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Skin Autofluorescence Reflects
Integration of Past Long-Term Glycemic
Control in Patients With Type 1 Diabetes
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OBJECTIVE—The aim was to investigate the relationships between skin autofluorescence
(AF) and the impact of past glycemic control and microvascular complications in Japanese
patients with type 1 diabetes.

RESEARCH DESIGN AND METHODS —Two hundred forty-one patients and 110 con-
trols were enrolled. Advanced glycation end product accumulation was measured with AF
reader. Three monthly HbA, . levels during the past 20 years were determined from medical
records, and the HbA, . area under the curve (AUC) was calculated. We performed multivariate
regression analyses to examine the associations between the severity of diabetes complications
and various variables.

RESULTS—Skin AF values increased with increasing the severity of retinopathy (P < 10~ "',
linear regression analysis) and nephropathy (P < 10~ for chronic kidney disease stage; P <
1077 for albuminuria-based stage). HbA;. AUC values over the past 15 years were significantly
correlated with skin AF values (past 5 years: R = 0.35, P < 0.0001; past 10 years: R=0.36, P <
0.0001; past 15 years: R = 0.55, P < 0.0001; past 20 years: R = 0.22, P = 0.13). HbA,. AUC
values over the past 3, 5, 10, and 15 years were significantly associated with the severity of
both nephropathy and retinopathy. Multivariate analyses in which HbA;. AUC value was re-
moved from the independent variables indicated that only skin AF was independently associated
with nephropathy, whereas age at registration, age at onset of diabetes, and skin AF were in-
dependently associated with retinopathy.

CONCLUSIONS —Skin AF reflects past long-term glycemic control and may serve as a sur-
rogate marker for the development of microvascular complications in place of HbA;. AUC value.
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dvanced glycation end products

(AGEs) are generated via nonenzy-

matic reactions of ketone or alde-
hyde groups of sugars with free amino
groups of proteins, lipids, or nucleic
acids, and these reactions are referred to
as Maillard reactions (1). The accumula-
tion of AGEs on tissue proteins has been
implicated in the aging of proteins
and progression of chronic age-related
diseases (2). The measurement of AGE
accumulation in skin biopsy specimens,
as determined via AGE assays, was
found to correlate with serum AGEs (3).
Monnier et al. (4) reported that the aver-
age age-adjusted fluorescence values in

skin biopsy specimens were two-fold
greater in patients with type 1 diabetes
compared with nondiabetic control sub-
jects, and these values increased with the
severity of diabetic retinopathy and ne-
phropathy. To measure the collagen gly-
cation in skin, invasive skin biopsy
method is not applicable in routine clini-
cal diabetes care in outpatient clinic. The
measurement of plantar fascia thickness
via ultrasound is a noninvasive method
of measuring tissue glycation and is
a significant predictor of the subse-
quent development of microvascular
complications in type 1 diabetes (5).
Recently, a noninvasive method using
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an autofluorescence (AF) reader for the
measurement of skin AGE accumulation
was developed. An AF reader calculates
AF by dividing the average light intensity
emitted per nanometer over the 420- to
600-nm range by the average light inten-
sity emitted per nanometer over the
300- to 420-nm range. Meerwaldt et al.
(3) reported that skin AF offers a simple
alternative to invasive measurements of
AGE accumulation after pepsin digestion
of skin biopsy samples via collagen-linked
fluorescence (CLF) (excitation at 370 nm
and emission at 440 nm) and pentosidine
measurements with high-performance liquid
chromatography (excitation at 328 nm and
emission at 378 nm), N°-carboxymethyllysine
(CML), and N*-carboxyethyllysine (CEL)
(6). They reported that skin AF correlated
with pentosidine, CML, CEL, and CLF
measurements obtained from skin biopsy
samples (5).

However, the majority of previous
studies of the measurement of AGE accu-
mulation include Caucasian patients and,
thus, the issue of racial differences is not
addressed. Furthermore, previous studies
using skin AF in Japanese subjects studied
patients with end-stage renal disease (7),
rheumatoid arthritis, osteoarthritis (8),
and cerebral infarction (9). It was found
that skin AF was significantly higher in
patients with end-stage renal disease,
rheumatoid arthritis, and cerebral infarc-
tion than that of healthy controls.

