier (5). Because the pepsin-soluble and the pepsin-digested insol-
uble fractions together contained more than 95% of the total collagen, they were com-
bined for the quantification of pentosidine, CML, furosine, and relative flu o r e s c e n c e .

Equal volumetric portions of the remaining pepsin-soluble and pepsin-
digested insoluble fractions of each sample were combined (1:1) and hydrolyzed.
After evaporation of HCl, each pellet was resuspended in 1 ml of distilled water
and filtered with 4-µm microcentrifuge filters (Rainin Instrument, Woburn, MA).
Aliquots (50 µl) were taken from each hydrolysate, and their collagen content was
determined as described earlier (15).
Quantitation of furosine, pentosidine, and CML. Three high-performance liq-
uid chromatography (HPLC) systems were used to measure furosine, pentosidine,
and CML. Protein from the combined pepsin-soluble and pepsin-digested insol-
uble collagen hydrolysates were used for each measurement.

Furosine detection was carried out using a method modified from Resmini et
al. (16,17). Equal amounts of protein (214 µg) from each sample were injected onto
a reverse-phase column (Alltech specfuro; Sedriano, MI) that was attached to a
Waters HPLC system (Milford, MA). Buffer A contained 0.4% acetic acid (vol/vol).
Buffer B was the same as buffer A with 0.27% KCl (wt/vol). Initially, buffer A was
run isocratically for 12.5 min, then by a gradient from 0 to 10% buffer B for 7 min,
and finally isocratically at 10% buffer B for a further 15.5 min. The elution of furo-
sine was monitored on a Waters absorbance detector model 486 (A2 8 0). The
absorbance detector was interfaced to a computer to monitor furosine peak
integration using Borwin chromatography software (Advanced Data Solutions, San
Jose, CA). Furosine eluted at ~28 min.

For the detection of pentosidine by HPLC, equal amounts of protein (230 µg)
from each sample were injected onto a reverse-phase column (Vydac 218TP104;
Hesperia, CA). Buffer A contained heptafluorobutyric acid (0.01 mol/l; Sigma 
H-7133). Buffer B contained 60% acetonitrile (vol/vol) (Fisher A994SK-4) and
h e p t a fluorobutyric acid (0.01 mol/l). Initially, 2% buffer B was run isocratically for 
10 min, followed by a gradient from 2 to 30% buffer B for 30 min, and then at 30%
buffer B isocratically for 15 min. Elution of pentosidine was detected by flu o r e s-
cence at 335/385 nm excitation/emission wavelength with a spectroflu o r o m e t e r
(Jasco 821-FP; Easton, MD) interfaced to a computer for peak integration. Pen-
tosidine eluted at ~48 min.

For the detection of CML, two HPLC systems were used in sequence. CML

was collected from the same HPLC system and hydrolysate injections that
were used for the pentosidine determination. The retention time was ascertained
by injection of a standard sample of CML detected by postcolumn derivatiza-
tion with o-phthaldialdehyde (Aldrich, Milwaukee, WI) in the presence of 2-mer-
captoethanol at 340/455 nm excitation/emission wavelength (18). Standard
CML eluted at ~30.5 min. From the sample injections without postcolumn
derivatization, CML was collected from 28 to 33 min and the solvent evaporated
with a Savant concentrator. Each pellet was resuspended in distilled water
(200 µl), and equal amounts were reinjected (50 µl) onto a reverse-phase col-
umn (Vydac 218TP54). Buffer A contained 5% 1-propanol (vol/vol) (Sigma
29,328-8), 3 g/l SDS (Fluka 71725, Ronkokoma, NY), and monobasic sodium phos-
phate (1 g/l) (Mallinckrodt 7892, Phillipsburg, NJ). Buffer B contained 60% 1-
propanol (vol/vol) with the same amount of SDS and monobasic sodium phos-
phate as buffer A. Solvent flow consisted of a gradient from 15 to 22% buffer B
for 30 min. CML eluted at ~28 min.
Relative flu o r e s c e n c e . Relative fluorescence was determined by diluting 60 µl
of each sample with 2.0 ml of distilled water. Fluorescence was measured with a
quartz cuvette (12.5 mm; Fisher 14-385-918) at 370/440 nm excitation/emission
wavelength 370 nm with an Aminco-Bowman (Spectronic Instruments,
R o c h e s t e r, NY) spectroflu o r o m e t e r.  A control was used as a blank to subtract
background levels of pepsin flu o r e s c e n c e .
Assessment of complications. Indices of retinopathy, nephropathy, and neu-
ropathy used in prior DCCT analyses were quantitated as previously described
(2,19–21). A sustained three-step change in Early Treatment of Diabetic Retinopa-
thy Scale (ETDRS) score was the principal retinopathy outcome event in the
D C C T; the sustained presence of three or more microaneurysms was an outcome
event specific to the primary prevention cohort. The nephropathic outcome event
was microalbuminuria, i.e., AER >40 mg/24 h. Confirmed clinical neuropathy, as
previously defined (1), was an outcome event, while motor nerve conduction veloc-
ity was a continuous neuropathy variable. The rate of change of retinopathy was
expressed as (ETDRS score at DCCT closeout – EDTRS score at DCCT baseline)
÷ years of follow-up. Rate of change in albumin excretion was similarly calculated
as (AER at closeout – AER at baseline) ÷ years of follow-up. HbA1 c was measured
as previously reported (13,22).
Statistical methods

Characteristics of study participants and nonparticipants. The Wi l c o x o n
rank-sum test (23) was used to compare the distributions of quantitative and ordi-
nal characteristics between two independent groups.
Relationship of skin collagen variables with age and diabetes duration.

