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Abstract

Background: This study aimed to develop and assess a dynamic, precise decompression-hemostasis strategy based on multimodal mon-
itoring indicators, and to investigate the effectiveness and safety of this strategy in hemostasis management after surgery via the distal
radial artery approach. Methods: In this single-center prospective cohort study, 224 patients undergoing coronary angiography (CAG)
or percutaneous coronary intervention (PCI) (January 2024 to June 2025) were consecutively assigned to a dynamic precise decompres-
sion group or a conventional compression group (n = 112 each). The dynamic strategy used individualized decompression guided by
indicators such as activated clotting time (ACT) and perfusion index, whereas the control group followed conventional empirical fixed
procedures. Hemostasis outcomes, patient comfort, and vascular complications were compared. Logistic regression identified risk factors
for hemostasis failure, and a predictive model was constructed. Results: No significant differences were observed in initial hemostasis
success, rebleeding, or hematoma rates (p > 0.05). The dynamic group showed significantly shorter compression time and higher first-
attempt hemostat removal success (p < 0.05). Pain scores, local discomfort, and overall satisfaction were more favorable in the dynamic
precise decompression group (p < 0.05). The 30-day distal radial artery occlusion rate was numerically lower in the dynamic precise
decompression group, but the difference was not statistically significant (p > 0.05). ACT, body mass index (BMI), and sheath type were
independent risk factors for hemostasis failure, while the dynamic strategy was independently associated with lower odds of hemostasis
failure. The model showed acceptable discrimination, and exploratory subgroup analyses suggested possible heterogeneity according
to ACT and BMI. Conclusions: Multimodal monitoring-guided dynamic decompression was associated with shorter compression time
and more favorable comfort-related outcomes without an observed increase in bleeding complications. The 30-day distal radial artery
occlusion (RAO) rate showed only a nonsignificant numerical trend toward reduction. These findings support further evaluation of this
individualized hemostasis strategy in randomized controlled trials or externally validated studies.
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1. Introduction to the traditional radial artery approach in both safety and
feasibility, and it may be superior in vascular protection.
However, the distal radial artery has a shallower anatom-
ical position, a smaller diameter and less surrounding soft
tissue than the traditional radial artery, making its postoper-
ative hemostasis management face higher technical require-

ments [5].

The radial artery approach has become the preferred
approach for coronary angiography (CAG) or percutaneous
coronary intervention (PCI), and its advantages of lower
rates of bleeding complications, fewer vessel-related ad-
verse events, and higher patient comfort have been demon-
strated in multiple clinical studies [1,2]. Compared with the

femoral artery approach, the radial artery approach not only
reduces the risk of severe bleeding and death, but also short-
ens length of hospital stay and ameliorates overall patient
prognosis, so it has been rapidly popularized worldwide
[3]. With the continuous advance in technology recently,
the distal radial artery approach has gradually attracted at-
tention. Through puncture in the anatomical snuftbox via
this approach, blood flow in the forearm radial artery trunk
is preserved, theoretically reducing the risk of radial artery
occlusion (RAO), and displaying potential advantages in
patients undergoing repeated interventions [4]. Research
suggests that the distal radial artery approach is comparable

Nowadays, balloon hemostat has been widely used in
clinical practice for compression hemostasis, and its sim-
ple operation and good controllability makes it become a
common method of hemostasis after surgery via the radial
artery approach [6]. However, staged decompression man-
agement of available hemostasis strategies rely on empiri-
cal fixed schedules, and a dynamic adjustment basis based
on individual differences is lacking. Research suggests that
excessive compression may lead to distal blood flow restric-
tion, and raise the risk of vascular occlusion, tissue ischemia
and even nerve damage, while premature or too rapid de-
compression may cause rebleeding or hematoma formation,
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thus prolonging compression and affecting patient recovery
[7,8]. Therefore, keeping distal artery patency while ensur-
ing hemostasis safety has become a key difficulty in postop-
erative management of distal radial artery and an important
issue to be solved urgently in current clinical practice [9].

Previous studies have mostly focused on optimization
of compression time or improvement of hemostatic devices,
such as adjusting compression duration or improving bal-
loon structure, but paid little attention to dynamic decision-
making mechanism during decompression [10,11]. In par-
ticular, significant individual differences exist in coagula-
tion function, hemodynamic status and local tissue response
in actual clinical practice, which, however, are difficult to
be reflected in the existing fixed procedures. Besides, con-
tinuous evaluation methods for real-time changes during
decompression are also lacking. Inrecent years, the concept
of multimodal monitoring has gradually emerged in inten-
sive care medicine and perioperative management, and dy-
namic assessment and precise intervention of patients can
be achieved by integrating multi-source physiological in-
formation [12]. However, this concept has been rarely ap-
plied to the hemostasis management after surgery via the
distal radial artery approach, relevant evidence is insuffi-
cient, and a systematic management strategy combining co-
agulation status, perfusion indicators and clinical manifes-
tations is lacking.

In the above context, this study innovatively devel-
oped a dynamic precise decompression strategy based on
multimodal monitoring indicators, which was used to as-
sess and individually regulate the hemostasis process in real
time by integrating biological indicators, perfusion indi-
cators and clinical manifestations. This study intends to
systematically assess the clinical value of this strategy in
the hemostasis outcomes, patient comfort and vascular pro-
tection by prospective observation, and further investigate
its applicability and underlying mechanism across differ-
ent risk groups. The findings are expected to provide a
more precise, adjustable and propagable clinical strategy
for hemostasis management after surgery via the distal ra-
dial artery approach.

2. Materials and Methods
2.1 Study Design and Subjects

This single-center, prospective observational cohort
study was conducted strictly following the STROBE state-
ment for observational studies. Patients who successfully
underwent CAG or PCI via the distal radial artery approach
(anatomical snuffbox) in the Department of Cardiology of
our hospital from January 2024 to June 2025 were enrolled.

