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Abstract

Introduction: Intermittent pneumatic compression (IPC) is now a widely used therapy for the prophylaxis of deep vein
thrombosis and pulmonary embolism. In general, the IPC sequence is composed of sequential compression and simultaneous
deflation. Typically, veins are considered to be squeezed and emptied during the compression phase and to be refilled during
the deflation phase. However, because the stop or sudden increase in blood flow can be dangerous, a further investigation is
needed with respect to the blood flow. Materials and Methods: We demonstrated a new compression protocol based on the
investigation results of venous blood flow during IPC. This new compression protocol involves successive compression without
the deflation phase; thus, the expelled blood volume flow during a given period can be maximized. To investigate the blood flow
during IPC, sonography movie clips and in-laboratory developed blood flow analysis software was used. Results: The increases in
the peak volume flow during IPC were 49% (+24%) and 25% (+29%) with the conventional protocol and the new protocol,
respectively, whereas the total volume flow (TVF) was not significantly changed (—1.0% and —13.0%, respectively). With the new
protocol, the peak velocity (PV) was 49% lower than that with the conventional protocol. Thus, the new protocol has an effect of
maintaining TVF without resulting in a sudden large increase or decrease in PV. Conclusion: The new suggested protocol might
improve safety because it can maintain the stability of blood flow by reducing the risk of blood stasis and a rapid change in blood
flow.
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Introduction

Intermittent pneumatic compression (IPC) is considered as a
general therapy to reduce the risk of deep vein thrombosis
(DVT) or pulmonary embolism after surgery.'™ In particular,
in cases with an additional risk of bleeding, IPC devices are
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accepted as an effective alternative because thrombolytic or
anticoagulant agents could be dangerous.>*

Intermittent pneumatic compression using an electromecha-
nical device was introduced in the early 1970s, and several
clinical trials have reported its clinical effects since.””'* How-
ever, questions about the effectiveness and safety of IPC are
still continuously raised. The reason for this may be the lack of
a clear scientific causal relationship between IPC and preven-
tion of blood clots.!' Some studies have attempted to demon-
strate an increase in fibrinolytic factors as the scientific basis of
the effectiveness of IPC in preventing thrombosis.''"* Other
studies have focused on changes in hemodynamic variables
after the application of IPC.'*!?

Few studies have however investigated the real-time
changes in blood flow in the vein during pneumatic
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compression.'®2%2! This is likely because of the nonavailabil-
ity of appropriate tools and methods for real-time measurement
of blood flow. While Doppler sonography has been used in
many studies on DVT, it provides images of blood flow that
show the movement distribution of blood particles for only a
short period (about 30 seconds). Conventional Doppler sono-
graphy equipment may provide values of some hemodynamic
variables such as peak velocity (PV), mean velocity (MV),
peak volume flow (PVF), and total volume flow (TVF), but
these results can be obtained only after the measurement is
complete, and not in real time, during the measurement. There-
fore, it cannot be used to demonstrate or record the dramatic
changes in blood flow that occur during IPC.

In this study, movie clips of screen shots captured during
Doppler sonography were used to analyze real-time changes
in blood flow during IPC. In addition, a software tool was
developed that could detect and extract changes in the blood
velocity and the thickness of the venous vessel at a particular
measurement point—the superficial femoral vein—from the
movie clips. Based on the extracted blood velocity data, the
effective component of IPC was determined using frequency
analysis and signal filtering. The filtered velocity waveform
showed the dramatic changes in blood flow during the infla-
tion and deflation phases, making interpretation of blood flow
during IPC possible.

Currently, a variety of IPC devices are being used in clinical
therapy, and each device has a different protocol.?* In brief, a
pair of cuffs (or sleeves) containing 1 or more chambers (or
bladders) are worn around the legs, sometimes including the
feet, and then air is blown into the chambers sequentially. Most
IPC devices have a deflation phase, during which the air filled
in the chambers is freely released at the same time. Because
blood vessels regain their original shape and are refilled with
blood during this phase, the deflation phase is also known as
the refill time.

