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Abstract

Background: Treating long coronary artery lesions e�ectively requires meticulous lesion preparation and precise stent de-
ployment. Although non-compliant balloons are o�en favored for optimal stent apposition, their use increase the procedu-
ral costs. Intravascular ultrasound (IVUS) provides high-resolution, real-time imaging, improving stent optimization and
overall treatment outcomes.

Aim: �is proof – of - concept study evaluates whether multiple in-situ stent balloon in�ations can achieve successful stent
deployment, as measured by strict IVUS criteria, while maintaining procedural safety.

Method: Using IVUS, we prospectively assessed the impact of repeated post-deployment in�ations with the same stent bal-
loon in 91 patients with ischemic heart disease (IHD) underwent elective PCI. Participants were randomized into three
groups: Group A (single in�ation), Group B (two in�ations), and Group C (three in�ations).

Results: Baseline demographics, lesion characteristics, and calci�cation severity were comparable across groups. Procedural
data showed no signi�cant di�erences in stent length, diameter, or in�ation pressure, with all cases completed using a sin-
gle-stent approach. IVUS analysis showed Group C had the highest rate of successful stent deployment, with full expansion,
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no malapposition, and minimal residual stenosis — outperforming Groups B and A. Multivariate analysis linked the num-
ber of in�ations and in�ation pressure to deployment success, with no procedural complications observed.

Conclusion: For type A lesions, three high-pressure in�ations (10 sec/16 bars each) were highly e�ective, though complex le-
sions required additional strategies. �is technique was less e�ective for complex lesions. �e technique proved safe across
all groups, supporting its use in select cases.
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Introduction

Atherosclerosis  remains  a  major  global  cause  of
death,  even with decreasing incidence in some regions [1].
Although  atherosclerotic  plaques  may  develop  silently
throughout  an  individual's  lifetime,  only  a  minority
progress to cause the majority of cardiovascular events [2].
Clinical  evidence  robustly  supports  the  e�cacy  and  safety
of percutaneous coronary intervention (PCI) using current--
generation drug-eluting stents (DES) for treating long,  dif-
fuse coronary lesions [3–8].

Initially, the strategy of using DES to cover the en-
tire lesion length was adopted due to their perceived e�ec-
tiveness  [5].  However,  this  approach  was  later  abandoned
due to the increased risks of stent thrombosis (ST) and tar-
get lesion revascularization (TLR) associated with �rst-gen-
eration  DES  [9].  �e  development  of  second-generation
DES,  with  thinner  struts,  advanced  polymers,  and  opti-
mized  drug  potency,  has  signi�cantly  improved  PCI  out-
comes, reducing both TLR and ST rates [10–12].

In-stent restenosis and subacute ST remain critical
concerns even in the era of DES. Clinically, ST can present
dramatically as acute coronary syndrome (ACS) or sudden
death, signi�cantly contributing to post-PCI morbidity and
mortality, with an incidence of 0.5% to 3% and a mortality
rate  exceeding  45%.  �e  multifactorial  nature  of  in-stent
restenosis and subacute ST includes procedural factors, par-
ticularly the adequacy of stent deployment.  Utilizing intra-
vascular  imaging  to  �ne-tune  procedural  results  o�ers  a
promising approach to reducing the risk of ST and improv-
ing patient outcomes [13–15].

Studies indicate that 20% to 30% of stents are un-

der-expanded on intravascular ultrasound (IVUS) a�er stan-
dard  deployment  both  with  BMS  [16,17]  as  well  as  DES
[18].  Based  on  supporting  evidence  and  in  the  absence  of
large prospective randomised outcome-based trials, Post di-
latation with a non-compliant (NC) balloon to achieve opti-
mal  stent  expansion  and  maximal  luminal  area  is  a  logical
technical  recommendation,  especially  for  complex  lesions
[19].  However,  this  approach  increases  both  procedural
time  and  cost.

Method

Trial Design

To  our  knowledge,  this  trial  represents  the  �rst
use of intravascular ultrasound (IVUS) to guide the assess-
ment  of  e�cacy  and  safety  in  employing  in-situ  stent  bal-
loon  for  multiple  post-stent  deployment  in�ations  to
achieve  optimal  stent  deployment.  �e  trial  adopted  a
prospective,  observational,  single-center,  proof-of-concept
approach. IVUS served as the primary tool to con�rm and
evaluate  the adequacy of  stent  deployment in patients  pre-
senting with long coronary artery lesions.

