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ABSTRACT

Background: Advanced glycation endproducts (AGEs) predict long-term complications in age-
related diseases. However, there are no clinically applicable markers for measuring AGEs in vivo.

Methods: We have recently introduced the AGE-Reader (DiagnOptics B.V., Groningen, The
Netherlands) to noninvasively measure AGE accumulation in the human skin of the forearm,
making use of the characteristic autofluorescence (AF) pattern that AGEs encompass. Skin AF
is calculated as a ratio of mean intensities detected from the skin between 420-600 nm and
300-420 nm. It correlates with collagen-linked fluorescence and specific skin AGE levels from
skin biopsies in diabetes, renal failure, and control subjects. Skin AF levels are increased in pa-
tients with diabetes and renal failure and are associated with the presence of vascular compli-
cations. Additionally, skin AF is strongly related to the progression of coronary heart disease
and mortality, independently of traditional risk factors. Since skin pigmentation might influence
skin AF, we have investigated the relation of relative skin reflectance (R%) to skin AF in sub-
jects with varying skin phototypes (SPT).

Results: The data presented in this article suggest that only in subjects with an SPT of V and
VI or R% <12%, no reliable measurement can be performed. Therefore, the current prototype
of the AGE-Reader is suitable for subjects with SPT I-IV or R% >12%, and more research is
needed for a broader application.

Conclusion: The AGE-Reader is useful as a noninvasive clinical tool for assessment of risk for
long-term vascular complications in diabetes and in other conditions associated with AGE ac-
cumulation.

INTRODUCTION scientifically well accepted.! Evidence collected

in experimental as well as clinical research has

THE ROLE OF ADVANCED GLYCATION ENDPROD- provided insight in the several pathways of
ucTts (AGE) in the pathophysiology of var- AGE formation.> Recent developments point
ious chronic and age-related diseases has been out that in addition to the carbohydrate-driven
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Maillard reaction from which AGEs have clas-
sically been thought to evolve, other pathways
may also be relevant to AGE accumulation. Im-
portant intermediates in these other pathways
are so-called reactive carbonyl compounds,
which may form rapidly under oxidative stress
by autooxidation of sugars (and derivatives),
but also from peroxidation of fatty acids.® Be-
cause of these two interrelated formation pos-
sibilities, glycation and oxidation, the products
arising are sometimes referred to as glycoxida-
tion products.* These may therefore include ex-
clusively carbohydrate-derived AGEs, such as
pentosidine, both carbohydrate- and lipid-de-
rived structures, such as carboxymethyllysine
(CML) and carboxyethyllysine (CEL), or even
exclusively lipid-derived compounds, includ-
ing malondialdehyde-lysine or 4-hydroxy-
nonenal-lysine.2 However, apart from glycated
hemoglobin (HbAlc), which is an example of
an AGE precursor, no biomarker has up until
recently been available to easily measure AGEs
in clinical studies and routine practice.

In this article, we will describe the impor-
tance of measuring AGEs as it has been sug-
gested to be of additional value to current avail-
able risk indicators for vascular diseases by
representing cumulative glycemic and oxida-
tive stress. Second, we discuss the development
of the AGE-Reader (DiagnOptics B.V., Gronin-
gen, The Netherlands), which was designed to
noninvasively measure AGE accumulation by
measuring skin autofluorescence (AF). Finally,
we demonstrate the interference of skin color
on the measurement with the AGE-Reader,
presenting original data.

CLINICAL EVIDENCE FOR
THE ROLE OF AGES

Most published clinical studies on AGEs and
related compounds have been performed in pa-
tients with diabetes and renal failure. In the
early 1980s, Monnier and Cerami® postulated
that “nonenzymatic browning” (Maillard reac-
tion), which had been known for a long time to
occur in foods, could also affect long-lived pro-
teins, such as collagen, in vivo. The first method
used in humans for detecting AGEs in vivo was
measuring their characteristic fluorescence in
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purified collagen from skin biopsy punches
[collagen-linked fluorescence (CLF)]. It was
demonstrated that patients with type 1 diabetes
appeared to have mean age-adjusted CLF val-
ues twice as high as those of control subjects.
It also increased with the severity of retinopa-
thy, nephropathy, and arterial and joint stiff-
ness.® In the ensuing years these findings have
been confirmed to be also true for other spe-
cific AGE compounds measured in skin biop-
sies, including pentosidine” and CML.%?