The required refill time varies according to patient and
posture, and therefore, the validity and sufficiency of a fixed
deflation time have been questioned. Recently, a new device
that can detect blood refill and automatically adjust the defla-
tion time was developed to actively deal with varying refill
times, 152324

In this study, a new compression protocol in which the
deflation phase was eliminated from the conventional protocol
was developed in an effort to investigate the validity and safety
of the deflation time and develop an effective compression
protocol. On investigating and comparing real-time changes
in hemodynamic variables during IPC with or without the
deflation phase, the validity and safety of the new suggested
protocol were found to be reasonable.

Materials and Methods
Participants

This study included 30 healthy volunteers enrolled between
July and October 2014, after approval from the clinical

trial commission of the Korea National Cancer Center
(NCC2014-0041).

Thirty healthy volunteers were randomly divided into group
A and group B before sonography examination. In group A,
blood flow was recorded at a resting state (baseline) and under
compression with a conventional protocol (mode-1). In group
B, blood flow was recorded at baseline and under compression
with the new suggested protocol (mode-2). Sonography exam-
ination and IPC device operation were conducted by different
persons who were blinded to the group designation of the par-
ticipants. After measurement, any personal information was not
used except movie clips. Because the movie clips for 4 parti-
cipants were damaged while storing them on the device, 13
samples in each group could be analyzed.

The Device and Equipment

DVT-3000 (DS MAREF, Korea) was used as the IPC device. It
had a fixed cuff pressure and deflation time of 40 mm Hg and 24
seconds, respectively. DS212 soft cuff (DS MAREF), which is
compatible with DVT-3000, was used as a cuff. It has 3 chambers,
1 each compressing the lower calf, upper calf, and thigh. The
distances between chambers were 17 and 27 cm, respectively.

Ultrasonography was performed using iU22 xMATRIX
(Phillips Ultrasound, Bothell, WA, USA) with a 12.5-MHz,
50-mm linear array transducer; measurements were recorded
in duplex mode.

Protocols

Compression using the [PC device was conducted for both legs,
but measurements were performed only at the right superficial
femoral vein. Therefore, the measurement position was differ-
ent from the compressed positions and was located more proxi-
mally. After fastening the cuff around the legs, the connection
status of air tubes and pressure safety were tested for about 30
seconds. Several cycles of IPC were performed for stabilization
of blood flow before starting the measurement. Each movie clip
included the measurement screen during at least 3 cycles of
IPC. For subjects in group A, measurements were performed
twice alternately at the resting state and under IPC with mode-1;
similar measurements were performed for the subjects in
group B, with IPC being performed with mode-2.

Mode-1 (conventional compression mode). Mode-1 comprised
inflation and deflation phases. The duration of the deflation
phase was fixed at 24 seconds, whereas the duration of the
inflation phase could change depending on the inner pressure
of each chamber. The air inflation status of each chamber over
time is shown in Figure 1A.

Briefly, compression proceeded from the lower calf to the
upper calf and then to the thigh during the inflation phase, and
the pressure of the 2 calf chambers was maintained until the
thigh chamber pressure reached the target value. Then, the
deflation phase was started, with the air that filled the chambers
being naturally released simultaneously.
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Figure |. Compression protocols. Inflation is represented by swelled
(painted dark) chambers. A, Mode-|: Lower calf, upper calf, and thigh
are sequentially compressed and maintained in compression status
before the chambers simultaneously begin deflation. B, Mode-2: Only
2 or less chambers are continuously compressed without deflation
phase. Under each figure, blood flow status is shown.

Mode-2 (suggested compression mode). The air inflation status in
mode-2 is represented in Figure 1B. In mode-2, the number of
chambers under compression was maintained at less than 2, and
a separate deflation phase did not exist.

Data Processing

The 1U22 xXMATRIX screen provides a real-time blood flow
distribution diagram. However, because this diagram is initia-
lized every 30 seconds, complete cycles of the IPC cannot be
represented. Further, because this diagram has not been
designed for analysis but for visual demonstration of blood
flow, the instantaneous blood velocity is not represented by a
numerical value. Furthermore, the thickness of the veins on the
ultrasound image can be visualized but is not quantitatively
measured or stored for further processing.

