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OBJECTIVE—Skin intrinsic fluorescence (SIF) reflects many factors, including the presence
of certain advanced glycation end products. We investigated whether SIF was associated with
coronary artery disease (CAD) in type 1 diabetes and whether this relationship was independent
of renal disease.

RESEARCH DESIGN AND METHODS —SIF was measured in 112 subjects from the
Pittsburgh Epidemiology of Diabetes Complications (EDC) study and 60 from MedStar Health
Research Institute when mean age and diabetes duration were 48 and 36 years, respectively.
Cumulative glycemic exposure (updated mean A1C) represented a mean of 18 years’ follow-up in
EDC and 10.3 in MedStar.

RESULTS—Of the 172 participants, 30 had CAD (15 male and 15 female). SIF levels were
higher in those with CAD (P < 0.0001). SIF was strongly associated with CAD (odds ratio [OR]
3.5 [95% CI 2.1-6.1]). After age, duration, and updated mean A1C were controlled for, SIF
remained associated with CAD (2.4 [1.3-4.4]), more strongly in men (5.6 [2.1-14.6]) than in
women (1.4 [0.61-3.3]). As there was no significant sex interaction, further analyses were con-
ducted combining the sexes. Further accounting for sex and nephropathy status did not improve
the model fit, though with nephropathy in the model, the OR for SIF was reduced to 1.7 (95% CI
0.89-3.4).

CONCLUSIONS —SIF has a significant cross-sectional association with CAD. This associa-
tion is strongly linked to age and duration and, to a lesser degree, to mean A1C and renal disease.
SIF therefore may be a useful overall marker of CAD risk in type 1 diabetes.
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oronary artery disease (CAD) is a cardiovascular disease and all-cause mor-

leading cause of death in type 1

diabetes (1). While risk factors for
CAD include those observed in the gen-
eral population, with a greater role for re-
nal disease, much of the excess CAD in
type 1 diabetes remains unexplained. Re-
cently, increased plasma levels of ad-
vanced glycation end products (AGEs),
specifically N'-(carboxyethyllysine,
N'-(carboxymethyl)lysine, and pentosi-
dine, were found to predict incident

tality, independent of markers of renal im-
pairment and other cardiovascular disease
risk factors, in a population with type 1 di-
abetes (2).

AGEs are products formed in later-
stage reactions of the glycation of proteins,
amino acids, basic lipids, and nucleotides
by monosaccharides and related mono-
saccharide derivatives (3) and are typi-
cally characterized by their ability to
form cross-links with other proteins.
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When so linked (e.g., with collagen),
AGEs may represent glycoxidation-induced
vascular damage and are increased both in
renal disease (4) and in diabetes (5). The
renal retention likely reflects AGE-free ad-
ducts (4). AGE cross-link formation in-
creases the stiffness of the arterial wall,
while vascular matrix AGEs interfere with
nitric oxide (NO) action (6), providing an
important link between renal disease and
CAD, and may account for some of the un-
explained CAD in type 1 diabetes. Some
AGEs, such as pentosidine and cross-lines,
fluoresce when excited with near-ultraviolet
and blue light (7). These AGEs are found
in the dermis. In addition, epidermal fluo-
rescence due to nicotinamide adenine dinu-
cleotide and flavin adenine dinucleotide are
indicators of cell metabolism and oxidative
stress (8,9). These dermal and epidermal
fluorophores both contribute to skin intrin-
sic fluorescence (SIF). We recently showed,
in individuals with type 1 diabetes, that SIF
was independently associated with the
severity of coronary artery calcification
(10), amarker of atherosclerotic burden,
and with cardiac autonomic neuropathy
(11), astrong predictor of CAD and sud-
den death. Based on our findings of an
association of SIF with coronary artery
calcification, we pursued the current in-
vestigation to determine the relationship
between SIF and clinical CAD in 172 in-
dividuals with long duration of type 1
diabetes.