Thus, the aim of the current study
was to investigate the relationships be-
tween skin AF, glucose metabolism, and
diabetic vascular complications using an
AF reader in Japanese patients with type 1
diabetes.

RESEARCH DESIGN AND
METHODS

Subjects

Two hundred forty-one Japanese patients
with type 1 diabetes were randomly se-
lected via review of clinical notes between
May 2008 and March 2010. Type 1 di-
abetes mellitus was defined according to
criteria put forth by the Committee of the
Japan Diabetes Society on the diagnostic
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Skin AF, glycemic control, and microvascular complications

criteria of diabetes mellitus published in
1999 (10). Patients older than 17 years
with onset of type 1 diabetes were re-
cruited. All patients were treated with
multiple daily insulin injection or contin-
uous insulin subcutaneous infusion
under medical supervision in our depart-
ment. One hundred ten nondiabetic and
age-matched control subjects who did not
have a self-reported history of diabetes,
arteriosclerosis, and renal dysfunction
also were recruited. Skin AF was nonin-
vasively measured in 241 diabetic pa-
tients and 110 nondiabetic healthy
subjects. Patients with psychosis or eating
disorders, or both, were excluded from
the study. The current study was
approved by the Ethics Committee of
the Tokyo Women’s Medical University
School of Medicine, and written informed
consent was obtained from each subject.

Skin AF

Skin AF was assessed on the ventral
side of the forearm using a skin AF
reader (AGE Reader; DiagnOptics BV,
Groningen, the Netherlands). The AF
reader is the first and only diagnostic
device that noninvasively measures the
tissue accumulation of AGEs using the
fluorescence of ultraviolet light. Briefly,
the AF reader illuminates ~1 cm? of skin,
which is guarded from surrounding light,
with an excitation light source ranging
from 300 to 420 nm (peak excitation,
370 nm). AF was calculated by dividing
the average light intensity emitted per
nanometer over 420 to 600 nm by the
average light intensity emitted per nano-
meter over 300 to 420 nm. Skin AF mea-
surement was performed on the ventral
side of the forearm after wiping the skin
with an alcohol swab in the sitting posi-
tion at room temperature. Measurement
was performed once per person.

With respect to the reproducibility of
the results, the coefficient of diurnal
variation of the skin AF measurement
was 3.7% when we repeated the skin AF
measurement 10 times on the same day
for 14 control subjects. Furthermore, the
coefficient of daily variance was 4.6%
when we repeated the skin AF measure-
ment once per day for 5 days for each of
the 9 control subjects. In the previous
report, the coefficient of variation based
on repeated skin AF measurements on the
same day was 2.8% (n=5) (7). These data
from our present study and a previous
study by others indicate that each AF
value obtained in our study has little error
and, therefore, is reliable.

Clinical data

Blood pressure was measured with an
automatic sphygmomanometer with the
patient in a sitting position in the out-
patient care room. Blood glucose (elec-
trode methods, ARKRAY), serum
creatinine (Cr), HDL cholesterol, LDL
cholesterol, triglycerides (enzymatic
methods, HITACHI 7700), urinary
albumin excretion rate (albumin:Cr ratio
[ACR], mg/g Cr, latex methods,
EIKENKAGAKU LX 2200). We found
estimated glomerular filtration rate
(eGFR: mL/min/1.73 m?) with the follow-
ing revised equation for eGFR of
serum Cr for Japanese subjects: eGFR
(mL/min/1.73 m?®) = 194 X serum
Cr 109% x ag670'287 (X0.739); values
in the parentheses were applied for fe-
males (11). HbA;. levels were measured
via high-performance liquid chromatog-
raphy (HA8111A until December 1991
and HA8120 model from January 1992;
ARKRAY). HbA,. levels determined with
the HA8111A model were calculated and
converted into the data format of the
HA8120 model using the following for-
mula: y = 0.980 X —0.381. The value
for HbA,. (%) is estimated as an NGSP
equivalent value (%) calculated as HbA, .
(%) = HbA; . (Japan Diabetes Society) (%)
+0.4%, which considers the relational ex-
pression of HbA). (Japan Diabetes Soci-
ety) (%) measured by the previous
Japanese standard substance and mea-
surement method and HbA;. NGSP
(12). The value for HbA,. (International
Federation of Clinical Chemistry) (mmol/
mol) was calculated as HbA . (%) = 10.93
X (Japan Diabetes Society % + 0.4)
— 23.52. Serum CML and pentosidine
were measured via ELISA (Benchmark Mi-
croplate Reader, SRL; Benchmark Micro-
plate Reader, Fushimi). The degrees of
retinopathy were defined as no, back-
ground, and preproliferative or prolifera-
tive retinopathy based on direct
ophthalmoscopy with dilated pupils 3
months before and after the assessment
of biochemical markers. Background reti-
nopathy was defined as the presence of
microaneurysm or any hemorrhages,
hard exudate, or soft exudates, whereas
proliferative retinopathy was defined as
retinal neovascularization and vitreous
hemorrhage attributable to retinal neovas-
cularization, including the postphotocoa-
gulate state with level 60 or higher as
judged by the modified Airlie House Sys-
tem (13). The retinopathy stage was diag-
nosed by several ophthalmologists
specialized in diabetic retinopathy in our