In this study, sonography screens during compression with
the IPC device were stored as movie clips, which is a support-
ing function of iU22 system, and data on instantaneous blood
velocity and vein thickness were then extracted from each
frame of the movie clip by a laboratory-developed, image-

processing software program. This program can not only gra-
phically represent the changes in blood velocity and vein thick-
ness as a function of time during the entire sonography
measurement but also calculate a variety of hemodynamic
parameters such as PV, MV, PVF, TVF, and expelled volume
flow (EVF). In addition, these numerical data can be stored as
files for further analysis.

Calculation of Hemodynamic Parameters

The velocities of the blood particles are represented as dots in
the blood flow distribution diagram in each frame of the sono-
graphy movie clips. The dot varies in intensity according to the
number of particles with the same velocity. Because the distri-
bution of blood particle velocities at a specific instant needs to
be represented by a value, the mean square velocity is calcu-
lated and used as the instantaneous velocity (/V), calculated
as follows:

[; represents the number of particles with the same velocity,
which is shown by the intensity of the dot on the measurement
screen. The root mean square of the velocities (V;) of blood
particles (/;) is calculated and defined as /V. Instantaneous
velocities are acquired at pixel units and are then converted
into time units. Time units could not be directly used because
they could vary according to the screen setting. All hemody-
namic parameters were calculated based on the /7. However, in
the case of PV and PVF, the velocity value was not based on 7/
but on the maximum velocity of the blood particles for con-
sistency with existing literature.

Vein Thickness

Vein thickness data were extracted from each frame of the
movie clips because this varies with various factors, especially
compression status, during measurement. When calculating
blood volume flow, variation in vein thickness is an important
factor because it affects blood volume flow by a squared value.
The initial measuring region, the so-called region of interest,
was manually determined before image processing. Then,
image-processing techniques such as histogram equalization,
Otsu thresholding, and image binarization were applied to
detect the vein walls and measure the thickness. When calcu-
lating blood flow velocity and when measuring the vein thick-
ness, pixel scale was automatically adjusted using the software
program because it depends on the image zooming status.

Blood Volume Flow Calculation

Venous blood flow was measured as 3 different variables. First,
PVF represents the blood volume flow during 1 second around
a time point when the highest IV is observed. Second, TVF
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Figure 2. Blood flow analysis program. When a movie clip is played, instantaneous velocity (IV) and vein thickness are extracted from each
frame image. After playing, hemodynamic variables are calculated by indicating start and end positions of a cycle and an inflation phase,

respectively.

refers to the blood volume flow during 1 cycle of IPC, and its
unit is mL/min. Finally, EVF indicates the blood volume flow
only during the inflation phase, and its unit is L/h. In mode-2,
there is no deflation phase, and so TVF and EVF represent the
same amount of blood flow although their units differ. At base-
line, because EVF is meaningless as compression is not
applied, only PVF and TVF were measured and were used to
compare mode-1 and mode-2.

When PVF, TVF, and EVF were calculated, IV was used
without filtering, and the thickness of the vein was extracted in
a frame-by-frame manner. The section of the vein was assumed
to be a perfect circle. Blood flow was calculated by multiplying
the surface area of the section with the IV (mL/sample), and the

value was then converted to minutes. For consistency with
previous studies, PVF and TVF values were converted to val-
ues with mL/min as the unit, and EVF values were converted to
values with L/h as the unit.

Data Normalization

On examining [V graphs, the individual differences were found
to be significant even in the resting state. Therefore, the indi-
vidual differences had to be normalized to compare the effects
of mode-1 and mode-2. For the normalization, the rate of
change was calculated by dividing the change in the amount
with the baseline value. The reason for the use of the rate of
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Figure 3. Graphs of vein thickness (A), blood velocity in mode-1 (B),
and mode-2 (C) during intermittent pneumatic compression (IPC).

change and not the amount of change is described in the dis-
cussion section.

Results
Duplex Sonography Video Configuration

The software program developed in the laboratory was used to
successively extract the blood flow velocity and vein thickness
data from Doppler sonography movie clips (Figure 2).

Immediately after the processing of each movie clip, instant
blood velocities and vein thickness values were presented as
waveforms below the movie clip. By pushing the calculation
button after setting the start and end points of compression on
the instantaneous blood velocity waveform, a series of blood
volume flow values, including PVF and TVF, was calculated
and presented at the bottom of the program. For the further
analysis, the IV and thickness values from each movie clip
were saved in files. A waveform of vein thickness is shown
in Figure 3A. In this figure, the average thickness of the vein at
the measuring point is 0.648 + 0.011 cm.