Inclusion criteria were as follows: (1) patients aged
>18 years old, (2) those who successfully underwent CAG
or PCI via the distal radial artery approach, (3) those who
received local compression hemostasis using balloon hemo-
stat postoperatively, and (4) those with clear consciousness,
and able to cooperate in postoperative multimodal monitor-

ing (such as fingertip blood oxygen and waveform collec-
tion) and scheduled follow-up assessment.

Exclusion criteria included: (1) patients who failed in
the distal radial artery puncture or required intraoperative
crossover to other vascular approaches (e.g., traditional ra-
dial or femoral artery), (2) those with a history of severe
coagulation dysfunction or severe active bleeding, (3) those
with a history of distal/conventional RAO, arteriovenous
fistula, or severe vascular malformation as assessed by pre-
operative ultrasound, or (4) those with extremely incom-
plete clinical or follow-up data, or who refused to partici-
pate in the study.

A total of 256 patients undergoing CAG or PCI via the
distal radial artery approach were consecutively screened,
of whom 32 were excluded due to no compliance with the
inclusion criteria or refusal to participate. Finally, 224 pa-
tients were enrolled. Patients with extremely incomplete
clinical data or unavailable follow-up data were excluded
before the final analysis. Among the 224 patients included
in the final cohort, key baseline variables, activated clot-
ting time (ACT), hemostasis outcomes, and 24 h and 30
d follow-up ultrasound assessments were complete. Con-
tinuous perfusion index (PI) monitoring was applied only
in the dynamic precise decompression group according to
the study protocol; therefore, the absence of continuous PI
data in the conventional compression group was considered
a design feature rather than missing data, no statistical im-
putation was performed. The study protocol was strictly
reviewed and approved by the Medical Ethics Committee
of our Hospital (approval no. 2024-03-067-K001). All en-
rolled patients were fully informed of the study and vol-
untarily signed written informed consent forms preopera-
tively.

2.2 Classification Methods and Intervention Strategies

All enrolled patients received perioperative an-
tiplatelet therapy according to routine clinical practice. The
antiplatelet regimen was determined according to the clini-
cal indication and procedure type. Patients undergoing PCI
received dual antiplatelet therapy with aspirin and a P2Y12
receptor inhibitor in the absence of contraindications.

In our center, distal radial artery puncture was rou-
tinely performed under real-time guidance using a high-
frequency linear ultrasound probe (7—12 MHz) to improve
puncture success and reduce vascular injury. After success-
ful puncture, the same type of radial artery short sheath was
used in all patients (10 cm, Terumo Radifocus Glidesheath,
Japan). A 5F or 6F sheath was selected by the operator ac-
cording to the complexity of coronary angiography or PCI,
based on the American College of Cardiology/American
Heart Association (ACC/AHA) lesion classification, and
device requirements.

After sheath insertion, vasodilators, including nitro-
glycerin 200 pg and/or verapamil 2.5 mg, were slowly
administered through the sheath to prevent radial artery
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spasm. For anticoagulation, all patients received systemic
anticoagulation with unfractionated heparin. Patients un-
dergoing diagnostic CAG routinely received heparin at 50
U/kg, whereas those undergoing PCI received heparin at
70-100 U/kg. Intraoperative ACT was closely monitored.

In the conventional compression group, after initial
balloon inflation, distal radial artery patency was routinely
confirmed using a modified reverse Barbeau test, that is,
by compressing the ulnar artery and observing the recov-
ery of the oxygen saturation waveform of the puncture-side
thumb. In the dynamic precise decompression group, patent
hemostasis was assessed using the multimodal monitoring
system adopted in this study, including continuous fingertip
PI and volume pulse waveform monitoring. This approach
was used to monitor and maintain distal vascular patency
throughout the compression process while achieving mini-
mal effective compression.

According to the clinical hemostasis management
strategy determined by the interventionalist’s experience
and the specific condition of the patient, the patients were
managed with either a dynamic precise decompression
strategy or a conventional compression strategy, with 112
cases in each group. The same model of distal radial artery
balloon hemostat (TR Band, Terumo, Japan) was used in
both groups.

A conventional empirical hemostasis strategy was
adopted in the conventional compression group. Specifi-
cally, after removal of the sheath catheter, the balloon was
initially inflated with 12 mL of air until there was no active
bleeding at the puncture site. Subsequently, staged decom-
pression was performed according to the established sched-
ule of the department. In general, balloon deflation was
initiated at approximately 30 min postoperatively and re-
peated every 30 min, with 2 mL of air deflated each time.
If bleeding or rebleeding occurred at the puncture site dur-
ing decompression, 1-2 mL of air was refilled and the com-
pression duration was extended accordingly.

Individualized decompression was implemented
based on multimodal monitoring indicators in the dynamic
precise decompression group, with the goal of achieving
minimal effective compression while maintaining distal
artery patency. After sheath removal, the balloon hemostat
was initially inflated with 12 mL of air in the same manner
as in the conventional group until no active bleeding was
observed at the puncture site. The timing of the first
decompression was guided primarily by baseline ACT.
Patients with ACT <275 s underwent the first decom-
pression assessment at approximately 60 min after sheath
removal, whereas those with ACT >275 s underwent the
first decompression assessment at approximately 90 min.
Before each decompression step, local hemostatic status
and distal perfusion were jointly evaluated.

At each decompression step, 2 mL of air was with-
drawn when all of the following criteria were met: (1) no
active oozing or rebleeding at the puncture site; (2) no pro-
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gressive hematoma enlargement; (3) stable or increased PI
compared with the previous assessment; and (4) no obvious
flattening of the pulse waveform. Decompression was sus-
pended when PI showed a clear decline from the previous
measurement, when pulse waveform amplitude became at-
tenuated or flattened, or when local oozing was suspected.
If active oozing, rebleeding, or progressive local swelling
occurred, 1-2 mL of air was immediately refilled, and com-
pression was prolonged by 30 min before reassessment.