RESEARCH DESIGN AND

METHODS —Participants from the Ep-
idemiology of Diabetes Complications
(EDCO) study and the MedStar Health
Research Institute Diabetes Complica-
tions (MDC) Study were enrolled in this
cross-sectional study. The EDC cohortisa
well-defined population (n = 658) with
type 1 diabetes diagnosed before the age
of 17 years at the Children’s Hospital of
Pittsburgh and followed since their base-
line examinations between 1986 and
1988, when mean age was 28 years and
mean duration of diabetes was 19 years
(12). The MDC cohort represents a
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population of patients with type 1 diabe-
tes followed for their clinical care for a
minimum of 4 years and mean of 10 years.
A convenience sample of 172 participants
with type 1 diabetes was enrolled at both
sites. The EDC participants (n = 112) had
noninvasive SIF assessment performed
during their 20th year of follow-up, ~2
years after their last clinical exam, and
were selected on a first-to-respond basis
from those living within 50 miles of
Pittsburgh with a goal of 100 partici-
pants. Though they were marginally
older (P = 0.02) and more likely to
have CAD (P = 0.02), no differences in
diabetes duration, most recent A1C, or
renal disease were seen compared with
nonparticipants living within the 50-
mile range. MDC participants (n = 60)
were offered participation in this study
following their routine clinical visit; no
MedStar patients declined to participate.
All study procedures were approved by
the institutional review boards of the
University of Pittsburgh and MedStar
Health Research Institute.

Blood samples were assayed for lip-
ids, lipoproteins, glycated hemoglobin,
and creatinine. For the EDC study pop-
ulation, stable HbA; was originally mea-
sured in saline-incubated samples by
microcolumn cation exchange chroma-
tography (Isolab, Akron, Ohio). On 26
October 1987, the method was changed
to high-performance liquid chromatogra-
phy (HPLC) (Diamat; Bio-Rad Laborato-
ries, Hercules, CA). The two methods
were highly correlated (r = 0.95; Diamat
HbA; 0.18 = 1.00 Isolab HbA;). Begin-
ning in 1998, A1C was measured using
the DCA2000 analyzer. Original HbA,
(1986-1998) and A1C (1998-2004)
were converted to Diabetes Control and
Complications Trial (DCCT)-aligned
A1C values using regression formulas de-
rived from duplicate analyses (DCCT
Al1C = [0.83 X EDC HbA,] + 0.14;
DCCT AlIC = [EDC A1C — 1.13]/0.81).
For the MedStar study population, A1C
was obtained with DCCT-aligned DCA
2000/DCA 2000+ instruments or by local
laboratory, and historic A1C values (also
DCCT aligned) were obtained through
chart review. Cumulative glycemic expo-
sure was determined using updated
mean A1C, calculated by taking the
sum of an individual’s A1C values over
the duration of follow-up and dividing
by the number of A1C measurements
taken on the individual (biennially in
EDC and approximately every 3 months
in MDC).

CAD was defined as a history of
myocardial infarction, revascularization
for symptoms (bypass surgery or percu-
taneous coronary intervention), or steno-
sis >50%. The albumin-to-creatinine
ratio was determined by spot urine collec-
tions in both EDC and MedStar, while al-
buminuria was determined by timed
urine collections in EDC and by spot
urine collections in MedStar. Estimated
glomerular filtration rate was calculated
using the Chronic Kidney Disease Epide-
miology Collaboration (CKD-EPI) for-
mula (13). Overt nephropathy was
defined as an albumin excretion rate
>200 pg/min or a history of dialysis/
kidney transplantation.