institute. In this study, no blinding of the
ophthalmologists was performed. For the
classification of retinopathy, retinal or
fundus photography was observed by
well-trained ophthalmologists. Stages of
nephropathy were classified by two sepa-
rate methods. In the first method, chronic
kidney disease (CKD) stages 1-5 defined
by National Kidney Foundation practice
guidelines for CKD (14) were used. In
the second method, the nephropathy
was classified into five stages using urinary
albumin excretion values as follows: 1)
normoalbuminuria (ACR <30 mg/g Cr);
2) incipient nephropathy (ACR =30 but
<300 mg/g Cr); 3) overt nephropathy
(ACR =300 mg/g Cr); 4) chronic renal
failure (serum Cr >2.0 mg/dL); and 5) re-
nal failure on dialysis. Three monthly
HbA,. levels during the past 20 years
were determined from previous medical
records, and the HbA;. area under the
curve (AUC) was calculated. HbA,. AUC
was calculated for 3, 5, 10, 15, and 20
years from baseline. The points for
HbA, . values used per person to calcu-
late HbA;. AUC were 21 for 5 years, 41
for 10 years, 61 for 15 years, and 81 for
20 years.

Statistical analysis

Differences between groups were tested
by unpaired Student t test (if normally
distributed) for continuous variables.
P < 0.05 (two-tailed) indicated statistical
significance. The multivariate stepwise
linear regression analyses were performed
with SPSS version 15.0 or R version
2.15.0 for Windows. Severity of nephrop-
athy or retinopathy was coded by integer
values in the regression analysis as de-
scribed in herein. Non-normal distrib-
uted values were log-transformed before
inclusion in the analysis.

RESULTS —The baseline characteristics
of 241 patients with type 1 diabetes are
presented in Table 1. The mean age at
registration was 36.7 * 10.5 years, dura-
tion of diabetes was 18.2 = 10.4 years,
and BMI was 23.2 + 3.1 kg/m?. Patients
were subdivided into three groups ac-
cording to their stage of diabetic retinop-
athy as follows: none (n = 160; coded as
0 in the regression analysis); background
(n = 43; coded as 1); and preproliferative
or proliferative (n = 38; coded as 2). Ad-
ditionally, all patients were classified into
five groups in two separate methods as
described previously. With the first
method of classification (National Kidney
Foundation practice guidelines), 117,
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Table 1—Baseline characteristics of patients with type 1 diabetes

Baseline characteristics

N (male/female)

Age at registration, years

Age at onset of diabetes, years
Duration of diabetes, years
BMI, kg/m*

HbA ., %, mmol/mol

Blood glucose, mg/dL

Cr, mg/dL

Triglyceride, mg/dL, median (interquartile range)

LDL cholesterol, mg/dL

SBP, mmHg

DBP, mmHg

Retinopathy*

NKF CKD stage, 1/2/3/4/5%
Albuminuria-based nephropathy stage::
ACR, mg/g Cr, median (interquartile range)
eGFR, mL/min/1.73 m?

