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Impact of plaque and luminal
morphology in balloon
angioplasty of the femoropopliteal
artery: an intravascular ultrasound
analysis
Yuchi Zou1, Qiang Tong2, Xuehu Wang1, Chuli Jiang1, Yuanbin Dai1,
Yu Zhao1 and Jun Cheng1*
1Department of Vascular Surgery, The First Affiliated Hospital of Chongqing Medical University,
Chongqing, China, 2Department of Endocrinology, The Second Affiliated Hospital of Army Medical
University, Choingqing, China

Objective: To assess the effect of plaque and luminal morphologies in balloon
angioplasty of femoropopliteal lesions using intravascular ultrasound (IVUS).
Methods: This retrospective, observational study analyzed 836 cross-sectional images
using IVUS, from 35 femoropopliteal arteries of patients who underwent endovascular
treatment between September 2020 and February 2022. Pre- and post-balloon
angioplasty images were matched per 5 mm. Post-balloon angioplasty images were
grouped into successful (n=345) and unsuccessful (n=491) groups. Plaque and
luminal morphologies (such as severity of calcification, vascular remodeling, and
plaque eccentricity) were extracted before the balloon angioplasty procedure to
identify the predictors of unsuccessful balloon angioplasty. Additionally, 103 images
with severe dissection were analyzed using IVUS and angiography.
Results: In univariate analyses, the predictive factors for unsuccessful balloon
angioplasty were vascular remodeling (p < .001), plaque burden (p < .001), lumen
eccentricity (p < .001), and balloon/vessel ratio (p= .01). Predictive factors for severe
dissections were the guidewire route (p < .001) and balloon/vessel ratio (p= .04). In
multivariate analysis, the predictive factors for unsuccessful balloon angioplasty
included lumen eccentricity (odds ratio [OR]: 3.99, 95% confidence interval [CI]:
1.28–12.68, p= .02) and plaque burden (OR: 1.03, 95% CI: 1.02–1.04; p < .001). For
severe dissections, the independent risk factor was an eccentric guidewire route
(OR: 2.10, 95% CI: 1.22–3.65, p= .01).
Conclusion: High plaque burden and luminal eccentricity were risk factors for failed
femoropopliteal artery balloon angioplasty. Additionally, eccentric guidewire routes
predicted severe dissection.
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1. Introduction

Femoropopliteal artery endovascular treatment requires plain balloon angioplasty. This

procedure is performed after the guidewire crosses the target lesion. Residual stenosis <30%

(revealed by visual inspection of the artery diameter), without flow-limiting dissection, after

balloon angioplasty is considered to indicate effectiveness (1). High residual stenosis and
Abbreviations

CI, confidence intervals; EEM, external elastic membrane; IEM, internal elastic membrane; IVUS, intravascular
ultrasound; OR, odds ratio.
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severe dissection lead to failed plain balloon angioplasty, affecting the

patient’s immediate vascular patency and long-term outcomes (2–4).

Studies reported that disease duration and severe calcification were

risk factors for severe dissections (5, 6); however, research on the

predictors of high residual stenosis preceding balloon angioplasty

failure is lacking. Additionally, the impact of intravascular

conditions (plaque morphology, plaque distribution, shape of the

lumen, and other characteristics of the femoropopliteal artery) on

the outcome of balloon angioplasty is unclear.

Angiography was used as a visual guide in lower-limb arterial

endovascular treatment. Studies indicated the limitations of

angiography in the measurement and assessment of vessel size,

calcification, and vessel wall conditions (7, 8). Intravascular

ultrasound (IVUS), commonly used in coronary angiography

but rarely for femoropopliteal artery imaging, improved long-

term patency of the femoropopliteal arteries because of its high

vascular monitoring and measurement accuracy (9). Plaque and

lumen eccentricity and vascular remodeling can be

quantitatively analyzed by transversal imaging of the

femoropopliteal artery using IVUS; this helps surgeons monitor

vascular conditions accurately. Additionally, the automatic

pulling-back device in the IVUS console solved the location

mismatch problem and improved the retrospective analysis

quality between the two pullbacks of the IVUS catheter (10).

The relationship between plaque and stent underexpansion or

guidewire routes and severe dissection have also been

investigated (11, 12). However, there are no studies on IVUS-

based assessment of the relationship between intravascular

morphology and balloon angioplasty outcomes in lower-limb

arterial endovascular treatment.

This study investigated the impact of plaque and luminal

morphologies on therapeutic outcomes following plain balloon

angioplasty for femoropopliteal lesions. Plaque, lumen, and

arterial elastic membrane characteristics were extracted to

explore their relationships with high residual stenosis and

severe dissections.
2. Methods

2.1. Inclusion and exclusion criteria

Inclusion criteria were as follows: (1) endovascular therapy

guided by IVUS; (2) target lesion located in the femoral or

popliteal artery (P1 segment); (3) primary stenosis or occlusion

disease; (4) intact angiography and IVUS data during therapy;

and (5) an automated IVUS pullback device.

IVUS cross-section exclusion criteria were as follows: (1) low

quality of images; (2) artefacts from the guidewire and non-

uniform rotational distortion (13), causing difficulty in obtaining

clear images of the vessel leading edge; (3) IVUS catheter placed

at angles that cause the trailing edge of the external elastic

membrane (EEM) to show 270° of the vessels in a cross-sectional

image; (4) large side branches affecting EEM measurement, and

(5) if the pre- and post-angioplasty cross-sectional images were

not matching.
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2.2. Study samples and design

This retrospective, observational study included 35 limbs from

34 consecutive patients enrolled between September 2020 and

February 2022. Interventional procedures were performed, and

96 runs (including pre- and post-angioplasty) of the IVUS

catheter (OptiCross 40 MHz, Boston Scientific, USA) were

performed. IVUS pullbacks were divided per 5 mm length into

952 cross-sectional images in the femoropopliteal artery with the

IVUS imaging system; 836 cross-sectional images met the criteria

and were divided into successful (n = 345) and unsuccessful (n =

491) groups per reference standard. Cross-sectional images were

also divided into severe dissection (n = 103) and non-severe

dissection (n = 733) groups to analyze the risk factors for severe

dissections (Figure 1).

