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Differences between healthy adults and patients
with type 2 diabetes mellitus in reactivity of toe
microcirculation by ultrasound combined with
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Abstract
The aim of this study was to explore the feasibility and clinical value of ultrasound combined with a warm bath test in assessing the
differences in reactivity of toe microcirculation between healthy adults and patients with type 2 diabetes mellitus (T2DM).
A total of 56 T2DM patients were recruited as case group, whereas 50 healthy volunteers were enrolled as control group.
Fasting blood glucose, glycated hemoglobin, total cholesterol, triglyceride, low-density lipoprotein cholesterol in T2DM group were

significantly higher than in control group. Under stationary condition, peak systolic velocity (PSV), end-diastolic velocity (EDV), and
mean velocity (MV) were lower, but pulsatility index (PI) and resistance index (RI) were higher in patients with T2DM than in controls
both in dorsalis pedis artery (DPA) and plantar digital artery (PDA). On response to the warm test, PSV, EDV, andMV increased and PI
and RI decreased both in DPA and PDA in these 2 groups. Moreover, the change rate in PSV, EDV, MV, PI, and RI of PDA was
significantly lower in T2DM group than in control group.
Color Doppler combined with a warm bath test may be used as a newmethod in evaluating the differences in reactivity of distal limb

microvascular between healthy adults and patients with T2DM.

Abbreviations: ABI= ankle-brachial index, BMI = body mass index, DBP= diastolic blood pressure, DPA= dorsalis pedis artery,
EDV = end-diastolic velocity, FBG = fasting blood glucose, Fib = Fibrinogen, HbA1c = glycated hemoglobin, HDL-c = high density
lipoprotein cholesterol, LDL-c = low density lipoprotein cholesterol, MV =mean velocity, PAT = peripheral arterial tonometry, PDA =
plantar digital artery, PI= pulsatility index, PSV= peak systolic velocity, RI= resistance index, SBP= systolic blood pressure, T2DM=
type 2 diabetes mellitus, TC = total cholesterol, TG = triglyceride.
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1. Introduction

Type 2 diabetes mellitus (T2DM) markedly increases the risk of
all forms of cardiovascular disease with prospective studies
demonstrating a significantly increased incidence of morbidity
and mortality. Endothelial dysfunction, an early indicator of
diabetic vascular disease, is common in T2DM and independent-
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ly predicts cardiovascular risk. Identification of endothelial
dysfunction in the microcirculation of the extremities in patients
with T2DM is critical for predicting future cardiovascular
complication and prompt treatment during the early stage of
T2DM.[6,7] Both invasive and noninvasive methods have been
generated for assessing microcirculation in T2DM. Being a
dynamic structure, the human skin can be used as a microcircu-
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lation model for investigating the generalized endothelium
function. Previous studies have revealed a correlation of vascular
reactivity in different vascular beds over the body (e.g., coronary
arteries, brachial artery, and skin microcirculation) of healthy
people and patients. Color Doppler ultrasound is the most
frequently used tool for monitoring the microvascular blood flow
by far, as it is noninvasive, can determine dynamic changes, easy
to operate, reproducible, and inexpensive. Based on that, the
cutaneous microcirculation can be a “mirror” reflecting the
global microvascular function. In the study, we observed the
blood flowmeasures to explore the feasibility and clinical value of
color Doppler combined with a warm bath test in assessing
reactivity of toe microcirculation in healthy adults and patients
with T2DM.

2. Methods

2.1. Subjects

This study has been approved by the Ethics Committee of The
Second Affiliated Hospital & Yuying Children’s Hospital of
Wenzhou Medical University (2015–06–1J). According to the
etiological classification and diagnostic criteria recommended
by the American Diabetes Association,[8] 56 in-patients (29
males and 27 females, aged 32–58 years with a mean age of
48.14±12.65 years), who were diagnosed with T2DM and
admitted in the Department of Endocrinology at the Second
Affiliated Hospital of Wenzhou Medical University, were
enrolled as case group between June 2015 and May 2016.
Fifty healthy volunteers (27 males and 23 females, aged 30–59
years, mean 47.43±12.01 years) who were excluded T2DM
by oral glucose tolerance test were enrolled during the same
period as the control group. Exclusion criteria were: high
blood pressure,[9] thyroid disease,[10] heart failure,[1] severe
kidney disease, and vascular disease caused by other endocrine
diseases[2,6,7]; deformity and stenosis in ascending aorta, aortic
arch or thoracic aorta confirmed by chest CT scans in the
latest 3 months (criteria of stenosis with rate of stenosis
>50%)[11]; existence of ischemic gangrene in distal extremi-
ties[12]; intake of caffeine- and alcohol-containing products or
medicine with vasodilator effects during the 24hours before
the test[13,14]; The peripheral arteries (including brachial
artery, radial artery, ulnar artery, arteria cruralis, popliteal
artery, anterior tibial artery and posterior tibial artery, among
others) diseases, for example, deformity, athrosclerosis, among
others, which could be identified through ultrasonography just
before test.
2.2. Clinical manifestations

