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occlusion of the treated arteries after endovascular and 
surgical therapies.4 However, current guidelines do not 
provide recommendations on disease management after 
endovascular therapy. Consequently, physicians rely on 
institutional policies and the availability of diagnostic 
tools. The resting ankle-brachial index (ABI), duplex Doppler 
ultrasonography, magnetic resonance angiography (MRA), 
and enhanced computed tomography angiography (CTA) 
are the most commonly used methods for assessing lower-
extremity arterial blood flow. However, duplex Doppler 
ultrasonography results may depend on the skill of the 
operator. CTA requires a contrast medium, which should 
be avoided in patients with chronic kidney disease. MRA 
is time consuming and non-quantitative. Although the 
ABI is simple to measure, it can record artificially high 

A rteriosclerosis obliterans, an occlusive disease, pri-
marily affects small to medium-sized arteries. If 
lower-extremity blood flow is impaired, the condi-

tion is referred to as lower-extremity arterial disease 
(LEAD).

Certain patients with LEAD are asymptomatic; how-
ever, they face a mortality risk comparable with those of 
patients with symptomatic LEAD.1 The initial typical 
symptom is intermittent claudication. If untreated, this can 
progress to amputation or death.2 In patients with inter-
mittent claudication and a short aortoiliac occlusion, 
which causes severe hemodynamic impairment and limits 
daily activities, first-line treatments include endovascular 
therapy and exercise training.3 Moreover, recurrent inter-
mittent claudication was found to be closely related to the 
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Background:  Bioelectrical impedance plethysmography (IPG) for measuring human body fraction and disease has been progress-
ing in the past half-century, and few studies have reported lower-extremity arterial disease (LEAD) in recent years.

Methods and Results:  The present study enrolled patients who underwent examinations for LEAD. IPG with venous occlusion was 
performed, and flow volumes were compared with those measured using Doppler duplex ultrasonography, the ankle-brachial index 
(ABI), and assessments of arterial stenosis and collaterals using computed tomography and/or magnetic resonance angiographies. 
Fifty patients suspected of LEAD were enrolled; 15 had no arterial stenosis and 35 had LEAD. Arterial blood flow volume (BFV) was 
assessed. Although the area under the curve for IPG-BFV and Doppler-BFV in the popliteal artery with arterial stenosis were similar, 
IPG-BFV exhibited better diagnostic accuracy than Doppler-BFV (accuracy 0.765 and 0.694, respectively; McNemar’s test P<0.01). 
In the analysis of covariance with IPG-BFV adjustment, Doppler-BFV was significantly lower in patients with LEAD (ABI<0.9), and 
morphological arterial stenosis, particularly in those with collaterals than in those without (F-test P<0.05, respectively).

Conclusions:  IPG-BFV could have a better ability to discern the presence of arterial stenosis compared with Doppler-BFV and might 
not be confounded by the presence of collateral circulation when assessing blood flow in the entire lower extremity, which could be 
an advantage of IPG-BFV.
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venous occlusion. Twenty consecutive patients suspected 
to have LEAD and 30 patients with confirmed LEAD (age 
20–89 years) who underwent examination at Dokkyo 
Medical University Hospital, Tochigi Prefecture, Japan, 
between July 2020 and June 2021, were enrolled. Patients 
with a performance status of 4,11 suspected pregnancy, leg 
wounds and/or inflammation near the electrode-attach-
ment areas, pacemaker, and venous diseases (such as deep 
vein thrombosis, chronic venous insufficiency, or varicose 
veins) that could affect IPG measurements and patients 
unsuitable for duplex Doppler ultrasonography were 
excluded. Data regarding current medications and labora-
tory results were collected from the institutional database.

The study design and protocol were approved by the 
Saitama Medical University Ethics Committee (Certifica-
tion no. CRB3180022). The study was conducted in accor-
dance with the principles outlined in the Declaration of 
Helsinki and the guidelines set forth by the Japanese Min-
istry of Health, Labour and Welfare. All participants pro-
vided written informed consent.

Data Measurement and Analysis
IPG Measurement    The bioelectrical impedance of a 

body segment is determined by the ratio of the applied cur-
rent to the voltage drop across that segment. If the current 
remains constant, the voltage drop is directly proportional 
to the impedance of the body segment. Therefore, the 
expansion of capacitance vessels caused by blood accumu-
lation after venous occlusion is believed to correspond to 
the change in impedance in lower-extremity segments. The 
theoretical equation of impedance in lower-extremity seg-

ankle blood pressure if the artery is fibrotic or calcified and 
resists collapse, resulting in a persistent signal at high pres-
sure.5 Thus, approximately one-third of patients with crit-
ical limb ischemia and severe isolated infrapopliteal disease 
may have normal or incompressive ABIs.6 Moreover, the 
collateral artery, which has a small diameter and low intra-
luminal pressure, can be compressed easily and is not 
included in the ABI. The ABI can only provide a semi-
quantitative evaluation. Therefore, a quantitative evalua-
tion of blood flow is still needed.