Additionally, in subjects without diabetes
with renal failure enhanced deposition of AGEs
in skin has also been found.l®© Furthermore,
some therapeutic interventions have been
shown to decrease levels of skin AGEs. For ex-
ample, in a Diabetes Control and Complica-
tions Trial ancillary study, intensified glycemic
control resulted in a decrease in skin glycation
products after 6.5 years.!! Also, dialysis in re-
nal failure may result in an attenuation of skin
AGE accumulation.’® In a recent publication,
Monnier’s group demonstrated in a 10-year
follow-up of former participants from the
Diabetes Control and Complications Trial that
glycated collagen and CML predict future mi-
crovascular events better than HbAlc.!?

In addition to AGEs linked to long-lived pro-
teins, there is also evidence that circulating
AGE-like proteins are involved in diabetes and
renal disease. Several serum glycation markers
have been associated with diabetic microvas-
cular complications as well as atherosclerotic
complications.!3 In patients with decreased re-
nal function, serum AGEs are even more ele-
vated than in subjects with diabetes having
normal renal function. Serum levels of AGEs
may rise up to 10-fold in comparison with
healthy controls.'* Although some evidence
suggests that serum AGEs correlate with the
accumulation of AGEs in tissue,!® these values
may not be a reliable reflection of chronic de-
position of AGEs in tissue.!®!” This is sup-
ported by results from studies demonstrating
that serum AGEs are poor prognostic markers
for long-term mortality!'® and cardiovascular
events.?

In addition to diabetes and renal disease,
AGEs may also play a role in other age-related
diseases. For example, AGEs have been histo-
chemically detected in the typical lesions asso-
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ciated with age-related macular degeneration,20
Alzheimer’s disease and other neurodegenera-
tive diseases,?! osteoarthritis,?2 and atheroscle-
rosis not associated with diabetes.”® Plasma
AGEs have been shown to be associated with
the number of stenotic coronary arteries in sub-
jects without diabetes®* and to positively pre-
dict the long-term incidence of cardiovascular
mortality in women without diabetes.”> Most
convincing evidence for a role of AGEs in car-
diovascular disease has been presented by
Monnier’s group, who demonstrated that CLF
measured from skin biopsies predicts athero-
sclerosis progression measured by coronary cal-
cium scores using computed tomography.2

MEASURING AGES FROM BIOPSIES
AND BLOOD SAMPLES

The term AGEs reflects a heterogenic group
of compounds, which makes the quantification
of AGEs complicated. Although several meth-
ods to determine AGE levels have been de-
scribed, no commercial assay or tool is avail-
able yet. Classically, AGEs were determined
using their characteristic fluorescence proper-
ties (excitation at 370 nm; emission at 440
nm).?” Later on several biochemical detection
methods have been developed. For pentosi-
dine, high performance liquid chromatography
is considered the most accurate, since enzyme-
linked immunosorbent assays suffer from low
sensitivity. For CML and CEL, gas chromatog-
raphy-mass spectrometry and liquid chro-
matography-mass spectrometry are consid-
ered accurate techniques to determine AGE
levels.?® High performance liquid chromatog-
raphy is accurate as well, but is relatively time-
consuming.? Several difficulties with repro-
ducibility and specificity exist when using
enzyme-linked immunosorbent assay, espe-
cially at low concentrations.® Currently, a
commercial kit from Roche Diagnostics (Basel,
Switzerland) is available, presumably circum-
venting these problems.?! Recently, the use of
an advanced glycation index, which represents
the slope values of AGE fluorescence at several
plasma dilutions, was suggested.3? In addition
to biochemical assays and fluorescent tech-
niques, several immunohistochemical tech-
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niques have been described to determine AGE
levels, but are little used in clinical settings.33
Finally, recent reports have introduced two
new concepts of assessing AGEs. First, spec-
trophotometric and spectrofluorometric tech-
niques—again making use of the fluorescence
pattern of AGEs—have been applied for mea-
suring low-molecular-weight AGEs.3* Addi-
tionally, a commercial enzyme-linked im-
munosorbent assay kit (Quantikine, R&D,
Minneapolis, MN) has been used in very recent
communications to measure the soluble frac-
tion of the receptor for AGEs.33¢ Although
these studies present interesting data, the as-
sociation of serum levels of the soluble fraction
of the receptor for AGEs with circulating or tis-
sue levels of AGEs has not been assessed yet.
Furthermore, there are other ligands associated
with this receptor,®” and this method does not
take into account the effects of AGEs that are
not receptor mediated.