SIF was noninvasively measured from
the skin of the left volar forearm using the
SCOUT DS (an investigational device in
the U.S.; VeraLight, Albuquerque, NM)
skin fluorescence spectrometer (14,15).
SIF was excited with a light-emitting di-
ode (LED) centered at 405 nm and was
detected over the emission range of 441—
482 nm. The skin reflectance at the
excitation wavelength was used to com-
pensate for absorbance owing to melanin
and hemoglobin (16). The intrinsic fluo-
rescence correction is expressed in the
following equation:

Fxm
R Rl

fxm =

where the measured fluorescence (Fyn)
is divided by reflectance values at the
excitation and emission wavelengths
(R and Ry, respectively. The reflectance
values are adjusted by the dimensionless
exponents (ky and ky,). For these anal-
yses, ky was set to 0.9 and k,, was set to
0.0. The resulting intrinsic fluorescence
(fum), was integrated over the 441-482
nm spectral region to give the SIF sum.
The interday within-subject skin varia-
tion in SIF assessed by the SCOUT DS
had previously been determined in a
large diabetes screening study of 421
subjects at risk for developing type
2 diabetes (17). The interday Hoorn
coefficient of variation (fasting versus
nonfasting) was 5.1% for SCOUT DS—
measured SIF.

Student ¢t and x* tests were used to
examine univariate correlates of CAD. Lo-
gistic regression analysis was used to de-
termine the independent association of
SIF with the prevalence of CAD. Odds
ratios (ORs) are expressed as per-SD
change in continuous variables. Statistical
analysis was conducted using SAS version
9.3 (Cary, North Carolina). Model fits
were compared using Akaike information
criteria (18).

RESULTS —Eighteen percent (n = 30)
of the study participants had CAD. Char-
acteristics of the study participants by
CAD status are presented in Table 1.

Table 1—Characteristics of study participants by CAD status

Case subjects Noncase subjects p

n 30 142

SIF (AU)* 104 2.4) 7.82.2) <0.0001
Age (years) 54.2 (8.7) 47.8 (8.2) 0.0002
Diabetes duration (years) 43.8 (6.5) 34.5 (10.5) <0.0001
Female sex 50.0 (15) 54.9 (78) 0.62
Al1C (%) 7.8 (1.7) 7.6 (1.3) 0.61
Updated mean A1C (%) 8.6 (1.0) 8.1 (1.0) 0.02
BMI (kg/mz) 26.3 (3.8) 26.2 (4.3) 0.93
Serum creatinine (mg/dL)* 0.99 (0.83-1.7) 0.93 (0.80-1.1) 0.13
eGFR (mL/min/1.73 m?) 69.5 (31.9) 81.4 (22.5) 0.06
Overt nephropathy 46.7 (14) 15.1 21 0.0001
Systolic blood pressure (mmHg) 121.9 (18.8) 116.7 (14.9) 0.13
Diastolic blood pressure (mmHg) 65.0 (9.5) 67.6 (10.8) 0.28
Hypertension medication 444 (12) 31.4 (44) 0.19
HDL cholesterol (mg/dL) 56.9 (17.8) 62.5 (18.6) 0.17
Non-HDL cholesterol (mg/dL) 106.8 (31.1) 109.6 (30.1) 0.68
Dyslipidemic medication 66.7 (18) 52.5(73) 0.18
History of smoking 41.7 (10) 26.0 (33) 0.12
Current smoker 125 (3) 8.7(11) 0.48%*

Data are means (SD), median (interquartile range), or n (%). AU, arbitrary units; eGFR, estimated glomerular
filtration rate. *Natural logarithmically transformed before analysis. **Fisher exact test used.
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Participants with CAD were on average
~6 years older (54.2 vs. 47.8 years) and
had 9 years longer (43.8 vs. 34.5 years)
duration of diabetes. Participants with
CAD also had higher SIF values and up-
dated mean A1C, but no difference in
their most recent A1C levels, and were
more likely to have overt nephropathy.
Increased SIF in those with CAD was
seen in each cohort (OR 2.8 [95% CI
1.6-5.1] in EDC; 8.1 [1.5-45.3] in
MDC). SIF correlated modestly with up-
dated mean A1C (R = 0.44, P < 0.0001).
No other differences by CAD status were
apparent.

