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ABSTRACT

Introduction: Microangiopathy in People With Diabetes (PwD) represents the major cause of complications.
Detection of microangiopathy at an early stage preventing further damage is challenging. The present study
investigated whether dermal differences detected by Photoacoustic Imaging (PAI) may identify diabetes-induced
microangiopathy.

Patients and methods: In a monocentric study at Department of Dermatology of the Essen University Hospital PAI
was performed with and without occlusion of subcutaneous palmar and plantar vessels in PwD and healthy controls.

Results: In PwD, measurement of palmar PAI showed higher signal at baseline and after occlusion (both P<0.001).
Positive correlation between diabetes duration and palmar PAT measurement was observed at baseline (rho=0.245;
P=0.023) and after occlusion (rho=0.269; P=0.012). Abnormal PAI pattern in healthy patients was associated
with higher risk of deterioration of glycemic metabolism in the future (OR=6.176; 95%CI=1.731-19.01; P=0.004;
sensitivity=73.3%; specifity=67.3%; P=0.008).

Conclusion: PAI may serve as a new non-invasive method to detect hyperglycemia-induced microangiopathy. Further
studies are needed to confirm these preliminary findings.
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INTRODUCTION of Glycated End products (AGEs). AGEs bind to endothelial
receptors and release proinflammatory cytokines such as Vascular

Worldwide, Diabetes Mellitus (DM) is showing an  increasing Cell Adhesion Molecule-1 (VCAM-1), Intercellular Adhesion
prevalence as life expectancy and obesity increases. Overall, Molecule-1 (ICAM-1), interleukin-6, and Tumor Necrosis Factor-a

worldwide one in ten people suffer from DM [1-6]. Microangiopathy (TNF-a). They also form cross-links between collagen and elastin

oceurs in one of two People with Diabetes (PWD) leading to diabetic fibers, which lead to stiffening of the vessel wall [10-15]. Although

neuropathy, nephropathy, and retinopathy representing the most early intervention of microangiopathy improves morbidity and

mortality in diabetes patients, diaSnosis of microvascular injury at
an early stage before overt organ damage occurs is still challenging
[16]). Frequently, diabetic microangiopathy also manifests in the
skin, which is one of the few areas where microvasculature can

common cause for lower extremity amputation, end stage renal
disease and blindness in developed countries [7,8]. Considering the
impact of microangiopathy on life expectancy and quality of life for
PwD, detection of vascular dysfunction at an early stage is important
to allow to early medical intervention [9]. Microangiopathy is

) ) ] . be observed noninvasively and tested functionally [17]. Modern
induced by chronic hyperglycemia leading to the Accumulation
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imaging techniques such as photoacoustic imaging are used
successfully for a variety of diseases in oncology, inflammatory
diseases and angiological issues [18-25]. In a first small study,
Yang et al. were able to show dynamic differences between PwD
and Patients without Diabetes (PwN) using PAT in a total of 14
patients [26]. Therefore, the hypothesis, whether Photoacoustic
Imaging (PAI) can be used to detect deterioration of microvascular
architecture, was investigated in a larger cohort of patients in this
monocentric prospective study.

MATERIALS AND METHODS

Patients and methods

Patient cohort:PwD and healthy controls were included in the study.
The following exclusion criteria were defined for the study: Age
<18 years, insufficient ability to communicate in German or lack
of understanding of the German language, (functional) illiteracy,
missing consent, or inability of the patient to give consent, known
motoric disease and/or Raynaud's syndrome. Written informed
consent was obtained from all patients. Data were obtained during a
routine outpatient appointment of the Department of Dermatology,
Venereology and Allergology at the University Hospital Essen and
documented in the Hospital Information System (HIS) of the
University Hospital Essen. The study cohort underwent a personal
interview obtaining information on patient’s history including
diagnosis of diabetes, diabetes duration, known diabetes-specific
micro and macrovascular complications (nephropathy, neuropathy,
retinopathy, peripheral arterial occlusive disease, coronary heart
disease, and cerebral arterial occlusive disease), hypertension and
smoking history. Physical examination included height, weight,
abdominal circumference and blood pressure. Biochemical analysis
was performed for HbAlc, triglycerides, total cholesterol, HDL and
LDL, urea and creatinine.
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The study was approved by the ethics committee of Duisburg-Essen
University and conducted in accordance with the Declaration of
Helsinki (15-6273-BO). The study was registered with the German
Register of Clinical Trials (DRKS00008563).