This lack of uniformity in assays should be
considered when interpreting data on AGE lev-
els. A second point of concern is that AGEs
measured in plasma or serum probably do not
reflect the extent of AGE accumulation in tis-
sue, such as the retina, kidney, and vascular
wall. Most evidence for the involvement of
AGEs in the development of long-term com-
plications has been collected from the mea-
surement of AGEs in skin.!'1? An additional
limitation of assessing AGEs in plasma or
serum is that these are highly subject to kidney
function,® making it difficult to interpret ele-
vated AGE levels in subjects with impaired re-
nal function.®® Therefore, measuring AGEs in
tissue (e.g., skin) may better reflect the chronic
AGE burden than measuring AGE from serum
or plasma.

DEVELOPMENT OF THE AGE-READER

Clinical application of AGE measurements in
skin biopsy homogenates has obvious limita-
tions. Additionally, as outlined above, detec-
tion of AGEs in serum also has several draw-
backs. Therefore, there is a need for a simple
and readily available quantification of AGE ac-
cumulation in tissue that is suitable for clinical
application. The AGE-Reader, which noninva-
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sively measures AGE accumulation in skin,
meets this need and has proven its value in
long-term clinical follow-up studies.*

The development of the AGE-Reader was
initiated by a serendipitous finding in earlier
studies designed to investigate capillary so-
dium fluorescein leakage in patients with dia-
betes mellitus as a measure for endothelial dys-
function.*! Prior to injection of the sodium
fluorescein tracer increased levels of fluores-
cent light emitted from the skin were observed
in patients with diabetes compared with con-
trols. This endogenously generated fluores-
cence is generally referred to as AF. Part of this
light can in specific wavelength ranges be at-
tributed to fluorescent AGEs in the different
layers of the skin. The principle of skin AF has
been used in the field of cancer research, to
noninvasively detect local variations in skin AF
for tumor growth in tissue.*? In ophthalmologic
research, AF of lenses of patients with diabetes
has been measured. Lens AF is significantly
higher in patients with diabetes than in age-
matched control subjects and increases signifi-
cantly with the progression of diabetic reti-
nopathy.*3° However, as a result of the large
variation in density and opacity of lens tissue,
this method lacks reproducibility. In order to
apply the principle of skin AF as a marker for

FIG. 1.
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tissue accumulation of AGE, we designed the

AGE-Reader (see Fig. 1a for a photograph). <€

This technique will be outlined in more detail
below.

TECHNICAL DETAILS OF THE AGE-
READER AND ITS PROTOTYPES

Instrumentation and development of the technique

In contrast to the methods that use AF to de-
tect local variations in tissue, for example, to
detect tumors, the purpose of our application
is to detect changes that occur in the normal
skin with aging and systemic diseases. There-
fore, very local measurements are not required.
Consequently, the area of the tissue that is de-
tected by the optical fiber should be large
enough to prevent gross variations that other-
wise might occur on small displacements of the
probe, due to follicles, sebaceous glands, and
small blood vessels. Therefore, we have chosen
to use a fiber that is not in contact with the skin,
but that is located at some distance from the
skin, leading to an integration area of approx-
imately 0.4 cm?. A schematic representation of
the instrument is given in Figure 1b. Illumi-
nating light enters the skin almost perpendic-
ularly over an area of ~4 cm? that exceeds the

4 cm? illumination window
—

Skin of
subject

Fiber Probe
Shutter

(a) AGE-Reader in a clinical setting. (b) Schematic view of the AGE-Reader. A black light source is used as

excitation light. When the shutter is closed, two calibration measurements are performed: a measurement against a
white reflection standard and a dark current measurement. Subsequently, after opening of the shutter, the forearm
skin of the subject is illuminated. Emitted light from the skin in the range of 300-600 nm is transmitted by a fiber
probe to the integrated spectrometer. Data from the spectrometer are relayed to a computer by USB connection, and
the measured spectrum and the skin AF value are displayed on the screen. The total measurement is fully automated

and takes approximately 30 s to complete.
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detected area in such a way that the results do
not depend on the size of the illuminated area.
The location of the detection area is thereby
chosen in the middle of the illumination area.