This study complied with the principles of the Declaration of

Helsinki for investigation in humans. Our ethics committee

approved it (approval no. 2021-088), and each patient provided

written informed consent before the procedure.
2.3. Interventional procedures

The following precautions were taken to ensure that the

ultrasound images obtained before and after balloon angioplasty

corresponded to each other: (1) a 100 cm radiopaque ruler was

used to locate target segments and IVUS catheter markers,

allowing immediate comparison of the IVUS and angiography

images; (2) to eliminate parallax, IVUS catheter markers were

centered on the screen during fluoroscopy; and (3) the

calcifications observed in the pre- and post-angioplasty

intravascular ultrasound images were matched.

After local anesthesia with 2.0% lidocaine, a 6.0- or 7.0 F guiding

sheath was inserted into the affected area. Based on the disease

characteristics, the surgeon decided on the most appropriate

technique, contralateral approach or anterograde puncture. A

0.018- or 0.014 inch guidewire was used for the intraplaque

approach. In cases where the intraplaque crossing was

unsuccessful, a subintimal crossing using a 0.018- or 0.035 inch

guidewire was attempted. Angiography and IVUS pullbacks were

performed before and after balloon angioplasty. Each pullback of

the IVUS probe was controlled using an automatic pullback device

at a speed of 1 mm/s. The IVUS catheter was passed across the

diseased site and stopped on the healthy segment (at least 5 mm

from the distal end of the diseased area); in cases where the IVUS

catheter failed to cross the diseased area, pre-inflation using a

2 mm balloon was used to assist catheter advancement. Using

angiography, the largest balloon size was adapted to the reference

vessel diameter, with a balloon-to-vessel ratio of 1:1. Balloon

inflation was performed for ≥120 s. Adjunctive stent implantation

was required after balloon angioplasty in cases where flow-limiting

dissection or residual stenosis >30% was observed on angiography

images. The drug-coated balloon was used at the operator’s

discretion. After the procedure, low-molecular-weight heparin was

used for 3 days, and patients were administered clopidogrel 75 mg

or aspirin 100 mg daily for 1 year.
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FIGURE 1

Flow chart of IVUS division and cross-sectional image analysis. Schematic representation of the classification of 836 cross-sectional images into
successful (n= 345), unsuccessful (n= 491), severe dissection (n= 103), and non-severe dissection (n= 733) groups per reference standards to analyze
the risk factors for severe dissections. IVUS, intravascular ultrasound.
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2.4. IVUS images definition and analysis

All IVUS cross-sectional images were analyzed using the Polar

Viewer system (Boston Scientific, USA) and Radiant Dicom Viewer

(Version 5.4, Medixant, Poland). Primary successful balloon

angioplasty was defined as the absence of severe dissection or

residual stenosis <30% (1). Measurements were taken relative to

the center of the lumen rather than the IVUS catheter center.

Vascular surgeons and cardiologists blinded to the clinical and

procedural data analyzed all images. The operator in the analysis

reviewed disagreements regarding the interpretations of IVUS or

angiography images.

Dissection severity was determined using the IVUS

categorization developed by Honye et al. after coronary balloon

angioplasty (14). When dissection based on IVUS image was

defined as type D-Type E2, proven to correlate with severe

angiographic dissection (12), the segment was reviewed in

angiography according to the National Heart, Lung and Blood

Institution classification (15). If the cross-sectional and

angiography images (type C or above classification)

simultaneously showed severe dissection, the IVUS cross-

sectional image was confirmed to be showing a severe

dissection (Figure 2A).

Residual stenosis on IVUS cross-sectional images was

estimated by conflating the diameters, residual stenosis =

(reference lumen diameter− average lumen diameter after

balloon angioplasty)/reference vessel diameter.

EEM appeared as a highly echoic layer between the media and

adventitia. In the cross-sectional image analysis, EEM, which could

be measured more accurately than the internal elastic membrane
Frontiers in Cardiovascular Medicine 03
(IEM), was used to evaluate vessel size and diameter (10).

However, the IEM could not be clearly separated.

The proximal reference was the largest lumen site closest to the

stenosis in the same segment (within 10 mm of the stenosis);

the distal reference was the largest lumen site farthest from the

stenosis in the same segment (within 10 mm of the stenosis).

The average lumen sizes at the proximal and distal reference sites

were used to calculate the average reference lumen size. The

minimum lumen diameter was the smallest at the center of

the lumen; the maximum lumen diameter was the widest at the

center of the lumen (Figure 2B). The average lumen diameter

was calculated as the average of the minimum and maximum

lumen diameters. The reference diameter was the average lumen

diameter of the reference cross-sectional images (16).

The increase or decrease in the EEM area during the

development of atherosclerosis is referred to as vascular

remodeling. An index that describes the remodeling magnitude

and direction was expressed as the EEM area of the cross-

sectional image/reference vessel size.

An index value of >1.0 represents positive remodeling. This

study defined positive or negative remodeling as a >10% increase

or decrease in the index value, respectively (17). Lumen

eccentricity = (maximum lumen diameter−minimum lumen

diameter)/maximum lumen diameter (Figure 2B) (16). Plaque

burden measurements were independent of luminal area stenosis.

Therefore, the plaque burden represents the area within the EEM

occupied by the plaque, regardless of the lumen compromise.

Plaque burden = (EEM area− lumen area)/EEM area.