Compression Protocols

Mode-1 (conventional compression mode). The cuff used in this
study had 3 chambers, 1 each compressing the lower calf, upper

calf, and thigh. The measuring point was the superficial femoral
vein, which was more proximal than the compression points. The
conventional compression protocol was referred to as mode-1. In
this mode, after the lower calf was compressed, compression of
the upper calf was started with the lower calf being in the com-
pressed status; thigh compression was begun as soon as the upper
calf compression was stopped, with both the lower calf and the
upper calf in the compressed state. After compression of all 3
chambers were completed, deflation of the chambers was con-
ducted for 24 seconds. The instantaneous blood flow velocity in
the superficial femoral vein during mode-1 is presented as a graph
in Figure 3B; the instantaneous blood flow velocity is shown as a
periodic signal containing a high noise component, with the noise
also shown as a periodic feature.

When the noise component was observed with sonography
equipment, which only displays a very short duration of measure-
ment, it seemed to be completely periodic and due to respiration.
To analyze the changes in blood flow induced specifically by IPC,
a 0.1-Hz low-pass filter was designed. This low-pass filter could
exclude the effect of either respiration or pulse. The filtered result
was overlaid on the nonfiltered waveform. The phase shift that
occurred with the finite impulse response filter was adjusted to
facilitate better understanding. On observing the filtered wave-
form, distinct periodicity was observed, with a 46-second period,
which matched the IPC cycle. Because the deflation time was
fixed at 24 seconds, the remainder of the period comprised the
time for compression of the 3 chambers, but it was not possible to
distinguish between the sections to compress the respective
chamber. From the starting point of both the inflation and the
deflation sections, the blood flow velocity was seen to rapidly
reduce as soon as the deflation phase begun.

Mode-2 (suggested protocol). In the suggested compression pro-
tocol (mode-2), a distinctive deflation phase did not exist;
furthermore, at no instant were all 3 chambers in a compression
state simultaneously. The instantaneous blood flow velocity in
the superficial femoral vein during mode-2 is presented as a
graph in Figure 3C; the instantaneous blood flow velocity
showed simpler periodicity, but a noise component owing to
respiration and pulse was still seen fluctuating.

The filter used with mode-1 was applied, and phase shifting
was adjusted as with mode-1. The period of the filtered wave-
form in mode-2 was about 18 seconds, shorter than that with
mode-2. The waveform of blood velocity with mode-2 was
pure sinusoidal. The amplitude was decreased, but the minimal
value was maintained over zero. The decreased amplitude indi-
cated a reduced risk of stasis or reflux, and a lack of blood due
to elimination of the deflation phase was not observed.

Statistical Analysis

Blood velocity and blood flow during the compression proto-
cols are presented in Table 1. Peak velocity and PVF were
significantly different with mode-1 and mode-2 (P = .002 and
P = .031, respectively), but the MV and TVF were not (P =
.103 and P = .266, respectively); in the resting state, none of
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Table 1. Hemodynamic Variables According to Compression Mode.

Group A Group B Independent Sample t Test
Mean Standard Deviation Mean Standard Deviation P Value Confidence Interval
Baseline PV 55.93 23.37 46.44 16.40 243 —6.860 25.831
MV 17.92 7.39 15.96 7.44 .508 —4.048 7.955
PVF 11.78 6.15 12.06 10.27 934 —7.132 6.573
TVF 257.13 108.87 244.55 144.81 .805 —91.137 116.279
IPC PV 82.54 25.64 55.04 13.29 .002 10.971 44.033
MV 16.57 7.89 12.51 3.51 .103 —0.882 8.999
PVF 20.50 8.94 13.17 727 .031 0.736 13.926
TVF 250.16 106.26 204.34 98.72 266 —37.204 128.851

Abbreviations: IPC, intermittent pneumatic compression; MV, mean velocity; PV, peak velocity; PVF, peak volume flow; TVF, total volume flow.

Note. Bold face means statistical significance between Group A and Group B.
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Figure 4. Peak velocity change (A), mean velocity change (B), peak volume flow change (C), and total volume flow change (D) in groups A and B.

the 4 variables, PV, MV, PVF, and TVF, were significantly
different between group A and group B.