In several studies, venous occlusion in impedance pleth-
ysmography (IPG) is comparable with mercury strain 
gauges and has demonstrated a good correlation.7–10 IPG 
is also convenient and non-invasive, not time consuming, 
and does not require a skilled operator. However, no com-
mercially available device can evaluate lower-extremity 
blood flow using IPG. With advancements in technology, 
duplex Doppler ultrasonography can provide quantitative 
measurements of the regional arterial blood flow volume 
(BFV). To the best of our knowledge, no studies have 
compared lower-extremity arterial BFV between IPG with 
venous occlusion and duplex Doppler ultrasonography. 
This study aimed to evaluate whether IPG is a potentially 
useful clinical tool in monitoring whole lower-extremity 
blood flow status in patients with LEAD.

Methods
Inclusion and Exclusion Criteria and Data Collection
This single-center, non-blind, and non-control intervention 
study used an unapproved medical device for IPG with 

Figure 1.    Diagram of the paired current and potential electrodes and the pneumatic thigh cuff connected to the monitor. Data are 
stored in VaSera VS-2000 through the impedance device (IPU-100).
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salis pedis artery (DPA).13 The time required for Doppler-
BTF measurement was also recorded.

ABI Measurement    The ABI was computed by dividing 
the ankle systolic blood pressure by the arm systolic blood 
pressure using the VaSera VS-2000 oscillometric blood 
pressure device (Fukuda Denshi Co., Ltd).14,15 ABI calcu-
lation data were obtained within 24 h of the impedance 
measurement. Abnormal values were defined as a resting 
ABI of <0.90 or >1.40.

Enhanced CTA or MRA Analysis    To identify the ana-
tomical location and degree of stenosis in the arteries of the 
lower extremities, lower-extremity CTA (Aquilion ONE, 
TSX-306A, Canon Medical System Co.) or MRA (Vantage 
Orian MRT-1550, Canon Medical System Co.) was per-
formed within a few days of the impedance measurement. 
Significant LEAD was defined as arterial stenosis of at 
least 90% or complete occlusion above the ankle and/or the 
presence of collaterals. Collateral circulation was present 
when collateral vessels were visually identified on the scan.

Clinical Evaluation Items
The primary evaluation item was the lower-extremity BFV 
measured using the IPG device (IPG-BFV) compared with 
that measured using duplex Doppler ultrasonography 
(Doppler-BFV). The concordance of these 2 methods was 
assessed using receiver operating characteristic curve anal-
ysis to determine their accuracy in identifying significant 
lower-extremity stenosis or occlusion, as confirmed using 
CTA or MRA. The association between the IPG-BFV and 
Doppler-BFV in lumbar spinal canal stenosis (LSCS) and 

ments is provided in Supplementary File.
The participants were instructed to lie in a supine posi-

tion for 10 min in a room maintained at 27°C. After cleans-
ing the skin with ethyl alcohol, a pair of 10-mm-diameter 
disk silver chloride skin surface electrodes (Echorode III; 
Fukuda Denshi Co., Ltd, Tokyo, Japan) was affixed to the 
proximal inner side of the leg at the site 5 cm below the 
midpoint of the patella. Measurements taken at the distal 
inner side of the leg (10 cm above the midpoint of the 
medial malleolus) were denoted as L. Another pair of elec-
trodes was attached on the inner side of the leg, positioned 
10 cm proximally and 5 cm distally (Figure 1). The mea-
surement site was not affected by the patella and malleolus 
that reflect the total blood flow of the gastrocnemius mus-
cle, which accounted for most of the blood flow below the 
knee, as well as the anterior tibial artery (ATA), posterior 
tibial artery (PTA), and peroneal artery (PA), which per-
fuse the distal end of the foot. Moreover, the site where the 
proximal vein flow (femoral vein) could be occluded by the 
cuff was selected. An alternating current of 100 μV at 
100 kHz, which is within the maximum allowable alternat-
ing current set by the Japanese Industrial Standard for 
medical electrical equipment and provides the optimal fre-
quency for the signal-to-noise ratio of the waveform of 
each frequency (Figure 2), was applied to the outer pair of 
electrodes. The impedance-measuring device (IPU-100; 
Fukuda Denshi Co., Ltd, Tokyo, Japan) measured the 
impedance values (Z), ranging from 0 to 150 Ω, and a 
15-bit analog-to-digital converter (least significant bit 
0.00458 Ω) was connected to the inner electrodes.