Study Duration

From February 2023 to February 2024.  �e study
was approved by the relevant regulatory authorities, by the
Ethics Committee of the Armed Force College of Medicine
(AFCM), Cairo, Egypt. �e academic leadership of the trial
designed the protocol and supervised its implementation.

Studied Population

Ninety-one  patients  diagnosed  with  ischemic
heart disease (IHD) admitted to the cardiology department
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of Kobri El-Quoba Military Complex hospitals who met the
inclusion  criteria  and  required  coronary  angioplasty  based
on  their  clinical  conditions  as  guided  by  evidence-based
guidelines.

Inclusion Criteria

Patients diagnosed with unstable angina or chron-
ic coronary syndrome with sizable viable myocardium. Pa-
tients with long coronary artery lesions (> 20 mm) suitable
for stent placement were included, provided they could pro-
vide informed consent.

Exclusion Criteria

(1)  Patients  with  acute  STEMI.  (2)  Patients  with
hemodynamic  instability.  (3)  Presence  of  chronic  total  oc-
clusions,  le�  main  coronary  lesions,  or  previous  coronary
artery bypass gra�ing. (4) Contraindications to coronary an-
gioplasty (e.g., active bleeding disorders). (5) Lesions unsuit-
able for stent placement. (6) Contraindications to intravas-
cular  ultrasound (IVUS) use.  (7)  Inability  or unwillingness
to  undergo  multiple  post-stent  deployment  balloon  in�a-
tions.  (8)  Unwillingness  or  inability  to  participate  in  the
study protocol. (9) Pregnancy or breastfeeding. (10) History
of  severe  contrast  dye  allergy.  (11)  Inability  to  provide  in-
formed  consent  due  to  cognitive  impairment  or  language
barriers.

Patients’ Strati�cation

Patients were strati�ed into three groups based on
the number of balloon in�ations post-stent deployment us-
ing the in-situ stent balloon.

Group A

Included 30 patients who underwent a single in�a-
tion,  30  seconds  a�er  stent  deployment,  followed by IVUS
examination.

Group B

Consisted  of  30  patients  who  received  two  in�a-
tions: one 30 seconds a�er stent deployment and another 10
seconds  later,  using  the  in-situ  stent  balloon,  followed  by
IVUS examination.

Group C

Comprised 31 patients who underwent three in�a-
tions:  one  30  seconds  a�er  stent  deployment,  followed  by
two  additional  in�ations  separated  by  10-second  intervals,
also using the in-situ stent balloon, followed by IVUS exami-
nation.

Outcome Measures

E�cacy endpoint: �e determination of procedu-
ral success relied on stringent criteria established for de�n-
ing  successful  stent  deployment  through  IVUS,  aimed  at
maximizing procedural  e�cacy and patient  outcomes.  �-
ese criteria were:

Full Stent Expansion. (2) Appropriate Stent Appo-
sition. (3) Minimal Residual Stenosis. (4) Adequate Stent Ex-
pansion.

Safety  endpoint:  Absence  of  complications  espe-
cially:  (1)  Flow limiting  edge  dissection.  (2)  Stent  fracture.
(3) Perforation.

�e patient was deemed successful if it meets all ef-
�cacy criteria & safety endpoint.

Statistical Analysis

Data were analyzed using SPSS version 25. Qualita-
tive data were presented as frequency and percentage, while
continuous quantitative data were expressed as median and
interquartile  range  (IQR).  �e  median  is  the  middle  value
in an ordered data set, and the IQR is the range between the
25th and 75th percentiles. Statistical signi�cance was deter-
mined with a P-value < 0.05 considered signi�cant, < 0.001
highly signi�cant, and > 0.05 insigni�cant. �e Chi-square
test was used for comparing non-parametric categorical da-
ta, and the Kruskal-Walli’s test was applied for comparisons
among more  than two groups  with abnormally  distributed
data.