Maximum plaque thickness: the longest distance from the

intimal leading edge to the EEM along any line passing through
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FIGURE 2

IVUS imaging and characterization. (A) Classification of dissections in IVUS images (according to the classification by Honye et al.) (14) and in angiography
(according to the National Heart, Lung, and Blood Institution classification) (15). (B) Measurement of lumen diameter and plaque thickness. (C) Definition
of guidewire route. IVUS, intravascular ultrasound.
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the lumen center. Minimum plaque thickness: the shortest distance

forms the intimal leading edge of the EEM along any line passing

through the lumen center. Plaque eccentricity = (maximum plaque

thickness−minimum plaque thickness)/maximum plaque

thickness. Eccentric plaques were sized >0.5, and centripetal

plaques were sized ≤0.5 (Figure 2B) (16).

According to a study by Takenobu et al., the guidewire route

was characterized as either guidewire transit via the inner half of

the lumen radius (central wiring) or guidewire passage through

the outer half of the luminal radius (eccentric wiring)

(Figure 2C) (12). Soft plaques, fibrous plaques, mixed plaques,

and calcified plaques were classified (10), and calcification

severity was classified as none, mild (25% arc), moderate

(25%–50%), or severe (>50%) (1). The balloon/vessel size ratio

was determined. The ratio is the cross-sectional area of the

balloon catheter dilated at the nominal pressure that divided

the EEM region.
2.5. Statistical analysis

Continuous data were tested using the t-test or Mann–

Whitney U-test and are reported as mean ± standard deviation

or median (interquartile range), depending on distribution

normality. Categorical variables are presented as numbers

(percentages) and were compared using the chi-square test or

Fisher’s exact test. The risk factors for failed balloon
Frontiers in Cardiovascular Medicine 04
angioplasty and severe dissection on IVUS were determined

using multivariate logistic regression analysis. Independent

variables are expressed as odds ratios (ORs) with 95%

confidence intervals (CIs). Additionally, the variance inflation

factor was tested to ensure non-significant collinearity

between factors. Statistical significance was set at p < .05. SPSS

software (version 24; IBM Crop) and R software (version 4.2.0,

https://www.R-project.org/), R package “CBCgrps” (17), and

R package “rms” were used to conduct statistical analyses,

and R package “forest” was used for visual multivariable

regression results.
3. Results

3.1. Baseline clinical and procedural
characters

Chronic total occlusion was observed in 20 of the 35 lesions

(57.1%), and 14 target lesions in the popliteal artery (40.0%)

were included. Nine limbs showed critical limb ischemia; most

patients were administered antiplatelet agents before the

procedure. The mean lesion length was 115.8 mm, measured by

angiography; 17.1% of patients were treated with a drug-coated

balloon and 62.9% required remedial stents, owing to flow-

limiting dissections or high residual stenosis after balloon

angioplasty (Table 1).
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TABLE 1 Baseline clinical, procedural, and angiographic characteristics of
35 femoropopliteal lesions.

Variables Limbs (n = 35)

Baseline clinical characteristics
Age (years) 74.1 ± 8.1

Male 25 (68.6)

Lesion location
SFA 21 (60.0)

SFA and popliteal artery (P1) 14 (40.0)

Lesion type
Stenosis 15 (42.9)

Chronic total occlusion 20 (57.1)

Pre-ABI 0.36 ± 0.08

Post-ABI 0.75 ± 0.08

Critical limb ischemia 9 (25.7)

BMI (kg/m2) 23.15 ± 3.3

Rutherford classification
2 0 (0.0)

3 16 (45.7)

4 18 (51.4)

5 1 (2.9)

6 0 (0.0)

Right limb 22 (62.9)

Smoker 21 (60.0)

Alcohol history 11 (31.4)

Hypertension 24 (68.6)

Diabetes mellitus 16 (45.7)

Hyperlipidemia 15 (42.9)

Coronary artery disease 10 (28.6)

Renal dysfunction 2 (5.7)

Cerebrovascular disease 2 (5.7)

Aspirin (100 mg/day) 19 (54.3)

Cilostazol (75 mg/day) 12 (34.3)

Anticoagulant 10 (28.6)

Angiographic and procedural characters

TASC classification
A 0 (0.0)

B 11 (31.4)

C 19 (54.3)

D 5 (14.3)

Run-off vessel
0 3 (8.6)

1 17 (48.6)

2 15 (42.9)

3 0 (0.0)

Lesion length (mm) 115.8 ± 26.8

Reference diameter (mm) 5.1 ± 0.64

Balloon size (mm) 5.2 ± 0.66

Balloon inflation time (s) 149.7 ± 26.0

DCB 6 (17.1)

Bare-mental stent 22 (62.9)

Data are reported as numbers (percentages) or mean ± standard deviation. SFA,

superficial femoral artery; ABI, ankle branchial pressure index; BMI, body mass

index; DCB, drug-coated balloon.

TABLE 2 Baseline morphology characteristics of IVUS images.

Variables Cross-sectional images (n = 836)

Guidewire route
Central 511 (61.1)

Eccentric 325 (38.9)

Plaque morphology
Calcified 63 (7.5)

Fibrous 348 (41.6)

Mixed 181 (21.7)

Soft 244 (29.2)

Severity of calcification
None 464 (55.5)

Mild (<25%) 246 (29.4)

Moderate (25%–50%) 84 (10.0)

Severe (>50%) 42 (5.0)

Vascular remodel
Negative (<0.9) 365 (43.7)

None (0.9–1.1) 217 (26.0)

Positive (>1.1) 254 (30.4)

Plaque eccentricity
Centripetal (≤0.5) 225 (26.9)

Eccentric (>0.5) 611 (73.1)

Plaque burden 0.73 ± 0.15

Lumen eccentricity 0.26 ± 0.15

Balloon/vessel ratio 0.73 ± 0.19

Data are reported as numbers (percentages) or mean ± standard deviation. IVUS,

intravascular ultrasound.