Through the dynamic adjustment described above, in-
dividualized decompression based on multimodal indica-
tors could be achieved (Fig. 1).

2.3 Definition of Multimodal Monitoring Indicators and
Implementation Protocol

This study introduced a multimodal monitoring frame-
work to guide individualized hemostasis decision-making.
The indicators were divided into two dimensions: static
baseline assessment and dynamic real-time feedback. The
corresponding operational criteria for decompression con-
tinuation, suspension, and air refilling were predefined to
improve the reproducibility of the protocol. Specific defi-
nitions and implementation details are as follows.

Static predictive indicators: These indicators mainly
included biological and physiological characteristics such
as intraoperative ACT and body mass index (BMI). They
were used as static baseline factors for risk stratification
of the potential difficulty in hemostasis immediately after
surgery, thereby determining the safe time window for ini-
tiating the first decompression. In the dynamic precise de-
compression group, patients with ACT <275 s were gen-
erally reassessed for the first decompression at approxi-
mately 60 min after sheath removal, whereas patients with
ACT =275 s were reassessed at approximately 90 min af-
ter sheath removal. BMI was used as an additional baseline
risk indicator because higher BMI may increase the diffi-
culty of local compression force transmission. Such indi-
cators were routinely collected in both groups and incorpo-
rated into the subsequent influencing factor analysis model.

Dynamic physical monitoring indicators: The PI and
volume pulse wave signals of the thumb on the puncture
side were continuously monitored using a pulse oximeter
(Radical-7, Masimo). These indicators served as real-time
objective measures of distal microcirculation and blood
flow recovery. Notably, continuous PI monitoring in this
study was specifically applied to the dynamic precise de-
compression group as the core quantitative basis for guid-
ing titrated deflation procedures. PI and pulse waveform
monitoring were performed continuously during the com-
pression and decompression process. No fixed numerical
PI threshold or automatic alarm cutoff was preset in this
observational protocol, because no validated PI cutoff has
been established for guiding distal radial artery decompres-
sion. Operators were instructed to interpret PI dynamically
by comparing the current PI value and pulse waveform am-
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Decision-making Pathway of the Dynamic Precise Decompression Protocol

Static Baseline Assessment

ACT Level Body Mass Index (BMI)

Baseline risk factor

Intraoperative ACT

Used for initial risk stratification and determining
the timing of the first decompression assessment

i

Implementation Process of Dynamic Precise Decompression
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Based on Multimodal Monitoring
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Fig. 1. Decision-making pathway of the dynamic precise decompression protocol based on multimodal monitoring. ACT and

BMI were used as static baseline indicators for initial risk stratification. PI, pulse waveform, and local clinical signs were continuously

monitored during compression and decompression. Further decompression was allowed when PI remained stable or increased, pulse

waveform was preserved, and no blood oozing or hematoma progression was observed. Decompression was suspended when PI consis-

tently decreased, pulse waveform became attenuated or flattened, or blood oozing was suspected. If active blood oozing, rebleeding, or

progressive local swelling occurred, 1-2 mL of air was refilled, and compression was prolonged for 30 min before reassessment. ACT,

activated clotting time; BMI, body mass index; PI, perfusion index.

plitude with the previous assessment and by integrating lo-
cal puncture-site findings. Stable or increased PI with pre-
served pulse waveform amplitude was regarded as a sig-
nal allowing further decompression, whereas a consistent
decrease in PI compared with the previous assessment or
attenuation/flattening of the pulse waveform triggered tem-
porary suspension of decompression.

Dynamic clinical manifestation indicators: These in-
dicators acted as the intuitive clinical basis for judging the
safety of decompression, including local bleeding at the
puncture site, signs of subcutaneous hematoma expansion,
skin temperature, and subjective patient discomfort. Ac-
tive oozing, rebleeding, or progressive local swelling was
regarded as a warning sign requiring immediate suspension
of decompression and, when necessary, air refilling to re-
store local compression pressure.

Implementation process: In the dynamic precise de-
compression group, the multimodal indicators described
above were integrated into a stepwise decision-making al-
gorithm. At each decompression decision point, decom-

pression was continued only when physical monitoring
showed stable or rising PI with preserved pulse waveform
amplitude and clinical assessment showed no active oozing,
rebleeding, or hematoma enlargement. If PI showed an ob-
vious decrease, pulse waveform amplitude became atten-
uated or flattened, or local oozing was suspected, decom-
pression was suspended immediately and the puncture site
was continuously observed. If active oozing, rebleeding, or
progressive local swelling occurred, 1-2 mL of air was re-
filled, and compression was prolonged for an additional 30
min before reassessment. The decompression decision was
made jointly by the interventional operator and trained nurs-
ing staff responsible for postprocedural compression mon-
itoring. This process was repeated until complete removal
of the hemostat. Through the closed loop of “static feature
stratification + dynamic indicator feedback”, individualized
and titrated precise decompression was finally achieved.
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2.4 Observation Measures and Outcome Definitions

The primary endpoint was total compression time, de-
fined as the duration from sheath catheter removal to com-
plete removal of the hemostat. This endpoint was selected
because it directly reflected the efficiency of the decom-
pression and hemostasis management strategy.