Data collected were transferred to a vascular screening 
system (VaSera VS-2000, Fukuda Denshi Co., Ltd) for 
real-time monitoring and storage. Venous occlusion was 
induced using a 10-cm-wide pneumatic cuff (CUF-140M; 
Fukuda Denshi Co., Ltd)12 wrapped around the thigh. To 
eliminate any cuff inflation artifacts, the cuff’s lower border 
was positioned at least 3 cm away from the proximal cur-
rent electrode. Once the impedance change stabilized and 
Z0 was determined, the cuff pressure was increased to 
50 mmHg for complete venous occlusion. The maximum 
occlusion pressure was reached within 5 s and maintained 
for 110 s. To avoid any confounding by cuff inflation noise, 
the dZ/dt|0 calculation was based on IPG-BFV measure-
ments obtained after 10–20 s of venous occlusion (Figure 3). 
The time required for IPG-BTF measurement, including 
10 min of rest, was recorded.

Duplex Doppler Ultrasound Flow Measurement    The 
BFV was measured 10 min after the impedance measure-
ment using a high-resolution duplex ultrasound scanner 
(CUS-X200G; Canon Medical System Co., Otawara, 
Japan) equipped with an 8-MHz linear array transducer 
(PLV-1204BT; Canon Medical System Co.). A sonogra-
pher (C.H.), who had 10 years of experience in vascular 
sonography and was blinded to the patient’s diagnosis, 
made the measurements. To measure the BFV, a longitu-
dinal view of the straight arterial segment was used, and 
the sample volume was adjusted to fill the lumen. To 
ensure an accurate assessment of the time-averaged flow 
velocity, the ultrasonic wave beam angle was no more than 
60°. To precisely measure the precise vascular cross-sectional 
area, color Doppler was used. The time-averaged flow 
velocity and arterial cross-sectional area were then used to 
compute the BFV (Doppler-BFV). Measurements were 
taken in the following arteries: common femoral artery 
(CFA), popliteal artery (POP), PTA, PA, ATA, and dor-

Figure 2.    An alternating current of 100 μV at every 10 Hz, 
ranging from 30 to 120 Hz, is applied to the outer pair of elec-
trodes. The impedance waveforms in the inner pair of elec-
trodes are presented at each frequency. An upward deflection 
of the waveform represents decreased impedance caused by 
increased blood volume in 1 heartbeat.
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variables. Given the small sample size, the bootstrap 
method with 1,000 samples was used. Statistical signifi-
cance was determined by using a P value of <0.05. All 
statistical calculations were performed using IBM SPSS 
Statistics version 29.0.10 (IBM Corp., Armonk, NY, USA).

Results
Baseline Characteristics
Of the 50 patients, 15 did not have LEAD (due to LSCS, 
no arterial stenosis, or ABI≥0.9), whereas 35 had LEAD 
(10 had received endovascular and surgical therapies and 
25 had not; Table 1). Of the total patients, 5 were women 
and 45 were men. The mean age, height, and body mass 
index were 74.2±7.2 years, 163±8.5 cm, and 24.3±3.3 kg/m2, 
respectively. The baseline characteristics are summarized 
in Table 1. The LSCS and LEAD groups differed signifi-
cantly in terms of sex, lower-extremity circumference, 
smoking status, fasting blood sugar, HbA1c, diabetes 
medications, serum creatinine, estimated glomerular filtra-
tion rate, and diastolic blood pressure. Thus, the LEAD 
group was more likely to have frail legs and a history of 
smoking, diabetes, and chronic kidney disease.

Thirteen legs in the LEAD group were not assessed 
because of POP occlusion identified in the duplex ultra-
sound scan (n=2, both legs in 1 patient), and baseline 
fluctuation in impedance readings caused by body move-
ments (n=6), fine tremors (n=3), and external noise (n=2). 
Consequently, only data from 87 legs were analyzed. Val-
ues in all legs were within the IPG measurement range, 
including decreased impedance values after venous occlu-
sion and beat-to-beat changes in the impedance level 
before the measurement.