241 (132/109)
36.7 £ 10.5
186 £ 11.1
18.2 £ 10.4
232 *31

7.6 x14,59.7 £ 16.7
167.7 = 93.1
0.83*10
75 (52-105)
99.6 £ 25.9
1259 + 18.6
76.1 = 11.0
160/43/38
117/112/8/1/3
208/19/9/2/3

7.75 (5.18-14.6)
90.7 £ 214

Data are presented as mean = SD unless otherwise specified. SBP, systolic blood pressure; DBP, diastolic
blood pressure; NKF, National Kidney Foundation; ACR, urinary albumin excretion rate. *None/back-
ground/preproliferative or proliferative. tClassification of nephropathy according to National Kidney
Foundation practice guidelines for CKD (14). #Normoalbuminuria/microalbuminuria/macroalbuminuria

chronic renal failure/chronic renal failure on dialysis.

112, 8, 1, and 3 patients were classified as
having CKD stage 1, 2, 3, 4, and 5, re-
spectively (Table 1). However, with the
albuminuria-based classification, 208,
19,9, 2, and 3 patients were classified as
having CKD stage 1, 2, 3, 4, and 5, re-
spectively (Table 1). The mean (£SD)
age at registration of 110 nondiabetic sub-
jects was 36.0 = 9.4 years, and that of
BMI was 21.9 + 2.3 kg/m®. There was
no difference in age at registration be-
tween 241 type 1 diabetic patients and
110 controls, whereas the diabetes group
had higher BMI than the control group
(P < 0.001).

Clinical parameters correlated with
skin AF

There was a positive correlation between
age at registration and skin AF in patients
with type 1 diabetes and nondiabetic
control subjects (R = 0.43, P < 10712
R=0.31, P < 0.001). To exclude the in-
fluence of aging, we analyzed the differ-
ence in skin AF using the age-matched
diabetic and control groups. Thus, the pa-
tients with current age younger than 41
years (156 patients with type 1 diabetes;
30.5 = 6.0 years) and 82 age-matched
controls (31.6 * 4.9 years) were com-
pared. There were no differences in age
at registration between the 156 type 1 di-
abetic and 82 control subjects. Skin AF
values were significantly higher in

patients with type 1 diabetes (2.31 =
0.50) than those of age-matched controls
(1.95 + 0.32; P < 10 '%; Student  test)
(Supplementary Fig. 1).

We also investigated whether there is
an association between skin AF and var-
ious clinical parameters (n = 241). Skin
AF values were positively correlated
with duration of diabetes (R = 0.50; P <
107") in patients with type 1 diabetes.
There were positive correlations between
skin AF and HbA;. at baseline (R = 0.27;
P < 0.0001),BMI(R=0.15;P<0.05),Cr
(R=0.23;P < 0.001), systolic blood pres-
sure (R =0.20; P < 0.01), log(ACR) (R =
0.31; P < 107°), and log(triglycerides)
(R=0.18; P < 0.05). There was a negative
correlation between skin AF and eGFR
(R = —0.29: P < 10~ °). There was no
significant correlation between skin AF
and blood glucose, LDL cholesterol, or
diastolic blood pressure.

Correlation between skin AF and
diabetic microvascular
complications

The relationships between skin AF and
diabetes microvascular complications at
baseline are presented in Fig. 1. In regard
to diabetic retinopathy, skin AF increased
with increasing severity of retinopathy
from no retinopathy (coded as 1 for the
regression analysis), to background reti-
nopathy (coded as 2), to preproliferative

Sugisawa and Associates

or proliferative retinopathy (coded as 3)
(P < 10~ " linear regression analysis)
(Fig. 1A). We also performed a regression
analysis in which the severity of retinop-
athy was interpreted as a categorical vari-
able. The results indicated that the
skin AF was associated with the difference
between none and background groups
(P=4.5 X% 10"") and between none and
preproliferative or proliferative groups
(P=12x1079).