Measurement by photoacoustic imaging

In the photoacoustic effect, laser energy is introduced into a
specific medium, causing a slight increase in temperature and
thus a temporary expansion of the tissue. This creates a pressure
sound wave that is received by the detectors of a highly sensitive
ultrasound device [27]. In the study, the patients were measured
with the FF-PAI system (Fujifilm, Tokyo, Japan), which consists of a
high-resolution ultrasound, photo acoustics and a laser. The pulsed
laser releases energy of 80 m] and has a pulse width of 50 + 10
nanoseconds at a wavelength of 755 nm (Figures 1A and 1B). By
using a specially designed diffuser the light energy was diffused over
the imaging area and thus affluence was kept below the Maximum
Permissible Exposure (MPE). The examination for microangiopathy
was performed in the small subcutaneous vessels palmar and
plantar of the subjects. Since it is essential for the measurement
that the transducer is held as still as possible, a measuring device for
hands (Figure 1C) and feet (Figure 1D) was developed to reduce the
patient's movement. Photoacoustic measurement was performed
in 2D in the patients and the changes in photoacoustic signal
intensity is monitored. For 2D measurement, Regions of Interest
(ROIs) were defined as follows 10 x 2.5 mm and subcutaneous
(Figure 1E). During the measurement, following a baseline, a
2-minute occlusion was performed with a blood pressure cuff above
the measurement site. The blood pressure cuff was inflated at least
30 mmHg above the systolic blood pressure at the upper arm or
lower leg. Values obtained by PAT measurement were expressed
in Arbitrary Units (AU). A total of four measurements were taken
on both hands and feet, and the mean of the measurements was
calculated.

corresponding laser signal and the area to be measured.

Figure 1: Overview of the measurement equipment. (A) FF-PAI system, consisting of the high-resolution ultrasound, the photoacoustic and the
Alexandrite laser system. (B) Ultrasonic probe in holder with builtin motor for measurement with the least possible movement. (C) Fixation aid
for positioning the hand. (D) Fixation aid for positioning the feet. (E) High- resolution ultrasound image of subcutaneous small vessels palmar with
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During the occlusion, oxygenated hemoglobin is consumed
increasing deoxygenated hemoglobin. By ending occlusion an
increase of oxygenated hemoglobin is expected with decrease of the
signal to its minimum peak.

Statistical analysis

Statistical analysis was performed with SPSS Statistics (Version 27,
IBM Corp.; Armonk, NY) and Graph pad Prism (Version 9.5.0.,
Graph pad). For statistical testing, the unpaired t test, Fischer’s
exact test and ROC analyses were performed. Correlations were
tested using Spearman's tho. A Pvalue of <0.05 was considered
statistically significant.

RESULTS

Patient characteristics

In this monocentric prospective study, a total of 169 patients were
enrolled in the Department of Dermatology, University Hospital
Essen, from June 23, 2015, to June 17, 2016. Among these patients,
in 88/169 diabetes diagnosis was known and 81/169 patients had
no history of diabetes. Mean age (66.4 (19.7-92.1) vs. 59.87 (20.6-
92.9) years, P=0.011) and BMI (30.0 (range 18.1-54.7) vs. 26.3 (16.7-
43.0), P<0.001) was significantly higher in PwD than in those with
normoglycemia. Distribution of gender and smoking status was
balanced in both groups (P=0.219 resp. P=0.165). Characteristics of
the study cohort is provided in Table 1.

Table 1: Demographics of the study cohort.

No diabetes

Total (n=169) Diabetes (n=88) (n=81)

Age in years
(average, range)

63.3(19.792.9) 66.4(19.7-92.1) 59.9 (20.692.9)

Gender
Male 94 (55.6%) 53 (60.2%) 41 (50.6%)
Female 75 (44.4%) 35 (39.8%) 40 (49.4%)
BMI (ke/m?)  28.2(16.7-54.7) 3 0%1(71)81 ’ 26‘23%6)’7 ’
HbAlc (mg/dl)*  6.7(4.6-13.2) 7.7(5.6-13.2) 5.5(4.6-6.4)
Smoking history
(No, %)
No 91 (53.8%) 52 (59.1%) 39 (48.1%)
Yes 76 (44.9%) 35 (39.8%) 41 (50.6%)
Unknown 2 (1.2%) 1(1.1%) 1(1.2%)
Insulin treatment
(No., %)
Yes 56 (32.9%) 55 (62.5%) 0 (0.0%)
No 113 (66.5%) 32 (36.4%) 81 (100.0%)
Unknown 1 (0.6%) 1(1.1%) 0 (0.0%)
Note: (*) Mean blood glucose levels.
Photoacoustic signals in palmar subcutaneous vessels are

significantly higher in diabetic patients and show a positive
correlation with disease duration

