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Abstract: Objective: To investigate the effect of intermittent pneumatic compression combined with hyperthermia 
(IPCH) on the hemodynamic changes in lower limbs of male rabbits and to clarify whether its efficacy is superior 
to that of intermittent pneumatic compression (IPC) or hyperthermia (HT) alone. Methods: Thirty male adult New 
Zealand white rabbits with a body mass of 2.6±0.3 kg were obtained to establish a model of postoperative hyper-
coagulable state by simulating left hip surgery. Then they were randomly divided into HT group, IPC group, and IPCH 
group. Relevant hemodynamic parameters were examined by color Doppler ultrasound before and after treatment. 
A femoral vein finite element model was established according to fluid mechanics to analyze the blood flow velocity 
distribution vector, total deformation, equivalent stress of the femoral vein and venous valve. Results: The heart 
rate, blood flow per minute, and mean and peak blood velocity of the femoral vein in IPCH group were significantly 
higher than those in HT and IPC groups (P<0.05). There was no significant difference in venous diameter (P>0.05). 
The blood flow velocity distribution vector, the total deformation of femoral vein, and the equivalent stress between 
femoral vein and venous valve in the IPCH group were higher than those in HT and IPC groups, but the total deforma-
tion of venous valve was smaller in IPCH group. Conclusions: IPCH superimposes the effects of IPC and HT, and can 
more effectively promote changes in local blood circulation to prevent deep vein thrombosis.

Keywords: Deep vein thrombosis, physical prophylaxis, intermittent pneumatic compression, hyperthermia, hemo-
dynamics

Introduction 

As an effective treatment for diseases such as 
end-stage osteoarthritis, ischemic necrosis of 
femoral head, and femoral neck fractures in 
elderly patients, total hip arthroplasty (THA) 
can significantly improve quality of life [1-3]. 
Deep vein thrombosis (DVT) in the lower limbs 
is one of the most common complications after 
THA [4-6]. DVT not only severely compromises 
the patient’s postoperative recovery, but also 
may lead to life-threatening pulmonary embo-
lism [7, 8]. Prophylactic measures for DVT main-
ly include basic prophylaxis, physical prophy-
laxis, and pharmacologic prophylaxis [9]. Inter- 
mittent pneumatic compression (IPC) is one of 
the common physical prophylactic measures 
used in clinical practice [10, 11]. The combina-

tion of IPC and pharmacologic prophylaxis can 
achieve better effects [12]. An increase in local 
blood flow is the most important physiologic 
effect of hyperthermia (HT) [13, 14]. The blood 
flow rate of leg muscles is closely related to 
local tissue temperature, and thermal stimula-
tion can effectively increase the blood circula-
tion of muscles and promote deep venous 
return [15-18]. The local blood perfusion vol-
ume increases approximately 15 times when 
the local temperature reaches 41°C-45°C [19]. 
Shujiro et al. [20] found effective improvement 
of hemodynamics and vascular endothelial 
function after applying 45°C heating to the calf 
for 20 min. Both IPC and thermal stimulation 
can change the hemodynamics of lower limbs. 
However, whether the combined effect of IPC 
and HT is superior to the effect of IPC or HT 
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alone has not been investigated. In this paper, 
we obtained the hemodynamic parameters 
after simulating hip surgery in male rabbits, 
and preliminarily explored the efficacy of inter-
mittent pneumatic compression combined with 
hyperthermia (IPCH) by finite element hemody-
namic analysis.

Materials and methods

Research subjects

Thirty healthy male New Zealand white rabbits, 
with a body mass of 2.6±0.3 Kg were pur-
chased from the Animal Experiment Center of 
Xinjiang Medical University. License number: 
SCXK (Xin) 2018-0002. Each rabbit was raised 
in a single cage. The indoor circadian rhythm 
was kept for 12 hours, the room temperature 
was kept at 22-24°C, and the humidity was 
kept at 50%-60%. The rabbits were fed once a 
day in the morning or evening and they drank 
water freely.