Primary Evaluation Item
Initially, a sensitivity analysis was conducted on the distri-
bution of the Doppler-BFV and IPG-BFV at each measur-

LEAD groups was also evaluated. The secondary evalua-
tion item was the association between the IPG-BFV and 
Doppler-BFV in subgroups based on ABIs (ABI <0.9 vs. 
≥0.9), as well as differentiating morphological arterial ste-
nosis from non-arterial stenosis, and collateral flow from 
non-collateral flow, as observed on CTA or MRA. Fur-
thermore, to compare reproducibility, we examined the 
correlation between IPG-BFV values of the right and left 
legs in patients having LSCS without stenosis in the lower 
limb arteries recorded at approximately the same time, and 
the safety profile of the IPG device was also assessed.

Statistical Analysis
To achieve a discriminatory power of 80%, the required 
sample size was estimated based on a correlation coeffi-
cient (r) of 0.5 and a type I error rate of 0.01; thus, the 
target sample size must be at least 44 legs. To account for 
a 10% attrition rate, a minimum of 50 legs must be 
assessed. Therefore, 50 patients (with a total of 100 legs) 
were enrolled. This number was chosen considering that 
the values would be lower than the measurement ranges in 
patients with LEAD.

Continuous data are presented as mean ± standard devi-
ation, whereas categorical data are presented as number 
and percentage. Student’s t-test or analysis of variance was 
used to compare continuous variables, whereas the chi-
squared (χ2) test was used to compare categorical variables. 
For paired data, correlation coefficients were determined, 
and threshold-dependent sensitivity and specificity were 
determined using the area under the receiver operating 
characteristic curve (AUROC). The AUC and sensitivity 
and specificity were compared using the Delong’s and 
McNemar’s tests, respectively. The compatibility of differ-
ent index measurement results was analyzed using Cohen’s 
κ. The analysis of covariance (ANCOVA) was used to 
assess whether the mean of the dependent variable was 
equal across levels of 1 or more categorical independent 

Figure 3.    Typical time-cause impedance tracing during venous occlusion plethysmography. The upper tracing represents 
increased blood volume, which corresponds to decreased impedance. The lower tracing represents the pneumatic cuff pressure.
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Table 1.  Clinical Characteristics in Patients With LSCS and LEAD

LSCS  
(n=15 patients)

LEAD  
(n=35 patients)

Age (years) 75.9±8.7　　 73.3±10.9

Male/female 15/0 30/5*

Height (cm) 165.5±7.9　　　　 161.8±21.7　　
Weight (kg) 66.9±12.1 63.2±14.2

Leg length (cm) 70.0±3.7　　 71.0±5.0　　
Body mass index (kg/m2) 25.3±2.6　　 24.0±3.5　　
Thigh circumference (cm) 47.1±3.5　　 　44.0±5.3*　　
Knee circumference (cm) 37.0±2.2　　 　35.2±2.6†　　
Lower leg circumference (cm) 34.4±2.3　　 　31.9±3.9†　　
Ankle circumference (cm) 21.4±1.4　　 　20.4±1.9‡　　
Ever smokers   4 (27) 　25 (72)†

Total cholesterol (mg/dL) 153.7±29.8　　 143.1±39.5　　
HDL-cholesterol (mg/dL) 50.5±15.8 44.2±13.7

LDL-cholesterol (mg/dL) 82.2±24.7 73.0±29.9

Triglycerides (mg/dL) 119.0±18.6　　 128.7±90.6　　
Lipid-lowering medications 10 (67) 28 (80)

Fasting blood sugar (mg/dL) 113.5±27.1　　 　143.8±54.3‡　　
Hemoglobin A1c (%) 5.95±0.41 　6.56±1.02†

Diabetes medications   2 (13) 　16 (46)‡

Creatinine (mg/dL) 0.99±0.34 　1.68±1.31‡

eGFR (mL/min/1.73 m2) 60.3±16.2 　45.1±13.3†

Systolic blood pressure (mmHg) 127.7±10.7　　 131.4±11.6　　
Diastolic blood pressure (mmHg) 78.9±8.8　　 　73.2±8.9‡　　
Hypertension medications 10 (67) 27 (77)

Endovascular or surgical therapy 0 　　　　10 (28.6)*

Measurements (n=30 legs) (n=57 legs)

    ABI 1.14±0.08 　0.89±0.25*

    ABI <0.9 0 (0) 　　　　25 (43.9)*

CTA or MRA

    Stenosis 0 　　　　34 (59.7)*

    Collateral 0 　　　　20 (35.1)*

Data are presented as n (%), or mean ± SD. *P<0.001. †P<0.01. ‡P<0.05. In LEAD, some legs were excluded 
because they could not be evaluated using electrical IPG. ABI, ankle-brachial index; CTA, computed tomography 
angiography; eGFR, estimated glomerular filtration rate; HDL, high-density lipoprotein; IPG, impedance plethysmog-
raphy; LDL, low-density lipoprotein; LEAD, lower-extremity arterial disease; LSCS, lumbar spinal canal stenosis 
without arterial stenosis; MRA, magnetic resonance angiography.