PAI measurement were performed at baseline and after occlusion,
in 88 diabetic patients and 81 patients without diabetes. While
looking into the time of peak of PAI signals, patients with diabetes
showed a mean of 41.5 (SD + 15.7) Arbitrary Units (a.u.) and
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patients without diabetes showed a mean of 32.4 (SD * 16.7)
a.u. at baseline, so patients with diabetes showed significantly
higher values than healthy patients at the present baseline PAI
measurement (P<0.001), Figure 2A and 2B. In PAI measurement
under occlusion, PwD showed significantly higher values than PwN
with a mean value of 44.1 + 17.2 a.u. resp. 33.4 + 19.0 a.u. (P<0.001),
Figure 2C. In PwD, duration of diabetes was positively correlated
with palmar PAT baseline and after occlusion (rho=0.245; P=0.023
Figure 2B and rho=0.269; P=0.012, Figure 2D).

Photoacoustic signals in plantar subcutaneous vessels was

similar in PwD and PwN

PAI measurement in the plantar region. The baseline measurement
showed a mean value of 30.7 (SD * 14.8) a.u. in the diabetic
patients and a mean value of 35.5 (SD + 17.6) a.u. in patients
without diabetes, so there was no statistically significant difference
(P=0.059), Figure 3A. Likewise, no correlation was found when
considering the diabetes patients in terms of disease duration
(rho=-0.074; P=0.494), Figure 3B. Measurement under occlusion
in the metatarsal region showed a mean value of 28.7 (SD * 15.2)
a.u. in diabetic patients and mean value of 33.5 (SD + 18.1) a.u. in
patients without diabetes, so there was no statistically significant
difference (P=0.064), Figure 3C. There was also no correlation of
disease duration and PAT measurement plantar under occlusion

(rho=-0.053; P=0.630), Figure 3D.

Time to minimal peak plantar is positively associated with
diabetes disease duration in diabetic patients

Furthermore PAI was used to compare the time to reach the
minimal peak between PwD and PwN. The measurement at the
hand showed a mean time to peak of 14.0 £ 7.3 seconds in PwD and
12.9 + 8.3 seconds in PwN, so there was no statistically significant
difference (P=0.293), Figure 4A. There was also no statistically
significant correlation between measured time to rise at the hand
and disease duration in PwD (rho=-0.032; P=0.804), Figure 4B.
Time to peak plantar. Here, PwD had a mean time to peak of 18.0
(SD # 12.3) seconds and PwN of 14.0 (SD # 7.9) seconds, so there
was no statistically significant difference between the patient groups
(P=0.079), Figure 4C. However, there was a statistically significant
positive correlation between time to peak measured plantar and

disease duration of diabetes (rho=0.341; P=0.023), Figure 4D.

PAT measurement palmar is predictive for the development
of diabetes

Finally it was investigated whether PAI measurement on the
hand could predict development of future diabetes in PwN. For
this purpose, a diabetes-typical PAI pattern was defined as a PAI
value higher than the median of diabetes patients at baseline
and/or occlusion measurement palmar. The analysis included
68 patients who underwent a follow-up examination at a mean
of 48.2 + 32.1 months after the first measurment. Conversion
of normoglycemia to pre-/diabetes and of prediabetes to diabetes
was interpreted as worsening of glycemic status 12 of 29 (41.4%)
patients with abnormal PAI pattern developed diabetes during
observation period. In patients with an inconspicuous PAI pattern,
4/39 (10.3%) patients developed diabetes during follow-up. Thus,
an abnormal PAI pattern was significantly associated with a higher
risk to develop diabetes (OR=6.176; 95%CI=1.731-19.01; P=0.004;
Figure 5A) with a sensitivity of 73.3% and a specificity of 67.3%
(AUC=0.703, P=0.008; Figure 5B).
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Figure 2: PAT measurement palmar (A) Boxplots show PA signals from diabetic patients and subjects without diabetes at baseline. (B) The scatterplot
shows the correlation of diabetes disease duration and measured PA signal intensity at baseline. (C) Boxplots show PA signals from diabetic patients
and subjects without diabetes after occlusion. (D) The scatterplot shows the correlation of diabetes disease duration and measured PA signal intensity