Experimental methods

Simulated hip surgery: The blood hypercoagu-
lable state model was established after simu-
lated hip surgery in 30 male rabbits. The anes-
thetic was Zoletil®50 (VIRBAC France Co. LTD) 
and Xylazine Hydrochloride Injection (Dunhua 
Shengda Animal Medicine Co. LTD) mixture in a 
1:1 proportion, and rabbits were anesthetized 
by intramuscular injection (0.1 ml/Kg). After 

first day after simulated surgery. The hemody-
namics of the left lower limbs were measured 
after rabbits were anesthetized, and then the 
treatment regimens were completed: (1) HT 
group: the heating soft board was wrapped and 
secured around the lower limbs. Considering 
that a high temperature may damage the thin 
skin of rabbits, we set the temperature at  
40°C. The duration was set as 20 min; (2) IPC 
group: the intermittent pneumatic compression 
device (IPCD) was used (the chambers were 
inflated in turn and deflated at the same time 
after all of them were filled with pressure). The 
pressure was usually set between 40 and 60 
mmHg [11], and the most commonly used pres-
sure on the thigh was 60 mmHg [21, 22]. To 
better simulate the effect of “muscle pump”, 
the treatment pressure was set at 60 mmHg, 
and the treatment time was set as 20 min; (3) 
IPCH group: the whole lower limb was wrapped 
with the heating soft board, and the tempera-
ture was set at 40°C. The pressure leg sheath 
of the IPCD was wrapped on the outside of the 
heating soft board. The treatment pressure 
was 60 mmHg and the treatment time was 20 
min. IPC and HT devices are shown in Figure 1. 
For the convenience of description and com-
parison, physiologic hemodynamic parameters 
of rabbits were set to the Normal group, and 
the hemodynamic parameters after simulated 
left hip surgery (before treatment) were set to 
the HSS group.

Figure 1. Experimental facilities. A. Intermittent pneumatic compression de-
vice; B. Homemade hyperthermia device.

successful anesthesia and 
disinfection, a 3 cm long left 
lateral thigh incision was 
made to separate the skin 
and subcutaneous tissue lay- 
er by layer, and fully expose 
the femur. A hole was drill- 
ed and a metal screw was 
placed in the proximal left 
femur, and then the incision 
was washed and sutured by 
layers. The lower limbs were 
fixed in a hip cast after the 
simulated surgery.

Interventions: Thirty rabbits 
were divided into the HT 
group, IPC group, and IPCH 
group according to a random 
number table, with 10 rabbits 
in each group. The researcher 
completed the experiment in 
a quiet environment on the 
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Measurement of hemodynamic parameters: 
Color Doppler Flow Imaging (CDFI) was used to 
measure the femoral venous hemodynamic 
parameters in Normal and HSS groups, and it 
was measured within 1 min after treatment in 
HT, IPC and IPCH groups. The hemodynamic 
parameters detected by CDFI are shown in 
Figure 2. Then we integrated the hemodynamic 
parameters and calculated the Reynolds num-
ber (Re) to determine the blood flow state. Re 
was calculated by Re=ρvd/μ, where ρ is the 
blood density (Kg/m3), v is the mean blood 
velocity (m/s), d is the vessel diameter (m), and 
μ is the hemodynamic viscosity (Pa.s/m2). The 
hemodynamic parameters of each group are 
shown in Table 1.

Computed tomography perfusion imaging 
(CTPI) of femoral vein: A rabbit was randomly 
selected, anesthetized, and then fixed on a 
scanning bed in the supine position with lower 
limbs straight. Then 4.5 mL Iohexol Injection 
(Yangzijiang Pharmaceutical Group Co. LTD) 
was injected with a high-pressure syringe at a 
rate of 1.5 mL/s through the indwelling needle 
in the marginal ear vein, with a concentration of 
300 mg/mL. After that, 10 mL normal saline 
was injected at the same rate. CTPI (SOMATOM 
Definition Flash) was performed two times 
since the beginning of Iohexol injection, and the 
femoral venous imaging was obtained.

with a thickness of 20 µm was constructed [24, 
25]. Unigraphics NX 6.0 software was used to 
cut and assemble the geometric model of the 
vessel wall, venous valve and blood to obtain a 
complete femoral venous model, as shown in 
Figure 3. The long axis and short axis of the 
femoral vein were 2 mm and 1.6 mm, respec-
tively, detected by ultrasound. The maximum 
opening degree of the venous valve was usually 
60%-70% [26], and therefore the opening 
degree of the venous valve was set at 60% in 
our study. The femoral venous hemodynamics 
were analyzed with the fluid dynamics method 
by ANSYS Workbench. 

