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Abstract

Background—Miicrovascular dysfunction is a key event in the development of atherosclerosis,
which predates the clinical manifestations of vascular disease including stroke and myocardial
infarction. Dysfunction of the microvasculature can be measured as a decreased microperfusion in
response to heat.

Objective—We sought to evaluate the microvasculature using heat among adolescents and
young adults with type 1 diabetes (T1D) compared to healthy non-diabetic controls. We
hypothesized that youth with T1D would have impaired microvascular function measured as
decreased perfusion.

Methods—We studied 181 adolescents and young adults with T1D and 96 age-, race-, and sex-
matched healthy controls (mean age 19 yr). Patients were seen at an in-person study visit where
demographics, anthropometrics, and laboratory data was obtained. Skin microvascular perfusion
was measured on the volvar surface of the right forearm using a standard laser flow Doppler.
Measurements were taken at baseline and after heating to 44° C.

Results—Youth with T1D had decreased microvascular perfusion as measured by lower percent
change of perfusion units (1870 £ 945 vs. 2539 + 1255, p < 0.01) and percent change in area
under the curve (1870 + 945 vs. 2539 + 1255, p < 0.01) compared to controls. Glycosylated
hemoglobin Alc (HbAlc) was found to be an independent determinant of microvascular function
(p < 0.05).
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Conclusions—Adolescents and young adults with T1D have evidence of microvascular
dysfunction that can be detected using heat, a non-invasive physiologic stimulus. HbAlc appears
to play an independent role in determining microvascular perfusion suggesting tight glycemic
control is probably important for the development of vascular disease.
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Methods

Reduced perfusion is a key event in the development of microvascular disease, which
predates the clinical manifestations of stroke and myocardial infarction (1, 2). Microvascular
disease is a common feature of type 1 diabetes (T1D) that results from the combination of
hyperglycemia and oxidative stress (3).

Microvasculature function can be assessed by measuring the ability of the blood vessels to
vasodilate or perfuse in response to physiologic and pharmacologic stimuli. Pharmacologic
stimuli include acetylcholine and sodium nitroprusside (4—6) while nonpharmacologic
agents include blood pressure occlusion (7, 8) and heat. Pharmacologic agents require
cannulation of an artery or percutaneous iontophoresis adding risk to the procedure and
blood pressure occlusion can cause discomfort. Heat, however, is a non-invasive and
painless physiological stimulus that is a more attractive alternative in the pediatric
population. Heat causes an initial peak in cutaneous blood flow via a local sensory nerve
reflex (9) followed by a long-term plateau phase that is predominantly regulated by nitric
oxide (9, 10). Heat also induces key chemicals involved in regulating blood flow such as
endothelium-derived relaxing factor/nitric oxide, prostacylin, and endothelin (11) that
become impaired as microvascular endothelial dysfunction develops. In adults, impaired
vascular response to heat has been associated with increased cardiovascular risk (12) and
with end organ damage (13).

Recently, the first paper utilizing a heating protocol in the forearm of youth with T1D was
published in Germany. The authors found children with T1D (mean age 12.8 £ 3.3 yr)
showed impaired vasodilation vs. controls (14). In this study we sought to validate these
findings in an older group of adolescents and young adults in the USA. Additionally, we
aimed to evaluate the relationship between glycosylated hemoglobin Alc (HbAlc) and
impaired microvasculature vasodilation and establish the independent predictors of
decreased microvascular perfusion in youth with T1D. We hypothesized that, compared to
controls, youth with T1D would have impaired function measured as decreased
microvascular perfusion and that the observed differences between T1D and controls would
persist after adjustment for cardiovascular risk factors.