Spearman rank-order correlations (23) were calculated to evaluate the relation-
ship among pairs of quantitative or ordinal variables. Covariance adjustment for
age and diabetes duration was performed by analysis of residuals from a simple
linear model. To adjust for the differences between treatment groups, fractional
ranks of the skin collagen levels were obtained separately within the intensive and
conventional treatment groups.
Comparison of skin collagen variables between participants with and

without complications. Differences in the skin collagen variables, covariance
adjusted for age and duration of diabetes, between study participants with and with-
out complications were assessed by a two-factor unbalanced analysis of variance
(24) using type III sums-of-squares and partial F test with treatment group and com-
plication status as the classification variables. Thus, the test of complication sta-
tus provides a treatment group–adjusted test of the difference in collagen variables

FIG. 1. Postulated biochemical

relationship between glucose, skin

collagen glycation (furosine), and

the AGEs CML and pentosidine.

Fluorescence at 440 nm (excita-

tion at 370 nm), collagen crosslink-

ing, and CML may also originate

from lipid peroxidation (29).
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of those with and without complications.
Association of collagen variables with HbA1 c at various time points 

relative to biopsy date. Univariate regression models (25) were used to deter-
mine the relationship between the age- and duration of diabetes– adjusted skin col-
lagen variables and HbA1 c at various time points relative to the date of biopsy. Each
of the six collagen variables was analyzed against HbA1 c levels at DCCT screening,
H b A1 c closest to the date of biopsy, the mean HbA1 c over the period from the DCCT
randomization to the date of the biopsy, and the mean HbA1 c during the year b e f o r e
the biopsy. Linear and quadratic HbA1 c effects were included, and the quadratic effect
was dropped when not significant. The strength of the relationship of the colla-
gen variables with the various HbA1 c measures is assessed using the model R2.

Treatment group by collagen interaction terms (linear and possibly quadratic)
were added to the model to evaluate whether the association of the collagen vari-
ables with complications was different in the intensive and conventional treatment
groups. Difference between the two treatment groups in the association of colla-
gens with complications was assessed using a likelihood ratio test (on df ≥ 6) of
s i g n i ficance of the interaction terms.
Redundancy among collagen variables. For all seven collagen variables
(acid-soluble, pepsin-soluble, pepsin-digested insoluble collagen, CML, pentosidine,
fluorescence, and furosine), the variance-covariance matrices were signific a n t l y
different (P < 0.01) between the intensive and conventional treatment groups, using
a 2 statistic (on 28 df) (26). Thus, principal components analyses (26) were con-

ducted separately within each treatment group in order to eliminate variables that
were linear functions of the others, i.e., redundant. The variance-covariance matrix
is nearly singular in each treatment group, with the dominant linear redundancy
occurring between pepsin-soluble and pepsin-insoluble collagen. This redundancy
is an artifact of the assay, since the sum of acid-soluble, pepsin-soluble, and pepsin-
insoluble collagen is ~100%. Pepsin-insoluble collagen was excluded from subse-
quent analyses because it has a greater coefficient of multiple determination (R2 >
0.98) with the other six collagen variables compared with pepsin-soluble collagen.
Association of collagen variables with complications. Associations of skin
collagen variables with the prevalence of complication outcomes were assessed
using logistic regression models (27), while associations with rates of worsening
of complications were evaluated using linear regression models.
S i g n i ficance levels.Unless otherwise noted, nominal P values are presented with-
out adjustment for multiple tests. To adjust for tests, the Bonferroni corr e c t i o n
was used, for which P < / is required for signific a n c e .

R E S U LT S

Do age and diabetes duration affect the collagen

v a r i a b l e s ? The relationship between each collagen variable
and the age of the subjects is shown in Fig. 2 and Table 2. As
demonstrated in previous studies, furosine, pentosidine,

TABLE 1
Selected characteristics of study participants at baseline and closeout

Primary cohort Secondary cohort

I n t e n s i v e C o n v e n t i o n a l P v a l u e I n t e n s i v e C o n v e n t i o n a l P v a l u e

n 6 5 5 8 5 7 3 6
B a s e l i n e

Age (years) 28 ± 6 26 ± 7 0 . 0 1 9 30 ± 7 30 ± 6
Duration (months) 31 ± 19 27 ± 14 108 ± 51 90 ± 43
H b A1c ( % ) 8.8 ± 1.9 9.1 ± 1.9 8.9 ± 1.5 8.3 ± 1.2 0 . 0 2 2
Mean blood glucose (mg/dl) 221 ± 83 245 ± 85 237 ± 76 214 ± 72
Triglycerides (mg/dl) 79 ± 66 65 ± 23 97 ± 48 86 ± 56
Cholesterol (mg/dl) 182 ± 33 174 ± 32 181 ± 36 176 ± 37
R e t i n o p a t h y