Sex-specific analyses revealed a strong
association between SIF and CAD in men
(OR 5.6 [95% CI 2.1-14.6]) in analyses
controlled for age and updated mean
A1C. A weaker, nonsignificant, association
was observed in women (1.4 [0.61-3.3]).
However, as formal analyses revealed
no significant effect modification by sex
(P = 0.52) and there was not a significant
difference in SIF distribution with sex strat-
ification (P = 0.55), the sexes were com-
bined for the remainder of the analyses.

The independent relationship of SIF
with CAD is presented in Table 2. Model 1
shows the relationship of SIF with CAD
before any adjustment (OR 3.5), while
models 2—-6 show the effect of progressively
accounting for age, duration, updated
mean A1C, and sex. As can be seen, the
OR for SIF was particularly reduced by
the additions of age and duration to 2.4,
while further control for updated mean
Al1C and sex had a smaller impact and
the model fit did not improve (models 4

and 5). Model 7 (full adjustment but with-
out sex) provided the best fit, but this was
not materially better than without overt ne-
phropathy. Each SD change in the natural
log of SIF was therefore univariately asso-
ciated with a 3.5-greater likelihood of hav-
ing CAD, and after full adjustment there
was still a 1.7-greater risk. Using model 7
(best fit), we further explored other CAD
risk factors in type 1 diabetes, namely,
blood pressure, lipids, and smoking. Indi-
vidually adding these variables to model 7
provided no additional information.

The discriminative ability of SIF to
detect CAD is depicted in receiver oper-
ator characteristic curves in Fig. 1. SIF
alone accounted for 79% of the area un-
der the curve for CAD. Addition of age,
diabetes duration, updated mean A1C,
and overt nephropathy to the model
with SIF increased the area under the
curve slightly to 84% with a small gain in
the equal error rate (sensitivity = specificity).

CONCLUSIONS—In individuals with
type 1 diabetes, SIF was strongly associated
with the presence of CAD. This associa-
tion was closely linked to age and duration
of diabetes and less so to updated mean
AlCand nephropathy. Even though it was
statistically nonsignificant in the fully
adjusted model, the OR remained in-
creased at 1.7. These results suggest that
SIF may therefore be a useful overall
marker of CAD risk in type 1 diabetes. It
may also represent part of the biological
basis for the associations of these factors
with CAD and potentially contribute
above and beyond these factors. These

Table 2—Multivariable-adjusted correlates of CAD

Conway and Associates

observations may thus help explain the
increased CAD risk in those with type 1
diabetes.

AGEs are products formed in later-
stage reactions of the glycation of pro-
teins, amino acids, basic lipids, and
nucleotides by monosaccharides and re-
lated monosaccharide derivatives (3).
AGEs form in tissues and accumulate
over time when attached to proteins like
collagen (19); however, increased expo-
sure to hyperglycemia and oxidative
stress, such as occurs in diabetes, acceler-
ates their rate of formation (19). AGEs are
also known to increase with decreasing
renal function and increasing renal dam-
age (probably reflecting accumulation of
AGE adducts) (4,20), due to decreased
renal clearance of AGEs, another mecha-
nism by which AGEs may be elevated in
diabetes. Furthermore, derivatives of
AGEs not cleared by the kidneys form
highly reactive second-generation AGEs
that are thought to contribute to the pro-
gression of renal damage (21). That our
findings were not independent of overt
nephropathy when both age and duration
were controlled for suggests that AGEs
may contribute to the strong risk that re-
nal disease plays in CAD in individuals
with long duration of type 1 diabetes.

AGEs accumulate in the heart and
large blood vessels, forming cross-links
between adjacent proteins in the base-
ment membrane of the extracellular
matrix as well as activating the AGE
receptor on vessel wall membranes.
AGE cross-linking in vessel wall collagen
increases the area of the extracellular