Secondary outcomes included other hemostasis-
related outcomes, patient comfort outcomes, and vascu-
lar outcomes. Hemostasis-related secondary outcomes
included initial hemostasis success rate, rebleeding rate,
hematoma at the puncture site, and success rate of the first
planned removal of the hemostat. Initial hemostasis suc-
cess was defined as no active bleeding at the puncture point
after initial balloon pressurization. Rebleeding was defined
as bleeding requiring reintervention during decompression
or removal. Prolonged compression was defined as ad-
ditional compression beyond the prespecified decompres-
sion/removal schedule because of blood oozing, rebleeding,
unstable hemostasis, or progressive local swelling; opera-
tionally, this required reinflation with 1-2 mL of air and
extension of compression for at least 30 min before re-
assessment. Hematoma was classified as mild or moderate
according to local swelling extent and clinical manifesta-
tions. Mild hematoma was defined as localized swelling
or ecchymosis around the puncture site without progres-
sive enlargement, severe pain, neurovascular compromise,
or need for additional intervention. Moderate hematoma
was defined as swelling or ecchymosis with obvious local
tension or pain requiring prolonged compression or close
observation, but without surgical intervention, transfusion,
compartment syndrome, or persistent neurovascular im-
pairment. Hemostasis failure was defined as the occurrence
of rebleeding or the need for prolonged compression ac-
cording to the predefined criteria. Patients who experienced
both rebleeding and prolonged compression were counted
only once in the composite endpoint of hemostasis failure.

Patient comfort outcomes included pain score, inci-
dence of local discomfort, and overall satisfaction score.
The Numeric Rating Scale (NRS, 0-10 points) was uti-
lized for pain assessment after initial compression, at 1 h
and 2 h postoperatively, and before removal of the hemo-
stat. Local discomfort, including pressure, numbness, and
swelling, was reported by patients and recorded by inves-
tigators. Overall satisfaction was assessed using a 5-point
Likert scale, with 1 point indicating very dissatisfied and 5
points indicating very satisfied.

Vascular outcomes included the incidence of distal
RAO and changes in hemodynamic parameters. RAO was
assessed by color Doppler ultrasound (Philips EPIQ 7, lin-
ear array transducer frequency 7-12 MHz) at 24 h and 30
d postoperatively, with occlusion judged according to the
disappearance or obvious weakening of blood flow signals.
Hemodynamic parameters, including peak systolic veloc-
ity (PSV) and vascular diameter, were measured by experi-
enced sonographers under standardized conditions. Given
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the exploratory nature of the secondary outcomes, these re-
sults were interpreted cautiously.

2.5 Follow-Up and Imaging Assessment

All patients underwent color Doppler ultrasonogra-
phy of the distal radial artery at 24 h and 30 days post-
operatively, which was performed by experienced sono-
graphers. The main outcome metrics included vascu-
lar patency, blood flow signal, PSV, vascular diameter,
and distal RAO. Clinical decisions regarding decompres-
sion were made according to the predefined protocol de-
scribed above. Color Doppler ultrasound assessments were
performed by experienced ultrasound operators who were
blinded to group allocation. Because of the visible differ-
ences between the dynamic precise decompression strategy
and conventional compression strategy, patients, interven-
tional operators, and nursing staff responsible for compres-
sion and decompression management could not be blinded
to group allocation. Pain scores, local discomfort, and satis-
faction were collected using standardized scales and prede-
fined assessment time points to reduce measurement vari-
ability. Data analysis was performed after completion of
follow-up.

2.6 Statistical Analysis

SPSS 26.0 software (IBM, Armonk, NY, USA) was
utilized for statistical analysis. All measurement data were
assessed for normality by Shapiro-Wilk test before analysis.
Continuous variables of normal distribution were described
by mean + standard deviation (SD), and compared between
two groups by independent-samples ¢-test. Non-normally
distributed data were described by median (quartile) and un-
derwent Mann-Whitney U test. Count data were described
by [n (%)] and underwent chi-square test. The inter-group
and time effects of pain scores over time were assessed by
repeated measures analysis of variance.

Univariable logistic regression analysis was per-
formed to screen potential influencing factors, with
hemostasis failure as a dependent variable. The variables
with p < 0.10 were incorporated into the multiple logis-
tic regression to calculate odds ratio (OR) and correspond-
ing 95% confidence interval (CI). Multicollinearity among
variables included in the multiple logistic regression model
was assessed using the variance inflation factor (VIF) and
tolerance. A predictive model was established based on the
multiple logistic regression, and receiver operating charac-
teristic (ROC) curves were generated to assess its discrim-
inatory power, with the area under the curve (AUC) cal-
culated. The optimal cutoff value was determined using
Youden index. Internal validation of the predictive model
was performed using bootstrap resampling with 1000 rep-
etitions. In each bootstrap sample, the logistic regression
model was refitted and its discriminatory performance was
assessed. The optimism in the apparent AUC was estimated
by comparing model performance in the bootstrap sample
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Table 1. Comparison of baseline characteristics between the two groups.

Variable Dynamic precise Conventional compression th? P
decompression group (n = 112) group (n=112)

Age (year) 63.84+9.12 64.27 +8.76 0.360  0.719
Male [n (%)] 78 (69.64) 81(72.32) 0.195 0.659
BMI (kg/m?) 24.63+3.18 24.88 +£3.05 0.600  0.549
Smoking history [n (%)] 46 (41.07) 49 (43.75) 0.165 0.685
Hypertension [n (%)] 68 (60.71) 72 (64.29) 0.305  0.581
Diabetes [n (%)] 32(28.57) 35(31.25) 0.192  0.662
Operation method (PCI) [n (%)] 52 (46.43) 55 (49.11) 0.161  0.688
Operation time (min) 4256 £15.73 44,18 £16.02 0.764  0.446
Sheath catheter (6F) usage [n (%)] 74 (66.07) 77 (68.75) 0.183  0.669
ACT values (s) 278.45 +42.17 282.36 +45.02 0.671  0.503
Puncture times (times) 1.18 £ 0.45 1.22+0.49 0.636  0.525

Data are presented as mean + standard deviation (SD) or n (%), as appropriate. ¢, Student’s ¢-test statistic; 2, Pearson’s

chi-squared statistic. ACT, activated clotting time; BMI, body mass index; PCI, percutaneous coronary intervention.

with that in the original dataset. The optimism-corrected
AUC was then calculated by subtracting the estimated opti-
mism from the apparent AUC. Model calibration was as-
sessed using the Hosmer-Lemeshow goodness-of-fit test
and a calibration plot comparing the predicted and observed
probabilities of hemostasis failure. Subgroup analyses were
stratified by ACT and BMI, and interaction tests were con-
ducted to assess heterogeneity of interventions across dif-
ferent subgroups. p < 0.05 was deemed statistically signif-
icant.