Results

�e study enrolled 91 male patients with ischemic
heart disease who underwent elective PCI with one stent de-
ployment in all  cases. �eir age was ranging from 42 to 65
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years  (mean  55.6  ±  9.1  years).  Age  distribution  was  com-
parable  across  all  groups.  Hypertension  was  present  in
65.9% of participants, while 50.5% had diabetes mellitus. Ac-
tive  smoking and dyslipidemia  were  documented in  52.7%
and 50.5% of  cases,  respectively.  No statistically  signi�cant
di�erences  were  found  in  the  prevalence  of  these  risk  fac-
tors among the three study groups (Table 1). Lesion charac-
teristics were similar across groups, with no signi�cant dif-
ference  in  morphology  or  calci�cation  severity  (mild:
59.3%;  moderate:  40.6%;  severe:  11.1%).  �e  right  femoral
approach was used in 77% of cases, with the le� anterior des-
cending  artery  (LAD)  being  the  most  frequent  target  site.

Procedural  data  analysis  revealed comparable  stent  lengths
(P=0.43),  diameters  (P=0.36),  and  in�ation  pressures
(P=0.06)  among  groups.  A  single  stent  strategy  was  per-
formed in all procedures. TIMI �ow scores di�ered signi�-
cantly (P=0.04): Group A had 3 patients (10%) with TIMI 2
�ow versus 27 (90%) with TIMI 3, whereas Groups B and C
achieved  TIMI  3  �ow  in  all  cases.  Myocardial  blush  grade
(MBG)  showed  even  greater  divergence  (P<0.001),  with
Groups  A  and  B  predominantly  scoring  2,  while  Group  C
uniformly  attained  grade  3  (Figures  1–2).  No  procedural
complications  including  edge  dissection,  stent  fracture,  or
perforation were observed.

Table 1: Demographic & risk factors comparison between di�erent studied groups

Group A(No= 30) Group B(No= 30) Group C(No= 31) StatisticalTest P- Value

Age Median (IQR) 58 (53 – 60) 56 (53 – 60) 59 (53 – 63) KW= 1.7 0.43 (NS)

Gender (M/F) 30/0 30/0 31/0 ------------- -------------

HTN 19 (63.3%) 19 (63.3%) 22 (71%) X2 = 0.53 0.78 (NS)

DM 16 (53%) 12 (40%) 18 (58.1%) X2 = 2.13 0.35 (NS)

Smoking 18 (60%) 18 (60%) 12 (38.7%) X2 = 3.7 0.16 (NS)

Dyslipidemia 14 (46.7%) 17 (56.7%) 15 (48.4%) X2 = 0.69 0.71 (NS)

Figure 1: Comparison of all studied groups with respect to TIMI �ow score.

Regarding IVUS �nding, Group C exhibited opti-
mal  results,  with  67.6%  achieving  full  stent  expansion  and
0%  malapposition,  versus  56.7%  and  0%  in  Group  B,  and
0% and 40% in Group A. Residual stenosis was least preva-
lent in Group C (32.3%), intermediate in Group B (46.7%),

and universal in Group A (100%).
Quantitative  measures  including  proximal  refer-

ence  lumen  area  (median  9.6  mm2),  distal  reference  EEM
area (10.3 mm2), and minimum lumen diameter consistent-
ly favored Group C (Table 2).
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Figure 2: Comparison of all studied groups with respect to MBG score.

Table 2: Comparison of all studied groups with respect to IVUS data

Group A(No=
30)

Group B(No=
30)

Group C(No=
31) Stat.Test P- Value

Stent apposition 18 30 31 28.1* < 0.001 (HS)

Full stent Expansion 0 17 21 32.9* < 0.001 (HS)

Malapposition 12 0 0 28.1* < 0.001 (HS)

Minimal Residual Stenosis 30 14 10 32* < 0.001 (HS)

Uniform Stent Expansion 30 30 31 ----- -------

Absence of edge dissection 30 30 31 ----- -------

Plaque Prolapse 0 0 0 ----- -------

Proximal reference external elastic
membrane area (mm2) 7.9 (6.9 – 10) 8 (7.4 – 10.4) 9.8 (7.4 –

10.1) 2.9** 0.23 (NS)

Proximal reference lumen area
(mm2)

6.5 (5.7 – 9.1) 6.8 (6.3 – 9.3) 9.6 (7.1 – 9.7) 15.2** 0.001 (S)

Distal reference external elastic
membrane area (mm2)