Participants for this study were recruited as part of the SEARCH Cardiovascular Disease
(SEARCH CVD) Study, an ancillary study to the SEARCH for Diabetes in Youth Study. A
detailed description of the SEARCH and SEARCH CVD has been previously published (15,
16). Laser flow Doppler studies were conducted in only Cincinnati, OH, one of the two
clinical sites of SEARCH CVD. Participants included in this analysis had T1D for at least 5
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yr and were age 11-26 yr at the time of the study visit. Characteristics of participants with
provider diagnosed T1D have been examined previously and are consistent with the clinical
diagnosis of T1D including the presence of diabetes autoantibodies (17). Non-diabetic
(fasting glucose <100 mg/dL) control participants were recruited by phone from research
clinics at Cincinnati Children's Hospital Medical Center and matched to T1D participants by
age, race/ethnicity, and sex.

All participants were seen at an in-person study visit where fasting blood samples were
collected, processed, and sent within 24 h to the SEARCH Central Laboratory at the
University of Washington for analysis of total, low density lipoprotein (LDL), high density
lipoprotein (HDL) cholesterol, triglycerides, glucose, HbAlc, and adiponectin (18).
Measurements of total and HDL cholesterol and triglycerides were performed enzymatically
on a Hitachi 917 autoanalyzer (Boehringer Mannheim Diagnostics, Indianapolis, IN, USA).
LDL cholesterol was calculated by the Friedewald equation for individuals with triglyceride
levels <400 mg/dL and by Lipid Research Clinics Beta Quantification for those with
triglyceride levels of >400 mg/dL. Hemoglobin Alc levels were measured by ion-exchange
high-performance liquid chromatography (TOSOH Bioscience, South San Francisco, CA,
USA). Adiponectin was measured using a radio-immunoassay kit (Linco Research, Inc., St.
Charles, MO, USA). All medications including short-acting insulin were held until after the
blood draw and vascular testing was complete.

Weight and height were measured in light clothing without shoes. Height was measured to
the nearest 0.1 cm and weight to the nearest 0.1 kg. The average of the two anthropometric
measures was used in the analyses. Both were compared with 2000 Centers for Disease
Control and Prevention standards for the Unites States to calculate body mass index (BMlI),
which was then converted to z-scores (19). Waist circumference was measured to the nearest
0.1 cm using NHANES protocol (20). Seated, resting ausculatory blood pressure (BP) was
measured three times and averaged according to the Fourth Report and z-scores were
calculated (21). Informed consent and assent, where applicable, were obtained from all
participants and their parent/guardian if aged <18 yr at the time of the visit. This study was
approved by the local institutional review board.

Skin blood perfusion was measured on the volvar surface of the right forearm using a
fiberoptic laser Doppler probe (Periflux 5000 device, Perimed, Stockholm, Sweden).
Principals underlying this technique have been published previously (22). Simply, laser
Doppler measures the total local microcirculatory blood perfusion (capillaries, arterioles,
venules, and shunting vessels). The fiber optic probe emits a beam of laser light that is
scattered and partly absorbed by the tissue being studied. Light hitting moving blood cells
undergoes a change in wavelength (Doppler shift). The magnitude and frequency
distribution of these changes are directly related to the number and velocity of the blood
cells within the area of study.

Baseline perfusion of the skin was measured in perfusion units for 5 min and then the probe
automatically heated to 44 °C and perfusion was measured for an additional 15 min. The
mean value of the perfusion during rest was calculated over 1 min (from minutes 3 to 4) and
after heating for 1 min during heating (from minutes 13 to 14). This procedure was
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automated by Perisoft (the Perimed analysis program for PeriFlux) to ensure all data was
obtained and analyzed in the same way and to ensure steady state perfusion was reached for
each participant. Investigation was conducted in a quiet temperature controlled room. Each
subject rested for 5 min before measurements were obtained. Calibrations of the instrument
were performed monthly as suggested by the manufacturer.

