
Skin Fluorescence Correlates Strongly
with Coronary Artery Calcification Severity

in Type 1 Diabetes

Baqiyyah Conway, Ph.D.,1 Daniel Edmundowicz, M.D.,2

Nathaniel Matter, Ph.D.,3 John Maynard, M.S.,3 and Trevor Orchard, M.D.4

Abstract

Background: Coronary artery calcification (CAC) is more severe and occurs at an earlier age in type 1 diabetes.
Risk factors for this subclinical marker of atherosclerotic burden, like coronary artery disease (CAD) itself, are
not fully identified. One postulated mechanism for the increased CAC observed in type 1 diabetes is the
accumulation of advanced glycation end products (AGEs). As certain collagen AGEs fluoresce, skin intrinsic
fluorescence (SIF) can act as a novel marker of levels of collagen AGEs. We thus sought to determine the
relationship between skin intrinsic fluorescence and CAC in type 1 diabetes.
Methods: One hundred five participants in the Pittsburgh Epidemiology of Diabetes Complications study of
childhood-onset (age <17 years) type 1 diabetes who had previously undergone electron beam tomography
scanning for CAC (80 of whom had follow-up data) had SIF measurements taken using the SCOUT DM�

(VeraLight, Inc., Albuquerque, NM). Mean age and diabetes’ duration were 49 and 40 years, respectively, at the
time of SIF measurement.
Results: Seventy-one percent of the study participants had some measurable CAC that was univariately (but not
after age adjustment) cross-sectionally associated with SIF (odds ratio¼ 2.51, 1.37–4.59). However, for CAC
severity using natural logarithmically transformed scores, SIF was both univariately (P< 0.0001) and multi-
variably (P¼ 0.03) associated with CAC. This relationship was independent of age, a history of CAD, renal
function, or renal damage. Receiver operator characteristic analyses revealed that the discriminative ability of
SIF to detect CAC went from an area under the curve of 71% for the presence of any CAC to 85% for those with a
CAC score >400.
Conclusions: The relationship between SIF and CAC appears stronger with more severe calcification. Given the
strong relationship of CAC with CAD this finding has important implications and suggests that SIF maybe a
useful marker of CAC=CAD risk and potentially a therapeutic target.

Introduction

Coronary artery disease (CAD) is the leading cause of
death in type 1 diabetes; however, risk factors for CAD in

this population are incompletely understood. Coronary artery
calcification (CAC), more severe and occurring at an earlier
age in type 1 diabetes,1 is a subclinical marker of athero-
sclerotic burden2 and correlated with prevalent3 and future
clinical CAD events.4–7 One postulated mechanism for the
increased CAC observed in type 1 diabetes is the accumulation
of advanced glycation end products (AGEs). Both AGEs8–10

and CAC are increased in type 1 diabetes, and AGEs have been
shown to induce osteoblastic differentiation of microvascular
pericytes,11 thereby increasing vascular calcification.

AGEs are macroprotein complexes formed by the Malliard
reaction of reducing sugars with free amino groups on pro-
teins, amino acids, or lipids.12 Many AGEs form molecular
cross-links and fluoresce. As certain dermal collagen AGEs,
such as pentosidine and crosslines, contain fluorescent cross-
links,12 skin intrinsic fluorescence (SIF) can be quantified and
act as a novel marker of collagen AGEs.13 SIF, determined by
the SCOUT DM� (VeraLight, Inc., Albuquerque, NM) skin
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fluorescence reader, was recently found to be cross-sectionally
associated with neuropathy, micro- and macroalbuminuria,
and CAC and marginally with CAD in a preliminary analysis
of 47 participants of the Pittsburgh Epidemiology of Diabetes
Complications (EDC) study.14 However, only for CAC and
neuropathy was a relationship observed independent of renal
function, which is important because accumulation of AGEs
and CAC is greatly accelerated in renal disease15 and renal
function is tightly tied to AGE clearance.16 Accordingly, we
sought to determine, in a larger sample, the relationship be-
tween SIF and CAC in type 1 diabetes; the participants from
the earlier report are included in the present analyses. This
work was presented in part in abstract form at the 68th and
69th annual scientific sessions of the American Diabetes As-
sociation.14 In a subsequent article we will report the results of
the relationship between neuropathy and SIF.