after occlusion. Note: a.u.S=arbitrary units, ***P<0.001.
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Figure 3: PAI measurement palmar (A) Boxplots show PA signals from diabetic patients and subjects without diabetes at baseline. (B) The scatterplot
shows the correlation of diabetes disease duration and measured PA signal intensity at baseline. (C) Boxplots show PA signals from diabetic patients
and subjects without diabetes after occlusion. (D) The scatterplot shows the correlation of diabetes disease duration and measured PA signal intensity

after occlusion. Note: a.u.=arbitrary units, ns= not significant.
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Figure 4: PAI measurement of time to minimal peak on the plamar and plantar (A) Boxplots show time to minimal peak of subjects with and without
diabetes measured plamar. (B) The scatter plot shows the correlation of diabetes disease duration and measured time to minimal signal plamar. (C)
Boxplots show time to minimal peak of subjects without diabetes measured plantar. (D) The scatterplot shows the correlation of diabetes

disease duration and measured time to minimal signal plantar.
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Figure 5: Determination of the risk of developing diabetes by means of PAI measurement on the hand. (A) The pie chart shows the distribution of
patients with conspicuous or inconspicuous PAT pattern on the hand who developed diabetes or not. (B) ROC analysis demonstrates the sensitivity
and specificity for predicting the development of diabetes using PAT measurement on the hand. Note: AUC=Area under curve; OR=0dds Ratio;
CI=Confidence Interval. Note: (@ ®) No development of diabetes, (##¥) Development of diabetes.
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DISCUSSION

Diabetes is a major cause of microangiopathic changes leading
to complications such as diabetic retinopathy with subsequent
blindness or diabetic nephropathy with subsequent end stage
renal disease [28-30]. Noninvasive examination methods for
early identification of microvascular damage in diabetic patients
are currently still largely lacking. In the last decade, non-invasive
optoacoustic measurement techniques have emerged as a promising
new area of research in the field of oncological, inflammatory, and
also angiological diseases [18-25]. Therefore, in the present proof of
concept study, we demonstrated diagnosis associated differences in
PAI values in diabetic patients compared to healthy subjects. These
results are consistent with the previous published findings of Yang,
et al. [26]. Furthermore, PAI pattern predicted by means of PAI in
the healthy participants future development of dysglycemia. One
explanation for the differences in signal strengths could be due to
subclinical development of microangiopathy [31]. As an explanation
for the higher PAI signals, Advanced Glycation Endproducts (AGE)
may be higher diabetic patients. Higher AGE lead via activation of
NF-kB to the generation of IL-1a, IL-6 and TNF-a and thus to the
increase of oxidative stress, furthermore there is the expression of
ICAM-1, VCAM-1 and tissue factor endothelial-1. These processes
result in significant inflammation. Increase of oxidative stress
and inflammation lead to fibrosis and stiffening of blood vessels
[10,11,14]. PAI signals also correlate positively with patient disease
duration of DM. The increase in PAI signal with longer disease
duration could be explained by increasing microangiopathy with
prolonged DM disease duration [32]. Another explanation for the
difference in signal intensities on PAI measurement could be due
to the differences in blood glucose levels between diabetics and
individuals without diabetes [33]. Nevertheless present study have
also revealed some limitations. Since this is a proof-of-concept
study, intensities were measured in a.u. In addition, patients'
microangiopathy was not individually classified, for example, by
invasive biopsy sampling with consecutive histopatholgic workup.
Thus, the study shows all in all correlative data and does not open
up mechanistic explanations. Furthermore, the PAI measurement
is relatively susceptible to movement, which is why fixation of the
investigated limb was necessary for more than 2 minutes during the
measurement. Despite these limitations, the present study clearly
demonstrates that small vessel subcutaneous PAI signals in diabetic
patients differ significantly from those in individuals without
diabetes.

CONCLUSION

Finally, it should be noted that we were able to predict new
diabetes in healthy participants with PAI
measurement. Thus, noninvasive PAl measurement may represent

prediabetes or

a new diabetes screening tool and a screening tool for the
development of diabetes-associated microangiopathy even before
the development of pathological HbAlc. Further prospective
multicenter trials with repetitive measurements at different time
points of DM disease are needed to confirm our results and to
investigate whether noninvasive PAI is indeed suitable as a new
early screening test for prediabetes, diabetes and microangiopathy.
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