All analyses were performed using sas 9.3 (SAS Institute, Cary, NC, USA). T tests or non-
parametric equivalent were used to compare group differences for continuous variables and
chi-squared tests were used to compare categorical variables. Multiple linear regression
models were constructed to explore the independent determinants of the major outcomes:
percent change in perfusion units from baseline to heating and percent change in area under
the curve from baseline to heating. The use of the area under the curve in the assessment of
skin microvascular reactivity using laser Doppler flow is well-validated, because it
represents the overall flux response to different physiological and pharmacological stimuli
(23-26). Initial models for percent change in perfusion units or percent change in area under
the curve included T1D group and were adjusted for skin temperature differences between
groups and either baseline perfusion units or baseline area under the curve, respectively.
Subsequent models added known cardiometabolic risk factors including age, race, sex, BMI
z-score, waist circumference, systolic and diastolic blood pressure z-scores, heart rate, lipids
(total cholesterol, LDL cholesterol, HDL cholesterol, triglycerides), HbAlc, adiponectin,
and pubertal stage (pubic hair for males and breast development and pubic hair for females).
Given that cardiometabolic risk factors could have influenced the two groups differently,
separate regression models were also created for the T1D group and controls using the
variables above. Interactions between group and cardiometabolic risk factors were tested in
all models. A p value of <0.05 was considered significant.

Demographic and clinical data are shown in Table 1. The cohort consisted of 181
adolescents and young adults with T1D (mean age 19.4 £ 2.8, 53% male, 86% Caucasian,
duration of diabetes 10.6 + 3.9 years) and 96 age, race, and sex matched controls (mean age
19.1 £+ 2.8, 48% male and 80% Caucasian). Youth with T1D had higher heart rates, HbAlc
and adiponectin levels compared to controls, p < 0.05. There were no differences in BMI z-
score, waist circumference, blood pressure, lipids, and puberty stages between groups.

Table 2 lists the laser Doppler flow measurements for T1D and controls. There was no
difference in baseline perfusion measured as either mean perfusion units or baseline area
under the curve between groups. Maximum microvascular response to heat stimulus whether
expressed as perfusion units or area under the curve was reduced in TLDM, p < 0.01. This
resulted in a decrease in percent change in perfusion units and percent change in area under
the curve among youth with T1D compared to controls, p < 0.01. We defined ‘abnormal
microvascular perfusion’ as <10th percentile for percent change in perfusion units or
percent change in area under the curve. Twenty-four percent of adolescents and young
adults with T1D had abnormal microvascular perfusion compared to 9% of controls.
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In linear regression models that included T1D group and were adjusted for temperature
differences between groups and either baseline perfusion or baseline area under the curve,
T1D group was found to be a significant independent determinant of the two major
outcomes, percent change in perfusion units (R2 = 0.41, p < 0.0001) and percent change in
area under the curve (R2 = 0.41, p < 0.0001). When other risk factors including age, race,
sex, BMI z-score, waist circumference, systolic and diastolic blood pressure z-scores, heart
rate, lipids (total cholesterol, LDL cholesterol, HDL cholesterol, triglycerides), HbAlc,
adiponectin, and puberty stage were added to the models, HbAlc was the only variable
found to be significantly associated with either outcome (p < 0.001) and T1D group was no
longer significant. Of note, the interaction of T1D group and HbAlc group was also non-
significant. The loss of significance by group in these models suggests that glycemic control
or hyperglycemia measured by HbAlc probably has the largest contribution to
microvascular response in T1D rather than an unmeasured characteristic.

Figure 1 shows the mean and 95% confidence interval for the association between HbAlc
and percent change in perfusion units by group. With increasing HbAlc in the T1D group,
the percent change in perfusion units decreases (Figure 1).

Separate models were also created for T1D and controls using the two major outcomes,
percent change in perfusion units and percent change in area under the curve and were
adjusted for baseline temperature differences and either baseline perfusion or area under the
curve. In the model for controls only, triglycerides was the only significant independent
determinant (p = 0.04). In the model for T1D group only, HbAlc remained the only
independent predictor of both outcomes (p < 0.01).