Subjects and Methods

The EDC study cohort is a well-defined population
(n¼ 658) with type 1 diabetes diagnosed before the age of 17
years at Children’s Hospital of Pittsburgh (Pittsburgh,
PA).17,18 Mean age and diabetes’ duration at study baseline
(1986–1988) were 28 and 19 years, respectively. Participants
have been followed biennially by survey and medical exam-
ination. One hundred five participants (96% Caucasian) from
the EDC study who had previously undergone electron beam
tomography (EBT) scanning (C-150 scanner, GE Imatron,
South San Francisco, CA) for CAC in either the 16th or 18th

year of follow-up consented to participate in the Noninvasive
Skin Spectroscopy Substudy for Diabetes Complications, a
cross-sectional study, during the 20th year of the follow-up
period. All procedures were approved by the Institutional
Review Board of the University of Pittsburgh.

Eighty participants had previously had CAC measured
during the 10-year follow-up period (1996–1998) and are in-
cluded in a subanalysis of CAC progression. Threshold cal-
cium determination was set using a density of 130 Hounsfield
units in a minimum of two contiguous sections of the heart.
Scans were triggered by electrocardiogram signals at 80% of
the R-R interval. Total volume CAC scores were calculated
based on isotropic interpolation19 and are used for analyses.

SIF covariate data were collected, as previously described,
at the time of CAC assessment.17,18 Blood samples were as-
sayed for lipids, lipoproteins, glycosylated hemoglobin
(HbA1c), and creatinine. High-density lipoprotein (HDL)
cholesterol was determined by a heparin and manganese
procedure, a modification20 of the Lipid Research Clinics
method.21 Cholesterol was measured enzymatically.22 Non-
HDL cholesterol was calculated as the difference between the
total cholesterol and the HDL cholesterol. Original A1c was
measured with the DCA 2000 analyzer (Bayer, Tarrytown,
NY) and converted to Diabetes Control and Complications
Trial (DCCT)-aligned HbA1c values using regression formulas
derived from duplicate analyses: DCCT HbA1c¼ (EDC
HbA1c� 1.13)=0.81. Urinary albumin was determined im-
munonephelometrically. Height was measured using a sta-
diometer and weight using a balance beam scale. Body mass
index (BMI) was calculated as the weight (in kg) divided by
the square of the height (in m). Blood pressure was measured
by a random-zero sphygmomanometer according to a stan-
dardized protocol after a 5-min rest period. Blood pressure

levels were analyzed, using the mean of the second and third
readings. A history of CAD was defined as myocardial in-
farction, ischemia (Minnesota Codes 1.1–1.3, 4.1–4.3, 5.1–5.3,
and 7.1), revascularization, or EDC clinic-diagnosed angina.

SIF was noninvasively measured from the skin of the volar
forearm using three SCOUT DM skin fluorescence spec-
trometers.23,24 Skin fluorescence was excited with a light-
emitting diode (LED) light source centered at 375 nm and
was detected over the range of 441–496 nm. Skin reflectance
measurements were acquired using the 375-nm LED as well
as a broadband white LED as light sources in order to provide
a characterization of light absorption in the skin, which is
dominated by melanin and hemoglobin. These reflectance
spectra were used in the intrinsic correction equation to
compensate for distortion of the raw fluorescence by skin
absorption25:

f (k)¼ F(k)

Rkx
x Rm(k)km

where l is the emission wavelength. The measured fluores-
cence, F(l), is divided by reflectance values at the excitation
and emission wavelengths, Rx and Rm (l), respectively. The
reflectance values are adjusted by the dimensionless expo-
nents, kx and km.14 For these analyses, kx¼ 0.6 and km¼ 0.2.

The resulting intrinsic fluorescence, f(l), was integrated
over the 441 to 496 nm spectral region to give the SIF score.
Intra-subject skin variation in SIF assessed by the SCOUT DM
had previously been determined in a large diabetes screening
study of 2,589 individuals without preexisting diagnosis of
diabetes, but at risk for developing type 2 diabetes. The age
range of this cohort was 18–88 years old, 40% male and 60%
female, with an ethnic breakdown of 62% white, 22% African
American, 11% Hispanic, and 5% other. The inter-day Hoorn
coefficient of variation (fasting vs. nonfasting) was 6.9% for
SCOUT DM-measured SIF.