Table 2.  BFV of the Bioelectrical Impedance Plethysmography in the Below-Knee Segment and Those of the Duplex Doppler 
Ultrasound in Each Segment

BFV (mL/min) LSCS  
(n=30 legs)

ABI ≥0.9  
(n=60 legs)

ABI <0.9  
(n=25 legs)

Non-stenosis  
(n=51 legs)

Stenosis  
(n=34 legs)

IPG-BFV 15.12±5.84　　 15.19±6.93　　 　9.28±3.88* 15.9±6.39 　9.81±5.54*

Doppler-BFV

    CFA 244.9±58.6　　 227.6±64.3　　 　164.7±76.1†　　 234.5±58.4　　 　171.3±77.9*　　
    POP 85.7±31.7 80.8±32.5 　52.2±22.5† 84.0±31.5 　54.9±25.8*

    PTA 17.2±10.9 14.2±10.0 　7.9±6.1† 14.7±10.2 　8.5±6.3†

    PA 37.8±28.9 27.3±25.1 　11.1±14.9‡ 30.1±25.7 　10.6±13.3*

    ATA 19.8±15.1 16.7±15.3 　5.8±4.2* 18.3±15.8 　6.4±5.1*

    DPA 15.1±11.2 13.3±11.7 　4.4±3.7* 14.6±12.1 　4.7±3.8*

Data are presented as mean ± SD. *P<0.0001 vs. ABI ≥0.9 or non-stenosis. †P<0.0005 vs. ABI ≥0.9 or non-stenosis. ‡P<0.001 vs. ABI ≥0.9 or 
non-stenosis (using analysis of variance). ATA, anterior tibial artery; BFV, blood flow volume; CFA, common femoral artery; DPA, dorsalis 
pedis artery; Non-stenosis, no morphological stenosis on CTA or MRA; PA, peroneal artery; POP, popliteal artery; PTA, posterior tibial artery; 
Stenosis, morphological stenosis on CTA or MRA. Other abbreviations as in Table 1.
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observed in the POP (r=0.602; P<0.0001; Doppler-
BFV = 33.306 + 2.904 × IPG-BFV; Figure 4). However, the 
IPG-BFV and Doppler-BFV did not differ significantly 
between arteries in patients with LSCS, patients with 
ABI≥0.9, and patients without stenosis (Table 2).

The AUROCs for IPG-BFV and Doppler-BFV mea-
surements in the POP of patients with arterial stenosis on 
CTA or MRA were significantly different (0.775 and 0.778; 
P<0.0001, respectively; Figure 5), and the AUROCs for 
these 2 measurement methods were not significantly differ-
ent (Delong’s test P=0.946). For the IPG-BFV, the optimal 
threshold was 11.11 mL/min in patients with arterial occlu-
sion, yielding 0.778 sensitivity, 0.765 specificity and 0.765 
accuracy. For the Doppler-BFV in the POP, the optimal 
threshold was 73.8 mL/min, with sensitivity, specificity and 
accuracy of 0.882, 0.569 and 0.694, respectively (Figure 5). 
The IPG-BFV was better at determining the presence of 
lower-extremity arterial stenosis than the Doppler-BFV in 

ing point. The upper or lower limit of the whisker in the 
box plot was defined as the third quartile plus 1.5 times the 
interquartile range, and any data points outside the bound-
aries of the whiskers were considered outliers. Two obvi-
ous outliers in the same patients were identified, with 
Doppler-BFV values >200 mL/min and IPG-BFV values 
>35 mL/min in the POP. Therefore, these 2 values were 
excluded from the analysis because they could potentially 
inflate the Pearson correlation coefficients. Excluding 2 
limbs, the final analysis included 85 limbs (LSCS legs 
n=30; non-LSCS legs n=55/57).