Governing equations: Although blood in veins is 
not pulsating like in arteries, it still has an 
unsteady flow due to the periodic opening and 
closing of the venous valve. In order to better 
simulate the relationship among blood flow, 
femoral vein and venous valve, we used the 
fluid-structure interaction model. Blood was 
treated as an incompressible Newtonian fluid 
in this study and satisfied the following govern-
ing equations:

Continuity equation:

0n vdA
A

=:y y##                                                (1)

Where ny is the normal vector of plane A, and vy 
is the velocity vector. 

Figure 2. The hemodynamic values are detected by CDFI.

Establishment of femoral ve- 
nous model: Femoral venous 
computed tomography (CT) 
data were processed by Mi- 
mics21.0 software, and the 
venous segment where the 
great saphenous vein conver- 
ged on femoral vein (saphe-
nous-femoral junction) was 
selected and exported as  
*.STL file through regional 
growth, threshold segmenta-
tion and other functions. The 
femoral vein was optimized 
with reverse-engineering soft-
ware Geomagic Studio 2014 
to construct a vessel wall with 
a thickness of 24 µm [23], 
and then a geometric model 
of the vessel wall and blood 
was obtained. According to 
the position of the venous 
valve (proximal to the femoral 
vein, above the saphen-femo-
ral junction), a venous valve 



Prevention of DVT by intermittent pneumatic compression and hyperthermia

3347 Am J Transl Res 2022;14(5):3344-3359

Motion equation:
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Where CV is the control body, CS is the control 
surface, v ny  is the surface normal vector com-
ponent of the velocity, fy is the external force 
term (including the stress term), and pny  is the 
surface normal component of the pressure 
term. 
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Where V is the volume of the system, and u is 
the thermodynamic property.

Dynamic constitutive equation:

( ) (t)tT + = htc
lt

ht
                                          (4)

Where ηρ is the coefficient of viscosity, and κρ 
is the elastic coefficient.

State equation:

p=ρRT                                                               (5)

Where R is the thermodynamic parameter, T is 
temperature, p is pressure, and ρ is density.

Table 1. Femoral venous hemodynamic parameters (n=10)
Hemodynamic value Normal HSS HT IPC IPCH
Mean blood velocity (cm/s) 7.85±0.22 3.58±0.26 5.48±0.50 6.63±0.43 7.05±0.29
Peak blood velocity (cm/s) 17.73±0.94 6.63±0.33 10.22±0.80 11.36±0.43 12.13±0.65
Blood flow per minute (ml/min) 11.43±0.97 4.63±0.47 7.91±0.81 8.46±0.41 9.02±0.44
Heart rate (Times/min) 129.8±4.32 128.5±3.02 137.9±6.87 138.3±4.19 146.5±8.87
Vessel diameter (cm) 0.18±0.01 0.18±0.02 0.18±0.01 0.19±0.01 0.19±0.01
Reynolds number (Re) 37.091 16.916 25.893 33.067 35.162
Blood flow state Laminar flow Laminar flow Laminar flow Laminar flow Laminar flow

Figure 3. Modeling process of the femoral vein and venous valve. A. CT data are imported and the femoral vein 
extracted; B. Optimization of grid; C. Establishment of the venous valve model, cutting and assembling of geometric 
models of the femoral vein and venous valve; D. Complete femoral vein and venous valve model.
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Numerical methods: In this study, we se- 
lected the fluid computing module, transient 
computing module, and system coupling mod-
ule in ANSYS Workbench 2019. Vessels were 
regarded as linear elastic materials, and the 
physical parameters of vessels were set as fol-
lows: Young’s modulus of the vein was 1 Mpa, 
Young’s modulus of the venous valve was 0.2 
Mpa, Poisson’s ratio was 0.45, and density  
was 1150 kg/m3. Blood was considered an 
incompressible viscous Newtonian fluid with a 
hemodynamic viscosity of 0.0035 Pa·s and a 
density of 1060 kg/m3 [27]. According to ultra-
sonic detection and Re calculation, the blood 
flow state of rabbits in each group was laminar 
flow. Therefore, the laminar flow model was 
selected. The bi-directional fluid-structure cou-
pling method was used for numerical simula-
tion, and the interface between blood and ves-
sel wall was set as the fluid-solid coupling inter-
face. The blood and vessel models were 
meshed separately. Considering the simulation 
process was transient and coupled, the dynam-
ic mesh method was used to mesh the geomet-
ric model. To ensure the calculation accuracy, 
the model was divided into hexahedral grids, 
including 209,773 units and 724,175 ele-
ments. The distal femoral vein and great saphe-
nous vein were set as the inlet, and the proxi-
mal femoral vein was set as the outlet. After the 
convergence, it was found that the mesh defor-
mation was serious and fluid leakage occurred. 
These phenomena were considered to be 
caused by the insufficient thickness of the vein 
and venous valve. We gradually increased the 
thickness of the venous wall to 300 µm and 
increased that of the venous valve to 40 µm. 
After the second time of convergence, no obvi-
ous deformation was found in the mesh, and 
the convergence accuracy was within the range 
of 10-5. The time step was set as 0.06 s, and 
the total duration was set as 3 s.