Statistical analyses

CAC volume scores were natural logarithmically trans-
formed after adding 1 to their value. Student’s t test and w2

tests were used to examine univariate correlates of CAC
prevalence. Logistic regression analysis with stepwise selec-
tion was used to determine the independent association of SIF
with the prevalence of CAC. Receiver operator characteristic
curves were used to determine the discriminative ability of
SIF to detect CAC at thresholds of total volume CAC score
of >0, >200, and >400. Spearman’s correlation was used to
determine the association of SIF with the severity of CAC, i.e.,
the total volume CAC score. Linear regression analysis with
stepwise selection was used to determine the independent
association of SIF with the severity of CAC. For the analysis of
CAC progression, progression was defined as >2.5 change in
the square-root transformed CAC score.26 Odds ratios (OR)
and regression coefficients are expressed as per SD change in
the continuous variables. The Hoorn coefficient of variation27

was used to determine intra-subject variation in the SIF mea-
surement in a subset of participants.

Results

Characteristics of the study participants by the preva-
lence of CAC (at latest assessment) are presented in Table 1.
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Seventy-one percent of the study participants had some
measureable CAC. Participants with CAC were older, had
diabetes of longer duration, a higher SIF, a higher albumin
excretion rate (AER), a greater prevalence of long-term com-
plications of diabetes, and a marginally lower diastolic blood
pressure, and were marginally more likely to be taking lipid
or hypertension medication.

Univariate logistic regression analysis revealed that each
SD change in SIF was associated with a 2.5 greater likelihood
for the prevalence of CAC (P¼ 0.003). However, after ac-
counting for age, this relationship was only of marginal sig-
nificance (OR¼ 1.88, 0.96–3.67; P¼ 0.07). Correlates of the
prevalence of CAC were thus age and serum creatinine in
fully stepwise multivariable analysis in which SIF and other
previously identified univariate correlates, including BMI,
from Table 1 were made available for modeling.

Figure 1 demonstrates the median (log 10) CAC score by
tertiles of SIF. There was a marked increase in the severity of
CAC with each increasing tertile of SIF. Figure 2 shows the
discriminative ability to detect CAC at threshold scores of>0,
>200, and <400, representing 71%, 30%, and 19% of the
population, respectively. Although SIF shows minimal ability
to detect the presence of any CAC, its discriminative ability
increases with increasing threshold scores of total CAC. The
area under the curve for the presence of CAC (a CAC score
>0) is 71%. This increases to 82% at a threshold score of >200
and to 85% at a threshold score of>400. The Hoorn CV (intra-
subject variance) of SIF was 4%.

When looking at the severity of CAC, i.e., CAC score, SIF
demonstrated a strong association with the most recent CAC
score (r¼ 0.54, P< 0.0001), which remained even after ad-
justing for age (r¼ 0.38, P< 0.0001). In multivariable analysis
allowing for age, sex, HbA1c, BMI, serum creatinine (renal

function), AER (renal damage), HDL cholesterol, non-HDL
cholesterol, diastolic blood pressure, hypertension medication
use, and a history of smoking, SIF still remained indepen-
dently associated with the severity of CAC, i.e., the most re-
cent CAC score (Table 2). Other independent correlates were
age, CAD, AER, and a history of smoking.

In subanalyses of the 80 participants who had previously
undergone EBT scanning for CAC in 1996–1998 (CAC base-

Table 1. Characteristics of EDC Scout Participants by CAC (Total Volume Calcification Score) Status

Characteristica CAC positive (n¼ 75) CAC negative (n¼ 30) P value

SIF 0.033 (0.007) 0.028 (0.006) 0.0009
Age (years) 46.4 (6.6) 39.1 (6.5) <0.0001
Diabetes’ duration (years) 36.7 (6.7) 31.5 (7.2) 0.0006
Sex (% female) 57.33 (43) 53.33 (16) 0.71
HbA1c (%) (n¼ 74; 28) 7.4 (1.2) 7.6 (1.4) 0.38
BMI (kg=m2) (74; 30) 26.17 (4.64) 25.14 (3.06) 0.18
Serum creatinine (mg=dL) (n¼ 74; 29) 1.0 (0.8–1.2) 0.9 (0.8–0.9) 0.14
AER (mg=min) (n¼ 73; 28) 8.4 (4.0–47.3) 4.1 (2.3–7.5) 0.004
Cholesterol (mg=dL)