IPG-BFV measurements for the below-knee segment 
and Doppler-BFV measurements in the CFA, POP, PTA, 
PA, ATA, and DPA are provided in Table 2. In patients 
without LEAD, the IPG-BFV was found to correlate sig-
nificantly with the Doppler-BFV in the POP, PTA, and 
DPA (Table 3). Among all patients, the strongest correla-
tion between the IPG-BFV and Doppler-BFV was 

Table 3.  Correlation Coefficient Between the BFV of Bioelectrical Impedance Plethysmography in the Below-Knee Segment and 
Those of the Duplex Doppler Ultrasound in Each Segment

Correlation coefficient (r) 
between IPG-BFV and 

Doppler-BFV

LSCS  
(n=30 legs)

ABI ≥0.9  
(n=60 legs)

ABI <0.9  
(n=25 legs)

Non-stenosis  
(n=51 legs)

Stenosis  
(n=34 legs)

CFA 　0.451† 　0.446* 0.271 0.269 　0.383‡

POP 　0.743* 　0.532* 　0.486‡ 　0.507* 　0.500†

PTA 　0.590† 　0.476† 0.151 　0.464† 0.169

PA 0.349 0.227 0.031 0.172 0.016

ATA 0.260 　0.348‡ 　0.567† 　0.358‡ 0.267

DPA 　0.447‡ 　0.426† 0.070 　0.447† 0.071

Data are presented as correlation coefficients (r). *P<0.0001. †P<0.005. ‡P<0.01. Abbreviations as in Tables 1,2.

Figure 4.    Correlation between the blood flow volume (BFV) 
measured using duplex Doppler ultrasonography in the pop-
liteal artery and that measured using bioelectrical impedance 
plethysmography (IPG) for the below-knee segment. The 
open and closed circles indicate the values of the leg without 
(n=51) and with (n=34) arterial stenosis, respectively.

Figure 5.    Per-patient receiver operating characteristic curves 
for the lower-extremity arterial blood flow volume (BFV) mea-
sured with impedance plethysmography (IPG) and duplex 
Doppler ultrasonography in the popliteal artery of patients 
with arterial stenosis on computed tomography angiography 
or magnetic resonance angiography. AUC, area under the 
curve.
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but not the IPG-BFV. Although simple comparison 
between IPG-BFV and Doppler-BFV is difficult because 
the evaluation targets are different, the strongest correla-
tion between the IPG-BFV and Doppler-BFV in POP was 
observed in all patients in this study. The IPG measure-
ment segment spanned from 5 cm below the midpoint of 
the patella to 10 cm above the midpoint of the medial mal-
leolus. This point was chosen considering the anatomical 
perfusion area of the leg arteries below the knee. Thus, it is 
a reasonable and expected result. The mean Doppler-BFV 
in the POP was 92.1 mL/min in 60 healthy individuals.13 
This value is similar to the Doppler-BFV observed in 
patients without arterial stenosis in the present study. 
Although anatomical variations in POP branches are com-
mon,16 the perfusion area of each artery (i.e., ATA, PA, 
and PTA) varies. Most patients tend to have larger perfu-
sion areas in the PTA. Therefore, the IPG-BFV was rela-
tively highly correlated with the Doppler-BFV of the PTA 
compared with that of the ATA or PA in the LSCS or 
non-obstructive groups. However, this correlation was not 
observed in the LEAD group.

Notably, a significant correlation was found between the 
IPG-BFV and Doppler-BFV of the DPA, even though the 
DPA is outside the IPG measurement segment in the non-
obstructive group. This can be explained by the principle 
of venous occlusion plethysmography, which includes tem-
porary interruption in the venous drainage from the lower 
extremity, preventing blood flow from leaving the area 
while it enters through the arteries, leading to a linear 
increase in the BFV proportional to the arterial blood flow 
until the vascular capacity and maximum tissue compli-
ance are reached. Strain gauge plethysmography has been 
used for over a century, and almost 40 years ago, an elec-
trical impedance technique was developed and showed a 
good correlation with strain gauge plethysmography.9,10,17 
Electrical impedance tomography can produce 2-dimen-
sional slice images that depict resistivity distribution 
changes within the tissue.18,19 A study involving 14 healthy 
volunteers found decreased resistivity in 3 deep veins and 
some superficial veins in the calf during upper venous 
occlusion.20 Thus, the rate at which the whole impedance 
decreased after upper cuff inflation was a measure of 
extremity arterial flow. The early slope, in terms of maxi-
mum flow, demonstrated a highly significant correlation 
with measurements obtained through strain gauge plethys-
mography at rest (r=0.87).20 IPG with venous occlusion 
enables the assessment of lower-extremity arterial blood 
flow by reflecting the observed decrease in resistivity 
through electrical impedance tomography. This indicates 
that relatively large veins running parallel to the long axis 
of the lower extremity, and even the small veins, may have 
influenced impedance changes. In other words, the human 
extremities can be considered a parallel conductance 
model, as described by Nyboer.21 Consequently, lower-
extremity arterial blood flow can be measured even for 
collateral blood flow, such as in patients with LEAD. 
Indeed, analyzing the secondary evaluation items using the 
ANCOVA after bootstrapping with IPG-BFV adjustment 
revealed that the presence of collateral circulation would 
significantly confound the assessment of Doppler-BFV but 
not of IPG-BFV while assessing entire extremity blood 
flow, which could be an advantage of IPG-BFV. This is an 
important finding considering IPG and the lack of other 
methods to quantify blood flow in the entire extremity, 
including collateral blood flow. Thus, Doppler-BFV might 