For illumination, a black light source is used.
In the first prototype, the excitation was in the
range 300-420 nm (maximum intensity at 350
nm). In other prototypes the excitation range of
350420 nm was used (maximum intensity at
370 nm). Figure 2a demonstrates a sample spec-
trum of the AGE-Reader, and Figure 2b dem-
onstrates fluorescence spectra of controls and
patients with diabetes with or without he-
modialysis. In most prototype systems spec-
trometers with an array of charge-coupled de-
vice photodetectors were used, which were
connected to the AGE-Reader by an optical
fiber. In the present AGE-Readers the spec-
trometers have been integrated in the instru-
ment.

Measuring procedure for the AGE-Reader

Measurements are performed at the volar
site of the forearm, in a semidark environment,
preventing surrounding light from interfering
with the measurement. Areas with large skin
irregularities, such as visible vessels, scars,
lichenification, or other skin abnormalities, are
not used for measurement.

A measurement with the AGE-Reader con-
sists of two steps. Prior to the subject mea-
surement, two calibration measurements are
performed. First, a dark-current measurement
is obtained in order to correct for noise from
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the charge-coupled device photodetectors. This
is subtracted from the spectrum obtained from
the subject. Second, reflectance against a white
reflection standard, assuming 100% reflectance,
is measured. Subsequently, the subject mea-
surement is performed, collecting all light in-
tensity emitted from the skin in the spectrum
of 300-600 nm. Light in the range of 420-600
nm is considered to be fluorescence light,
whereas light in the 300420 nm range is
caused by skin reflectance. One measurement
consists of the average of 50 measurements, to
obtain the best reproducible results.

Since skin AF is influenced by variation in
skin absorption between subjects, but also by
the light intensity of the light source, we pres-
ent skin AF as relative values, as similarly used
by others.4¢ Hence, skin AF is calculated by di-
viding the average emitted light per nm in the
range between 420 and 600 nm by the average
excitation light intensity per nm in the range
between 300 and 420 nm, expressed as arbitrary
units (AU). Finally, relative skin reflectance
(R%) is calculated dividing the reflectance in
the 300420 nm range by reflection against the
white reflection standard. This gives an indi-
cation of the amount of light absorbed by the
skin.”

Current AGE-Reader

Whereas in many of the prototype instru-
ments the procedures described above had to
be carried out manually, the current AGE-
Reader allows for a complete automatic mea-
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(a) Light intensities in arbitrary units (AU) from the skin as analyzed by the spectrometer in the 300-600 nm

range. The blue line is derived from a patient with diabetes, and the red line is derived from a control subject. AF is
calculated by dividing the average light intensity per nm in the range between 420 and 600 nm by the average light
intensity per nm in the range between 300 and 420 nm. Reprinted with permission from Meerwaldt et al.#° (b) De-
tail of sample AF spectra in control subjects and patients with diabetes mellitus (DM) and those receiving hemodial-
ysis (HD). a.u. arbitrary units. Reprinted with permission from Meerwaldt et al.*?
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suring procedure within 30 s with immediate
presentation of the result. The reflection mea-
surements are performed by using an internal
reflection standard, instead of the previously
used white Teflon® (DuPont, Wilmington, DE)
blocks. The operation of the device requires no
special training or skills, and needs no special
preparation of the subject.

Reproducibility study

Reproducibility was tested by performing re-
peated AF measurements taken over a single
day in 25 healthy subjects and patients with di-
abetes, which showed a mean relative error in
AF of 5%. Reproducibility including seasonal
variance among 15 healthy subjects and pa-
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FIG. 3. (a) Scatter plot of the association of skin AF with

age for patients with diabetes (M, continuous line) and
control subjects ((J, dotted line). a.u., arbitrary units; yr.,
years. Reprinted with permission from Meerwaldt et al.*
(b and c) Scatter plot of the association of skin AF with
mean HbAlc (%) (b) and creatinine levels (umol/L) (c) in
type 1 diabetes patients (M, continuous line) and type 2
diabetes patients (+, dotted line). Reprinted with per-
mission from Meerwaldt et al.*8
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tients with diabetes was determined from in-
tra-individual measurements over a longer pe-
riod of time, also showing a mean relative er-
ror of 5%.%8 The influence of bleaching on skin
AF measured with the AGE-Reader seems to
be limited, since we did not observe significant
decreases in skin AF during continuous mea-
surement over a period of 10 min (authors” un-
published observations).