Initial conditions and boundary conditions: 
Initial conditions: The femoral venous mean 
blood velocity in each group was taken (Table 
1) as the entrance velocity. Since the outlet 
velocity was basically stable, the outlet pres-
sure was set at 0 Pa [28].

Boundary conditions: The blood, vessel and 
venous valve were set without slip or permea-
bility boundary.

Outcome indicators

① Blood flow velocity distribution vector of the 
femoral vein; ② Blood flow state around ve- 
nous valve; ③ Total deformation of the fe- 
moral vein and venous valve; ④ Relationship 
between the change of total deformation and 
time; ⑤ Distribution of equivalent stress of 
femoral vein and venous valve; ⑥ Relationship 
between the change of equivalent stress and 
time.

Statistical analysis

SPSS26.0 was used for the analysis of ultra-
sonic detection results. The normal distribution 
data were expressed as 

_
x±S. The same sam-

ple data were tested by paired samples t test 
under different conditions. The variance analy-
sis was performed for comparison among 
groups, and the difference was statistically sig-
nificant if P<0.05.

Results

Ultrasonic test results

The mean blood velocity, peak blood velocity, 
and blood flow per minute in the three groups 
were significantly increased, and the increase 
rate in the IPCH group was faster than that  
in the HT group or IPC group (P≤0.001); The 
heart rate in the IPCH group was significantly 
higher than that in the HT group or IPC group 
(P<0.05). However, there was no significant dif-
ference in vessel diameter among the three 
groups (P>0.05), as shown in Table 2.

Blood flow velocity and state

Blood flow velocity distribution vector of the 
femoral vein: The middle region of the venous 
valves showed the most remarkable increase 
in the femoral vein blood flow velocity, followed 
by the proximal vein (outlet segment), but the 
saphenous-femoral junction and the distal vein 
(inlet segment) had no obvious changes. The 
blood flow velocity in the HSS group significant-
ly decreased compared with that in the Normal 
group, but it increased significantly in the three 
groups. The increased rate of the IPCH group 
was the most significant, but still lower than 
that of the Normal group, as shown in Figure 4. 

Changes of blood flow state around the venous 
valve: We found that there was a vortex in the 
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sinus area around the venous valve, and the 
flow rate in the vortex was significantly lower 
than that in other areas of the femoral vein.  
The blood in the vortex flows into the sinus 
region first and then returns to the inferior  
vena cava in the same direction as the main 
flow. This phenomenon is blood backflow [29]. 
However, there was no significant difference in 
the change of the vortex among groups, as 
shown in Figure 5.

Total deformation 

Femoral vein: The femoral vein and venous 
valve were separated and observed. The total 
deformation of the femoral vein in Normal,  
HSS and HT groups was significant in the area 
around the venous valve. The area around the 
right valve showed the largest deformation,  
followed by the saphenous-femoral junction. 
However, the total deformation of saphenous-

Table 2. Changes n hemodynamic parameters in each group after treatment
Hemodynamic value HT IPC IPCH F P
Mean blood velocity (cm/s) 5.48±0.50 6.63±0.43 7.05±0.29 38.261 <0.001
Peak blood velocity (cm/s) 10.22±0.80 11.36±0.43 12.13±0.65 22.419 <0.001
Blood flow per minute (ml/min) 7.91±0.81 8.46±0.41 9.02±0.44 9.031 0.001
Heart rate (Times/min) 137.9±6.87 138.3±4.19 146.5±8.87 4.925 0.015
Vessel diameter (cm) 0.18±0.01 0.19±0.01 0.19±0.01 0.52 0.6

Figure 4. Blood velocity distribution of femoral vein. A. Normal group; B. HSS group; C. HT group; D. IPC group; E. 
IPCH group.
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Figure 5. Blood flow state around the venous valve. A. Normal group; B. HSS group; C. HT group; D. IPC group; E. IPCH group.
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femoral junction in IPC and IPCH groups was 
the greatest and higher than that in other parts 
of the femoral vein due to local compression, 
as shown in Figure 6. 