As stated, staging of nephropathy was
performed by two separate methods, i.e.,
one by the classification according to Na-
tional Kidney Foundation practice guide-
lines for CKD (14), and the other by
albuminuria-based method. Figure 1B
shows the increase of skin AF values with
the increasing stage of CKD, from 1 (coded
as 1 for the regression analysis), to 2 (coded
as 2), to 3 (coded as 3), to 4 or 5 (coded as
4) (P < 1072, linear regression analysis).
We also performed a regression analysis
in which the severity of CKD was inter-
preted as a categorical variable. The results
indicated that the skin AF was associated
with the difference between none and stage 2
(P = 0.00095), between none and stage 3
(P=0.021), and between none and stage 4
or 5 (P = 0.00060). Figure 1C shows the
increase of skin AF values with increasing
the albuminuria-based stage from 1 (coded
as 1 for the regression analysis), to 2 (coded
as 2), to 3 or 4 (coded as 3), to 5 (coded as
4) as described (P < 10, linear regression
analysis). The results of the regression anal-
ysis in which the severity of nephropathy
stage was incorporated as a categorical vari-
able indicated that the skin AF was associ-
ated with the difference between none and
microalbuminuria (P = 0.00022), between
none and macroalbuminuria or chronic re-
nal failure (P = 0.28), and between none
and hemodialysis (P = 8.3 X 1079,
Furthermore, we examined the relation-
ship between skin AF and diabetic retinop-
athy in the patients without nephropathy
to exclude the impact of nephropathy. For
the patients in the CKD stage 1 and CKD
stage 2 groups, skin AF increased with in-
creasing stage of retinopathy from no reti-
nopathy (n = 158), to background
retinopathy (n = 39), to preproliferative
or proliferative retinopathy (n = 31) (P <
10~ "', linear regression analysis) (Supple-
mentary Fig. 2).

Past metabolic control and current
skin AF

To determine the effects of past glycemic
control and its duration in current skin
AF, three monthly HbA,. values were
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A

Stage of retinopathy

B

Stage of CKD
(National Kidney Foundation)

o

L

——

AF value

C

Stage of nephropathy
(Albuminuria-based)

CKD stage
Back-  Preproliferative
none ground or proliferative 1 2 3 4or5
(n) 160 43 38 () 117 112 8 4
P <101, linear regression P <10, linear regression
analysis analysis

o
o

—

[—

o T

— =

o

Albuminuria-based stage

1 2 3ord 5

208 19 11 3

(n)

P <107, linear regression
analysis

Figure 1—The relationships between skin AF and the stage of retinopathy or nephropathy in type 1 diabetes mellitus. The results were shown by box
plots. A line within a box indicates the median, and the upper and lower squares within the box include quartiles of the points. The upper and lower
horizontal bars indicate the maximum and minimum values excluding outliers. Outliers are indicated by circles. A: The patients were classified into
three stages of retinopathy; i.e., “none,” “background,” and “preproliferative or proliferative.” B: The patients were classified into five classifications
of CKD according to National Kidney Foundation practice guidelines (14). Stages 4 and 5 were combined because they had small numbers of the
patients. In the regression analysis, stages 1, 2, and 3 were coded as 1, 2, and 3, whereas stages 4 and 5 were combined and coded as 4. C: The patients
were classified into five albuminuria-based stages of nephropathy as described in the Methods. Stages 3 and 4 were combined because they had small
numbers of patients. In the regression analysis, stages 1, 2, and 5 were coded as 1, 2, and 4, whereas stages 3 and 4 were combined and coded as 3.

determined over the past 20 years. The
correlations between skin AF and HbA, .
AUCfor the past 3, 5, 10, 15, and 20 years
from baseline were determined in patients
with type 1 diabetes (Fig. 2). In the pa-
tients with type 1 diabetes, HbA;. AUC
over the past 15 years significantly corre-
lated with skin AF, and the correlation
coefficient increased with increasing du-
rations of HbA;. AUC (past 5 years, n =
179: R=0.35, P < 0.0001; past 10 years,
n=110:R=0.36,P < 0.0001;and past 15
years,n=58:R=0.55,P <0.0001). How-
ever, there was no significant correlation
between skin AF and HbA;. AUC for the
past 20 years (R=0.22; P=0.13;n = 28).
Multivariate stepwise regression analysis
using duration of diabetes, age at registra-
tion, age at onset of diabetes, sex, and BMI
in addition to HbA;. AUC for the past 10
years as independent variables revealed
that HbA;. AUC for the past 10 years,
duration of diabetes, and onset age were
independent variables associated with
current skin AF value (B = 0.421, P <
107% B =0.470, P < 1077 B = 0.244,
P < 0.01).