Information including age,[15] sex,[16] body mass index (BMI),[3]

systolic blood pressure (SBP) and diastolic blood pressure
(DBP),[4] ankle-brachial index (ABI), duration of T2DM, rest
pain, intermittent claudication, and pulse of dorsalis pedis artery
(DPA)[5,17–19] of all subjects were collected by an endocrinologist
through detailed history and physical examination.

2.3. Laboratory investigations

Fasting blood glucose (FBG), glycated hemoglobin (HbA1c),
total cholesterol (TC), triglyceride (TG), fibrinogen (Fib), high-
density lipoprotein cholesterol (HDL-c), and low-density lipo-
protein cholesterol (LDL-c) of all subjects were tested within 24
hours before ultrasonography.
2

2.4. Ultrasonic instruments and methods

Ultrasonography was conducted using Siemens Acuson Sequoia
512 Ultrasound Imaging System, which was equipped with an
15L8w-S transducer (frequency 8–14MHz), the sampling gate
vascular width about two-thirds of diameter, thewallfilter between
50and∼100Hz,whereby the anglebetween soundbeamandblood
flow was <60 degrees. The room temperature was set to 25°C.
Subject in supine position had a rest for 10 minutes before
ultrasonography. Then the right DPA and plantar digital artery
(PDA) on fibular side of the right 1st toe were scanned carefully,
peak systolic velocity (PSV), end-diastolic velocity (EDV), mean
velocity (MV), pulsatility index (PI), and resistance index (RI) were
measured throughpulseDoppler.Then the right foot of each subject
was immersed in 40°C warm water (product model ZF-YZ5091
foot tub, thermostat 40°C was set) for 5 minutes. The above
operations were repeated 3 times wherein the PSV, EDV, MV, PI,
and RI after warm bath test weremeasured at rest. The change rate
of each parameter was calculated according to the following
equation: change rate of parameter = (parameter after warm bath
test � parameter before warm bath test)/parameter before warm
bath test. Drugs with vasodilating effects were forbidden before
ultrasound examination, but hypoglycemic agents were allowed.
2.5. Measures of blood flow parameters

PSV is the peak velocity during systolic period. EDV is the velocity
at the end of diastolic period. Both PSVandEDVcanbe recognized
easily on a Doppler spectrum. MV is calculated through time
velocity integral and cardiac cycle, and it represents average
velocity. PI is calculated through this formula: PI= (PSV � EDV)/
MV.RI is calculated through this formula:RI= (PSV�EDV)/PSV.
Both PI and RI are indexes, which can reflect the elasticity of the
local artery where sampling position is and the resistance at the
distal circulation. So PSV, EDV,MV,PI, andRI all can be acquired
fromDoppler spectrumdirectly. Furthermore, change rate of these
parameters was calculated in our study through the formula
mentioned in the above paragraph.Change rate represents changes
of these parameters after warm bath. In another word, the change
rate of these parameters reflects the changes of hemodynamics
when the temperature of the tissue around arteries increases.
2.6. Statistical analysis

ABI and blood parameters were acquired separately by 2
independent blinded investigators. Kolmogorov-Smirnov test
was carried to identify whether the data are normally distributed.
All measurements were expressed as mean± standard deviation.
All the original data were statistically processed by using SPSS
18.0 software package. A comparison between groups was made
using a t test, whereas the intragroup parameters were compared
by paired t test. Sex ratio was compared by x2. P value <.05 was
considered as statistically significant.
3. Results

3.1. Comparisons of general clinical data and hematologic
biochemical parameters

There were no differences between these 2 groups in sex ratio
(P> .05). There were no differences between these 2 groups in
age, SBP, DBP, ABI, BMI, HDL-c, and Fib at baseline. FBG,
HbA1c, TC, TG, and LDL-c were significantly higher in T2DM
group than control group (P< .05) (Table 1).



Table 1

Comparisons of general clinical data and hematologic biochemical
parameters (x±s).