8.5 (6.6 –
10.4)

9.1 (6.9 –
10.7)

10.3 (7.5 –
13.1) 6.3** 0.043 (S)

Distal reference lumen area (mm2) 6.4 (5.6 – 9) 6.6 (6.2 – 9.1) 9.4 (7 – 9.6) 17.5** < 0.001 (HS)

MLD (mm2) 2.9 (2.7 – 3.4) 2.9 (2.8 – 3.4) 3.4 (3 – 3.5) 15.5** < 0.001 (HS)

MLA (mm2) 6.3 (5.5 – 9) 6.6 (6.2 – 9.1) 8.8 (7 – 9.6) 16.2** < 0.001 (HS)

**KW: Kruskal Willis test.

*X2: Chi-square test

IQR: inter-quartile range
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Table 3: Comparison of all studied groups regarding the success criteria

IVUS Parameters Group A(No=
30)

Group B(No=
30)

Group C(No=
31) Stat.Test P- Value

YES NO YES NO YES NO

Full Stent Expansion 0 30 17 30 22 10

Appropriate Stent
Apposition

18 12 30 0 31 0

Minimal Residual Stenosis 30 0 30 0 31 0

Adequate Stent Expansion 27 3 30 0 31 0

Absence of Complications 30 0 30 0 31 0

SUCCESSFUL 0 (0%) 17 (56.7%) 22 (71%) 35* < 0.001
(hs)

*X2: Chi-square test

Table 4: Predictors of stent deployment failure

B SE Odds 95% CI P-value

AGE 0.012 0.038 1.012 (0.94 - 1.09) 0.743

Hypertension 0.142 0.446 1.153 (0.48 - 2.76) 0.750

Diabetes mellites -0.595 0.429 0.552 (0.23 - 1.27) 0.166

Smoking 0.647 0.429 1.910 (0.82 - 4.43) 0.131

Dyslipidemia -0.051 0.424 0.950 (0.41 - 2.18) 0.904

Coronary artery a�ected -0.104 0.105 0.901 (0.73 - 1.11) 0.325

Location of stenosis 0.069 0.311 1.071 (0.58 - 1.97) 0.825

% of stenosis -0.102 0.053 0.903 (0.81 - 1.00) 0.052

Type of the lesion 1.065 0.245 2.9 (1.8 - 4.7) <0.001

Calci�cation 2.148 0.527 8.568 (3.05 - 24.08) <0.001

Length of lesion 0.023 0.053 1.023 (0.92 - 1.14) 0.671

No. of balloon in�ation -1.84 0.38 0.16 (0.08 - 0.33) <0.001

Stent length 0.020 0.055 1.020 (0.92 - 1.14) 0.713

Stent diameter -0.797 0.589 0.451 (0.14 - 1.43) 0.176

In�ation pressure -0.27 0.12 0.76 (0.6 - 0.97) 0.03

TIMI �ow score -20.975 23206 0.000 0.000 0.999

MBG score -1.8 0.5 0.16 (0.06 - 0.42) <0.001

Stent apposition -21.178 11603 0.000 0.000 0.999

Full stent Expansion -25.154 6520 0.000 0.000 0.997

Malapposition 21.178 11603 0.000 0.000 0.999
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Minimal Residual Stenosis 24.461 6608 0.000 0.000 0.997

Proximal reference external elastic membrane area -0.26 0.13 0.77 (0.6 - 0.99) 0.04

Proximal reference lumen area -0.279 0.123 0.756 (0.59 - 0.96) 0.023

Distal reference external elastic membrane area -0.057 0.081 0.945 (0.81 - 1.11) 0.483

Distal reference lumen area -0.293 0.126 0.746 (0.58 - 0.95) 0.02

Minimal luminal diameter (MLD) -1.370 0.596 0.254 (0.08 - 0.82) 0.022

Minimal luminal area (MLA) -0.319 0.127 0.727 (0.57 - 0.93) 0.012

B: Regression coe�cient, SE: Standard error, CI: Con�dence interval.