Next, we performed a univariate lin-
ear regression analysis to examine the
associations between the severity of either

nephropathy or retinopathy and HbA;,
AUC over the past 3-20 years (Table 2
and Supplementary Figs. 3-5). As in Sup-
plementary Fig. 3, HbA,. AUC values
over 3, 5, 10, and 15 years were signifi-
cantly associated with the stage of reti-
nopathy (P < 107 ° to 10~ ¥, linear
regression analysis), whereas the associa-
tion was not significant between the stage
of retinopathy and HbA; . AUC value over
20 years (P = 0.24). Next, as in Supple-
mentary Fig. 4, HbA,. AUC values over 3,
5, 10, 15, or 20 years were not signifi-
cantly associated with the stage of CKD
according to National Kidney Foundation
practice guidelines (14) (P < 0.108-
0.911, linear regression analysis). On
the contrary, HbA;. AUC values over 3,
5, 10, and 15 years were significantly as-
sociated with the albumin-based stage of
nephropathy (Supplementary Fig. 5)
(P < 0.0001-0.01, linear regression anal-
ysis), whereas the association was not sig-
nificant between the albumin-based stage
of nephropathy and HbA;. AUC value
over 20 years (P = 0.324). These results
suggest that the albuminuria-based stage
of nephropathy is a more sensitive indica-
tor of diabetes-associated nephropathy
than the stage of CKD according to the

classification by National Kidney Foun-
dation practice guidelines (14), at least
in our data set.

We performed a multivariate step-
wise linear regression analysis using the
albuminuria-based stage of nephropathy
as a dependent variable, and age at
registration, age at onset of diabetes,
duration of diabetes, sex, BMI, and skin
AF as well as AUC of HbA, . over the past
15 years were used as independent vari-
ables. We used the AUC data over the
past 15 years rather than the other peri-
ods because this was the longest period
in which the clear associations with the
diabetes complications were observed.
The results indicated that AUC of
HbA;. over the past 15 years (B =
0.454; P < 0.01) and sex (B = —0.282;
P < 0.05; male > female) were signifi-
cantly associated with the albuminuria-
based stage of nephropathy. Equivalent
multivariate linear regression analysis
was performed to search for factors in-
dependently associated with retinopa-
thy by using the severity of retinopathy
as a dependent variable, and age at reg-
istration, age at onset of diabetes, dura-
tion of diabetes, sex, BMI, and skin AF
as well as AUC of HbA;. over the past
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Figure 2—Correlation between skin AF and HbA . at baseline or past HbA, . level. A: There were weakly positive correlations between skin AF and
HDA,. at baseline (R = 0.27; P < 0.0001). B-F: The relationships between skin AF and past HbA, levels. To determine the effects of past glycemic
control and its duration on current skin AF, the correlation between HbA;. AUC values and skin AF were determined over the past 20 years. HbA;
AUC from baseline to 15 years ago was significantly correlated with skin AF (B) over the past 3 years (n=200): R = 0.29, P < 0.0001; (C) over
the past 5 years (n=179): R=0.35, P < 0.0001; (D) over the past 10 years (n=110): R=0.36, P < 0.0001; (E) over the past 15 years (n = 58):
R =0.55, P < 0.0001; and (F) over the past 20 years (n =28): R=0.22, P =0.13.

15 years were used as independent
variables. The results indicated that
only AUC of HbA,. over the past 15
years (B =0.539; P < 1071 was signif-
icantly associated with the severity of
retinopathy.

These results clearly indicate that
past glycemic control for a long period
exerts a strong effect on the occurrence of
nephropathy and retinopathy. However,
AUC of HbA, . is not usually available in
the routine clinical practice. We therefore
tested whether skin AF can serve as a sur-
rogate marker instead of AUC of HbA,,
for the microvascular complications. We
removed AUC of HbA, . over the past 15
years from independent variables in these
analyses. Thus, we performed a multivar-
iate stepwise linear regression analysis us-
ing the albuminuria-based stage of

nephropathy as a dependent variable,
and age at registration, age at onset of di-
abetes, duration of diabetes, sex, BMI,
and skin AF were used as independent
variables. The results indicated that only
skin AF was significantly associated with
the albumin-based stage of nephropathy
(B =0287, P < 107°). Next, we
performed a multivariate stepwise linear
regression analysis using the severity of
retinopathy as a dependent variable,
and age at registration, age at onset of di-
abetes, duration of diabetes, sex, BMI,
and skin AF were used as independent
variables. The results indicated that age
(B =0364;P <107, age at onset of
diabetes (B = —0.387; P < 1079, and
skin AF (3 = 0.241; P < 0.001) were sig-
nificantly associated with the severity of
retinopathy.