3. Results
3.1 Comparison of Baseline Characteristics

No statistically significant differences were observed
in demographics (age, sex composition, and BMI), past
medical history (smoking history, hypertension, and di-
abetes) and perioperative related indicators (operation
method, sheath catheter type, operation time, intraopera-
tive ACT and puncture times) between the two groups (p >
0.05) (Table 1), suggesting generally balanced and compa-
rable baseline characteristics between the two groups. To
further reduce the impact of potential confounders, multi-
variable regression was used for adjustments in subsequent
analyses.

3.2 Hemostasis-Related Outcomes

Initial hemostasis was effective in both groups. In
terms of hemostasis safety, there were no statistically sig-
nificant differences in the initial hemostasis success rate,
rebleeding rate and hematoma at the puncture site between
the dynamic precise decompression group and the conven-
tional compression group (p > 0.05). Hemostasis was suc-
cessful for rebleeding cases after compression, and there
were no cases of surgical intervention. As to hemostasis ef-
ficiency, the dynamic precise decompression group was as-
sociated with a shorter median total compression time (p <
0.001) and a higher success rate of the first planned removal

of hemostat than the conventional compression group (p
= 0.033) (Table 2). To sum up, dynamic precise decom-
pression was associated with more favorable hemostasis ef-
ficiency without an observed increase in bleeding-related
complications.

3.3 Outcomes Related to Patient Comfort (Secondary
Outcomes)

The NRS score decreased with time in both groups.
Repeated measures analysis of variance revealed that time,
intervention factors and their interaction had significant ef-
fects on pain scores (p < 0.05). There was no difference in
initial NRS scores between the two groups (p = 0.734), but
the NRS score in the dynamic precise decompression group
was significantly lower than in the conventional compres-
sion group from 1 h postoperatively, which persisted until
the removal of hemostat (p < 0.01). In addition, the inci-
dence of local discomfort in the dynamic precise decom-
pression group was significantly lower than in the conven-
tional compression group (p = 0.047), primarily mild com-
pression in the former and accompanied by persistent pain
in the latter. Overall satisfaction scores were also signifi-
cantly higher in the dynamic precise decompression group
(p < 0.001) (Table 3). Collectively, dynamic precise de-
compression was associated with lower postoperative pain
scores, less local discomfort, and higher overall satisfaction
scores.

3.4 Vascular Outcomes and Complications (Secondary
Outcomes)

No severe vascular complications occurred in either
group. As for minor complications such as subcutaneous
ecchymosis and transient hand numbness, their incidence
had no statistically significant difference between the two
groups (p > 0.05). During the follow-up, the incidence of
RAO at 24 h and 30 days postoperatively in the dynamic
precise decompression group was numerically lower than
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Table 2. Comparison of hemostasis-related outcomes between the two groups.

Indicator Dynamic precise Conventional compression  ¥2/Z P
decompression group (n = group (n=112)
112)
Initial hemostasis success rate [n (%)] 106 (94.64) 104 (92.86) 0.305  0.581
Rebleeding rate [n (%)] 7(6.25) 10 (8.93) 0.573  0.449
Hematoma at the puncture site [n (%)] 9 (8.04) 13 (11.61) 0.806  0.369
Mild 7(6.25) 10 (8.93) - -
Moderate 2(1.79) 3(2.68) - -
Total compression time (min) [median (IQR)] 125.0 (110.0, 150.0) 170.0 (150.0, 210.0) 9.479  <0.001
Success rate of the first planned removal of hemostat [n (%)] 102 (91.07) 91 (81.25) 4.530 0.033

Data are presented as median (interquartile range, IQR) or n (%), as appropriate. %2, Pearson’s chi-squared statistic; Z, Mann-Whitney U test

statistic.
Table 3. Comparison of outcomes related to patient comfort between the two groups.
Indicator Dynamic precise decompression ~ Conventional compression t/y? P
group (n=112) group (n=112)
Pain score (NRS)
Initial 3.84+1.12 3.79£1.08 0.340 0.734
1 h postoperatively 3.02+1.05 345+ 1.12 2.964  0.003
2 h postoperatively 2.41£0.96 3.12+1.03 5.337 <0.001
Before the removal of hemostat 1.76 £ 0.82 2.68 £0.94 7.805 <0.001
Incidence of local discomfort [n (%)] 17 (15.17) 29 (25.89) 3.939  0.047
Overall satisfaction (point) 4.32+0.61 3.88+0.74 4.856 <0.001

Data are presented as mean + standard deviation (SD) or n (%), as appropriate. ¢, Student’s f-test statistic; y?, Pearson’s

chi-squared statistic. NRS, Numeric Rating Scale.

Table 4. Comparison of vascular outcomes and complications between the two groups.

Indicator

Dynamic precise decompression ~ Conventional compression th? P
group (n=112) group (n=112)

Minor vascular complications [n (%)]

Subcutaneous ecchymosis 11 (9.82) 15 (13.39) 0.696 0.404

Transient hand numbness 8(7.14) 12 (10.71) 0.878 0.349
RAO [n (%)]

24 h postoperatively 4(3.57) 9 (8.04) 2.042 0.153

30 d postoperatively 3(2.68) 8(7.14) 2.390 0.122
Hemodynamic indicators (24 h postoperatively)

PSV (cm/s) 42.36+9.18 38.12+8.75 3.538 <0.001

Vascular diameter (mm) 221+0.34 2.05+0.31 3.680 <0.001

Data are presented as mean =+ standard deviation (SD) or n (%), as appropriate. ¢, Student’s z-test statistic; 32, Pearson’s chi-squared statistic.