10/10: None 1 0 0 1 0 0 0 0
2 0 / 20: Microaneurysms only 0 0 5 8 6 1
3 0 / 30: Mild NPDR 0 0 2 3 2 5
4 5 / 45: Moderate NPDR 0 0 1 9 1 4

Albuminuria (mg/24 h) 13 ± 13 12 ± 8 19 ± 19 15 ± 13
Confirmed clinical neuropathy 6 . 2 1 . 7 1 7 . 9 1 1 . 1
sBP (mmHg) 116 ± 10 114 ± 11 115 ± 12 120 ± 12 0 . 0 4 2
dBP (mmHg) 73 ± 9 72 ± 9 73 ± 8 76 ± 10

C l o s e o u t
Age (years) 34 ± 6 31 ± 7 0 . 0 1 3 36 ± 6 36 ± 7
Duration (months) 101 ± 31 94 ± 23 189 ± 55 169 ± 46
H b A1c ( % ) 7.1 ± 0.8 9.5 ± 1.4 < 0 . 0 0 1 7.1 ± 0.8 8.8 ± 1.5 < 0 . 0 0 1
Mean blood glucose ( m g / d l ) 149 ± 48 239 ± 76 < 0 . 0 0 1 152 ± 46 215 ± 83 < 0 . 0 0 1
Triglycerides (mg/dl) 72 ± 35 76 ± 34 91 ± 57 78 ± 36
Cholesterol (mg/dl) 175 ± 31 178 ± 33 181 ± 33 178 ± 33
R e t i n o p a t h y

1 0 / 10: None 5 8 3 6 4 3
2 0 / 20: Microaneurysms only 3 7 4 1 0 . 0 0 4 3 0 3 6
3 0 / 30: Mild NPDR 2 1 9 4 4 3 6
4 5 / 45: Moderate NPDR 3 3 2 3 2 5

Albuminuria (mg/24 h) 20 ± 72 16 ± 20 42 ± 176 22 ± 45
Confirmed clinical neuropathy 2 . 3 4 . 8 1 2 . 7 1 7 . 1
sBP (mmHg) 115 ± 9 115 ± 11 118 ± 9 121 ± 14
dBP (mmHg) 75 ± 9 74 ± 8 77 ± 8 77 ± 11

Data are means ± SD or %. P values are not significant (P > 0.05) unless indicated otherwise. The normal range for HbA1 c i s
4.0–6.1%. Mean blood glucose is based on the mean value of seven determinations in a 24-h period. Confirmed clinical neuropathy
is defined as an abnormal neurological examination that was consistent with the presence of peripheral sensorimotor neuropathy
plus either abnormal nerve conduction in at least two peripheral nerves or unequivocally abnormal autonomic nerve setting. dBP,
diastolic blood pressure; NPDR, nonproliferative diabetic retinopathy; sBP, systolic blood pressure.
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CML, and relative fluorescence were positively associated
with age, and acid and pepsin solubility of skin collagen were
inversely correlated with age in nondiabetic and diabetic
subjects (5,14). The only exception was furosine, which had
no significant correlation with age in the diabetic subjects
( Table 2). Duration of diabetes was similarly related with
the skin collagen variables, except for acid-soluble collagen
and furosine, which were not significantly correlated with
duration (Table 2).

In Fig. 2, the 95% CIs obtained from regressions of skin col-
lagen variables of nondiabetic control subjects with their
age are shown by dotted lines. The Spearman correlations and
the tests of their significance are shown in Table 2. Similar
regressions were performed in diabetic subjects, and the
slopes of regression lines of CML, pentosidine, and flu o r e s-
cence were steeper than the comparable slopes in age-
matched control subjects (P < 0.01), indicating that these
variables increase at a greater rate in type 1 diabetic patients
than in nondiabetic individuals. The fairly horizontal regres-
sion lines of furosine suggest that collagen glycation (furosine)
is not correlated with age and represents a steady state
between synthesis and degradation as previously proposed
(9). Pentosidine, CML, and relative fluorescence were also

positively associated with diabetes duration, whereas pepsin-
soluble and acid-soluble collagen are inversely related to
duration (Table 2).

In the diabetic subjects, the collagen variables, adjusted for
age and duration, were highly correlated with each other
( Table 3). Pepsin-soluble and acid-soluble collagens showed
the strongest association with each other, followed by pen-
tosidine associations with CML, pepsin-soluble collagen
(inverse), and fluorescence. CML and pepsin-soluble collagens
were also strongly associated with each other.
Do long-term intensive treatment and conventional

treatment result in differences in collagen variables?