Group Control group Case group t P

Cases (n) 50 56
Age, y 47.43±12.01 48.14±12.65 0.30 .77
SBP, mmHg 122.83±14.92 124.31±15.06 0.51 .61
DBP, mmHg 78.58±10.02 80.26±9.93 0.87 .39
BMI, kg/m2 22.56±2.64 23.13±2.71 1.10 .28
ABI 1.07±0.12 1.04±0.15 1.14 .26
FBG, mmol/L 5.02±0.49 8.57±1.51

∗
16.65 .00

HbA1c (%) 5.65±0.41 9.12±2.46
∗

10.67 .00
Fib, g/L 3.67±1.05 3.96±1.03 1.43 .16
TC, mmol/L 3.39±0.58 5.14±1.10

∗
10.40 .00

TG, mmol/L 1.423±0.513 1.982±0.653
∗

4.93 .00
HDL, mmol/L 0.968±0.271 1.022±0.255 1.05 .29
LDL, mmol/L 2.137±0.371 3.221±0.602

∗
11.29 .00

Comparisons between the case and the control group. ABI= ankle-brachial index, BMI=body mass
index, DBP=diastolic blood pressure, FBG= fasting blood glucose, Fib= fibrinogen, HbA1c=
glycosylated hemoglobin, HDL=high-density lipoprotein cholesterol, LDL= low-density lipoprotein
cholesterol, SBP=Systolic blood pressure, TC= total cholesterol, TG= triglyceride.
∗
P< .05. 1mmHg=0.133kpa.

Figure 2. Ultrasonography of plantar digital artery of one subject from control
group after warm bath test. Spectrum Doppler image of plantar digital artery on
fibular side of 1st toe of one subject from control group was acquired through
pulse wave Doppler before warm bath test. Blood flow in plantar digital artery
on fibular side of 1st toe was displayed clearly in the middle of the upper portion
of this image, and the sampling gate was put on the positon where plantar
digital artery was. Width of sampling gate was 1.0mm, and the angle between
blood flow and acoustic beam was 58 degree. Spectrum Doppler graphics of
blood flow in plantar digital artery on fibular side of 1st toe was displayed in the
lower portion of this image, and the spectrum Doppler graphics was traced
during a cardiac cycle by hand. Then the indexes which we wanted were
shown in this image. PSV was 62.5cm/s, which was equal to Max; EDV was
12.0cm/s, which was equal to Min; MV was 25.4cm/s, which was equal to
TAMx. PI was 1.99; RI was 0.81. EDV=end-diastolic velocity, PSV=peak
systolic velocity, MV=mean velocity, PI=pulsatility index, RI= resistance index.
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3.2. Comparison of blood flow parameters before and
after warm bath test between case and control group

Doppler flow data of right DPA and PDAon fibular side of 1st toe
were obtained in all subjects. Figures 1 and 2 presented the PDA
Color Doppler results of a person from the control group, before
and after water bath. Figures 3 and 4 showed the PDA Color
Doppler results of a person from the T2DM group, before and
after water bath (Figures 1–4).
Figure 1. Ultrasonography of plantar digital artery of 1 subject from control
group before warm bath test. Spectrum Doppler image of plantar digital artery
on fibular side of 1st toe of 1 subject from control group was acquired through
pulse wave Doppler before warm bath test. Blood flow in plantar digital artery
on fibular side of 1st toe was displayed clearly in the middle of the upper portion
of this image, and the sampling gate was put on the position where plantar
digital artery was. Width of sampling gate was 1.0mm, and the angle between
blood flow and acoustic beam was 57 degree. Spectrum Doppler graphics of
blood flow in plantar digital artery on fibular side of 1st toe was displayed in the
lower portion of this image, and the spectrum Doppler graphics was traced
during a cardiac cycle by hand. Then the indexes that we wanted were shown
in this image. PSV was 43.9cm/s, which was equal to Max; EDV was 4.1cm/s,
which was equal to Min; MV was 15.4cm/s, which was equal to TAMx. PI was
2.59; RI was 0.91. EDV=end-diastolic velocity, PSV=peak systolic velocity,
MV=mean velocity, PI=pulsatility index, RI= resistance index.