Zou et al. 10.3389/fcvm.2023.1145030
3.2. IVUS cross-sectional imaging outcomes

In 836 matched cross-sectional images, including 1,672 vessel

slices, 61.1% crossed the segment with the central route;

additionally, the mean lumen eccentricity was 0.26, reflecting the
Frontiers in Cardiovascular Medicine 05
luminal shape. Most images showed fibrous plaques (41.6%) or

soft plaques (29.2%) in terms of morphology. No calcification

was detected in the upper half of the images (55.5%), and

negative vascular remodeling was most frequently observed

(43.7%). The mean plaque burden before balloon angioplasty was

0.73, and most images showed eccentric plaques (73.1%) (Table 2).
3.3. Univariable analysis outcomes

A total of 491 cross-sectional images showed unsuccessful

balloon angioplasty; 345 images showing successful primary

balloon angioplasty were included in the univariable analysis.

Higher plaque burden (plaque characteristics) was noted in the

unsuccessful group [0.72 (0.57, 0.81) vs. 0.78 (0.68, 0.86),

p < .001]. A significant difference was noted in vascular

remodeling (luminal characteristics) between the groups (p < .001)

with significantly higher lumen eccentricity in the unsuccessful

group [0.21 (0.12, 0.32) vs. 0.24 (0.16, 0.35), p < .001]. Conversely,

the unsuccessful group showed a lower balloon/vessel ratio than

the successful group [0.74 (0.64, 0.83) vs. 0.71 (0.57, 0.84),

p < .01] (Table 3).

A total of 103 cross-sectional images (12.3%) showed severe

dissection, and 733 images (87.7%) did not. In the univariable

analysis, a more eccentric cross was noted in the severe

dissection group (55.3% vs. 36.6%, p < .001), showing a higher

balloon/vessel ratio than that in the non-severe dissection group

[0.75 (0.64, 0.89) vs. 0.72 (0.59, 0.83), p = .04] (Table 3).
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TABLE 3 Univariable analysis for predictive factors for primary success and severe dissection.

Variables Total
(n = 836)

Primary success Dissection

Success
(n = 345)

Unsuccess
(n = 491)

p Non-severe dissection
(n = 733)

Severe dissection
(n = 103)

p

Guidewire route .16 <.001

Central 511 (61.12) 221 (64.06) 290 (59.06) 465 (63.44) 46 (44.66)

Eccentric 325 (38.88) 124 (35.94) 201 (40.94) 268 (36.56) 57 (55.34)

Plaque morphology .58 .57

Calcified 63 (7.54) 27 (7.83) 36 (7.33) 58 (7.91) 5 (4.85)

Fibrous 348 (41.63) 134 (38.84) 214 (43.58) 304 (41.47) 44 (42.72)

Mix 181 (21.65) 77 (22.32) 104 (21.18) 161 (21.96) 20 (19.42)

Soft 244 (29.19) 107 (31.01) 137 (27.9) 210 (28.65) 34 (33.01)

Calcification .77 .75

None 464 (55.5) 195 (56.52) 269 (54.79) 406 (55.39) 58 (56.31)

Mild 246 (29.43) 95 (27.54) 151 (30.75) 213 (29.06) 33 (32.04)

Moderate 84 (10.05) 37 (10.72) 47 (9.57) 76 (10.37) 8 (7.77)

Severe 42 (5.02) 18 (5.22) 24 (4.89) 38 (5.18) 4 (3.88)

Vascular remodel <.001 .23

Negative 365 (43.66) 129 (37.39) 236 (48.07) 314 (42.84) 51 (49.51)

None 217 (25.96) 87 (25.22) 130 (26.48) 189 (25.78) 28 (27.18)

Positive 254 (30.38) 129 (37.39) 125 (25.46) 230 (31.38) 24 (23.3)

Plaque eccentricity .68 .14

Centripetal 225 (26.91) 96 (27.83) 129 (26.27) 204 (27.83) 21 (20.39)

Eccentric 611 (73.09) 249 (72.17) 362 (73.73) 529 (72.17) 82 (79.61)

Plaque burden 0.76 (0.64,0.84) 0.72 (0.57,0.81) 0.78 (0.68,0.86) <.001 0.75 (0.64,0.84) 0.77 (0.68,0.84) .40

Lumen eccentricity 0.23 (0.14,0.33) 0.21 (0.12,0.32) 0.24 (0.16,0.35) <.001 0.23 (0.14,0.33) 0.24 (0.16,0.36) .31

Balloon/vessel ratio 0.72 (0.6, 0.83) 0.74 (0.64,0.83) 0.71 (0.57,0.84) <.01 0.72 (0.59,0.83) 0.75 (0.64,0.89) .04

Data are reported as numbers (percentages), mean ± standard deviation, or median (interquartile range). Bold represents statistically significant difference, or p < .05.
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3.4. Predictors of failed balloon angioplasty
and severe dissection

In the multivariate analysis, plaque burden (OR: 1.03, 95% CI:

1.02–1.04, p < .001) and lumen eccentricity (OR: 3.99, 95% CI:

1.28–12.68, p = .02) were shown to be risk factors for

unsuccessful balloon angioplasty. Further, non-vascular

remodeling (OR: 0.51, 95% CI: 0.34–0.75, p < .001), positive

vascular remodeling (OR: 0.27, 95% CI: 0.17–0.40, p < 001), and

balloon/vessel ratio (OR: 0.09, 95% CI: 0.03–0.22, p < .001) were

protective factors for unsuccessful balloon angioplasty (Figure 3).