Discussion

This study shows that heat, a non-invasive painless stimulus, can be used in adolescents to
assess microvascular function. Using heat, we show nearly one-fourth of adolescents with
T1D with a mean duration of T1D disease of 10 years have a significant decrease in forearm
microvascular perfusion compared to similar aged matched controls. Furthermore, we show
worse glycemic control, measured as HbA1c, is a significant independent determinant of
microvascular response in T1D youth suggesting glycemic control is probably important to
prevent early vascular complications.

Endothelial dysfunction which can be assessed by decreased microvascular perfusion is an
early feature of atherosclerosis that predates the development of stroke and myocardial
infarction (1, 2). Under normal conditions the endothelium releases nitric oxide in response
to sheer stress which in turn stimulates smooth muscle cells resulting in relaxation and
vasodilation. Nitric oxide also prevents adhesion of arterial wall leukocytes and prevents
platelet activation, key steps in the development of thrombus formation (27). Thus,
dysfunction of the endothelium through decreased nitric oxide release is associated with an
increased risk to develop cardiovascular disease.

Prior work in T1D has assessed endothelial function using blood pressure occlusion in the
arm (28-30). Heat has been used less often and earlier studies focused on the dorsum of the
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foot (31, 32). Shore et al. studied 50 adolescents with T1D and controls between the ages of
11-13 years and showed decreased maximum blood flow in those with T1D (32). Khan et
al. later found maximum hyperemia was reduced in adolescents 14-15 yr with T1D
compared to controls (31). Then in 2013 Hamriti et al. published the first study using the
forearm in 68 German children with T1D (mean age 12.9 + 3.3 yr) and found decreased
microvascular perfusion in youth with T1D compared to controls (p < 0.01) (14). However,
they did not evaluate the relationship with worsening glycemic control or established the
independent determinants of decreased perfusion.

Our data show increasing HbAlc is associated with a decrease in microvascular perfusion
and demonstrates that HbAlc above other risk factors is an independent determinant of
forearm microperfusion in youth with T1D. In support of these findings, both the Diabetes
Complications and Control Trial and follow up Epidemiology of Diabetes Interventions and
Complications trial have shown improved glycemic control reduces the risk of
microvascular disease in T1D (33-35). In contrast, prior cross sectional work in youth with
T1D has not shown an association between endothelial dysfunction in the foot and glycemic
control (31, 32, 36). Discrepant findings may be explained by a smaller sample size in this
prior work or differences in the relationship between HbA1c and microvascular perfusion in
the dorsum of the foot vs. the forearm. We conclude that HbAlc is an independent
determinant of microvascular function in the forearm. These finding suggest the importance
of metabolic control in microvascular health early in the course of T1D. To confirm our
results repeated measures of HbAlc (representing long term glycemic control) are needed
and whether these microvascular changes are reversible with improvements in HbAlc
requires further study.

Youth with T1D had higher heart rates compared to controls. Increased heart rates among
youth with T1D are thought to reflect parasympathetic withdrawal with sympathetic
override and are suggestive of cardiac autonomic dysfunction (37). Impaired autonomic
regulation is linked to both endothelial dysfunction (38) and arterial stiffness (39) in the
peripheral vasculature and may be a potential mechanism that leads to increased
cardiovascular disease. The magnitude of heart rate differences in this study was small and
when heart rate was included in our regression models it was not significant. Therefore heart
rate differences do not appear to be contributing to the case/control differences in
microvascular perfusion. It is possible with longer duration of diabetes higher heart rates
(reflecting autonomic dysfunction) may become more important.