3

Under stationary condition, PSV, EDV, and MV were
significantly lower, but PI and RI were significantly higher in
patients with T2DM than in controls both in right DPA and PDA
on fibular side of 1st toe (P all <.05) (Table 2).
Figure 3. Ultrasonography of plantar digital artery of one subject from case
group after warm bath test. Spectrum Doppler image of plantar digital artery on
fibular side of 1st toe of one subject from control group was acquired through
pulse wave Doppler before warm bath test. Blood flow in plantar digital artery
on fibular side of 1st toe was displayed clearly in the middle of the upper portion
of this image, and the sampling gate was put on the position where planta
digital artery was. Width of sampling gate was 1.0mm, and the angle between
blood flow and acoustic beam was 54 degree. Spectrum Doppler graphics o
blood flow in plantar digital artery on fibular side of 1st toe was displayed in the
lower portion of this image, and the spectrum Doppler graphics was traced
during a cardiac cycle by hand. Then the indexes which we wanted were
shown in this image. PSV was 24.4cm/s, which was equal to Max; EDV was
1.3cm/s, which was equal to Min; MV was 6.8cm/s, which was equal to TAMx
PI was 3.41; RI was 0.95. EDV=end-diastolic velocity, PSV=peak systolic
velocity, MV=mean velocity, PI=pulsatility index, RI= resistance index.
r
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Figure 4. Ultrasonography of plantar digital artery of one subject from case group
after warm bath test. SpectrumDoppler image of plantar digital artery on fibular side
of 1st toe of one subject from control group was acquired through pulse wave
Dopplerbeforewarmbath test.Blood flow inplantardigital arteryonfibular sideof1st
toe was displayed clearly in the middle of the upper portion of this image, and the
sampling gate was put on the position where plantar digital artery was. Width of
sampling gate was 1.0mm, and the angle between blood flow and acoustic beam
was 49 degree. Spectrum Doppler graphics of blood flow in plantar digital artery on
fibular side of 1st toe was displayed in the lower portion of this image, and the
spectrum Doppler graphics was traced during a cardiac cycle by hand. Then the
indexeswhichwewantedwereshown in this image.PSVwas33.4cm/s,whichwas
equal to Max; EDV was 4.4cm/s, which was equal to Min; MVwas 9.4cm/s, which
was equal to TAMx. PI was 3.08; RI was 0.87. EDV=end-diastolic velocity, PSV=
peaksystolic velocity,MV=meanvelocity,PI=pulsatility index,RI= resistance index.
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After warm test, PSV, EDV, and MV were significantly lower,
but PI andRIwere significantly higher in patientswithT2DMthan
in controls both in right DPA and PDA on fibular side of 1st toe (P
all<.05). On response to the warm test, PSV, EDV, andMVwere
significantly increased and PI and RI were significantly decreased
both in right DPA and PDA in these 2 groups
(P all< .05). The change rate in PSV, EDV, MV, PI, and RI of
PDA were significantly lower in T2DM group than in control
group (P all<.05).No significant change ratewasobserved inPSV,
EDV,MV, PI, andRI of rightDPA between the 2 groups (Table 2).

4. Discussion

In the present study, we investigated for thefirst time the blood flow
parameters change of microvascular capillaries by increasing the
Table 2

Comparison of blood flow parameters before and after warm bath te

Group

Contr

Cases (n) Before A

Dorsalis pedis artery PSV, cm/s 38.67±7.59 50.79
EDV, cm/s 6.34±1.79 9.51
MV, cm/s 16.24±2.97 24.26
PI 2.44±0.36 1.72
RI 0.84±0.14 0.73

Plantar digital artery on fibular side of 1st toe PSV, cm/s 30.20±4.27 40.08
EDV, cm/s 4.45±0.86 6.97
MV, cm/s 14.54±2.77 21.33
PI 2.26±0.33 1.68
RI 0.88±0.16 0.79

Comparison between control group and case groups in corresponding parameters. EDV= end-diastolic v
∗
P< .05.

† P< .05; comparisons between the parameters before and after warm bath test intragroup.
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local temperature. As the results showed, PSV, EDV, andMVwere
significantly lower, but PI and RI were significantly higher in
patients with T2DM than in healthy controls in DPA and PDA at
baseline, which presented baseline changes of hemodynamics as a
decrease of blood flow velocity and increase of resistance,[20]

suggesting that microvascular impairment in distal limb might
occur before ischemic symptoms and signs in patients with T2DM.
After warm bath, the parameters of PSV, EDV, andMV increased
sharply both in PDA and DPA, indicating that warm bath could
obviously increase blood flow of these 2 arteries in subjects from
whatever T2DM or healthy controls. Furthermore, we compared
and found that change rate of these parameterswas lower in T2DM
group than in normal control group in these 2 arteries; however,
only change rate in DPA reached significance. These results
indicated that the reactivity of bloodmicrovasculation indistal limb
end was evidently slower in T2DM. In another word, the change
rate of the values after warm water bath reflected the endothelium
function. On the other side, there were no differences between case
group and control group in ABI, which was seemed as a classical
index to evaluate lower extremity arterial diseases in clinics.
Microcirculatory hemodynamics in distal limb may change in spite
of ABI is normal in patients with T2DM. During the warm water
bath test, the bath time and water temperature for PDA and DPA
were the same (external intervention). The difference between the
PDA and DPA might be caused by the 2 reasons. First, PDA and
DPA are different in artery categories and blood vessels structures.
PDA is similar to end of human vascular bed. Second, T2DM has
different stage of endotheliumdamageonPDAandDPA.Our study
found that, after the warm water bath, T2DM group showed a
statistically nonsignificant lower change in DPA, but a significant
lower change in PDA. The differences proved that T2DMpatients’
PDA had a significant decreased ability in response to warm
stimulation (endotheliumfunction), but the response inDPAdidnot
change much. The findings support the theory that T2DM has an
earlier and more obviously damage on microvascular endothelium
function compared to small arteries. Moreover, it proved that the
new method introduced by our study is feasible and practical.
The pathophysiology of these changes might be related to