Venous valve: The total deformation was great-
est in the upper part of the right venous valve. 
The total deformation of venous valves in the 
HSS group significantly decreased compar- 
ed to that in the Normal group, but the total 
deformation increased significantly in HT, IPC 
and IPCH groups compared to that in the HSS 
group, and the most significant changes were 
in the HT group, as shown in Figure 7. 

Relationship between the change of total de- 
formation and time: The relationship between 
total deformation of the femoral vein and ve- 
nous valve with time was analyzed after sepa-
ration, as shown in Figure 8. We found that the 
deformations of the femoral vein and venous 
valve increased gradually and then decreased 
with time. The deformation reached a maxi-
mum at 1.56 s, and after about 0.4 s, it began 

to decline in a stepwise fashion. Although the 
trend of deformation was similar in each group, 
the amplitude of change was different, and the 
deformation of the venous valve was larger 
than that of the femoral vein. The deformation 
of the femoral vein and venous valve increased 
significantly after HT, IPC and IPCH, and the 
changes in IPC and IPCH groups were more  
significant. The maximum deformation of the 
IPCH group was larger than that of the IPC 
group at 1.56 s. The femoral venous deforma-
tion in IPC and IPCH groups was slightly larger 
than that in the Normal group before and after 
valve opening, but significantly lower than the 
deformation in the Normal group at the peak 
stage of valve opening. 

Equivalent stress

Femoral vein: The maximal equivalent stress 
was located in the area around the venous 
valve in the Normal, HSS, and HT groups. The 
equivalent stress in the HSS group was lower 
than that in the Normal group. The equivalent 

Figure 6. Total deformation of the femoral vein. A. Normal group; B. HSS group; C. HT group; D. IPC group; E. IPCH 
group.
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Figure 7. Total deformation of the venous valve. A. Normal group; B. HSS group; C. HT group; D. IPC group; E. IPCH group.
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stress of the femoral vein in the HT group was 
only slightly increased, but that in IPC and  
IPCH groups increased significantly, especially 
the equivalent stress at the saphenous-femo- 
ral junction. The IPCH group had the most sig-
nificant increase, as shown in Figure 9. 

Venous valve: In the Normal group, the equiva-
lent stress of the left venous valve was signifi-
cantly higher than that of the right venous 
valve, and the highest value was located at the 

rear of the left valve. The equivalent stress in 
the HSS group was significantly decreased, 
while that in HT, IPC, and IPCH groups in- 
creased to different degrees. The IPCH group 
showed the most significant increase, but the 
equivalent stress in the IPCH group was still 
lower than that of the Normal group, as shown 
in Figure 10. 

Relationship between the change of equivalent 
stress and time: With the blood flowing from 

Figure 8. Relationship between total deformation and time. A. Femoral vein; B. Venous valve.

Figure 9. Equivalent stress of the femoral vein. A. Normal group; B. HSS group; C. HT group; D. IPC group; E. IPCH 
group.
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Figure 10. Equivalent stress of the venous valve. A. Normal group; B. HSS group; C. HT group; D. IPC group; E. IPCH group.
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the inlet, the equivalent stress of the femoral 
vein and venous valve gradually increased,  
and the most significant increase was in the 
venous valve. However, due to the pressure, 
the equivalent stress of the femoral vein in- 
creased significantly in IPC and IPCH groups, 
and was still higher than that of the Normal 
group. The equivalent stress of the venous 
valve increased continuously from 1.56 s after 
blood inflow. The equivalent stress of the 
venous valve in HT, IPC and IPCH groups was 
higher than that of the HSS group. The change 
in IPC and IPCH groups was more significant, 
but the equivalent stress of the venous valve in 
these two groups did not exceed that of the 
Normal group, as shown in Figure 11.