Table 5: Predictors of stent deployment success & its impact on MBG

Stent Deployment by IVUS Stat. test P- Value

Successful(No= 39) Failed(No= 52)

No. of balloon
in�ations 1 0 (0%) 30 (57.5%) 34.8* < 0.001(HS)

2 17 (43.6%) 13 (25.0%)

3 22 (56.4%) 9 (17.3%)

In�ation pressure Median(IQR) 16 (14 – 16) 14 (14 – 16) 734** 0.02(S)

MBG score Grade 0 0 (0%) 0 (0%) 15.2 < 0.001(HS)

Grade 1 0 (0%) 0 (0%)

Grade 2 17 (43.6%) 43 (82.7%)

Grade 3 22 (56.4%) 9 (17.3%)

*X2: Chi-square test. ** MW: Mann–Whitney U test IQR: inter-quartile range

Table 6: Impact of lesion type & calci�cation on successful stent deployment

Stent Deployment by IVUS X2 P- Value

Successful(No= 39) Failed(No= 52)

Type of lesion A 34 (87.2%) 16 (30.8%) 30.1 < 0.001 (HS)

B1 4 (10.3%) 19 (36.6%)

B2 0 (0%) 12 (23.1%)

C 1 (2.6%) 5 (9.5%)

Calci�cations Mild Calci�cation 34 (87.2% 20 (38.5%) 22.9 < 0.001 (HS)

Moderate Calci�cation 5 (12.8%) 22 (42.3%)

Severe Calci�cation 0 (0%) 10 (19.2%)

X2: Chi-square test.
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Successful  deployment  de�ned  by  composite
IVUS criteria (full expansion, < 20% residual stenosis, com-
plete  apposition,  and  absence  of  complications)  was
achieved in 0%, 56.7%, and 67.6% of Groups A, B, and C, re-
spectively.  Overall,  43%  of  patients  (n=39)  met  all  success
criteria (Table 3). Multivariate analysis identi�ed key failure
predictors as to be lesion related factors (Lesion type & an-
giographic  calci�cation),  Procedural  variables  (Number  of
in�ation&  in�ation  pressure)  as  well  as  IVUS  parameters
(Proximal/distal lumen areas, MLD, MLA). (Table 4. Opera-
tor-dependent success factors included triple balloon in�a-
tions  and higher  in�ation pressures,  which correlated with
improved  MBG  scores  (Table  5).  However,  these  bene�ts
were con�ned to type A lesions with mild calci�cation. E�-
cacy  diminished  markedly  in  complex,  heavily  calci�ed  le-
sions,  where  neither  in�ation  strategy  substantially  im-
proved  outcomes  (Table  6).

Discussion

�e  evolution  of  PCI  has  dramatically  trans-
formed  coronary  artery  disease  management,  o�ering  pa-
tients a minimally invasive alternative to traditional bypass
surgery  [20].  While  stent  implantation  remains  central  to
restoring  vascular  patency,  achieving  optimal  deployment
in complex lesions - particularly lengthy segments - contin-
ues  to  challenge  interventional  cardiologists.  �ese  techni-
cal hurdles carry signi�cant clinical consequences, as subop-
timal stent placement may precipitate restenosis or throm-
bosis [21].

Modern  catheterization  laboratories  increasingly
rely on intravascular ultrasound (IVUS) for its unparalleled
intraluminal  visualization capabilities  [22].  Where conven-
tional  angiography  falls  short  by  providing  only  silhouette
images, IVUS delivers comprehensive cross-sectional assess-
ment  revealing  not  just  lumen dimensions  but  also  plaque
morphology and vessel architecture [23]. �is proves partic-
ularly valuable when treating di�use lesions, where accurate
length measurement and vessel sizing directly inform stent
selection and positioning strategies.

Recent years have witnessed growing evidence sup-
porting  IVUS  guided  optimization  of  post-stent  dilation
protocols  [24].  Our  study  builds  upon  this  foundation  by

systematically evaluating how multiple balloon in�ations in-
�uence stent expansion - a question previous investigations
have addressed only peripherally. Where prior research fo-
cused predominantly on in�ation pressure or duration, this
study  represents  the  �rst  systematic  investigation  –  up  to
our knowledge - into the e�ects of repeated stent balloon in-
�ation post-stent deployment, using IVUS to predict the im-
pact  on  stent  expansion  in  patients  with  long  coronary
artery  lesions.  �is  study  stands  out  by  exploring  multiple
balloon in�ation strategies under IVUS guidance, contrast-
ing with previous research focused primarily on high-pres-
sure or extended-duration in�ations.