HDL (n¼ 73; 29) 59.5 (17.0) 59.4 (15.1) 0.99
Non-HDL (n¼ 73; 29) 124.5 (28.0) 125.9 (25.6) 0.82

Blood pressure (mm Hg)
Systolic (n¼ 72; 29) 118.8 (16.9) 116.0 (10.3) 0.31
Diastolic (n¼ 72; 29) 66.3 (9.3) 70.1 (9.7) 0.07

CAD 36.0 (27) 16.7 (5) 0.05
Proliferative retinopathy 64.0 (48) 26.7 (8) 0.0005
Overt nephropathy 32.0 (24) 10.0 (3) 0.03b

Distal symmetrical polyneuropathy 69.3 (52) 30.0 (9) 0.0002
Lower extremity arterial disease 40.0 (3) 10.0 (3) 0.002b

History of smoking 32.9 (24) 24.1 (7) 0.39
ACE=ARB medication use (n¼ 73; 29) 49.3 (36) 27.6 (8) 0.05
Statin use (n¼ 73; 29) 42.5 (31) 20.7 (6) 0.04

Data are mean (SD) or median (interquartile range) values or % (n). Risk factors, with the exception of SIF, were measured at the time of
CAC assessment. ACE=ARB, angiotensin-converting enzyme=angiotensin receptor blocker.

aValues for n represent numbers of patients in the CAC-positive and CAC-negative groups.
bBy Fisher’s exact P value.
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FIG. 1. Median (log 10) CAC by tertiles of SIF. Color
images available online at www.liebertonline.com=dia.
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line), correlates of the progression of CAC (assessed between
2000 and 2007) were investigated. Table 3 demonstrates the
relationship of SIF in the 20th year of the follow-up period
with the progression of CAC (from the 12th year of follow-up
to the 16th–18th year of follow-up) in the participants with any
data on progression, those with a baseline CAC score of 0,
and in those with a CAC score>0 at baseline, respectively. SIF
was significantly associated with CAC progression (OR¼ 2.2,
1.09–4.45), even after allowing for age and baseline CAC
score, serum creatinine, AER, and other univariately or clin-
ically significant correlates (including BMI). Final multivari-
able correlates of CAC progression were SIF and baseline
CAC score. In those with a baseline CAC score¼ 0, SIF was
the only variable selected in the stepwise selection model,
demonstrating a marginal association with CAC progression
(P¼ 0.08). In those with a CAC score >0 at baseline, SIF was
neither univariately nor multivariately associated with CAC
progression. In the final multivariable model, only the base-
line age was associated with the progression of CAC in those
with a baseline CAC score greater >0.

Finally, age-adjusted SIF was significantly higher in those
with a history of CAD (P¼ 0.01, data not shown). However, in
the multivariable model (fully adjusted for age, sex, log-
transformed [ln]-CAC, HbA1c, ln-AER, HDL cholesterol, non-
HDL cholesterol, diastolic blood pressure, blood pressure
medication use, BMI, and a history of smoking), SIF was not

independently related to CAD, with only ln-CAC (OR¼ 1.28,
P¼ 0.02) and ln-AER (OR¼ 1.34, P¼ 0.04) being associated.
When the definition of CAD was restricted to myocardial
infarction or revascularization (n¼ 20), only ln-CAC was
significantly associated with CAD (OR¼ 2.00, P< 0.0001).

Discussion

To our knowledge, this is the first study to document an
association between SIF, a marker of skin collagen AGEs, and
CAC. Increased levels of AGEs have been associated with
arterial calcification of the coronary arteries in hemodialysis
patients,15 with medial wall calcification of the internal tho-
racic artery of diabetes patients with CAD,28 and with medial
wall calcification of the limbs of diabetes patients with neu-
ropathy.29,30 In the current study we observed an age- and
renal damage-independent relationship between SIF, a mar-
ker of AGEs, and the severity of calcification of the coronary
arteries. We have also shown a relationship with the pro-
gression of CAC, independent of age and renal function
(serum creatinine) and renal damage (AER). Finally, we have
shown a strong association between SIF and CAC at clinically
significant thresholds associated with CAD.