CONCLUSIONS—To the best of our
knowledge, the current study was the first
to demonstrate that skin AF, as measured
via a noninvasive AF reader, was signifi-
cantly correlated with past long-term gly-
cemic control in patients with type 1
diabetes. It was found that present skin
AF was significantly and positively corre-
lated with HbA;. AUC over the past 15
years. However, there was a weaker corre-
lation between skin AF and HbA;. AUC
over the past 20 years than that over the
past 15 years. One reason for this discrep-
ancy may be that there were a smaller num-
ber of diabetic patients who had a history of
HbA, . up to 20 years. We could not obtain
HbA, . levels during the past 20 years com-
pletely, even in the patients with >20 years
of diabetes duration when they were
transferred from other hospitals to our
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Table 2—Results of univariate regression analysis using the severity of retinopathy or
nephropathy as a dependent variable and HbA;. AUC over the past 3-20 years as an

independent variable

Variables HbA,. AUC 3 years 5 years 10 years  15years 20 years
Patients, n 200 179 110 58 28
Retinopathy B 0.345 0.332 0.437 0.54 0.23
P <10~° <10’ <10 <10°* 0.24
CKD B 0.0148 0.0009 —-0.178  —=0.239 0.338
p 0911 0.748 0.108 0.346 0.125
Nephropathy B 0.271 0.319 0.378 0.339 0.194
P <0.0001  <107* <107*  <o0.01 0.324

hospital. The second reason may be that
onset age of diabetes has been identified
as an important factor for retinopathy on-
set. Olsen et al. (15) reported prepubertal
disease duration contributed to the subse-
quent development of retinopathy. Mean
(*SD) onset age of our subjects who had
records of HbA; . for up to 20 years (n = 28)
was 15.8 = 10.4 years, which is during
puberty.

The AGEs that can be measured with an
AF reader are CLF, CML, CEL, and pento-
sidine (6). In the Diabetes Control and Com-
plications Trial (DCCT) substudy, Monnier
et al. analyzed the effects of long-term
glycemic control as determined from mea-
surements of skin AGEs via biopsy on early
stage and advanced glycation products. They
reported that skin AGEs were reflected by
the deposited furosine levels over the
course of >1 year, and CML, pentosidine,
and pepsin-soluble collagen were reflected
by the deposited furosine levels over the
past several years (6). Skin AF is an estab-
lished method of measuring AGEs; however,
it is only a noninvasive surrogate marker. In
the current study, we did not measure spe-
cific skin AGEs, but we believe that the skin
AF values reflect the levels of CML, pentosi-
dine, and pepsin-soluble collagen deposited.
Thus, skin AF values may be used as an in-
dex marker of long-term glycemic control
compared with HbA, . Furthermore, skin
AGEs were measured via biopsy in the
DCCT subanalysis, and it was found that
furosine levels decreased by 30-32%, pento-
sidine decreased by 9%, and CML decreased
by 9-13% in the intensive treatment group
compared with the conventional treatment
group (16). These findings suggest that a re-
duction in AGEs is one of the indexes of re-
strain in diabetes complications (3,16,17).
After amean follow-up duration of 3.3 years,
Gerrits et al. (18) reported that integrated
HbA,. poorly predicts changes in skin
AGE:s as measured with skin AF in patients
with type 2 diabetes.

Although the current study was retro-
spective over the past 20 years with youn-
ger patients with type 1 diabetes, skin AF
values were significantly correlated with
HbA; . AUC over the past 15 years. Because
we recruited relatively younger patients
with type 1 diabetes, it was likely an advan-
tage because it allowed us to examine the
correlation between skin AF and integrated
HbA, ., excluding the effects of aging and
arteriosclerotic factors.