The eccentric guidewire route (OR: 2.10, 95% CI: 1.22–3.65,

p = .01) was an independent risk factor of severe dissections after

balloon angioplasty (Figure 4). Each factor was tested using

variance inflation. Factor and collinearity diagnostic tests did not

reveal significant collinearity factors in multivariate regressions.
4. Discussion

This study aimed to clarify the risk factors for failed balloon

angioplasty and severe dissection. The eccentric guidewire route

was noted to be an independent risk factor for severe dissections,

similar to previously published findings from Japan indicating

that the central guidewire route was a protective factor for severe

dissections (12). Here, an “eccentric guidewire route” indicated

that the guidewire closed the IEM. Although some images
Frontiers in Cardiovascular Medicine 06
showed the subintimal and intramedial cross, most were

excluded because they were incomplete images with an angle of

<270° (23 of 116 excluded images).

During endovascular treatment, a guidewire leads the balloon

catheter to the target lesion, and uniform pressure is applied to

the plaque and vessel around the balloon catheter if the catheter

is in the central route. In contrast, eccentric inflation of the

balloon catheter results in non-uniform compression, and in

some cases of our study, dissection even involves injury to the

media or adventitia (18). The nearer the balloon is to the IEM,

the greater the rigidity of the vessel wall and the tendency of

unequal region stress between the plaque and IEM regions; this

results in an increased risk of disruption from longitudinal

shearing with balloon dilatation (6, 19, 20). Some studies have

indicated that vessel calcification is associated with an additional

increased risk of postprocedural flow-limiting dissections based

on angiography findings (5); however, a study by Hanbee et al.

indicated that severe calcification was a protective factor against

severe dissection (21). Our study did not show any significant

statistical difference in this regard; this may be due to the limited

number of participants with severe calcification (5.0%);

additionally, some cross-sectional images with thick calcification

were excluded from influent measurements (17 of 116 excluded

images). Further studies that include more calcified segments

should be conducted to clarify the influence of severe calcifications.

Second, we analyzed the risk factors for unsuccessful balloon

angioplasty, indicated by severe dissection or high residual

stenosis. Residual stenosis plays an essential role in primary
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FIGURE 4

Multivariable analyses for predictors of severe dissection after balloon angioplasty in 836 images. In the non-severe and severe dissection groups, the
eccentric guidewire route (OR: 2.10, 95% CI: 1.22–3.65, p= .01) was an independent risk factor for severe dissections after balloon angioplasty. CI,
confidence interval, OR, odds ratio.

FIGURE 3

Multivariable analyses for predictors of failed balloon angioplasty in 836 images. Non-vascular remodeling (OR: 0.51, 95% CI: 0.34–0.75, p < .001), positive
vascular remodeling (OR: 0.27, 95% CI: 0.17–0.40, p < 001), and balloon/vessel ratio (OR: 0.09, 95% CI: 0.03–0.22, p < .001) were protective factors for
unsuccessful balloon angioplasty. CI, confidence interval, OR, odds ratio.
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balloon angioplasty failure in some cases; however, many studies

attributed greater priority to severe dissection-associated balloon

angioplasty failure. Our study calculated residual stenosis using

the diameter to match the angiography standard, and in all

cross-sectional images with severe dissections, the diameter was

measured in the lumen without including the blood flow in the

dissection segment; therefore, most images of severe dissections

showed high residual stenosis (93 of 103 severe dissections) (22).

Balloon angioplasty is hypothesized to work by causing

permanent distortion of the artery walls through intima cracking

or dehiscence and stretching of the arterial wall, as observed in

animal models and cadaveric vessels (23–25). Therefore,

significantly enhanced vascular patency, requiring adequate

atheromatous material redistribution, compression, and elastic

vessel wall expansion, is necessary. The present study indicated

that plaque burden, which refers to the vessel plaque area, was a

risk factor for unsuccessful balloon angioplasty. Some studies

have reported that most of the luminal gain is caused by

adventitial and medial stretching but not from plaque

compression (26). Therefore, a lesion with a higher plaque

burden would show higher residual stenosis after balloon

angioplasty. Moreover, lumen eccentricity indicating the luminal

shape was noted as a risk factor detected in this study. Higher

lumen eccentricity corresponded to increased luminal shape

nonuniformity, usually presented as a thinner lumen

(Figure 2B). It was observed that high residual stenosis was

related to the elastic recoil of the arterial wall in balloon

angioplasty, and the only variable associated with the elastic

recoil magnitude is a temporary stretch, as previously reported

(27). High lumen eccentricity causes non-uniform pressure on

the arterial wall, leading to higher elastic recoil after balloon

inflation because of a preserved segment of the media (28). The

poor correlation between angiographic and ultrasound lumen

dimensions after angioplasty may explain the lack of correlation

between plaque composition or morphology and the magnitude

of the elastic recoil that causes residual stenosis (29).

Some protective factors were also identified in this study. Non-

negative vascular remodeling decreases the risk of unsuccessful

balloon angioplasty. During balloon angioplasty, compensatory

enlargement of the artery in response to plaque formation helps

preserve the luminal area. In contrast, arterial shrinkage accelerates

lumen narrowing through plaque formation. Some studies have

indicated that plaque size and the mode and degree of arterial

remodeling indicate the severity of lumen narrowing (19, 30). In

the lesion segment in the limb, non-negative remodeling may lead

to less elastic recoil than that noted in the negative remodeling

cross-section. The balloon diameter was selected according to the

disease-free segment; when the balloon was inflated, overextensions

was performed in the shrunken arterial wall in contrast to that in

the non- or positive remodeling cross-section. Our study showed

results similar to those reported by Gerard et al., indicating that

less stretch of the arterial wall and improved plaque burden

decrease were observed in arterial cross sections that had

undergone compensatory enlargement than that in those that had

undergone arterial wall shrinkage (22). The balloon/vessel ratio was

noted to be a protective factor, confirming that the larger the size
Frontiers in Cardiovascular Medicine 08
of the balloon, the lower the residual stenosis. This may be due to