AGE-READER: CLINICAL STUDIES

Validation

The AGE-Reader was validated in two sep-
arate studies, to compare the noninvasively
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measured skin AF values with levels of specific
AGEs measured from skin biopsy ho-
mogenates. The first study, performed with the
tirst prototype of the current AGE-Reader, in-
cluded patients with diabetes mellitus type 1
and 2 (n = 46) and healthy control subjects (n =
46).4% Skin AF measured at the forearm, lower
leg, and abdominal area correlated strongly.
Therefore, we decided to perform future mea-
surements only on the forearm, since this is a
more practical body site for routine measure-
ment. Mean skin AF was 25% higher in patients
with diabetes compared with control subjects.
Patients with diabetes did not differ from con-
trols with respect to skin reflectance. The over-
all variance in skin AF among patients with di-
abetes could largely (r =0.78, P < 0.001) be

explained by the independent effects of age
@)(P < 0.001; Fig. 3a), mean HbAlc of the previ-

ous year (P < 0.001; Fig. 3b), and serum creati-
nine levels (P = 0.01; Fig. 3c). In control sub-
jects, the overall variance in skin AF could be
explained by the independent effects of age
(P = 0.01; Fig. 3a) and smoking (P = 0.04) (r =
0.435, P =0.01). Skin biopsy punches were
taken from the same site where the AF mea-
surement was performed. In these skin samples
specific AGEs were measured using previously
described methods.??5! Skin AF correlated
strongly with all AGEs measured from the skin
samples, including CLF (r = 0.62, P < 0.001;
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Fig. 4a), pentosidine (r = 0.55, P < 0.001; Fig. <€

4b), CML (r = 0.55, P < 0.001), and CEL (r =
0.47, P = 0.002). The second validation study
was performed in patients with end-stage re-
nal disease, treated with hemodialysis. This
study confirmed the results from the prior
study, showing even stronger correlation with
CLF (r = 0.71, P = 0.001), pentosidine (r = 0.75,
P =0.001), CML, and CEL (both »r = 0.45, P =
0.01).40 Additionally, it was shown that skin AF
was 2.4-fold increased in these patients com-
pared with healthy controls, and was indepen-
dently related to age, dialysis and renal failure
duration, presence of diabetes, triglycerides
levels, C-reactive protein, and the presence of
coronary heart disease. Since skin AF was as-
sociated with both carbohydrate-derived AGEs
(glycoxidation; CLF and pentosidine) and
lipid-derived AGEs (lipoxidation; CML and
CEL), we concluded that skin AF can be con-
sidered as a noninvasive biomarker for chronic
cumulative metabolic stress.

Relation with long-term complications

To study the association of skin AF with pe-
ripheral and autonomic nerve abnormalities,
skin AF was measured in patients with diabetes
with and without neuropathic foot ulcera-
tions.>? In neuropathic patients skin AF was
1.5-fold increased compared with patients with
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FIG. 4. Scatter plot of the association of skin AF with (a) skin CLF [in arbitrary units (a.u.)/ug of hydroxyproline
(hyp.) content of collagen] and (b) pentosidine (pmol/ug of hyp.) levels of skin biopsies from Type 1 diabetes pa-
tients (M), type 2 diabetes patients (+), and control subjects ((J). Reprinted with permission from Meerwaldt et al.*
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diabetes without neuropathy. Moreover, skin
AF was independently associated with sever-
ity of ulceration (Wagner score) and several ob-
jective markers for nerve damage, including
nerve conduction velocity and amplitude, heart
rate variability, and baroreflex sensitivity in pa-
tients with and without clinically manifested
neuropathy. These data suggest that skin AF
might detect patients at risk for neuropathy, be-
fore its clinical manifestation. In a large popu-
lation of primary care, well-controlled type 2
diabetes patients, we found that skin AF was
substantially higher in patients with micro- as
well as macrovascular complications compared
with unaffected patients.>

Predictive power of skin AF

Further evidence of the clinical value of skin
AF was collected from follow-up studies. In the
end-stage renal disease study, skin AF was an
independent and strong predictor of 3-year
overall [odds ratio (OR) 3.9] and cardiovascu-
lar (OR 6.8) mortality.* In a separate study in
patients with diabetes having normal renal
function, multivariate analysis showed that
skin AF replaced HbAlc, triglycerides, and
low-density lipoprotein as predictors of 5-year
mortality (OR 2.0) (R. Meerwaldt, unpublished
data).