Model 1 Model 2 Model 3 Model 4 Model 5 Model 6 Model 7

Skin intrinsic

fluorescence* 352.1-6.1) 31(1.7-54) 241344 22.1-41) 2.2 (1.2-4.1) 1.8(0.89-3.5) 1.7(0.89-3.4)
Age 1.5(0.93-2.3) 1.3(0.78-2.1) 15(0.86-2.5) 1.5(0.87-2.5) 15(0.88-2.5) 1.5(0.88-2.5)
Duration 2.0(1.0-4.0) 2.0(1.0-3.9 2.0(1.0-3.9) 2.1(1.0-4.1) 2.1(1.1-4.1)
Updated mean A1C 1.5(0.88-2.5) 1.5(0.87-2.5) 1.5(0.89-2.6) 1.5(0.90-2.6)
Sex 0.74 (0.30-1.8) 0.90 (0.35-2.3)
Overt nephropathy 2.4(0.87-6.9) 2.5(0.92-6.9)
AIC 134.047 133.205 130.423 130.127 131.709 130.895 128.946

SIF OR (95% CD)

Ever smokert

SBP¥

DBP}

HDL cholesterolf
Non-HDL cholesterolf

1.7 (0.81-3.6)
1.8 (0.87-3.6)
1.8 (0.88-3.7)
1.8 (0.86-3.8)
1.8 (0.87-3.6)

ORs expressed as per-SD change in the continuous variables. AIC, Akaike information criteria. *Natural logarithmically transformed before analysis. TOR for SIF

when this variable is added to Model 7.
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Figure 1—Receiver operator characteristic
curves of the discriminative ability of un-
adjusted and adjusted SIF to detect CAD in
individuals with type 1 diabetes. The adjusted
receiver operator characteristic curve was de-
rived from the best-fit model and depicts the
discriminative ability of SIF, age, diabetes
duration, updated mean A1C, and overt ne-
phropathy to detect CAD in individuals with
type 1 diabetes.

matrix, resulting in increased stiffness of
the vessel wall. AGEs have also been
shown to interact with NO, reducing its
bioavailability and activity (22), and to in-
crease the adhesion of macromolecules,
such as macrophages and LDL, to the ves-
sel wall (23), and the adhesion of leuko-
cytes to coronary fibroblasts (24). AGEs
have been observed in atherosclerotic pla-
ques, foam cells, and fatty streaks (25).
Glycated LDL particles may be more ath-
erogenic than regular LDL cholesterol
(25,26). Finally, activation of the AGE re-
ceptor by AGE stimulates secretion of in-
flammatory proteins via activation of
nuclear factor-kB (27). While AGEs and
their pathophysiologic effects are likely
important components of the SIF/CAD as-
sociation reported, it should also be noted
that SIF reflects much more than AGEs,
e.g., the fluorescent enzymes nicotin-
amide adenine dinucleotide and flavin ad-
enine dinucleotide. To what degree these
latter factors add to the association is un-
clear but merits further investigation.
Our results are in agreement with
studies that have shown increased levels
of certain AGEs (2,28) in association with
cardiovascular disease in individuals with
diabetes. Nin and colleagues prospec-
tively followed 339 individuals with
type 1 diabetes for incident cardiovascu-
lar disease and all-cause mortality and
found that baseline levels of two plasma
AGEs [N'-(carboxyethyl)lysine and

pentosidine] were predictive of outcomes
12 years later, independently of markers of
renal function, inflammation, endothelial
dysfunction, or arterial stiffness (2). These
data suggest the association is not purely
cumulative, as serum AGEs are reflective
of plasma protein turnover (29) and renal
function (4,20). Kilhovd et al. (28) found
that higher levels of serum AGEs were pre-
dictive of CAD mortality in women, but
not men, with type 2 diabetes. This appar-
ent contrast to our findings of a stronger
association in men of SIF with CAD mor-
bidity is intriguing. Unfortunately, we do
not have mortality follow-up at this time to
address SIF and mortality, and it should be
noted that risk predictors of CAD mortal-
ity (as in Kilhovd et al. [28]) and morbid-
ity (current report) are often different.
For example, we have shown that glyce-
mic control is more strongly related to
CAD mortality than to morbidity (30), a
finding also apparent in the Wisconsin
Epidemiologic Study of Diabetic Reti-
nopathy (31,32). Nonetheless, in the
EDC study glycemic control was a stron-
ger predictor in men than women (30),
consistent with our current findings.
These findings therefore raise the possi-
bility that glycemia, serum AGEs, and SIF
may differ in their metabolism and/or im-
pact on CAD risk by sex—a finding that
may also reflect the non—AGE-related de-
terminants of SIF.