The comparative effects of intensive versus conventional
therapy on the age- and diabetes duration–adjusted collagen
variables are shown in Fig. 3. In the primary prevention
cohort, long-term intensive therapy was associated with
s i g n i ficantly lower levels of furosine, pentosidine, CML, and
fluorescence and higher levels of acid-soluble and pepsin-sol-
uble collagens (P < 0.006, all significant at = 0.05 for six
tests) compared with conventional therapy. In the secondary
intervention cohort, intensive therapy was associated with
s i g n i ficantly lower levels of furosine, fluorescence, and pen-
tosidine and with higher levels of pepsin-soluble collagens 

FIG. 2. Correlation between collagen variables

and age of study participants at the time of the

skin biopsy. The 95% CI for nondiabetic control

subjects is indicated with punctuated lines. ,

conventional treatment group; , intensive

treatment group. Regression lines are indicated

by dashed lines for both treatment groups, with

longer dashes for the conventional group. Units

are picomoles per milligram collagen for furo-

sine, CML, and pentosidine; arbitrary units for

fluorescence; and percent of total collagen for

acid- and pepsin-soluble collagen.



DIABETES, VOL. 48, APRIL 1999 875

V.M. MONNIER AND ASSOCIATES

(P < 0.003, significant at = 0.05 for six tests). However, the
levels of skin collagen variables associated with intensive
therapy remained abnormal by comparison with the mean lev-
els of the age-matched control subjects.
Is there a temporal relationship between collagen

variables and HbA1 c? The relationship between collagen
variables and cumulative glycemia (HbA1 c) was assessed by
performing univariate regression analyses on each of the col-
lagen variables, adjusting for age, duration, and treatment
group, with HbA1 c measurements taken at various time
points relative to the skin biopsy date. AGEs might be
expected to correlate best with HbA1 c values that had been
averaged over long periods of time as opposed to a single
measurement at the time of tissue sampling. HbA1 c values that
were chosen included the single screening value at DCCT
baseline, the value nearest the biopsy date, the mean cumu-
lative HbA1 c value from DCCT randomization to biopsy, and
the mean HbA1 c over the 12 months preceding the biopsy
( Table 3). With few exceptions, all the age-adjusted collagen
variables were significantly correlated with the various HbA1 c
measures. Not surprisingly, the weakest, and for some colla-
gen variables insignificant, correlations were noted with the
screening HbA1 c obtained on average 6 years earlier. The

strongest relationships (R2 ~70%) were observed between
furosine and the HbA1 c value over the preceding 1 year and
that closest to biopsy, higher than the R2 values of any other
collagen variable. This befits furosine’s position as refle c t i n g
directly glycosylation of the collagen molecule, i.e., glycemic
exposure at the tissue level. The other variables correlated
s i m i l a r l y, although less strongly, with the mean HbA1 c over 1
year before biopsy, the mean HbA1 c over the entire 6 years of
DCCT treatment, or with HbA1 c values closest to biopsy.
Is there a quantitative relationship between diabetic

complications and collagen variables with and without

adjustment for HbA1 c? Nine individual retinopathy,
n e p h r o p a t h y, and neuropathy outcomes used in prior DCCT
analyses were each modeled for their association with and
potential dependence on the full panel of six collagen vari-
ables simultaneously. The purpose of this analysis was to
determine whether there was any possibility that the levels
of collagen variables could be used to predict the risk of dia-
betic complications.

Table 4 shows the complications outcomes used as depen-
dent variables in the statistical modeling and their preva-
lences. In the primary prevention cohort, the lower preva-
lences at DCCT closeout in the intensively treated than con-
ventionally treated subjects mirrored the results seen in the
entire DCCT cohort analyses. In the secondary intervention
cohort, there were no differences in the prevalences of the
retinopathic and nephropathic outcomes between the two
treatment groups. This observation was discordant with the
overall DCCT results. It could be partly explained by the
lower entry HbA1 c level of this conventional group, since the
risk of retinopathywas related to the initial HbA1 c in the DCCT
(13), or it could be due to an unknown self-selection factor.

For each of the two treatment groups, the risk of each com-
plication outcome was modeled by multiple logistic regression
against the six collagen variables using a two-step process
seeking to identify significant individual collagen variables.
First, a 12-parameter model using linear and quadratic terms
of the six collagen variables was fit separately for the intensive
and conventional treatment groups. Quadratic terms that were
nominally significant at the 0.10 level based on the Wald 2 t e s t
were retained, together with the linear terms. Then, a model
with the linear and nominally significant quadratic terms was
fit; the models for the intensive and conventional treatment
groups differed significantly in most cases and the data were
therefore not combined. The significance of each set of colla-
gen coefficients was assessed using a likelihood ratio test.
Additional models were adjusted for HbA1 c by including
screening HbA1 c, HbA1 c nearest to biopsy, and the mean HbA1 c
from randomization to biopsy. Likelihood ratio tests (on 
df ≥ 6) of the significance of each set of collagen variables were
again performed. Models for nephropathy were also adjusted
for the log baseline AER and only for the mean HbA1 c up to the
time of biopsy, because the other two HbA1 c variables do not
add significantly to the models after adjusting for the baseline
AER. For purposes of comparison, a logistics regression
model was also constructed in which the association of each
complication outcome in Table 4 with only the three HbA1 c
terms described above was assessed.