a smaller vessel size than the actual vessel size as assessed using

angiography. Consequently, the balloon size chosen for

angiography would be smaller in size than the one chosen based

on IVUS images, leading to insufficient plaque compression and

arterial wall stretching. Therefore, larger balloons may result in less

residual stenosis. The study by Van Erven et al. using rabbit

models showed that oversizing the balloon relative to the local

artery size resulted in increased medial necrosis, subsequently

decreasing the elastic recoil of media (31). This explains the

mechanism underlying high balloon/vessel ratios leading to

increased luminal gain. However, only 4–6 mm balloons were used

in the present study, and it was difficult to determine the threshold

for maximal elastic recoil. Further studies should investigate the

best fit of the balloon/vessel ratio that could enlarge the lumen to

its highest limit without severe elastic recoil and dissection.

Although IVUS is not as commonly used in peripheral arterial

disease as it is in coronary arterial disease, it is necessary to

efficiently assess the morphologies of plaque, lumen, and arterial

walls in peripheral arterial disease. In many cases, intravascular

conditions are more complex and unpredictable in peripheral

arteries than in coronary arteries. During interventional procedures

of the femoropopliteal artery, according to our results, balloon

angioplasty tends to fail with high risk, and thus, other treatment

strategies including debulking should be performed to avoid high

residual stenosis and severe dissections. Further studies should

explore invasive and non-invasive imaging and hemodynamic

characteristics collectively to clarify intravascular conditions before

and after balloon angioplasty and to precisely choose treatment

strategies to improve patients’ long-term outcomes.
4.1. Limitations

This study has some limitations that should not be ignored.

First, the IVUS data were retrospectively collected from a single

center. Second, our study analyzed cross-sectional images of

lesions but could not analyze longitudinal sections to characterize

factors such as the length of the target lesion or calcification,

which influences the outcome of balloon angioplasty (32). Images

of thick calcification and subintimal and intramedial crossing

were excluded due to incomplete imaging and a shaded elastic

membrane. Third, there was no standard classification of

dissection using IVUS (33). Although we combined IVUS images

and angiography to confirm severe dissection, there was a risk of

missed dissections. Additionally, although the relationship

between dissection or residual stenosis in coronary disease and

characteristics extracted from IVUS were reported, they were

uncommon in peripheral arterial disease. Thus, these

characteristics require further investigation.
5. Conclusion

Plaque burden and luminal eccentricity were risk factors for

unsuccessful balloon angioplasty, and the eccentric guidewire
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route was an independent risk factor for severe dissection after

balloon angioplasty.
Data availability statement

The raw data supporting the conclusions of this article will be

made available by the authors, without undue reservation.
Ethics statement

The studies involving human participants were reviewed

and approved by the Ethics committee of the First Affiliated

Hospital of Chongqing Medical University. Written informed

consent for participation was not required for this study

in accordance with the national legislation and the institutional

requirements.
Author contributions

Conception and design: JC, YZ, QT. Administrative support:

YD, YZ. Provision of study materials or patients: JC, XW, YD,

YZ. Collection and assembly of data: YZ, JC. Data analysis and

interpretation: YZ, QT, CJ. Manuscript writing: all authors. All

authors contributed to the article and approved the

submitted version.
Frontiers in Cardiovascular Medicine 09
Funding

This work was supported by the Chongqing Municipal Health

Commission (grant number: 2015ZDXM002).
Acknowledgments

The authors thank Zexing Song, Yinlin Zhang, and Gaoxiang
Fan for their assistance with statistical analyses and figure
production. The authors thank Xinyi Li and Siyan Huo for their
review of the original data.
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed

or endorsed by the publisher.
References
1. Stoner MC, Calligaro KD, Chaer RA, Dietzek AM, Farber A, Guzman RJ, et al.
Reporting standards of the society for vascular surgery for endovascular treatment
of chronic lower extremity peripheral artery disease. J Vasc Surg. (2016) 64:e1–21.
doi: 10.1016/j.jvs.2016.03.420

2. Gardiner GA Jr, Sullivan KL, Halpern EJ, Parker L, Beck M, Bonn J, et al.
Angiographic assessment of initial balloon angioplasty results. J Vasc Interv Radiol.
(2004) 15:1081–7. doi: 10.1097/01.RVI.0000137398.73970.D5

3. Fujihara M, Takahara M, Sasaki S, Nanto K, Utsunomiya M, Iida O, et al.
Angiographic dissection patterns and patency outcomes after balloon angioplasty
for superficial femoral artery disease. J Endovasc Ther. (2017) 24:367–75. doi: 10.
1177/1526602817698634

4. Horie K, Tanaka A, Taguri M, Kato S, Inoue N. Impact of prolonged inflation
times during plain balloon angioplasty on angiographic dissection in
femoropopliteal lesions. J Endovasc Ther. (2018) 25:683–91. doi: 10.1177/
1526602818799733

5. Giannopoulos S, Strobel A, Rudofker E, Kovach C, Schneider PA, Armstrong EJ.
Association of postangioplasty femoropopliteal dissections with outcomes after
drug-coated balloon angioplasty in the femoropopliteal arteries. J Endovasc Ther.
(2021) 28:593–603. doi: 10.1177/15266028211016441

6. Armstrong EJ, Brodmann M, Deaton DH, Gray WA, Jaff MR, Lichtenberg M,
et al. Dissections after infrainguinal percutaneous transluminal angioplasty: a
systematic review and current state of clinical evidence. J Endovasc Ther. (2019)
26:479–89. doi: 10.1177/1526602819855396