the POP (McNemar’s test P<0.01). When the optimal 
threshold levels of the IPG-BFV and Doppler-BFV for 
arterial stenosis were 11.11 and 73.8 mL/min, respectively, 
a significant moderate agreement was found between them 
(Cohen’s κ coefficient [κ]=0.500; P<0.0001; Supplementary 
Table). Stents were inserted in 3 of the 4 patients with 
positive IPG-BFV and negative Doppler-BFV.

The ANCOVA test was used to examine the effect of 
the Doppler-BFV in the POP as the dependent variable, 
with the LSCS and LEAD groups as categorical indepen-
dent variables and IPG-BFV as a covariate. The interac-
tion between the IPG-BFV and group as predictors was 
significant (F=5.361; P=0.023). This indicates that the 
diagnosis of LEAD compared with LSCS would be a sig-
nificant confounder in assessing Doppler-BFV; however, 
the IPG-BFV might not be confounded by the diagnosis of 
LEAD.

Secondary Evaluation Items
In the ANCOVA with IPG-BFV adjustment, Doppler-BFV 
was significantly lower in patients with ABI <0.9 than in 
those with ABI ≥0.9 and in patients with morphological 
arterial stenosis than in those without. The interactions 
between the IPG-BFV and each group as predictors were 
significant (F=4.206; P=0.049; F=5.009; P=0.027; respec-
tively). Thus, presence of ABI <0.9 and morphological 
arterial stenosis would be significant confounders when 
assessing the Doppler-BFV but not the IPG-BFV.

This study also investigated the effect of collateral circu-
lation on the IPG-BFV and Doppler-BFV in the POP in 
the morphological stenosis group. Using the ANCOVA 
after the bootstrap method with IPG-BFV adjustment, the 
Doppler-BFV was significantly lower in the collateral 
group than in the non-collateral group (95% confidence 
interval 39.44–53.81 vs. 51.87–82.97 mL/min; P=0.027). 
Thus, the presence of collateral circulation would be a 
significant confounder in assessing the Doppler-BFV but 
not the IPG-BFV, that is, some blood from the superficial 
femoral artery, located above the knee, flows into the 
lower-extremity arteries without passing through the POP. 
As shown in Supplementary Table, of the 18 patients with 
negative IPG-BFV (>11.11 mL/min) and positive Doppler-
BFV (≤73.8 mL/min), collaterals were visually observed in 
4 of 5 patients with arterial stenosis.

The reproducibility and safety profile of the IPG device 
were assessed. In the LSCS group, the IPG-BFV between 
both legs exhibited a highly significant correlation 
(r=0.884; P<0.001; n=15; right IPG-BFV = 0.870 × left 
IPG-BFV + 7.583), indicating good reproducibility. Fur-
thermore, no complaints or adverse effects were reported 
during or after the measurement using the impedance 
device and venous occlusion cuff.

Last, the average time required for IPG-BFV measure-
ments (23±2 min) was significantly shorter than that for 
Doppler-BFV measurements (31±5 min; P<0.001).

Discussion
This study revealed that the AUROCs for the IPG-BFV 
and Doppler-BFV in the POP with arterial stenosis were 
not different; however, the IPG-BFV was better at deter-
mining the presence of lower-extremity arterial stenosis 
than the Doppler-BFV in the POP. In addition, the 
ANCOVA test revealed that the diagnosis of LEAD would 
be a significant confounder in assessing the Doppler-BFV 
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fore, limb blood flow can be continuously monitored with 
each heartbeat based on the height of the IPG, and new 
developments are expected in emergency, intraoperative, 
and postoperative monitoring settings.