When the collagen variables were treated statistically as a
group of independent variables, the prevalence of various
complication outcomes was significantly associated with the
full set of age- and duration-adjusted skin collagen variables

FIG. 3. Effect of long-term glycemic control on diabetes- and duration-

adjusted means ± SD values of skin collagen glycation (furosine in

picomoles per milligram collagen), glycoxidation (CML and pentosi-

dine, both in picomoles per milligram collagen), fluorescence (in arbi-

trary units per milligram collagen), and crosslinking (acid- and

pepsin-soluble collagen in percent) adjusted for covariance with age

and diabetes duration. , conventional treatment group; , inten-

sive treatment group; , nondiabetic age-matched control subjects.

For mean values *P < 0.05, **P < 0.01, ***P < 0.001 comparing inten-

sive vs. conventional and nondiabetic vs. intensive treatment groups.
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( Table 5). The results are presented separately for each treat-
ment group. The explained variances (R2) in the relationship
between the prevalence of complications and the collagen
variables were often greater in the conventionally treated
subjects (up to 51% unadjusted) compared with the intensively
treated subjects (up to 36% unadjusted). Models that
adjusted for screening HbA1 c, HbA1 c nearest the biopsy date,
and mean HbA1 c from randomization to biopsy date were
then tested. These analyses revealed that in spite of the
adjustment for HbA1 c, significant associations remained
between sustained ≥3 microaneurysms, clinical neuropathy,
and median nerve conduction velocity and the collagen vari-
ables in both treatment groups. Similar associations
remained between AER and rate of change of AER and the
collagen variables in the conventional treatment group. In sev-
eral instances, particularly in the conventional treatment
group, the adjustment for HbA1c led to little loss of explained
variance (e.g., sustained ≥3 microaneurisms, R2 = 47% with-
out and 43% after HbA1c adjustment). Moreover, the variance
in complications explained by the collagen variables after
adjustment for HbA1c was comparable to or greater than the
variance explained by HbA1c itself (Table 5).
Can any single collagen variable or subgroup of variables

substitute for the full set of collagen variables? H a v i n g
found strong associations between the prevalence of com-
plications and the collagen variables as a group, it was of inter-
est to investigate which collagen variables contributed signi-
ficantly to these associations. The purpose of this
exploratory analysis was to determine if any one or a small
subgroup of the collagen variables could serve as a surro-
gate(s) for the complete set of six. This was accomplished b y
performing a backwards elimination procedure on the six lin-
ear collagen variables. Any quadratic term that had been
i d e n t i fied as nominally significant in the full model without
adjusting for HbA1c was included. All the linear and quadratic
terms that were nominally significant at the 0.05 level based
on the Wald 2 test were retained in this final model. The
strength of association of complications with these individ-
ual collagen variables was evaluated using the R2 from these
logistic regression models.

The results of this analysis are summarized as a matrix in
Table 6. In the conventional treatment group, furosine was the
collagen variable with which the presence or prior rate of pro-
gression of at least one expression of retinopathy, nephropa-
t h y, and neuropathy was most frequently associated. In addi-
tion, worsening of AER and confirmed clinical neuropathy

were associated with pentosidine, while the appearance of
retinopathy (≥3 microaneurysms) and confirmed clinical
neuropathy were associated with CML. In the intensive treat-
ment group, acid-soluble collagen was the variable with
which some expression of each complication was most fre-
quently associated. In both treatment groups, virtually all
the collagen variables contributed significantly to the neu-
ropathy outcomes.

The strength of association of complications with the
unadjusted collagen variables, either individually or as sub-
groups (reduced model) or as the whole group (full model),
was indicated by the model R2 ( Table 6). In the intensive
group, the reduced model R2’s are similar to or only slightly
lower than the full model R2’s, indicating that the strength of
association of the various complications outcomes with indi-
vidual or subgroups of collagens is comparable to that with
the full set of collagen variables. On the other hand, in the con-
ventional treatment group, the reduced R2 values are con-
siderably lower than the full model R2 values for retinopathy
outcomes, indicating that the strength of association of these
outcomes with particular collagen variables is weaker com-
pared with the association with the full set of collagen vari-
ables. In both treatment groups, for neuropathy outcomes,
there is little difference in R2’s between full and reduced
model collagen variables, but most of the latter remained
s i g n i ficant in the reduced model.

D I S C U S S I O N

The DCCT offered an opportunity to assess skin collagen
abnormalities in a large group of patients with type 1 diabetes
who had been exceptionally well characterized both with
regard to their glycemic control and the status of retinopa-
t h y, nephropathy, and neuropathy over the preceding 5- to
6-year period.

The first and most readily apparent finding is that long-term
intensive treatment of hyperglycemia, as compared with
conventional treatment, is associated with lower levels of
both early and advanced glycation products in skin collagen.
This was also the first demonstration that the physicochem-
ical characteristics of skin collagen, as assessed by its pepsin
and acid solubilities, are also less abnormal in long-term
intensively treated subjects. Thus, intensive treatment leads
to lower levels of skin collagen AGEs in parallel with a
reduction in HbA1c and in the risks of retinopathy, nephropa-
t h y, and neuropathy (2).