7. Miki K, Fujii K, Tanaka T, Yanaka K, Yoshihara N, Nishimura M, et al. Impact of
IVUS-derived vessel size on midterm outcomes after stent implantation in
femoropopliteal lesions. J Endovasc Ther. (2020) 27:77–85. doi: 10.1177/
1526602819896293

8. Aihara H, Higashitani M, Takimura H, Tobita K, Jujo K, Hozawa K, et al.
Differences in intravascular ultrasound measurement values between treatment
modalities for restenosis in femoropopliteal lesions. Circ J. (2020) 84:1320–9.
doi: 10.1253/circj.CJ-20-0218
9. Allan RB, Puckridge PJ, Spark JI, Delaney CL. The impact of intravascular ultrasound
on femoropopliteal artery endovascular interventions: a randomized controlled trial.
JACC Cardiovasc Interv. (2022) 15:536–46. doi: 10.1016/j.jcin.2022.01.001

10. Mintz GS, Nissen SE, Anderson WD, Bailey SR, Erbel R, Fitzgerald PJ, et al.
American college of cardiology clinical expert consensus document on standards for
acquisition, measurement and reporting of intravascular ultrasound studies (IVUS).
A report of the American college of cardiology task force on clinical expert
consensus documents. J Am Coll Cardiol. (2001) 37:1478–92. doi: 10.1016/S0735-
1097(01)01175-5

11. Min HS, Ryu D, Kang SJ, Lee JG, Yoo JH, Cho H, et al. Prediction of
coronary stent underexpansion by pre-procedural intravascular ultrasound-
based deep learning. JACC Cardiovasc Interv. (2021) 14:1021–9. doi: 10.1016/j.
jcin.2021.01.033

12. Shimada T, Shima Y, Miura K, Shimizu H, Takamatsu M, Ikuta A, et al. Impact
of guidewire route on severe dissection after balloon angioplasty for femoropopliteal
chronic total occlusion lesions: an intravascular ultrasound analysis. Eur J Vasc
Endovasc Surg. (2021) 61:830–6. doi: 10.1016/j.ejvs.2021.01.014

13. ten Hoff H, Korbijn A, Smith TH, Klinkhamer JF, Bom N. Imaging artifacts in
mechanically driven ultrasound catheters. Int J Card Imaging. (1989) 4:195–9. doi: 10.
1007/BF01745150

14. Honye J, Mahon DJ, Jain A, White CJ, Ramee SR, Wallis JB, et al. Morphological
effects of coronary balloon angioplasty in vivo assessed by intravascular ultrasound
imaging. Circulation. (1992) 85:1012–25. doi: 10.1161/01.cir.85.3.1012

15. Huber MS, Mooney JF, Madison J, Mooney MR. Use of a morphologic
classification to predict clinical outcome after dissection from coronary angioplasty.
Am J Cardiol. (1991) 68:467–71. doi: 10.1016/0002-9149(91)90780-o

16. Saito Y, Kobayashi Y, Fujii K, Sonoda S, Tsujita K, Hibi K, et al. Clinical expert
consensus document on standards for measurements and assessment of intravascular
ultrasound from the Japanese association of cardiovascular intervention and
therapeutics. Cardiovasc Interv Ther. (2020) 35:1–12. doi: 10.1007/s12928-019-
00625-6
frontiersin.org

https://doi.org/10.1016/j.jvs.2016.03.420
https://doi.org/10.1097/01.RVI.0000137398.73970.D5
https://doi.org/10.1177/1526602817698634
https://doi.org/10.1177/1526602817698634
https://doi.org/10.1177/1526602818799733
https://doi.org/10.1177/1526602818799733
https://doi.org/10.1177/15266028211016441
https://doi.org/10.1177/1526602819855396
https://doi.org/10.1177/1526602819896293
https://doi.org/10.1177/1526602819896293
https://doi.org/10.1253/circj.CJ-20-0218
https://doi.org/10.1016/j.jcin.2022.01.001
https://doi.org/10.1016/S0735-1097(01)01175-5
https://doi.org/10.1016/S0735-1097(01)01175-5
https://doi.org/10.1016/j.jcin.2021.01.033
https://doi.org/10.1016/j.jcin.2021.01.033
https://doi.org/10.1016/j.ejvs.2021.01.014
https://doi.org/10.1007/BF01745150
https://doi.org/10.1007/BF01745150
https://doi.org/10.1161/01.cir.85.3.1012
https://doi.org/10.1016/0002-9149(91)90780-o
https://doi.org/10.1007/s12928-019-00625-6
https://doi.org/10.1007/s12928-019-00625-6
https://doi.org/10.3389/fcvm.2023.1145030
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/


Zou et al. 10.3389/fcvm.2023.1145030
17. Zhang Z, Gayle AA, Wang J, Zhang H, Cardinal-Fernández P. Comparing
baseline characteristics between groups: an introduction to the CBCgrps package.
Ann Transl Med. (2017) 5:484. doi: 10.21037/atm.2017.09.39

18. Becker GJ, Katzen BT, Dake MD. Noncoronary angioplasty. Radiology. (1989)
170:921–40. doi: 10.1148/radiology.170.3.2521745

19. Baptista J, di Mario C, Ozaki Y, Escaned J, Gil R, de Feyter P, et al. Impact
of plaque morphology and composition on the mechanisms of lumen enlargement
using intracoronary ultrasound and quantitative angiography after balloon
angioplasty. Am J Cardiol. (1996) 77:115–21. doi: 10.1016/s0002-9149(96)90579-2

20. Tenaglia AN, Buller CE, Kisslo KB, Stack RS, Davidson CJ. Mechanisms of
balloon angioplasty and directional coronary atherectomy as assessed by
intracoronary ultrasound. J Am Coll Cardiol. (1992) 20:685–91. doi: 10.1016/0735-
1097(92)90025-i