Skin AF as a marker of oxidative stress

In several clinical studies, skin AF was pos-
itively associated with levels of C-reactive
protein, which in atherosclerotic disease may
be regarded as an index for oxidative stress-
derived inflammation.#0°455 Furthermore, in
patients with end-stage renal disease skin AF
was inversely related to plasma levels of vit-
amin C, which is considered to be a potent
antioxidant.>* In patients with acute ST-ele-
vation myocardial infarction, skin AF is sig-
nificantly higher compared with patients
with stable coronary artery disease, indepen-
dently of diabetes and smoking. These data
suggest that skin AF may be a marker for gly-
cation-derived as well as oxidative stress-de-
rived AGE formation, and may therefore be
modulated by acute changes in oxidative
stress.®

MULDER ET AL.

POSSIBLE LIMITATIONS OF
THE AGE-READER

As indicated briefly above, skin AF may be
influenced by fluorescent compounds (fluo-
rophores) other than AGEs. One potentially
confounding fluorophore contained in resident
skin cells is the reduced form of NAD(P) [e.g.,
NAD(P)H; excitation at ~350 nm; emission at
460 nm].5¢ It was reported previously in this
journal that in vitro incubation of fibroblasts
and adipocytes with a high glucose medium,
resulted in increased AF.5” However, this was
temporary and dropped quickly over time,®
and the implications for noninvasive in vivo
measurements have not been addressed yet.
Furthermore, in a rat model the 360 nm excita-
tion band measured noninvasively at the skin,
which is produced by NADH as well as CLF,
did not change when hypoxia was induced by
pressure occlusion or when the animal was sac-
rificed. This AF is therefore likely to be mainly
from CLF, thus from AGEs, and not from
NADH.> Two other fluorophores in the hu-
man skin are porphyrins (excitation at ~405
nm; emission at 600 nm) and tryptophan (exci-
tation at ~295 nm; emission at 340-350 nm).>°
However, their fluorescence spectrum falls out-
side the spectrum of the AGE-Reader.

In addition to the static fluorescence linked
to long-lived proteins, it is likely that skin AF
may also be influenced by temporary changes
in interstitial and possibly also intracapillary
constitution of compounds with fluorescent
properties. This phenomenon is supported by
the finding that transcapillary and interstitial
sodium fluorescein (emission at ~515 nm) dif-
fusion in skin after intraveneous injection can
be easily detected using videomicroscopy,*!
but also using the AGE-Reader (authors’ un-
published data).

In addition to fluorophores in the skin, several
chromophores may also induce unwanted vari-
ance in skin AF measurement by absorption of
excitation but also emission fluorescence light.
By far, hemoglobin and melanin are the most
important confounders, capable of absorbing
light in the 330400 nm range.”® Additionally,
epidermal thickness has been proposed as a
confounding factor. Sandby-Moller et al.®® dem-
onstrated that only skin pigmentation (e.g.,
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FIG. 5. Scatter plot of the association of skin reflectance (a) and skin AF (b) with SPT. P values indicate between-
group differences and are tested using Student’s ¢ test for unpaired variables. Horizontal lines represent mean val-

ues. AU, arbitrary units.

melanin) and to a much lesser extent redness
(e.g., hemoglobin) significantly influence the
amount of emission light from the skin and that
the effect of epidermal thickness is negligible.
The influence of skin absorption is largely cor-
rected when representing AF as values relative
to skin reflectance.*” However, there is still some
concern that especially skin pigmentation may
introduce unwanted intra- and inter-individual
variance in measurements.

EFFECTS OF SKIN PIGMENTATION
ON SKIN AF AS ASSESSED BY
THE AGE-READER

To investigate the behavior of skin AF across
different white and dark skin types and to de-
termine the threshold of skin reflectance below
which skin AF measurement becomes unreli-
able, we performed a substudy as part of clini-
cal studies conducted at our hospital. For this
study we included 272 subjects, of which 78 had
stable coronary artery disease, 158 had subclini-
cal atherosclerosis, and 36 were healthy subjects,
in which skin AF and reflectance (R%) were mea-
sured using a prototype of the AGE-Reader. All
studies were approved by the local ethics com-
mittee, and all subjects gave informed consent.
No specific inclusion and exclusion criteria were
applied for this substudy. To objectively docu-
ment skin phototype (SPT), ranging from I (pale

skin) to VI (black skin), a questionnaire adapted
from Fitzpatrick®? was used.