The magnitude of the effect of improved glycemic control

TABLE 2
Spearman correlations among age- and duration-adjusted skin collagen levels (combined groups)

A t t a i n e d Age (years) Duration (months) A c i d - s o l u b l e P e p s i n - s o l u b l e F l u o r e s c e n c e F u r o s i n e P e n t o s i d i n e

Acid-soluble (%) –0.289 (<0.001) –0.020 (NS) —
Pepsin-soluble (%) –0.357 (<0.001) –0.279 (<0.001) 0.674 (<0.001) —
Relative fluorescence 0.489 (<0.001) 0.411 (<0.001) –0.183 (0.007) –0.333 (<0.001) —
Furosine (pmol/mg) –0.012 (NS) 0.106 (NS) –0.183 (0.007) –0.370 (<0.001) 0.296 (<0.001) —
Pentosidine (pmol/mg) 0.627 (<0.001) 0.560 (<0.001) –0.298 (<0.001) –0.595 (<0.001) 0.450 (<0.001) 0.335 (<0.001) —
CML (pmol/mg) 0.483 (<0.001) 0.406 (<0.001) –0.290 (<0.001) –0.521 (<0.001) 0.404 (<0.001) 0.320 (<0.001) 0.588 (<0.001)

Correlations are computed based on the within-treatment group fractional ranks of the collagens. Correlations (of fractional ranks)
of age and duration are made versus unadjusted skin collagens. Numbers in parentheses are P values for testing the significance of
the correlation coefficients.
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on glycated collagen (furosine, i.e., Amadori product) was sim-
ilar in the primary prevention and secondary intervention
cohorts, despite the differences in diabetes duration and ini-
tial complications status of these subjects. In contrast, with
the exception of pentosidine and relative fluorescence, the
effects of intensive versus conventional therapy on the late
products of the Maillard reaction and the collagen crosslinks
(Fig. 1) were slightly greater in primary prevention subjects
who had shorter diabetes durations and had essentially no
detectable complications at study onset. Pretreatment DCCT
baseline levels of the collagen variables were not measured.
Therefore, we cannot know whether the lower levels of
slowly turning over glycooxidation products and crosslinking
resulted from an actual decrease from baseline levels or
resulted from a slower rate of age-related accumulation in the
intensively treated subjects. The average age-related
increases of pentosidine and CML over these subjects’ age
span during the DCCT (Fig. 2) suggest that at least some of
the intensive treatment effect can be accounted for by slower
accumulation. In contrast, the effect of intensive treatment on
the levels of glycated collagen (the Amadori product furosine),
which is reversible, is not related to age (Fig. 2) and likely
r e flects decreased formation of furosine because of less
hyperglycemia. Because it is likely that those glycation sites

on collagen that are reversible are unable to be converted to
advanced reaction products (28), the pathological signifi-
cance of reduced furosine levels is unclear.

The second finding of clinical importance is that quantitation
of both early and advanced glycation products in skin provides
a biological index of prior glycemic status over a considerable
period of time. In particular, quantitation of collagen-bound
glucose (furosine) provides very significant information on
cumulative glycemia for at least 1 year before its measure-
ment; CML, pentosidine, and pepsin-soluble collagen provide
some information over several years but reflect glycemia less
strongly (Table 3). Somewhat unexpected, however, is the fact
that in univariate analyses, R2 values (strength of correlation
with HbA1 c) are the highest for glycated collagen when com-
pared with the values for pentosidine and CML at every ana-
lyzed time point during the DCCT (Table 2). This suggests that
in spite of their reversibility, glycated residues in collagen have
the surprising ability to reflect rather long-term cumulative
glycemia, although with diminishing strength as time goes on
( Table 3). In view of the reversibility of the reaction that forms
the Amadori product, a likely explanation for this observa-
tion is that steady-state levels of glycemia tend to change little
within an individual over very long periods of time, at least in
a research setting of glycemic therapy. Yet another explanation
for the fact that the correlations with mean HbA1 c levels of
AGEs (CML, pentosidine) are weaker than those of collagen
glycation (furosine) is that AGEs are not simply a reflection of
mean glycemia, but that their formation rate is modulated by
tissue levels of catalytic and inhibitory factors, such as transi-
tion metals and antioxidants (14). We also now know that
CML can originate not only through glycoxidation but also
through lipoxidation (29).