A few limitations should be mentioned. We do not have perfusion data in the foot to
compare our results thus we do not know if the observed microvascular perfusion changes
occur globally or if one precedes the other. The forearm was chosen because there is no hair
on the surface to shave and participants do not need to remove shoes or socks. However,
prior work in adults with T1D of 18 yr duration has shown maximal hyperemic response to
heat was not different in the forearm and the foot suggesting either location can be used and
perhaps changes to the microvascular occur globally (40). Second, we do not have
reproducibility data for our measures. However, if reproducibility was poor, it would
diminish our ability to see case/control differences. Finally, since our population was older
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with a mean age of diabetes duration of 10 yr, further study is needed to determine if our
findings are applicable to a younger pediatric population with similar duration of diabetes.

In conclusion, this study shows decreased microvascular perfusion in T1D adolescents and
young adults who have no clinical evidence of vascular disease. Additionally, this study
suggests that poor glycemic control has an adverse effect on microvascular function. The
use of heat as a stimulus to assess microvascular function provides a simple, non-invasive,
painless, safe alternative to assess endothelial health.
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Characteristics of the study population

Table 1

Variable

Type 1diabetesn =181

Controlsn=96 pvalue

Age (years)

Males, n (%)
Non-Caucasian, n (%)
Height z-score
Weight (kg)

Waist circumference (cm)
BMI (kg/m?)

BMI z-score

Systolic BP (mmHg)
Diastolic BP (mmHg)
Heart rate (beats/min)

Total cholesterol (mg/dL)

Triglycerides (mg/dL)*
LDL-cholesterol (mg/dL)
HDL-cholesterol (mg/dL)
HbA1c (%)

Diabetes duration (years)

*

Adiponectin (ug/mL)

Tanner stage pubic hair, n (%)
Tanner 1-3

Tanner 4

Tanner 5

Tanner stage, breast n (%)
Tanner 1-3

Tanner 4

Tanner 5

19.4+28
95 (53%)
26 (14%)
02+10
756+158
88.8+13.1
25.7+50
07+08
11149
67+9
69.9 +12.0
1704 +35.4
965+ 65.5

98.6 +£30.1
527+ 146
8.8+1.8
10.6 +3.9
129+65

2 (2%)
25 (14%)
152 (85%)

4 (5%)
16(19%)
64 (76%)

19.1+238
46 (48%)
19 (20%)
05+1.0
79.3£24.0
92.0+18.6
26.7+75
08+11
110+10
66+8
64.0+9.9
165.6 + 30.2
107.7 + 67.6

94.1+25.8
499+13.2
50+0.3
NA
11.0+51

3(3%)
13 (14%)
80 (83%)

3 (6%)
13(26%)
34 (68%)

0.39
0.41
0.24
0.10
0.83
0.64
0.79
0.83
0.52
0.30
<0.01
0.41
0.07

0.47
0.19
<0.01
NA
0.045
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BP, blood pressure; BMI, body mass index; HDL, high density lipoprotein; LDL, low density lipoprotein; HbAlc, glycosylated hemoglobin.

Data are mean and standard deviation unless stated.

*
Compared by non-parametric test.
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Table 2
Laser Doppler measurements

Variable Type 1 diabetes Controls p value
Baseline temperature (°C) 30.88 £0.96 30.63 +0.96 0.037
Maximum temperature (°C) 43.972 £ 0.012 43.966 + 0.010 <0.01
Temperature difference (°C) 13.09 + 0.96 13.34+0.96 0.041
Baseline perfusion units (PU/s) 7.0+35 6.0+2.4 0.14
Maximum perfusion units (PU/s) 11388 + 5396 14183 + 6888 <0.01
Percent change in perfusion units (%) 1870 + 945 2539 + 1255 <0.01
Baseline AUC (PU/s) 419 + 210 365 + 144 0.14
Maximum AUC (PU/s) 682747 £ 323577 850318 + 412915 <0.01
Percent change in AUC (%) 1870 + 945 2539 + 1255 <0.01
Abnormal perfusion, n (%) 43 (24%) 9 (9%) NA

PUT/s, perfusion units/second; AUC, area under the curve.

Data are mean and standard deviation.
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