Study Limitations
This study had several limitations. First, IPG-BFV mea-
surements may have been influenced by the exclusion of 
deep vein thrombosis, chronic venous insufficiency, and 
varicose veins, as well as other factors affecting venous 
outflow, such as congestive heart failure.25 However, these 
conditions would typically result in a slow decline in the 
IPG value 3 s after releasing the occlusive cuff (Figure 3). 
Second, although blood resistivity was assumed to be con-
stant, it may vary with hematocrit values.8 Third, patients 
with diabetes without LEAD may have had lower blood 
flow in lower-extremity arteries because of higher arterial 
stiffness and greater peripheral vascular resistance.26 
Fourth, 11 limbs were unable to undergo IPG measure-
ments because of body movements (n=9) and external 
noise (n=2). Regarding body movements, the IPG can 
determine when the measurement date and time were 
changed, so the test was performed again. We cannot 
determine the cause of the external noise; however, record-
ing without external noise was possible when the same 
patient was examined a few days later. Fifth, actual repro-
ducibility requires repeated comparisons of measured val-
ues over different time points; however, blood flow, similar 
to blood pressure, also exhibits diurnal and daily vari-
abilities, and requires further investigation. Last, it is nec-
essary to confirm its clinical utility by measuring IPG-BFV 
before and after complete revascularization.

Conclusions
IPG-BFV with venous occlusion could have a higher ability 
to discern the presence of arterial stenosis than Doppler-
BFV in the POP. IPG-BFV was less affected by the pres-
ence or absence of arterial occlusion and collateral 
circulation and yielded promising results when evaluating 
lower-extremity IPG-BFV, including collateral flow in 
patients with LEAD, which could be an advantage.
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be relatively lower than IPG-BFV, particularly in patients 
with collateral circulation.

In this study, the Doppler-BFV in the POP significantly 
correlated with the IPG-BFV in all patients (r=0.602; 
P<0.0001; n=85; Doppler-BFV = 33.306 + 2.904 × IPG-
BFV). However, the absolute IPG-BFV value was lower 
than the Doppler-BFV in the POP (approximately one-
third). This may be because measurements were not taken 
in certain areas, such as from the POP to 5 cm below the 
midpoint of the patella, from 10 cm above the midpoint of 
the medial malleolus to the foot, and from the heel to the 
toe (approximately 25 cm). In this study, the length of the 
IPG measurement segment in the lower legs was 
19.1±2.2 cm. Although the cross-sectional area of each 
segment varied, the IPG measurement segment accounted 
for approximately one-third of the entire lower leg area 
(19.1 cm / [5 cm + 19.1 cm + 10 cm + 25 cm] = 0.32).

The analysis of the secondary evaluation items using 
ANCOVA with IPG-BFV adjustment revealed that the 
Doppler-BFV was significantly lower in the ABI <0.9 
group than in the ABI ≥0.9 group and in the morphologi-
cal stenosis group than in the non-morphological stenosis. 
Thus, the IPG-BFV might not be confounded by an ABI 
<0.9 and morphological arterial stenosis. In other words, 
the IPG-BFV appears to be less affected by ABI values or 
stenosis.

Duplex Doppler ultrasonography, CTA, and MRA are 
considered the gold standard for non-invasive diagnosis of 
LEAD. The ABI is also a non-invasive technique endorsed 
by guidelines for assessing LEAD.22 In this study, ABI 
<0.9 had diagnostic sensitivity and specificity of 1.0 and 
0.855, respectively, in patients with arterial stenosis on 
imaging. However, the specificity dropped to 0.688 in 
those with diabetes (data not shown), which was likely due 
to rigidity and atherosclerosis with calcifications of the 
arterial wall, which can lead to a false normal ABI.23,24 
Last, the results revealed that the ABI could not be used to 
quantify lower-extremity blood flow because the correla-
tion between the IPG-BFV and ABI was weak (r=0.302; 
data not shown).

The reproducibility of IPG measurements in the LSCS 
group (r=0.884) and the safety profiles of the IPG with the 
venous occlusion device were considered good. In this 
study, the IPG-BFV and Doppler-BFV in the POP were 
slightly greater in the right leg than in the left leg, possibly 
due to a larger circumference of the right lower leg (328 vs. 
326 mm).

This study might have important implications. Patients 
with negative IPG-BFV and positive Doppler-BFV may 
have collateral circulation and maintain a minimum level 
of lower limb blood flow below the knee compared with 
patients with positive indices. When further development 
of collateral circulation can be promoted by conservative 
therapy (pharmacotherapy and exercise therapy), the prog-
nosis may improve. In addition, IPG-BFV may assess the 
effectiveness of increasing collateral blood flow. When 
there is little improvement, a treatment strategy such as 
intervention or another treatment would be considered. In 
the future, the formula ∆V = ρ(L/Z0)2∆Z holds true, as 
shown in Supplementary File, when the electrode positions 
are the same in the same patient (according to the electrode 
position markings), which indicates that ρ(L/Z0)2 is con-
stant, and ∆V and ∆Z show similar changes. Thus, real-
time evaluation of blood flow changes from the height of 
the IPG waveform is possible without using a cuff. There-
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