Previous studies have demonstrated higher skin levels of
AGEs in patients with diabetic complications versus those
without complications (4–8). However, the reverse question
was not addressed, i.e., whether complications status as the
dependent variable could be correlated with the levels of
skin furosine and AGEs as the independent variables, and
whether such correlations are independent of HbA1 c l e v e l s .
The latter point is crucial because HbA1c itself predicts the risk
of developing complications (13,30). Therefore, we per-
formed exploratory analyses of our data separately in each
DCCT treatment group. These analyses demonstrated cor-
relations with R2’s as high as 67% between prevalence of
r e t i n o p a t h y, nephropathy, and neuropathy, expressed as var-
ious outcomes, and collagen glycation products; further-
more, these correlations were often independent of HbA1 c a n d
virtually as strong or stronger after this adjustment (Table 8).
This finding could implicate one or more of these products in
mechanisms of tissue damage that may operate beyond the
initial step of protein glycosylation. These correlations also
tended to be stronger in the conventional compared with
the intensive treatment group, perhaps because prior con-
ventional treatment during the DCCT had little impact on
the levels of these accumulating collagen AGEs. These
results at least raise the possibility that determination of skin
collagen glycation and AGEs could be used to evaluate the
future risk of developing complications or their severity (7).
In this regard, serum AGE levels have also been proposed as
a predictor of future pathological changes in the kidneys of
subjects with type 1 diabetes (31).

The outcome “sustained ≥3 microaneurysms,” a reliable

TABLE 3
Univariate regression models of age- and duration-adjusted skin
collagen variables versus HbAl c

Collagen versus HbA1 c R2 ( % ) P

Acid-soluble (%) versus
Mean HbA1 c up to biopsy† 4 . 2 < 0 . 0 1 1
Mean HbA1 c over the past year† 2 . 4 < 0 . 0 7 8
H b A1 c nearest to biopsy 2 . 0 < 0 . 0 4 1
Screening HbA1 c 0 . 4 N S *

Pepsin-soluble (%) versus
Mean HbA1 c up to biopsy† 1 5 . 0 < 0 . 0 0 1
Mean HbA1 c over the past year 1 6 . 4 < 0 . 0 0 1
H b A1 c nearest to biopsy 1 7 . 0 < 0 . 0 0 1
Screening HbA1 c 0 . 4 N S *

Relative fluorescence versus
Mean HbA1 c up to biopsy 6 . 5 < 0 . 0 0 1
Mean HbA1 c over the past year 6 . 6 < 0 . 0 0 1
H b A1 c nearest to biopsy 5 . 5 < 0 . 0 0 1
Screening HbA1 c 3 . 1 < 0 . 0 1 0

Furosine (pmol/mg) versus
Mean HbA1 c up to biopsy 1 9 . 4 < 0 . 0 0 1
Mean HbA1 c over the past year 7 2 . 3 < 0 . 0 0 1
H b A1 c nearest to biopsy 6 9 . 4 < 0 . 0 0 1
Screening HbA1 c 3 . 0 < 0 . 0 1 2

Pentosidine (pmol/mg) versus
Mean HbA1 c up to biopsy 8 . 9 < 0 . 0 0 1
Mean HbA1 c over the past year 9 . 6 < 0 . 0 0 1
H b A1 c nearest to biopsy 9 . 6 < 0 . 0 0 1
Screening HbA1 c 1 . 7 < 0 . 0 5 8

CML (pmol/mg) versus
Mean HbA1 c up to biopsy 1 6 . 1 < 0 . 0 0 1
Mean HbA1 c over the past year 1 4 . 4 < 0 . 0 0 1
H b A1 c nearest to biopsy 1 3 . 8 < 0 . 0 0 1
Screening HbA1 c 2 . 6 < 0 . 0 2 0

* H b A1 c effect not significant. †Based on a regression model with
significant quadratic HbA1 c e f f e c t .
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indicator of the first appearance of retinopathy—and therefore
only analyzable in the primary prevention cohort—was espe-
cially consistent and relatively strong (R2 = 43% after adjustment
for HbA1 c in the conventional treatment group) in its relation-
ship to collagen variables (Table 5). This observation suggests
that any skin collagen index of risk would be especially useful
early in type 1 diabetes. It is also noteworthy that in both treat-
ment groups, each of the two neuropathy outcome measures
used by the DCCT, one primarily clinical and one electro-
physiological, correlated strongly in multivariate HbA1 c-
adjusted analyses, but the model required virtually the entire
array of measured skin collagen variables (50% variance

explained in conventional, and 33% in intensive treatment
groups, respectively) (Table 6). This relationship between neu-
ropathy and AGEs parallels some experimental data (32).

A practical clinical question is whether measurement of
skin collagen variables would yield additional useful infor-
mation to that provided by HbA1 c, as to the individual’s risk
of developing retinopathy, nephropathy, and neuropathy. In
the conventional treatment group, which is more represen-
tative of the natural history of type 1 diabetes, the variable that
stands out in the multivariate analyses is furosine (glycated
collagen). The levels of furosine contributed significantly to
the correlations between almost all the DCCT indices of

TABLE 4
Prevalence and severity of complications at DCCT closeout in the skin biopsy cohort

Primary cohort Secondary cohort

I n t e n s i v e C o n v e n t i o n a l I n t e n s i v e C o n v e n t i o n a l

n 6 5 5 8 5 7 3 6
R e t i n o p a t h y

Sustained 3-step progression 4 (6) 10 (17) 7 (12) 4 (11)
Sustained 3 microaneurysms 12 (18) 19 (33) 50 (88) 32 (89)
Rate of change of ETDRS 0.13 ± 0.03 0.27 ± 0.04 0.11 ± 0.03 0.16 ± 0.06