Before analyzing the effect of IPC, each hemodynamic vari-
able was normalized to express the rate of change because the
amount of change was too dependent on individual differences.

When mode-1 was applied, instantaneous PV and PVF were
increased by 49% and 89%, respectively. P values of PV and
PVF were all less than .001. Mean velocity and TVF were
hardly changed (group A in Figure 4; Table 2).

With mode 2, PV and PVF were increased by 27% and 48%,
respectively. P values were .006 and .001, respectively. How-
ever, MV and TVF were marginally decreased by 10% and 6%,
respectively. The changes in MV and TVF were not statisti-
cally significant (group B in Figure 4; Table 3).

On comparing the 2 groups, the changes in PV and PVF in
group B were significantly smaller than those in group A, with
P values of .036 and .013, respectively (Figure 5; Table 4). The
mode-2 compression protocol in group B showed the effect of
reducing the PV and PVF by half (Figure 5).

In summary, in both group A (mode-1) and group B (mode-2),
PV and PVF were increased, but MV and TVF were slightly
decreased or maintained during compression. The increasing
effect of PV and PVF was reduced in group B.

Discussion

The use of IPC devices for prevention of thrombosis is
gradually becoming a standard therapy. In particular, for
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Table 2. Hemodynamic Changes in Group A (After Normalization).

Compression—baseline Paired t Test

Mean Standard Deviation P Value Confidence Interval
PV 0.49 0.24 .001 0.334 0.639
MV -0.07 0.17 0.176 -0.173 0.035
PVF 0.89 0.57 .001 0.548 1.241
TVF  —-0.0l 0.20 .896 —0.112 0.126

Abbreviations: IPC, intermittent pneumatic compression; MV, mean velocity;
PV, peak velocity; PVF, peak volume flow; TVF, total volume flow.
Note. Bold face means statistical significance between Group A and Group B.

Table 3. Hemodynamic Changes in Group B (After Normalization).

Compression—Baseline Paired t Test

Mean  Standard Deviation P Value Confidence Interval
PV 0.27 0.30 .006 0.093 0.450
MV -0.10 0.32 268 —0.300 0.092
PVF 0.48 0.35 .001 0.246 0717
TVF  —0.06 0.23 .394 —-0.204 0.087

Abbreviations: IPC, intermittent pneumatic compression; MV, mean velocity;
PV, peak velocity; PVF, peak volume flow; TVF, total volume flow.
Note. Bold face means statistical significance between Group A and Group B.
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Figure 5. Normalized change rate in groups A and B. The changes in
peak velocity (PV) and peak volume flow (PVF) in mode-I are signif-
icantly larger than mode-2, but the changes in mean velocity (MV) and
total volume flow (TVF) are negligible.

patients with a high risk of bleeding, IPC has become the
only means of thrombosis prophylaxis because chemical throm-
bolytic agents cannot be used. However, evidence of how IPC
prevents thrombus is not clear; thrombolytic agents directly dis-
solve clots. The reason for the lack of clear evidence is the non-
availability of proper means and methods with which researchers
can investigate the changes in the body, especially changes in
blood flow, during IPC. In this study, Doppler sonography movie
clips and a laboratory-developed software program were used to
investigate the changes in blood flow during IPC. The software
program could extract data on the velocity of blood flow and the
thickness of the vein from the movie clips by image-processing
technology and could also save changes in these variables in files.

By examining the Doppler sonography movie clips, it was
found that blood flow was not constant but highly variable and
that the blood particles had a wide range of velocity distribution
according to their position in the vein and other factors such as
pulse and respiration. To design efficient IPC devices, under-
standing such variable blood flows correctly should be a rea-
sonable starting point. First, blood particles in the center of the
vein show the fastest velocity distribution and those near
the vessel wall run slowly because of resistance due to friction.
The so-called blood velocity refers to the average value of the
particle velocity distribution of blood flowing through a section
of the blood vessel. In this study, instantaneous blood velocity
was defined as the root mean squared value of particle velocity
distribution at a certain time at the measuring point. The change
in this IV can be represented as a function of time, and the
graph of this function includes many factors, which can be
mistaken as noise. To exclude the noise factors and investigate
only the change in blood flow due to IPC, frequency analysis
was conducted for the IV function. Pulse and respiration were
found to have considerable effects on the velocity waveform,
and these effects had to be eliminated. Because of these factors,
analyzing the blood velocity without signal filtering can be
very difficult, and errors are likely to occur. In this study, a
low-pass filter with a 0.1-Hz cutoff frequency was designed to
filter out the relatively high-frequency components such as
pulse and respiration from the blood velocity waveform.
Through the filtered graph, the effect in the bloodstream when
IPC was applied could be determined.