Discussion

The main finding of our study was that the ac- 
tual efficacy of IPCH was significantly superior 
to the effect of application of IPC or HT alone. 
The IPCH group had a higher blood flow rate, 
and heart rate than the HT and IPC groups.  
The total deformation of the venous valve was 
relatively lower in the IPCH group. In addition, 
the blood velocity distribution, femoral venous 
total deformation, and equivalent stress of the 
femoral vein and venous valve in the IPCH 
group were higher than those in HT and IPC 
groups. 

The physiologic mechanism of IPC to prevent 
DVT mainly includes mechanical and bioche- 
mical effects [30]. Calf “muscle pump” can sig-
nificantly improve the volume, flow and velocity 
of blood vessels, and greatly promote venous 
blood backflow to the heart [31]. The mechani-
cal effect of IPC is similar to the function of a 
“muscle pump”: to conduct repeated sequen-

tial inflation and deflation of the multi-cavity air 
bag. The sequential step pressure of the air bag 
contributes to muscle contraction, to promote 
the blood in compressed deep veins of the 
lower limbs to flow back to the proximal vein 
during inflation, and flow to the distal vein dur-
ing deflation. In this way, the deep veins of 
lower limbs can be periodically emptied, thus 
accelerating blood circulation of lower limbs to 
prevent DVT [32]. The biochemical effect of IPC 
is mainly achieved through increasing the shear 
and compression strain on endothelial cells by 
aerodynamic compression. Subsequently, the 
release of tissue-type plasminogen activator 
(t-PA), nitric oxide (NO), tissue factor pathway 
inhibitor and other bioactive mediators will 
occur, and expression of t-PA and endothelial 
NO synthase will be up-regulated, thereby acti-
vating the fibrinolysis system and promoting 
fibrinolysis in blood. The release of NO can also 
directly dilate blood vessels and inhibit the 
release of endothelin [33, 34]. Moreover, the 
application of IPC can inhibit the adhesion and 
aggregation of blood clotting factors to the inti-
ma of blood vessels to prevent DVT [35]. 
Thermal stimulation induces significant hemo-
dynamic changes and metabolic regulation 
when applied to local tissues [36]. The increase 
of temperature can significantly reduce oxida-
tive stress, improve NO bioavailability and vas-
cular endothelial growth factor up-regulation, 
and ultimately improve the activity of vascular 
endothelial cells and promote vascular dilation 
of muscles and skin. In this way, blood perfu-
sion will be effectively increased and blood cir-
culation will be improved [20, 37, 38]. Thermal 
stimulation also induces the release of adenos-
ine triphosphate (ATP), and increases myofibrin 
activity ATPase activity, and Ca2+ sensitivity, 
thereby promoting muscle contraction and 
improving blood circulation [39, 40]. 

Figure 11. Relationship between the change of equivalent stress and time. A. Femoral vein; B. Venous valve.
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By analyzing the hemodynamic parameters 
obtained by ultrasonic detection, it was found 
that the increase of peak blood velocity, mean 
blood velocity, and blood flow per minute in the 
IPCH group were significantly higher than those 
of HT and IPC groups. The results showed that 
the combined effect of IPC and HT could signifi-
cantly change blood circulation in local lower 
limbs and even systemic blood circulation in 
rabbits. As a result of the improvement in blood 
circulation, the heart rate of rabbits increased 
to a certain extent. However, the diameter of 
the vessel did not change significantly, which 
may be related to the type of experimental ani-
mals. The veins of rabbits were relatively small, 
with an average diameter of 2.0±0.6 mm [41], 
and the scope of vascular dilatation was limited 
even under strong stimulation. 

The venous valves are mostly open during the 
equilibrium phase. At this point, the blood flow 
diverged at the tip of the valve. Since the lumen 
formed by the tip of the valves is about 35% 
smaller than the distal vein, the blood flow 
velocity increased significantly in the narrow 
middle region when the venous valve was 
opened, which produced a jet. The main stream 
of venous blood flow was formed. The remain-
ing blood flow (a small proportion) was chan-
neled into the sinus cavity behind the valve tip, 
creating a vortex along the walls of the sinus 
and valve tip, and then flowed back into the 
main stream of the vein [42-44]. The blood 
velocity distribution in the three groups in- 
creased significantly; and the IPCH group had a 
more significant increase than the HT and IPC 
groups, which was consistent with the results 
of previous animal experiments. It was demon-
strated that the effect of IPCH was better than 
that of a single application of IPC or HT. When 
we observed the blood velocity distribution, we 
also found vortexes in the area around the 
venous valve, where the velocity was signifi-
cantly lower than that in other areas of the vein. 
Our preliminary study found that there was no 
direct correlation between the change of blood 
velocity and the vortex. This needs to be further 
verified by quantitative analysis.