N e p h r o p a t h y
AER >40 (mg/24 h) 2 (3) 6 (10) 8 (14) 4 (11)
Rate of change of AER 0.54 ± 0.90 0.89 ± 0.62 3.91 ± 4.10 1.38 ± 1.23

N e u r o p a t h y
n 4 4 4 2 5 5 3 5
Confirmed clinical neuropathy 1 (2) 2 (5) 7 (13) 6 (17)
Median NCV (m/s) 55.9 ± 0.5 53.4 ± 0.6 53.4 ± 0.5 51.0 ± 0.9

Data are n (%) or means ± SD of (closeout – baseline)/length of follow-up. Values in the table represent the number of subjects with
complications. Numbers in parentheses represent the proportion with complications. Sustained 3 microaneurysms includes the pri-
mary cohort only. Confirmed clinical neuropathy is defined as an abnormal neurological examination that was consistent with the
presence of peripheral sensorimotor neuropathy plus either abnormal nerve conduction in at least two peripheral nerves or unequiv-
ocally abnormal autonomic nerve setting (at 5 years). NCV, nerve conduction velocity.

TABLE 5
Likelihood ratio test of significance of HbA1 c, collagen variables, and collagen variables after adjusting for HbA1 c

Intensive treatment Conventional treatment

C o l l a g e n C o l l a g e n
v a r i a b l e s v a r i a b l e s

C o l l a g e n after adjusting C o l l a g e n after adjusting
H b A1 c v a r i a b l e s for HbA1 c H b A1 c v a r i a b l e s for HbA1 c

d f R2 P d f R2 P d f R2 P d f R2 P d f R2 P d f R2 P

R e t i n o p a t h y
Sustained ≥3-step progression 3 1 7 < 0 . 0 1 1 6 2 8 < 0 . 0 0 5 6 1 5 N S 3 1 3 < 0 . 0 2 4 6 7 N S 6 5 N S
Sustained ≥3 microaneurysms 3 3 7 < 0 . 0 0 1 6 2 6 < 0 . 0 1 9 6 3 3 < 0 . 0 0 5 3 1 4 < 0 . 0 2 3 1 0 4 7 < 0 . 0 0 1 1 0 4 3 < 0 . 0 0 1
Rate of change of ETDRS 3 2 7 < 0 . 0 0 1 7 1 9 < 0 . 0 0 2 7 1 0 < 0 . 0 3 0 3 2 4 < 0 . 0 0 1 6 1 4 < 0 . 0 4 0 6 7 N S

N e p h r o p a t h y
AER >40 (mg/24 h) 2 5 5 < 0 . 0 0 1 7 2 3 N S 7 6 N S 2 1 0 < 0 . 0 3 7 7 4 0 < 0 . 0 0 1 7 3 2 < 0 . 0 0 6
Rate of change of AER 2 5 N S 7 1 0 N S 7 7 N S 2 4 N S 6 2 0 < 0 . 0 0 5 6 1 6 < 0 . 0 1 9

N e u r o p a t h y
Confirmed clinical neuropathy 3 7 N S 6 3 6 < 0 . 0 0 4 6 3 7 < 0 . 0 0 3 3 5 N S 6 5 1 < 0 . 0 0 1 6 6 7 < 0 . 0 0 1
Median NCV (m/s) 3 4 N S 8 1 6 < 0 . 0 1 3 8 1 4 < 0 . 0 3 4 3 1 8 < 0 . 0 0 1 7 3 1 < 0 . 0 0 1 7 1 8 < 0 . 0 0 4

df = 6 corresponds to a model with six linear (collagen) effects. df > 6 corresponds to a model with six linear and (df – 6) quadratic
effect(s). Sustained ≥3 microaneurysms includes the primary cohort only. Rate of change is (closeout – baseline)/length of follow-
up. Confirmed clinical neuropathy is defined as an abnormal neurological examination that was consistent with the presence of periph-
eral sensorimotor neuropathy plus either abnormal nerve conduction in at least two peripheral nerves or unequivocally abnormal
autonomic nerve setting (at 5 years). NCV, nerve conduction velocity.
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r e t i n o p a t h y, nephropathy, and neuropathy and the full panel
of collagen variables. However, our data are cross-sectional
and only consistent with the possibility that furosine would
add predictive value to that of HbA1 c. This possibility can only
be tested in a prospective study.

F o r t u n a t e l y, in the Epidemiology of Diabetes Interventions
and Complications Study, virtually the entire DCCT cohort of
patients is continuing to be monitored for these complications
as well as for glycemic control with the same DCCT methods.
At the time of their skin biopsy, a number of subjects had no
retinopathy and/or no microalbuminuria. Thus, in these indi-
viduals it should be possible to correlate the future develop-
ment of these complications with the present levels of skin col-
lagen variables and with appropriate adjustment for covariates
such as HbA1 c . If a reliable skin collagen predictor emerges, it
could identify subjects who are particularly in need of inten-
sive glycemic control or other anticomplication therapy, and
those at very low risk of complications could be spared the rig-
ors and risks of intensive therapy of type 1 diabetes.
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