Furthermore, we investigated the effect
of the long-term glycemic control on the
important microvascular complications of
diabetes. In a multivariate linear regression
analysis using the albuminuria-based stage
of nephropathy as a dependent variable, we
showed that HbA;. AUC for the past 15
years and sex were significantly associated
with the stage. Although we could not de-
tect the association between the stage of
CKD according to National Kidney Foun-
dation practice guidelines (14) and HbA;.
AUC, this may reflect the fact that signifi-
cant reduction of eGFR is the end-stage
observation of diabetes-associated ne-
phropathy. Albuminuria is an earlier obser-
vation and may be associated more tightly
with the past glycemic control, at least in
our dataset in which the number of the pa-
tients with advanced nephropathy was
rather small. Concerning retinopathy, only
HbA;. AUC over the past 15 years was sig-
nificantly associated with the severity of ret-
inopathy. These results clearly indicated
that the poor long-term glycemic control
is the dominant factor for the development
of nephropathy and retinopathy, although
male diabetic patients may be more likely to
develop nephropathy than females. Because
HbA;. AUC values may not be easily avail-
able in routine clinical practice, we exam-
ined whether skin AF can be a surrogate
marker for diabetes complications.

In the multivariate regression analysis
from which HbA; . AUC was removed, we
showed that only skin AF was the

significant variable associated with the
albuminuria-based stage of nephropathy.
Then, we performed the similar analysis
for retinopathy. The results indicated that
age at registration, onset age, and skin AF
were the significant variables associated
with the severity of retinopathy. Thus,
retinopathy is independently associated
with skin AF and develops more fre-
quently in older patients and in those
with younger age at onset. These results
suggest that skin AF may serve as a surro-
gate marker for microvascular complica-
tions in type 1 diabetic patients when
integrated HbA . values for long periods
are not available.

One limitation of the current study was
the smaller number of subjects with macro-
albuminuria or overt nephropathy and
those requiring hemodialysis. The associa-
tion between skin AF or past glycemic
control and the severity of nephropathy
(especially for stage of CKD) may have been
clearer if there were a larger number of
patients with renal complications. It is
difficult to collect successive data in the
same patients with type 1 diabetes at one
medical facility for >20 years. Despite this,
the collected data from one medical facility
should be more stable because the same
treatment policy and techniques are used
to measure HbA; .. Therefore, these results
would be more reliable over the long-term.

Furthermore, the data about macro-
vascular complications were not included.
However, the prevalence of macrovascular
complications, coronary heart disease, ce-
rebral vascular disease, and arteriosclerosis
in Japanese patients with type 1 diabetes
are lower than those of Caucasian patients
(19,20). A previous study reported that
skin AF was strongly associated with car-
diac mortality independent of diabetes
(21). Additionally, it also was reported
that skin AF levels are a predictor of the
onset of macrovascular complications in
type 2 diabetes, as determined by the
United Kingdom Prospective Diabetes
Study (UKPDS) risk engine (22). In Japa-
nese patients with type 2 diabetes, one
cross-sectional study recently reported
that the odds ratio of skin AF levels for
macrovascular complications was 7.25
(95% CI, 2.22-23.7), and that skin AF lev-
els are an important risk factor for macro-
vascular diseases (23).

To date, there are no other reports
that examine changes in AGEs accumu-
lation over time, because most previous
studies used invasive skin biopsies. Thus,
cohort studies that assess changes in
glycemic control over time and skin AF
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values are warranted. In other words,
determining whether complications can
be prevented may be possible by further
assessing how glycemic control over time
affects skin AF values or determining
whether long-term improvements in
glycemic control are protective against
diabetic vascular complications. ACE in-
hibitors, angiotensin I receptor blockers,
and endogenous receptors for AGEs are
also important because they protect
against the development of diabetic
microvascular complications. ACE inhib-
itors and angiotensin I receptor blockers
previously were shown to reduce the
accumulation of AGEs (24,25). With
this noninvasive method, it may be pos-
sible to investigate the changes in the ac-
cumulation of AGEs induced via ACE
inhibitors or angiotensin I receptor blockers
and their efficacy in reducing AGEs.

Finally, in the current study, it was
found that skin AF, which was measured
via an AF reader, significantly correlated
with previous long-term HbA;. AUC. A
prospective study that examines the asso-
ciations between the onset and progres-
sion of diabetes complications and skin
AF levels in Japanese patients with type
1 diabetes is necessary.
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