IPC caused the deformation of vessels through 
intermittent progressive pressure. The femoral 
vein of rabbits was shallow, and the diameter 
was the largest at the saphenous-femoral junc-
tion. Therefore, the deformation of IPC and 
IPCH groups was most obvious at the saphe-

nous-femoral junction. HT promoted vascular 
dilatation with an increase of temperature [45]. 
The femoral vein was deformed under the com-
bined effect of intermittent pressure and tem-
perature in the IPCH group, while it was defor- 
med under single action of intermittent pres-
sure or temperature in the IPC group and HT 
group. Therefore, the deformation of the femo-
ral vein in the IPC and HT groups was not as 
obvious as that in the IPCH group. However, the 
deformation of the venous valve in the IPCH 
group was significantly less than that of the HT 
group. A possible reason was that IPCH acti-
vated and released some vasoactive substanc-
es, which led to a more apparent expansion of 
the venous lumen. Venous valve relative insuf-
ficiency already existed before venous valve 
was opened, and therefore the deformation 
was relatively small when the venous valve was 
opened.

According to the von Mises yield criterion, un- 
der certain deformation conditions, when the 
elastic deformation in the unit volume shape  
of the material changes to a certain constant, 
the material yields [46]. When the equivalent 
stress in a certain part of the vessel wall 
exceeds a constant, the risk of damage and 
rupture will increase, but IPC can produce me- 
chanical and biochemical effects to improve 
blood circulation through intermittent compres-
sion [11, 47, 48]. In this study, the equivalent 
stress produced by IPCH was higher than that 
of the physiological state. The “physiological 
state” was a simulated relaxation status in 
which the blood vessels were not pressurized 
by muscles. However, in the human body, the 
lower limb blood vessels are squeezed by the 
contraction of the “muscle pump”, leading to 
equivalent stress. Moreover, the effect of this 
force on blood vessels is transient; that is, the 
effect occurs during “muscle pump” contrac-
tions and disappears during relaxation. Thus 
even if IPCH applied the equivalent stress 
repeatedly on the blood vessel wall, it only sim-
ulated the “muscle pump” and could not dam-
age the blood vessel wall. 

Taking this a step further, we believe that IPCH 
is closer to the physiologic state of muscle  
contraction, because the muscle during active 
contraction will produce heat [49, 50]. That is 
to say, in addition to muscle contraction, the 
release of ATP can also generate heat to speed 
up the local blood circulation. Moreover, heat is 



Prevention of DVT by intermittent pneumatic compression and hyperthermia

3357 Am J Transl Res 2022;14(5):3344-3359

also generated when Ca2+ binds to troponin C 
and parvalbumin at the beginning of contrac-
tion [51]. 

This study preliminarily explored the efficacy of 
IPCH, and whether it was superior to the effect 
of the single application of IPC or HT It lays the 
foundation for further investigations. However, 
this study has some limitations. First of all, 
male rabbits were selected as experimental 
animals. Although the effects of estrogen on 
the blood system were avoided, the lower limb 
anatomy of rabbits was quite different from the 
human body, which results in partial loss of 
compression effect caused by IPC. Secondly, 
the number of experimental animals was rela-
tively small, and the weight was limited, so the 
femoral venous diameter did not change much 
in each group, resulting in some bias. Thirdly, in 
the hemodynamic analysis, since the femoral 
venous size in rabbits was small, the data of 
the venous valve could not be obtained. Only 
the diameter and thickness observed under 
the previous electron microscope were used to 
simulate the model, which may lead to a cer-
tain distortion of the model and bias in the 
experimental results. 

Conclusion

The comprehensive effect of IPCH is signifi-
cantly superior to the effect of application of 
IPC or HT alone. Even though IPCH significantly 
increase the rate of venous blood flow, it is 
unlikely to damage the venous wall. 
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