RAO, radial artery occlusion; PSV, peak systolic velocity.

in the conventional compression group, but the difference
had no statistical significance (p > 0.05). Ultrasound evalu-
ation at 24 h postoperatively showed that the PSV and vas-
cular diameter of the distal radial artery were significantly
higher in the dynamic precise decompression group than
in the conventional compression group (p < 0.001) (Table
4). This suggests that dynamic precise decompression was
associated with more favorable early hemodynamic status
without an observed increase in vascular complications.
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3.5 Results of Logistic Regression of Factors Associated
With Hemostasis Failure

Hemostasis failure occurred in 31 patients, including
10 patients in the dynamic precise decompression group and
21 patients in the conventional compression group. Logis-
tic regression analysis was performed to analyze the poten-
tial clinical factors, with hemostasis failure as a dependent
variable. The results showed that BMI, intraoperative ACT
values and sheath catheter type (6F) were associated with
hemostasis failure (p < 0.10), while age, sex, hypertension,
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Table 5. Univariable and multivariable logistic regression analyses of factors associated with hemostasis failure.

Variable Univariable OR (95% CI) )4 Multivariable OR (95% CI) p
Age (for each additional year) 1.02 (0.99-1.05) 0.118 - -
Male 0.91 (0.50-1.66) 0.758 - -
BMI (kg/m?) 1.10 (1.03-1.18) 0.006 1.08 (1.01-1.16) 0.028
Hypertension 1.21 (0.68-2.17) 0.517 - -
Diabetes 1.54 (0.83-2.85) 0.167 - -
Operation method (PCI) 1.18 (0.66-2.12) 0.579 - -
ACT (for every 10 s increase) 1.18 (1.08-1.29) <0.001 1.22 (1.10-1.34) 0.003
6F sheath catheter 1.92 (1.06-3.47) 0.032 1.87 (1.01-3.45) 0.046
Dynamic precise decompression 0.58 (0.33-1.01) 0.053 0.52 (0.28-0.96) 0.037

BMI, body mass index; ACT, activated clotting time; OR, odds ratio; CI, confidence interval.

diabetes and operation method (CAG/PCI) were not signif-
icantly associated with hemostasis failure (p > 0.10) (Table
5).

The variables with p < 0.10 in the logistic regres-
sion were incorporated into the multiple logistic regression.
Before multivariable logistic regression, multicollinearity
among BMI, ACT, 6F sheath catheter use and dynamic pre-
cise decompression was assessed using variance inflation
factor values. All VIF values <5, indicating no significant
multicollinearity among the variables included in the final
model. The results revealed that high ACT values (OR =
1.22,95% CI: 1.10-1.34, p = 0.003), increased BMI (OR =
1.08, 95% CI: 1.01-1.16, p = 0.028) and use of 6F sheath
catheter (OR =1.87, 95% CI: 1.01-3.45, p =0.046) were in-
dependently associated with an increased risk of hemostasis
failure, whereas dynamic precise decompression was asso-
ciated with lower odds (OR =0.52, 95% CI: 0.28-0.96, p =
0.037).

3.6 Establishment and Evaluation of Predictive Model

A predictive model for the risk of hemostasis failure
was established based on independent predictors screened
by the multiple logistic regression analysis. The final logis-
tic regression equation was as follows: logit(P) =-9.41 +
0.077 x BMI+0.199 x ACT10 + 0.626 x 6F sheath catheter
—0.654 x dynamic precise decompression. It was assessed
for comprehensive discriminatory power using ROC curve
(Fig. 2). The results showed that the AUC of this model was
0.82 (95% CI: 0.75-0.89), suggesting acceptable prelimi-
nary discriminatory performance for the risk of distal radial
artery hemostasis failure. As determined by the Youden in-
dex, the sensitivity and specificity of the model at the op-
timal cutoff value were 77.00% and 75.00%, respectively.
The positive predictive value and negative predictive value
at this cutoff were 33.3% and 95.4%, respectively. The rel-
atively high negative predictive value suggested that the
model may be useful for identifying patients at low risk
of hemostasis failure, whereas the modest positive predic-
tive value should be interpreted in the context of the rel-
atively low incidence of hemostasis failure in this cohort.
The analysis of clinical parameters suggested that the ACT

value of about 275 s could serve as the optimal cutoff value
for predicting hemostasis failure, which possessed certain
clinical reference significance. To assess the potential op-
timism of the model, internal validation was performed us-
ing 1,000 bootstrap resamples. The estimated optimism
was 0.03, and the optimism-corrected AUC was 0.79, sug-
gesting that the model retained preliminary discriminatory
performance after correction for optimism, although model
performance estimates may still be optimistic because of
the limited number of outcome events.

1.0 1
0.8 1
> 0.6
2
.‘5
C
Q
(%] 0.4 4
0.2
) = ROC curve (AUC = 0.82)
0.0 ’ ---- Reference line
0.0 0.2 0.4 0.6 0.8 1.0

1 - Specificity

Fig. 2. ROC curve analysis results of predictive model for
risk of hemostasis failure based on multiple logistic regression.

ROC, receiver operating characteristic.

The calibration performance of the predictive
model was further assessed using the Hosmer-Lemeshow
goodness-of-fit test and a calibration curve. The Hosmer-
Lemeshow test showed no statistically significant differ-
ence between the predicted and observed probabilities of
hemostasis failure (xz =742, df = 8, p = 0.492), indicat-
ing good model fit. The calibration curve also showed
good agreement between the predicted probability and
the observed probability of hemostasis failure, with the
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Fig. 3. Calibration plot of the predictive model for hemostasis failure.

curve closely approximating the ideal 45-degree reference
line (Fig. 3). In addition, the Brier score was 0.086,
suggesting acceptable apparent calibration in this cohort,
while external validation remains necessary.