Mean age was 59.3 years (SD 14.1). Subjects
with SPT V and VI were significantly older than
subjects with SPT I-IV (34.3 = 15.7 vs. 63.4 =
8.2 years; P < 0.001). SPT was strongly corre-
lated with skin R% (r = —0.6; P < 0.001; Fig.

5a). From the correlation plots between SPT <«

and skin AF (Fig. 5b), it was evident that SPT
V and VI affected skin AF (r = —0.4; P < 0.001).
However, after exclusion of subjects with these
skin types, the correlation with skin AF disap-
peared (r = —0.07; P = 0.30). The relation be-
tween skin AF and skin R% was not strong for
R% >13, but showed a very steep slope at skin

R% <12-13% (Fig. 6). In the whole group skin €

4.5
4.0+
3.54
3.04
2.54
2.04
1.54
1.04 )
0.0 5 y r y ,

Skin AF * 1072 (AU)

Skin Reflectance (%)

FIG. 6. Scatter plot of the relationship of skin reflectance
with skin AF. AU, arbitrary units.
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AF correlated strongly with age (r = 0.7, P <
0.001). After multivariate regression analysis
skin AF was independently associated with
skin R% [standardized B8 = 0.3; 95% confidence
interval (CI), 2.4-4.2; P < 0.001] as well as age
(standardized B = 0.5; 95% CI, 0.8-1.1; P <
0.001), explaining 55% of its total variance.
From these data, we conclude that skin AF
is indeed affected by skin color, as reflected by
a significant association with SPT and R%.
However, this association was only valid be-
cause of inclusion of subjects with a SPT V and
VI or R% <12%. Even in subjects with SPT V,
there was a significant correlation with age,
giving the option to calculate a correction fac-
tor to be able to compare these values with
those measured in subjects with a lighter skin
color. Unfortunately, the sample size of this
study did not allow such an analysis; thus a
larger study including more subjects with SPT
V and VI is warranted. For the meantime, the
AGE-Reader software automatically warns the
user not to rely on skin AF values when R% in
found to be <12% during the measurement.
Since some subjects with SPT II-IV may also
have R% <12%, this approach may be more ac-
curate than to rely on SPT. Other approaches
to allow for skin AF measurements in subjects
with R% <12% are under study, including us-
ing an actual broadband spectrum of white
light as a source for reflectance calculation. This
approach may help elicit the transfer function
of skin for both the excitation wavelength and
the fluorescence, and may provide a better cor-
rection for variation based on skin color. Oth-
ers, using a geometry with multifiber probes,
have used an empirical correction using both
the reflection coefficients at emission and exci-
tation wavelength.®? Additionally, the effect of
direct sun exposure on the skin should be ad-
dressed, especially in subjects with a lighter
skin type. However, this effect may be limited
since the seasonal variety of skin AF is <6%.%

CONCLUSIONS AND
FUTURE RESEARCH

With the current published data, we have
demonstrated that skin AF is a valuable marker
for chronic accumulation of glycation- and ox-
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idative stress-derived AGEs. It is associated
with chronic complications in diabetes melli-
tus, including peripheral and autonomic nerve
abnormalities, and has independent and incre-
mental power to predict long-term mortality in
patients with diabetes and in patients with end-
stage renal disease. These studies have been
performed in small groups of referral care pa-
tients. However, in the near future, follow-up
data from a large cohort of approximately 1,000
primary care diabetes patients followed since
2001 will become available. These data will
give insight into the capability of skin AF to
predict future micro- and macrovascular
events and mortality.

Since AGEs may also form from oxidative
stress and skin AF is strongly related to skin
accumulation of advanced lipoxidation prod-
ucts (e.g., CML and CEL), we are currently in-
vestigating the validity of skin AF in diseases
that are not classically associated with AGEs,
such as stable coronary artery disease and acute
coronary syndromes. Preliminary results in-
deed showed increased skin AF values in these
patients.>® To enable reliable measurements in
subjects with dark skin color, more research is
needed.

Based on the cumulative evidence presented
in this article, we conclude that measuring skin
AF provides an easily applicable and repro-
ducible noninvasive tool to investigate the
pathogenetic effects of AGEs in larger popula-
tions. Furthermore, skin AF might be a practical
tool for estimating risk of complication in dia-
betes, renal failure, and possibly other diseases.
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