thrombosis, poor blood flow, increased peripheral resistance, and
decreased elasticity, which are caused by endothelial dysfunction in
T2DM.[21–24] Although the pathogenesis of endothelial dysfunction
in diabetes is complex, the major contributing factors include
dyslipoproteinemia,[10] oxidative stress, and inflammation.[1,2,6]
st between case and control group ( x±s).

ol group Case group

50 56

fter Change rate Before After Change rate

±8.25† 0.31±0.06 32.02±8.28
∗

41.91±8.59
∗,† 0.30±0.05

±2.15† 0.50±0.15 4.42±1.18
∗

6.58±1.25
∗,† 0.48±0.16

±3.85† 0.53±0.16 10.55±2.08
∗

15.07±2.82
∗,† 0.50±0.15

±0.30† 0.27±0.05 2.69±0.41
∗

1.77±0.31
∗,† 0.26±0.05

±0.13† 0.13±0.04 0.93±0.15
∗

0.82±0.13
∗,† 0.12±0.03

±5.60† 0.33±0.07 24.33±5.22
∗

28.69±6.43
∗,† 0.17±0.04

∗

±0.92† 0.56±0.12 3.68±0.56
∗

4.58±0.61
∗,† 0.24±0.06

∗

±3.18† 0.49±0.14 8.78±2.12
∗

10.02±2.46
∗,† 0.20±0.05

∗

±0.29† 0.22±0.04 2.51±0.39
∗

2.24±0.31
∗,† 0.11±0.05

∗

±0.15† 0.12±0.03 0.94±0.13
∗

0.87±0.15
∗,† 0.07±0.02

∗

elocity, MV=mean velocity, PI=pulsatility index, PSV=peak systolic velocity, RI= resistance index.
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When endothelial function is impaired, nitric oxide produced and
secreted by endothelium decreases and oxygen-free radicals’
production increased.[25] Hyperglycemia and insulin resistance
are risk factors too.[26,27] Clinical data in the present study also
showed that FBG,HbA1c in T2DMgroupwere significantly higher
than those in control group, which leads to the proteins saccharified
in the blood and advanced glycation end product accumulated
gradually in the vessels.[28,29] Dyslipidemia is also an important risk
factor to lower extremity vascular disease in T2DM,[30] which can
promote blood clotting, inhibiting fibrinolysis, platelet aggregation,
prostacyclin synthesis reduction, and endothelium dysfunction.[31]

Indirect measures in the peripheral circulation assess the
vasodilatory responses of conduit and resistance arteries to stimuli
that increase nitric oxide release.[3,9,12,16] In the brachial artery,
shear stress is generated by hyperemia following an induced period
of local ischemia, and flow-mediated dilatation, an endothelium-
dependent function, is measured using high-resolution ultraso-
nography or even magnetic resonance imaging. An emerging
noninvasive clinical tool to assess peripheral vasodilator response
is digital peripheral arterial tonometry (PAT) (Endo-PAT, Itamar
Medical).[19,32] Recently, a new method is to evaluate endothelial
function of superficial vasculary with laser ultrasound combined
cold pressor test. In the test, the temperature of index finger of right
hand is monitored by laser ultrasound when left hand is immersed
in mixture of iced water (0°C) for 3 minutes. But because special
instruments are required and the test temperature is too low for
some weak patients, this method is not practical and popular in
clinic.Although thewarmbath test is a repeated external operation
that is safe, easy, and feasible. There are also some limitations in the
study. First, the strong site-and time-dependence of the obtained
signal and a great interindividual variability must be taken into
account. Furthermore, the sample size in the study is not large and
the results we got are still not so powerful and need confirmation.
In conclusion, ultrasound combined with the warm bath test

may be used as a new method for detecting early changes in
reactivity of toe microvascular in patients with T2DM. It has the
feasibility and potential value in clinical practice.
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