3.7 Results of Exploratory Subgroup Analysis

To further explore the potential heterogeneity of the
association between dynamic precise decompression and
hemostasis failure across different patient characteristics,
exploratory subgroup analyses were performed (Fig. 4).
The ACT cutoff of 275 s was derived from the exploratory
ROC analysis and was therefore considered a post hoc,
data-driven cutoff, whereas the BMI cutoff of 25 kg/m? was
based on the commonly used clinical threshold for over-
weight/obesity. The results suggested that the association
between dynamic precise decompression and lower odds
of hemostasis failure appeared more pronounced in poten-
tially high-risk subgroups. Specifically, in patients with
ACT =275 s, dynamic precise decompression was associ-
ated with lower odds of hemostasis failure (OR = 0.45, 95%
CI: 0.25-0.80). A similar finding was observed in over-
weight/obese patients with BMI >25 kg/m? (OR = 0.50,
95% CI: 0.28-0.88). In contrast, no statistically significant
association was observed in the lower-risk subgroups, in-
cluding patients with ACT <275 s or BMI <25 kg/m?. Inter-
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action testing suggested possible heterogeneity according to
ACT level and BMI category; however, given the limited
number of events, the observational design, and the post hoc
nature of the ACT cutoff, these subgroup findings should be
interpreted as exploratory and hypothesis-generating rather
than confirmatory. The actual numbers of hemostasis fail-
ure events and total patients in each subgroup are shown in
Fig. 4.

3.8 Dynamic Evolution of Multimodal Monitoring
Indicators and Analysis Results of Decompression
Characteristics

Based on the significant effect of ACT on the ob-
served associations found in the above subgroup analysis,
the hemodynamics and related clinical indicators were an-
alyzed to further assess the potential guiding value of mul-
timodal monitoring indicators during dynamic precise de-
compression. In terms of objective physical monitoring,
continuous fingertip pulse and oxygen saturation monitor-
ing showed that distal microcirculation perfusion tended to
increase during stepwise balloon decompression. In the dy-
namic precise decompression group, the PI of the thumb
on the puncture side decreased transiently after initial com-
pression. At 5 min after the initial decompression, the PI
increased significantly [(1.85 + 0.42) vs. (1.21 £ 0.35), p
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Fig. 4. Forest plot for exploratory subgroup analysis of the association between dynamic precise decompression and hemostasis

failure across different subgroups. Event numbers are presented as events/total patients in the dynamic precise decompression and

conventional compression groups for each subgroup. OR, odds ratio; CI, confidence interval.

< 0.001], and the volume amplitude recovered. In terms of
biological parameters, ACT was moderately positively cor-
related with the time to first decompression using Spearman
correlation analysis (7, = 0.45, p < 0.001). Furthermore,
the stratified analysis showed that the median time to first
decompression was 60.0 min (IQR: 45.0-75.0) in patients
with baseline ACT <275 s and 90.0 min (IQR: 75.0-105.0)
in those with ACT =275 s, with statistically significant dif-
ferences between the two groups (Z = 4.82, p < 0.001).
These results demonstrate that multimodal monitoring pa-
rameters (including ACT and PI) reflected individual co-
agulation status and distal perfusion changes, which were
correlated with the timing of the decompression strategy.

4. Discussion

In this study, an individualized dynamic precise de-
compression hemostasis strategy was developed and as-
sessed based on multimodal monitoring indicators for
hemostasis management after surgery via the distal radial
artery approach. The results showed that in terms of safety,
this strategy did not significantly differ from conventional
compression in the rebleeding rate and hematoma inci-
dence, suggesting no observed increase in bleeding-related
complications in this cohort. On this basis, the dynamic
precise decompression strategy was associated with shorter
total compression time and a higher success rate of the first
planned removal of hemostat. Meanwhile, with respect
to patient experience, the dynamic precise decompression
strategy was associated with lower pain scores, less local
discomfort, and higher overall satisfaction scores. In terms
of vascular outcomes, the 30 days distal radial artery occlu-
sion rate was numerically lower in the dynamic precise de-
compression group, but the difference was not statistically
significant.
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The dynamic precise decompression strategy was as-
sociated with shorter overall compression time, a higher
success rate of the first planned removal of hemostat, lower
pain scores, and a lower incidence of local discomfort, with-
out an observed increase in rebleeding or hematoma. These
findings suggest that this strategy may be associated with
more favorable hemostasis efficiency and patient experi-
ence, while its potential vascular signal requires further
confirmation. As an important indicator for the coagula-
tion status, ACT was positively correlated with the time
to first decompression, and the time to decompression was
significantly delayed in patients with higher ACT values,
suggesting that the coagulation status directly influences
the hemostasis stability. Therefore, stratification of decom-
pression timing based on ACT may help avoid the risk of
rebleeding due to premature deflation at an early stage [13].
PI and volume pulse wave may provide dynamic informa-
tion on distal perfusion during decompression, offering a
more objective physiological basis for pressure regulation.
In this study, the PI after the first decompression was signif-
icantly higher than before decompression, suggesting that
gradual relief of local compression was accompanied by
higher distal microcirculation perfusion, which could serve
as a safety signal for continuing decompression. When the
PI decreased or blood oozing occurred, the decompression
step was suspended or air was refilled according to the pro-
tocol [14]. This dynamic regulation process based on real-
time feedback allowed decompression to be adjusted ac-
cording to the real-time physiological status of each patient
rather than relying solely on fixed time points. In addition,
the dynamic precise decompression group showed higher
peak blood flow velocity and larger vascular diameters at 24
h postoperatively, and a numerically lower, but statistically
nonsignificant, incidence of distal RAO at 30 days follow-
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up. Compared with previous studies mostly focusing on
compression time setting or hemostatic device optimiza-
tion, this study emphasized dynamic assessment and indi-
vidualized adjustment during decompression, thereby pro-
viding preliminary evidence for a physiological feedback-
oriented hemostasis strategy [15,16].