21. Hong H, Park UJ, Roh YN, Kim HT. Predictive factors of severe dissection after
balloon angioplasty for femoropopliteal artery disease. Ann Vasc Surg. (2021)
77:109–15. doi: 10.1016/j.avsg.2021.05.048

22. Fujihara M, Kurata N, Yazu Y, Mori S, Tomoi Y, Horie K, et al. Clinical expert
consensus document on standards for lower extremity artery disease of imaging
modality from the Japan endovascular treatment conference. Cardiovasc Interv
Ther. (2022) 37:597–612. doi: 10.1007/s12928-022-00875-x

23. Faxon DP, Weber VJ, Haudenschild C, Gottsman SB, McGovern WA, Ryan TJ.
Acute effects of transluminal angioplasty in three experimental models of
atherosclerosis. Arteriosclerosis. (1982) 2:125–33. doi: 10.1161/01.atv.2.2.125

24. Hoshino T, Yoshida H, Takayama S, Iwase T, Sakata K, Shingu T, et al.
Significance of intimal tears in the mechanism of luminal enlargement in
percutaneous transluminal coronary angioplasty: correlation of histologic and
angiographic findings in postmortem human hearts. Am Heart J. (1987)
114:503–10. doi: 10.1016/0002-8703(87)90745-9

25. Lyon RT, Zarins CK, Lu CT, Yang CF, Glagov S. Vessel, plaque, and lumen
morphology after transluminal balloon angioplasty. Quantitative study in
Frontiers in Cardiovascular Medicine 10
distended human arteries. Arteriosclerosis. (1987) 7:306–14. doi: 10.1161/01.atv.7.
3.306

26. Castaneda-Zuniga WR, Formanek A, Tadavarthy M, Vlodaver Z, Edwards JE,
Zollikofer C, et al. The mechanism of balloon angioplasty. Radiology. (1980)
135:565–71. doi: 10.1148/radiology.135.3.7384437

27. Rozenman Y, Gilon D, Welber S, Sapoznikov D, Gotsman MS. Clinical and
angiographic predictors of immediate recoil after successful coronary angioplasty
and relation to late restenosis. Am J Cardiol. (1993) 72:1020–5. doi: 10.1016/0002-
9149(93)90856-8

28. Waller BF. Crackers, breakers, stretchers, drillers, scrapers, shavers, burners, welders
and melters. J Am Coll Cardiol. (1989) 13:969–87. doi: 10.1016/0735-1097(89)90248-9

29. Baptista J, di Mario C, Escaned J, Arnese M, Ozaki Y, de Feyter P, et al.
Intracoronary two-dimensional ultrasound imaging in the assessment of plaque
morphologic features and the planning of coronary interventions. Am Heart J.
(1995) 129:177–87. doi: 10.1016/0002-8703(95)90057-8

30. Pasterkamp G, Borst C, Gussenhoven EJ, Mali WP, Post MJ, The SH, et al.
Remodeling of de novo atherosclerotic lesions in femoral arteries: impact on
mechanism of balloon angioplasty. J Am Coll Cardiol. (1995) 26:422–8. doi: 10.
1016/0735-1097(95)80017-b

31. van Erven L, Post MJ, Velema E, Borst C. In the normal rabbit femoral artery
increasing arterial wall injury does not lead to increased intimal hyperplasia. J Vasc
Res. (1994) 31:153–62. doi: 10.1159/000159041

32. Tan M, Urasawa K, Koshida R, Haraguchi T, Kitani S, Igarashi Y, et al.
Comparison of angiographic dissection patterns caused by long vs short balloons
during balloon angioplasty of chronic femoropopliteal occlusions. J Endovasc Ther.
(2018) 25:192–200. doi: 10.1177/1526602818756610

33. Nakata A, Fukunaga M, Kawasaki D. The impact of plaque morphology in
patients with peripheral artery disease on vessel dissection: an intravascular
ultrasound observational study. Heart Vessels. (2022) 37:961–8. doi: 10.1007/s00380-
021-01994-w
frontiersin.org

https://doi.org/10.21037/atm.2017.09.39
https://doi.org/10.1148/radiology.170.3.2521745
https://doi.org/10.1016/s0002-9149(96)90579-2
https://doi.org/10.1016/0735-1097(92)90025-i
https://doi.org/10.1016/0735-1097(92)90025-i
https://doi.org/10.1016/j.avsg.2021.05.048
https://doi.org/10.1007/s12928-022-00875-x
https://doi.org/10.1161/01.atv.2.2.125
https://doi.org/10.1016/0002-8703(87)90745-9
https://doi.org/10.1161/01.atv.7.3.306
https://doi.org/10.1161/01.atv.7.3.306
https://doi.org/10.1148/radiology.135.3.7384437
https://doi.org/10.1016/0002-9149(93)90856-8
https://doi.org/10.1016/0002-9149(93)90856-8
https://doi.org/10.1016/0735-1097(89)90248-9
https://doi.org/10.1016/0002-8703(95)90057-8
https://doi.org/10.1016/0735-1097(95)80017-b
https://doi.org/10.1016/0735-1097(95)80017-b
https://doi.org/10.1159/000159041
https://doi.org/10.1177/1526602818756610
https://doi.org/10.1007/s00380-021-01994-w
https://doi.org/10.1007/s00380-021-01994-w
https://doi.org/10.3389/fcvm.2023.1145030
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/

	Impact of plaque and luminal morphology in balloon angioplasty of the femoropopliteal artery: an intravascular ultrasound analysis
	Introduction
	Methods
	Inclusion and exclusion criteria
	Study samples and design
	Interventional procedures
	IVUS images definition and analysis
	Statistical analysis

	Results
	Baseline clinical and procedural characters
	IVUS cross-sectional imaging outcomes
	Univariable analysis outcomes
	Predictors of failed balloon angioplasty and severe dissection

	Discussion
	Limitations

	Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher's note
	References