�e demographic pro�le of our cohort with hyper-
tension  (65.9%),  diabetes  (50.5%),  smoking  (52.7%),  and
dyslipidemia  (50.5%)  prevalence  mirroring  typical  CAD
populations  [25-28]  enhances  the  generalizability  of  our
�ndings.  Similarly,  the  observed  calci�cation  distribution
(59.3%  mild,  40.6%  moderate)  aligns  with  Fujii  et  al.'s  re-
ports regarding contemporary PCI cohorts [29].

Several key �ndings emerged from our IVUS anal-
ysis:  Group C (three  in�ations)  demonstrated  superior  ex-
pansion  (67.6%  full  expansion)  compared  to  Group  B
(56.7%) and Group A (0%), Complete stent apposition was
achieved in all Group C and B cases, versus 40% malapposi-
tion in Group A and residual stenosis showed stepwise im-
provement across groups (32.3% vs 46.7% vs 100%). �ese
results dovetail with Skowroński et al.'s demonstration that
sequential  in�ation  improves  stent  dimensions  [30],  while
extending  their  observations  to  include  myocardial  perfu-
sion  bene�ts  (MBG  3  in  100%  of  Group  C  vs  MBG  2  in
others).

Contrary  to  conventional  wisdom  favoring  pro-
longed  (>60s)  in�ations  [31-33],  our  data  suggest  multiple
brief (10s) high-pressure (16atm) in�ations may o�er com-
parable - if not superior - results. �is approach proved par-
ticularly  e�ective  for:  achieving  optimal  stent-vessel  wall
contact, minimizing residual stenosis and preserving micro-
vascular function (as re�ected in MBG scores). �e 71% suc-
cess  rate  in  Group C,  alongside  zero  procedural  complica-
tions, underscores both the e�cacy and safety of this strate-
gy. Notably, these bene�ts appear most pronounced in type
A lesions with mild calci�cation - a �nding consistent with
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Iwamoto et al.'s work [34], though our multivariate analysis
uniquely identi�ed in�ation pressure as an independent suc-
cess predictor.

Conclusion

Our  study  suggests  that  multiple  balloon  in�a-
tions,  particularly  using  three  in�ations  with  in-situ  stent
balloon  at  high  pressure  (~16  atm.)  for  10  seconds  each,
show  e�ectiveness  primarily  in  patients  with  less  severe
type A lesions.  However,  their  e�cacy diminishes  in more
complex  lesion  cases.  Similarly,  this  approach  is  bene�cial
for  patients  with  mild  angiographically  visual  calci�cation
but yields unsatisfactory results in cases of moderate to se-
vere  calci�cation,  even  with  three  in�ations.  �e  success
rate  decreases  with  higher  lesion  grades,  especially  when
this higher grade is  due to moderate or severe calci�cation
density, suggesting limited e�cacy of multiple balloon in�a-
tions in such cases. Nonetheless, the protocol is considered
safe regardless of lesion complexity.

Limitations

�is study had some limitations. First, it was con-
ducted at a single center with a relatively small sample size,
potentially  limiting  the  generalizability  of  the  �ndings.  Se-

cond, the follow-up period may be too short to fully assess
long-term outcomes such as late stent thrombosis, resteno-
sis,  and  long-term  patient  mortality  and  morbidity.  Lastly,
the  exclusion of  certain  patient  groups,  such  as  female  pa-
tients, those with acute coronary syndromes, hemodynami-
cally  unstable  patients,  and those  with  chronic  total  occlu-
sions,  restricts  the  applicability  of  the  study  �ndings  to  all
patients undergoing PCI.

Recommendation

Further research should prioritize multicenter col-
laborations with larger sample sizes to substantiate our �nd-
ings. Emphasizing the broader integration of IVUS in percu-
taneous  coronary  interventions,  particularly  for  complex
cases with extended lesions, is crucial to re�ne stent deploy-
ment accuracy and safety. Additionally, conducting longitu-
dinal studies with extended follow-up periods is essential to
comprehensively  evaluate  the  enduring  advantages  and
risks associated with IVUS-guided stent placement, encom-
passing outcomes like restenosis, late stent thrombosis, and
long-term patient survival.
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