In this study, ACT, BMI and sheath catheter type
were identified as factors associated with hemostasis fail-
ure. ACT increase, BMI increase and use of 6F sheath
catheter were independently associated with elevated risk
of hemostasis failure, while dynamic precise decompres-
sion was associated with lower odds. The predictive model
established based on the above variables showed acceptable
preliminary discriminatory performance, with an AUC of
0.82 and an optimism-corrected AUC of 0.79. However,
given the limited number of outcome events, this model
should be regarded as exploratory and should not be used
as a definitive clinical prediction tool without external val-
idation. From a perspective of mechanism, ACT reflects
the anticoagulation and coagulation status, and its eleva-
tion indicates that the coagulation time is prolonged, and
hemostasis stabilization is relatively delayed, so patients
with high ACT values are more prone to rebleeding dur-
ing decompression [17]. BMI increase may increase the
thickness of local soft tissue and affect compression force
transmission, making it more difficult to accurately con-
trol effective compression, thus increasing the difficulty of
hemostasis [18]. The use of a larger sheath catheter means
a larger diameter for vascular puncture and higher require-
ments for hemostasis strength and duration [19]. On this
basis, dynamic precise decompression was individually ad-
justed by integrating coagulation status and perfusion feed-
back, which may partly explain its association with lower
odds of hemostasis failure in the multiple logistic regression
analysis. Furthermore, the subgroup analysis suggested a
possible signal that the association between dynamic pre-
cise decompression and hemostasis failure may differ ac-
cording to ACT and BMI. However, given the limited num-
ber of events, the post hoc derivation of the ACT cutoff,
and the observational study design, these subgroup find-
ings should be interpreted as exploratory and hypothesis-
generating rather than evidence of differential treatment ef-
fects. From a clinical perspective, early assessment with
ACT and BMI may help identify patients who require closer
observation during compression and decompression, but
whether these factors truly modify the association between
decompression strategy and hemostasis outcomes requires
confirmation in adequately powered studies. Meanwhile,
the shorter compression time and lower patient discomfort
observed in this cohort may be relevant to perioperative ex-
perience and workflow efficiency, while the nonsignificant
numerical trend toward a lower 30-day RAO rate suggested
a potential vascular patency advantage that should be in-
terpreted cautiously [20]. In summary, this study provides
preliminary evidence supporting individualized and strati-
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fied hemostasis management, but the observed associations
require confirmation in larger randomized or externally val-
idated studies.

From a clinical perspective, the dynamic precise de-
compression strategy may be relatively easy to incorporate
into routine postprocedural care. It does not require com-
plex additional procedures, and the main extra requirement
is a pulse oximeter that can display PI and pulse wave-
form signals, together with the balloon hemostat already
used in daily practice. In actual workflow, PI monitoring
can be performed during the usual compression observation
period, and the results can be reviewed together with lo-
cal puncture-site findings before each decompression step.
Therefore, this strategy may be more practical as a standard-
ized nursing and operator-guided protocol rather than as
an additional intervention. Staff training would mainly in-
volve understanding the ACT based timing of first decom-
pression, recognizing stable or declining PI and pulse wave-
form changes, and knowing when to pause decompression
or refill air. In particular, patients with higher ACT values
or higher BMI may require closer observation. However,
before this approach can be widely adopted, its feasibility
in centers with different staffing patterns, monitoring equip-
ment, and postprocedural workflows should be further eval-
uated.

5. Limitation

Some limitations are worth noting in this study. First,
this was a single-center prospective observational study
with a relatively small sample size, so the extrapolation of
the study results remains to be further verified in a multicen-
ter population. Second, no randomized design was adopted,
so potential selection bias and treatment-confounding may
be present despite generally balanced baseline character-
istics between the two groups. Treatment allocation was
based on interventionalist judgment and patient condi-
tion, and no propensity-score matching, inverse probabil-
ity weighting, or other advanced confounding-adjustment
methods were performed. Therefore, residual confound-
ing and confounding by indication cannot be excluded, and
the observed differences between groups may partly reflect
unmeasured baseline or procedural differences rather than
the decompression strategy itself. Third, complete blinding
was not feasible because of the visible differences between
the two compression strategies. Therefore, subjective out-
comes such as pain, local discomfort, and satisfaction, as
well as decompression-related clinical decisions, may have
been affected by observer or performance bias. In addition,
no fixed numerical PI cutoff, predefined percentage decline,
or automated alarm threshold was used in this protocol. The
interpretation of “stable PI”, clinically relevant PI decline,
and pulse waveform attenuation or flattening was mainly
based on changes compared with the previous assessment
and integrated with local puncture-site findings. There-
fore, PI-guided decision-making remained partly operator-
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dependent, which may limit reproducibility across centers.
Future studies should further standardize quantitative PI
thresholds and pulse waveform criteria to improve external
applicability. Fourth, although the predictive model under-
went calibration assessment and bootstrap internal valida-
tion, it was developed from only 31 outcome events with
four predictors, resulting in an events-per-variable value of
7.75. Thus, model instability and optimistic performance
estimates may still exist, and external validation is required
before clinical application. Finally, the 30-d follow-up was
insufficient to fully assess long-term vascular outcomes. In
the future, large-sample, multicenter randomized controlled
studies with extended follow-up periods are still needed to
further verify the stability and long-term clinical value of
the dynamic precise decompression strategy.

6. Conclusions

In conclusion, individualized dynamic precise decom-
pression based on multimodal monitoring was associated
with shorter compression time, better comfort-related out-
comes, and no observed increase in bleeding complications.
The 30-day distal RAO rate showed only a nonsignificant
numerical trend toward a lower rate in the dynamic group.
These findings suggest that dynamic precise decompression
may serve as a potential supplement to conventional em-
pirical compression, but causal efficacy cannot be inferred
from this non-randomized study. Further multicenter ran-
domized studies and external validation are needed before
broader clinical application.
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