Putative mechanisms of vascular calcification include: cal-
cium deposition into the arterial wall as a result of increased
parathyroid hormone activity and elevated extraosseous

FIG. 2. Receiver operator characteristic curves for the detection of CAC in those with a total volume CAC score >0, >200,
and >400. The SIF score was swept from 0.018 to 0.052 arbitrary units to generate each of the ROC curves, and the equal error
rates (EERs) and associated SIF thresholds were as follows: for CAC volume score >0, EER¼ 0.31 at SIF¼ 0.029; for CAC
volume score >200, EER¼ 0.24 at SIF¼ 0.033; and for CAC volume score >400, EER¼ 0.26 at SIF¼ 0.034. AUC, area under
the curve. Color images available online at www.liebertonline.com=dia.

Table 2. Correlates of the Severity of CAC (Total Volume Score)

Model 1 Model 2 Model 3 Model 4a

SIF 1.45� 0.22 (<0.0001) 1.01� 0.24 (<0.0001) 0.89� 0.23 (0.0002) 0.56� 0.26 (0.03)
Age (years) 0.92� 0.25 (0.0004) 0.79� 0.25 (0.002) 0.97� 0.25 (0.0002)
Total CAD 1.36� 0.49 (0.006) 1.08� 0.49 (0.03)
BMI (kg=m2) 0.34� 0.21 (0.11)
(log) AER (mg=min) 0.48� 0.24 (0.05)
History of smoking 0.83� 0.45 (0.07)

Data are mean� SE values (P value).
aModel 4, the stepwise selection model, allowed for the following variables: SIF, age, sex, CAD, HbA1c, BMI, ln-serum creatinine, ln-AER,

HDL cholesterol, non-HDL cholesterol, diastolic blood pressure, use of hypertension medication, use of statins, and a history of smoking.
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calcium and phosphorus levels, as observed in kidney dis-
ease; vascular smooth muscle cell and calcifying vascular cell
differentiation into osteoblastic cells; macrophage ingestion of
elevated oxidized low-density lipoprotein cholesterol levels,
which induces vascular smooth muscle cell migration from
the media to intima layer and secretion of collagen fibers
that trap calcium and apatite crystals; and effects of AGEs
indirectly via low-density lipoprotein cholesterol or directly
by inducing osteblastic differentiation of pericytes=vascular
smooth muscle cells. We did not have measures of parathy-
roid hormone, serum calcium, or phosphorus levels and
thus were unable to determine whether the relationship of
SIF was independent of or interacted with that of calcium
and phosphorus, although lipids, i.e., HDL cholesterol or non-
HDL cholesterol, did not demonstrate a relationship with
CAC nor did calculated low-density lipoprotein cholesterol
in the 70% of participants with fasting data. Nevertheless, SIF,
a marker of AGEs, was associated with the presence (uni-
variately) and severity of CAC and demonstrated a marginal
association in detecting those who had shown a progression
in CAC.

AGEs have been shown to induce vascular calcification and
to up-regulate mRNAs coding for markers of early- and late-
phase osteoblastic differentiation. For example, Yamagishi
et al.11 demonstrated that AGEs up-regulate osteoblastic dif-
ferentiation of vascular pericytes. We have previously ob-
served in this population a direct relationship between
measures of abdominal adiposity and BMI and the prevalence
of any CAC, but inverse relationships between these body fat
indices and the severity of CAC, in those with CAC.31 In the
current analyses, even after controlling for SIF, little rela-
tionship was seen between BMI in either the prevalence or the
severity of CAC, which may reflect the smaller sample size
assessed for SIF. In a previous report from our type 1 diabetes
population we showed a strong relationship between radio-
graphically determined medial wall calcification of the ankle
and EBT-determined calcification of the coronary arteries.32

Sakata et al.28 observed higher levels of calcification of the
medial wall of the internal thoracic artery in diabetes patients.
In their population, internal thoracic calcification was asso-
ciated with AGEs in those with diabetes but not in those
without diabetes.

It is possible that the association between SIF and CAC is
due to confounding by renal damage, as both increase with
declining renal function and increasing renal damage, but our
association with the severity of CAC was independent of re-
nal function, i.e., serum creatinine, although not of renal
damage, i.e., AER. In hemodialysis patients,15 independent of

duration on dialysis, the fluorescent AGE, pentosidine, was
associated with CAC.