The most notable change in blood flow during IPC was a
sudden and steep decline in IV as soon as the deflation phase
started. Conventional IPC devices have 2 operational phases,
the inflation and deflation phases. During the inflation phase,
air is blown into the chambers in cuffs (or sleeves), veins are
compressed by the inflated chambers, and the blood in the vein
is squeezed out. During the deflation phase, the air filled in the
chambers is released, the veins are decompressed, and blood
flows into the decompressed veins faster than usual. Thus,
the deflation phase is also called the refill time. Based on the
filtered blood velocity graph, 2 distinct sections exist in the
deflation phase. Instantaneous blood velocity decreases rapidly
in the first section but is gradually restored to a normal state in
the second section. The reason for the decline in blood flow
velocity in the first section is the decompression effect not the
sustained compression effect. The decompression effect can be
explained by the negative pressure in the blood vessel (Figure
6). When the compressed vessel starts expanding to the normal
state in the deflation phase, negative pressure is instantly gen-
erated in the inner vessel. This negative pressure pulls blood
into the decompressed vessels from the proximal veins as well
as the distal veins. Thus, the blood flow at the measuring point,
which is more proximal than compression point, appears slo-
wed down and sometimes stopped. The veins of a healthy
person have valves to prevent blood from flowing backward,
but if a strong negative pressure is generated, the valves’ func-
tion cannot be guaranteed and the possibility of backward flow
exists which is not desirable. Some researchers reported that a
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Table 4. Compression Effect in Mode-| and Mode-2.

Group A Group B Independent Sample t Test
Normalized
Mean Standard Deviation Mean Standard Deviation P Value Confidence Interval
PV 0.49 0.24 0.27 0.30 .036 —0.017 0.461
MV -0.07 0.17 -0.10 0.32 .523 —0.137 0.263
PVF 0.89 0.57 0.48 0.35 013 0.131 0.976
TVF —0.01 0.20 —0.06 0.23 114 —0.037 0.319

Abbreviations: IPC, intermittent pneumatic compression; MV, mean velocity; PV, peak velocity; PVF, peak volume flow; TVF, total volume flow.

Note. Bold face means statistical significance between Group A and Group B.
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Figure 6. Blood flow diagram during intermittent pneumatic com-
pression (IPC). It describes the relation between thickness in blood
vessel and the blood velocity during IPC. In this situation, hemostasis
and turbulence may occur owing to the negative pressure in the
vessels. (A) At resting status, (B) in inflation phase, and (C) in deflation
phase.

kind of turbulence might occur in the vein when negative pres-
sure is generated in the varicose vein.? It should be considered
that generating a harsh environment in the vessel could bring
about unexpected changes in blood flow. In this situation,
blood cells could be destroyed to create blood clots. Because
most of the IPC device are using the natural exhaust way, they
cannot control the generation of the above-mentioned negative
pressure and the steep decrease in I'V. In addition, in the con-
ventional protocol, the negative pressure can become higher
than in suggested protocol because the entire leg will be under
the negative pressure at the same time. In this case, it is

necessary to be careful of stronger backward flow correspond-
ing to higher peak velocity. Therefore, without further action,
the high peak may also be dangerous because the deep and
steep valley in blood flow depends on the peak velocity. How-
ever, further studies on the risk of a steep increase and decrease
in blood flow velocity are required.

In this study, a new compression protocol was suggested,
which mimicked a 2-hand massage, so only 2 chambers could
be compressed at a time and at least 1 chamber was always
under compression. Each chamber was individually inflated
and deflated. This protocol can not only relieve patients’ con-
cern about device malfunction during the deflation phase but
could also alleviate their stress of being excessively pressured
when all 3 chambers are under pressure.