Our results are also in agreement with
others showing a relationship between skin
autofluorescence and heart disease in
European populations (33-36). Skin auto-
fluorescence was cross-sectionally associ-
ated with coronary heart disease and
predicted coronary heart disease mortality
in 48 individuals with type 1 diabetes and
in 69 with type 2 diabetes (35), and with
stable CAD independent of diabetes status
and renal function in 68 participants (36).
We have previously shown a strong associ-
ation between SIF and the severity of coro-
nary artery calcification in the EDC
population (10). This association was stron-
gest in those with a coronary artery calcifi-
cation score of at least 400, a threshold
associated with clinical CAD (37). Our
current results support this finding.

This study has a number of strengths,
including the well-documented risk fac-
tor status of participants and the confir-
mation of strong CAD/SIF associations in
two independent cohorts. However, a
major limitation of this study is the
cross-sectional nature of the study design.
SIF measurements were taken on average
2 years after clinical exams in the EDC

population. Unfortunately, the SCOUT
technology became available during a
phase of EDC when only surveys were
being collected. Another limitation of
these analyses is that our population was
made up of middle-aged, predominantly
Caucasian, adults of long diabetes dura-
tion, and thus these results are not gen-
eralizable to children, young adults, other
ethnic groups, or individuals with short
diabetes duration. Felipe et al. (38) found a
significant difference in SIF when strati-
fyinga cohort of 110 pediatric subjects by
sex. We hypothesize that the effects of
much older age (48.9 = 8.6 vs. 13.2 *
3.8 years) and longer duration of diabetes
(36.1 £ 10.5 vs. 5.9 = 3.6 years) in the
EDC/MDC cohort overwhelmed the SIF
sex difference observed in that pediatric
cohort.

Some limitations arise from the mea-
surement of SIF itself. In a study of 421
subjects at risk for type 2 diabetes, the
interday, within-subject Hoorn coeffi-
cient of variation was 5.1% (15). In addi-
tion, in the SCOUT substudy of 1,036
patients with long-duration of type 1 di-
abetes from the DCCT/Epidemiology of
Diabetes Interventions and Complica-
tions Study, the SIF within-day, within-
subject Hoorn coefficient of variation was
4.3% (39). A factor that contributes to SIF
measurement variation is skin heteroge-
neity from freckles, hair follicles, sweat
glands, and wrinkles. Skin pigmentation
differences between patients and within a
patient over time (more or less tan) are
mitigated by measuring the reflectivity
of the skin and using the measured
reflectance to correct the distortion of
the melanin. A further limitation is the
potential for selection bias, as not every-
one in the 50-mile catchment area of
the EDC clinic was studied. As shown,
the EDC population with SIF measure-
ments was older, and this may have
introduced a bias in terms of general
health and CAD prevalence, though it is
difficult to conceive a selection bias that
would falsely strengthen a SIF-CAD asso-
ciation. Indeed, as age is strongly related
to both CAD and SIF, the older age of this
population would tend to make it more
difficult to show an independent associ-
ation of SIF with CAD, as the current data
demonstrate. We thus feel that selection
bias is unlikely to have led to a spurious
association of SIF with CAD. Finally, ow-
ing to sample size limitations, we were
unable to more fully explore potential
differences by sex in the relationship of
SIF with CAD.
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In conclusion, we have demonstrated a
strong association between SIF and CAD
in middle-aged individuals with type 1
diabetes. SIF partially reflects the influence
of skin AGEs, skin markers of oxidative
stress and cell metabolism, subject age,
diabetes duration, long-term glycemic con-
trol, and renal disease, which are associated
with increased CAD risk.
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