CAC is a measure of atherosclerotic burden, and even
medial wall CAC is associated with atherosclerotic disease.
Rumberger et al.6 were able to use EBT-determined calcifi-
cation to discriminate between �50% stenosis and no ob-
structive disease, but not the extent of stenosis, in 139 men and
women. Higher levels of the soluble receptor for AGEs were
cross-sectionally associated with cardiovascular disease in
individuals with type 1 diabetes in the EURODIAB study.33

Skin autofluorescence, as detected by the AGE Reader�
(DiagnOptics BV, Gröningen, The Netherlands), has very re-
cently been shown to predict cardiovascular events in a cohort
of 973 subjects with type 2 diabetes.34 Although the relation-
ship between SIF and clinical CAD, after accounting for CAC
and renal damage, was not significant multivariably in our
population, it is likely in this population that both CAC and
renal damage are part of the mediating pathway between SIF
and clinical CAD. Interestingly, AGEs have been postulated
to play an etiologic role in diabetic nephropathy.35 Further-
more, it is quite possible that the association between SIF and
CAD may have been underestimated in this partially survivor
cohort because those with the greatest SIF may have already
died with CAD and=or renal events.

The current results are of potential clinical significance in at
least two ways. First, they may help more clearly define the
specific role of hyperglycemia, and consequent AGE forma-
tion, in the pathogenesis of CAD in type I diabetes and thus
facilitate disentangling this component from the multiple
other factors at play, including standard risk factors and renal
disease. Second, these results if confirmed by others, and in
prospective studies, would suggest that periodic assessments
of SIF may help identify those most prone to complications.
Use of SIF may be more efficient than currently available
cumulative HbA1c measures and for CAD, as indicated here,
may be more feasible, cheaper, and safer than, for example,
periodic CAC scanning. The optimal assessment of this ap-
proach will come from prospective studies that are currently
underway.

As indicated, a major limitation of this study is the cross-
sectional nature of the study design. The calcification data
were collected prior to our ability to measure SIF, so our re-
sults show only an association at best. However, as our major
outcome in this study was CAC, which also shows a strong
relationship with all-cause mortality,36 this cross-sectional
association in living participants still has important implica-
tions. Further follow-up is planned to determine the associa-
tion of SIF with future cardiovascular events and mortality.

Table 3. Correlates of CAC Progression, Overall and After Stratification by Baseline CAC Score

OR (95% confidence interval) for progression

Overall
In those with baseline

CAC score> 0
(Incidence) in those

with baseline CAC score¼ 0

SIF 2.20 (1.09–4.45) NS 2.42 (0.91–6.46)
Age (years) N=S 3.95 (1.00–15.54) NS
Baseline CAC score 3.02 (1.55–5.89) NS NA

The stepwise selection model allowed for the following variables: SIF, age, baseline CAC score, sex, HbA1c, BMI, ln-serum creatinine, HDL
cholesterol, non-HDL cholesterol, diastolic blood pressure, use of hypertension medication, and a history of smoking. NA, not applicable; NS,
not selected.
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A strength of this study was the use of SIF. Although
the SCOUT DM has the unique ability to measure both skin
autofluorescence and intrinsic fluorescence, intrinsic fluores-
cence is a more reliable measure of fluorescence across vary-
ing skin types and pigmentation because it compensates for
optical absorption by hemoglobin and melanin in the emis-
sion region, whereas autofluorescence does not.

The relationship of this spectroscopically determined
marker of AGEs with CAC appears stronger with more severe
calcification. Given the strong relationship of CAC with CAD,
and its even stronger relationship with mortality, our finding
of a relationship of SIF with CAC, independent of age, a his-
tory of CAD, renal function, or renal damage has important
implications. To what degree SIF and AGEs formation are
truly causative in the pathways to CAC and CAD cannot be
determined by observational data such as these alone. These
data suggest that SIF may be a useful marker of CAC=CAD
risk; however, further studies are needed to determine whe-
ther it is a potential therapeutic target. In conclusion, SIF
shows a cross-sectional association with both CAC and recent
progression of CAC in type 1 diabetes.
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