We examined whether the risk of blood flow stoppage was
resolved with the suggested compression protocol. When the
new protocol was applied, there were 2 differences in the blood
flow velocity graph compared to the graph with the conventional
protocol. These were the small amplitude and short duration,
which were all reduced to less than 50% of those with the con-
ventional compression protocol. The steep decline in blood
velocity was still evident when the upper calf and thigh cham-
bers were deflated and the lower calf was inflated simultane-
ously, but the amount of decline was substantially reduced.
Here, the reduction in the negative pressure effect should be
noted. Ofnote, venous blood flow was maintained in the forward
direction, distal to proximal, even in the deflation phase. Con-
sequently, the suggested compression protocol decreased the
risks of the blood stasis and the instant high blood pressure due
to the excessively fast blood flow. Although the reduction was
small, this result shows that the alteration in compression pro-
tocol might affect the blood flow velocity profile and the steep
variation in blood flow might be avoided. For example, the
minimization of the negative pressure might be possible by
slowing down the deflation rate. Furthermore, according to the
analysis of the blood flow graph, a short duration might be more
important and more effective than high pressure in the compres-
sion protocol design to prevent blood stasis and backward flow.

More consideration needs to be given to what changes occur
in blood flow during IPC. Under compression, at first, muscles
are tightened and then muscles narrow the blood vessels. As the
vessels narrow, the blood flow velocity increases because
the pumping pressure by the heart is maintained constantly. The
increasing rate in blood flow is inversely proportional to the
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square of the blood vessel thickness. The shearing effect of [IPC
speed can cause some change in velocity, but the effect is neg-
ligible because this speed is much lower than the usual blood
flow velocity. Because the change in the blood flow velocity by
compression is due to the contraction of blood vessels, the
increase in the blood flow velocity should be represented by the
rate of change, and not by the magnitude of change, based on the
baseline velocity value in the resting state. This rate of change
might be an indicator of how well the effect of compression is
delivered to the venous vessels.

Conclusion

In this study, the change in blood flow during IPC was analyzed
using Doppler sonography movie clips, and a new compression
protocol was suggested. Blood flow velocity was verified to be
substantially affected by normal pulse and respiration as well as
compression by IPC devices. By eliminating the effect of these
normal components with signal filtering techniques, only the com-
ponent changed by IPC application was extracted. From the filtered
velocity graphs, it was found that a steep decrease in blood flow
velocity occurred as soon as the deflation phase started and that the
reason for this was the negative pressure in the vessel. Even in the
filtered velocity graphs, the differences between participants were
quite large, but the rate of increase was generally consistent.

The suggested compression protocol (mode-2) that did not
include the deflation phase was compared with the conven-
tional compression protocol (mode-1). The blood flow velocity
in mode-1 was increased in the inflation phase but decreased in
the deflation phase more significantly than in mode-2. In addi-
tion, in mode-2, the duration of 1 cycle was reduced by half
because the time to reach the target pressure was shortened.
Unlike with mode-1, any symptoms associated with the instant
lack of blood such as blood stasis was not observed, and a
stable sinusoidal waveform was maintained in the blood flow
graph during mode-2 compression.

Statistical analysis was conducted to study the change in the
hemodynamic parameters in both mode-1 and mode-2. Before
IPC application, the baseline parameters were not statistically
different between mode-1 and mode-2. Both PV and PVF were
significantly increased during compression by 49% and 89%
with mode-1 and by 27% and 48% with mode-2, respectively.
However, MV and TVF were not significantly different. As a
result, with the mode-2 protocol, the TVF could be maintained
while reducing the PV and the PVF by half. These results are
likely attributable to the reduced duration of each cycle due to
the reduction in the inflation phase and elimination of the
deflation phase. In addition, the mode-2 protocol reduced the
likelihood of reverse flow near the compression point by reduc-
ing the amplitude of blood velocity. If it is accepted that the
incidence of DVT was reduced by the variation in blood flow
induced by IPC, shortening the compression cycle might be
effective because this would induce greater blood flow.

This study was performed on healthy volunteers. Because
blood flow in diseased limbs may have a different aspect, fur-
ther studies in real patients are required. Authors hope the

results in healthy limbs can be used as a kind of reference for
future researches.
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