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Abstract

Background: Sarcopenia is linked with high rates of adverse surgical outcomes, and
computed tomography angiography (CTA)-based psoas measurements are used as imaging
sarcopenia surrogates. Their prognostic value in patients with chronic limb-threatening
ischemia (CLTI) undergoing revascularization remains uncertain. Objectives: To evaluate
whether CTA-derived psoas muscle indices predict complications and mortality after lower-
limb revascularization for CLTI. Methods: We performed a retrospective cohort study of
consecutive adults who underwent open, hybrid, or endovascular revascularization for
CLTI at a single tertiary center (March 2018–December 2021). Psoas muscle area (PMA) and
density (PMD) were measured preoperatively on CTA at the mid-L3 vertebral level. Psoas
muscle index (PMI) was calculated as PMA/height2. Patients were stratified by tertiles
for each index (lowest tertile = “sarcopenic” vs. upper two tertiles). Outcomes included
early in-hospital complications, late complications, overall complications, late mortality,
and overall mortality. Group comparisons used χ2/Fisher tests with false discovery rate
(FDR) adjustment; multivariable logistic regression with AIC-guided selection assessed
independent predictors. Results: A total of 234 patients were included (median age 68 years;
65.4% men). Early complications occurred in 15.8%; late complications in 70.3%; overall
mortality during follow-up was 26.6% (38/143 within follow-up data). In tertile analyses,
none of the psoas-derived measures were significantly associated with early complications,
late complications, overall complications, or mortality after FDR correction. Lower PMD
showed consistent but non-significant trends toward higher late complications (84% vs.
64%), overall complications (87% vs. 72%), overall mortality (38% vs. 21%), and late
mortality (37% vs. 20%) (all p < 0.05 unadjusted; all p_adj ≥ 0.139). In multivariable models,
PMA, PMD, and PMI were not independent predictors of any outcome. Conclusions: In this
retrospective cohort study, preoperative CTA-derived psoas indices were not independent
predictors of early, late, or overall complications, nor of in-hospital or follow-up mortality
after revascularization for chronic limb-threatening ischemia. Although lower psoas muscle
density showed consistent trends toward higher risk, these associations did not reach
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statistical significance after adjustment. Taken together, our findings suggest that psoas-
based measures have limited prognostic value in this setting and should be interpreted
cautiously, while their potential role warrants confirmation in larger, prospective studies.

Keywords: chronic limb-threatening ischemia; sarcopenia; psoas muscle area; psoas muscle
density; psoas muscle index; computed tomography; revascularization; outcomes

1. Introduction
Chronic limb-threatening ischemia (CLTI) is the most advanced stage of peripheral

arterial disease. It is characterized by insufficient blood supply to the limbs, leading to rest
pain, non-healing ulcers and functional impairment [1]. In patients with CLTI, vascular
procedures are often performed to improve blood flow, alleviate symptoms and save the
limb [2]. These procedures are associated with various complications, both early and late,
which can affect treatment outcomes and patients’ quality of life [3]. Complications such
as wound healing impairment, pneumonia, acute kidney injury, infections, myocardial
infarction, or stroke are frequent and significantly impact recovery and survival after
vascular surgery.

Sarcopenia, characterized by reduced muscle mass, strength, and function [4], is an
important prognostic factor for poor treatment outcomes or the occurrence of perioperative
complications in surgical patients [5–7]. Several CT-derived markers have been proposed
to indicate sarcopenia. It is important to note, however, that according to the EWGSOP2
consensus, imaging alone is insufficient for a clinical diagnosis. Sarcopenia requires not
only reduced muscle mass, but also impaired muscle strength and/or function. Therefore,
CT-based indices should be regarded as surrogate markers of muscle status rather than
definitive diagnostic criteria. For the purposes of this study, we refer to these imaging
measures as ‘sarcopenia markers’. These include skeletal muscle area and skeletal muscle
index (SMA/SMI), subcutaneous fat index (SFI), and psoas-based parameters. In vascular
surgery, psoas-based measures: Psoas Muscle Area (PMA), Psoas Muscle Density (PMD),
and Psoas Muscle Index (PMI) are among the most frequently applied CT-derived muscle
measurements in vascular surgery. They can be extracted directly from routine preoperative
CTA without the need for additional software or labor-intensive segmentation, which makes
them practical and reproducible. Focusing on these indices facilitates comparison with the
existing vascular surgery literature [8].

Sarcopenia occurs in 30 to 45% of patients with peripheral arterial disease and chronic
limb threatening ischemia [9–12]. Factors contributing to the development of sarcopenia in
this group of patients include chronic inflammation, oxidative stress and limited physical
activity [13]. Studies involving patients undergoing endovascular repair of abdominal
aortic aneurysms and patients with colorectal cancer and pancreatic cancer provide evi-
dence that the psoas muscle correlates with the incidence of complications and long-term
survival [14–18]. The usefulness of psoas muscle-related indicators in the CLTI patient
group requires further study due to the lack of consistent results in studies conducted to
date [11,19].

Considering the usefulness of psoas muscle indices in assessing perioperative compli-
cations and long-term survival in other surgical populations, we hypothesized that lower
preoperative values of these indices would be a predictor of mortality and morbidity after
revascularization in the group of patients with CLTI.

The main objective of our study was to examine the relationship between psoas muscle
indices and overall mortality in patients with CLTI undergoing vascular surgery. The
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second objective was to assess the relationship between these markers and the occurrence
of postoperative complications, including myocardial infarction, stroke, revision surgery,
limb amputation, and surgical site infection.

2. Methods
2.1. Study Design and Population

A retrospective analysis was conducted, including all consecutive patients who under-
went lower limb revascularization for CLTI at the Vascular Surgery Department, University
Clinical Center, Gdansk, Poland, between 1 March 2018 and 31 December 2021.

Inclusion criteria were adult patients (≥18 years old) who underwent primary revas-
cularization for CLTI (Rutherford categories 4–5). Available preoperative computed tomog-
raphy angiography (CTA) images, including imaging at the L3 vertebral level.

Exclusion criteria included surgery for acute emergencies (e.g., acute limb ischemia),
absence of preoperative CTA in our center’s records, incomplete clinical data, or prior
major amputation of the index limb before revascularization. Patients undergoing revas-
cularization in an elective (scheduled admission from outpatient clinic) or urgent setting
(admission via emergency department or ward with surgery performed within days, but
not immediate/emergency) were eligible.

This study was conducted in accordance with the Declaration of Helsinki and ap-
proved by the Institutional Ethics Committee (Independent Bioethical Committee of the
Medical University of Gdansk, protocol code KB/340/2024; date of approval: 5 July 2024).

2.2. Data Collection and Study Variables

Based on patients’ medical records, we collected data on demographic characteristics,
comorbidities, operative urgency (elective vs. urgent), and procedural details (open, hybrid,
or endovascular). Postoperative outcomes were extracted from the institutional vascular
registry and electronic medical records, including follow-up visits in the outpatient clinic.

Psoas muscle measurements: PMA, PMD were obtained as described below. The PMI
was subsequently calculated from PMA.

2.3. Assessment of Sarcopenia Markers

All patients underwent preoperative CTA of the aorto-iliac and femoral arteries
performed at our institution. Examinations were acquired on a 128-slice scanner (SO-
MATOM X.cceed, Siemens Healthineers, Erlangen, Germany) using a standardized contrast-
enhanced protocol (100–120 mL of iodinated contrast, injection rate 4–5 mL/s, bolus track-
ing in the abdominal aorta). Images were reconstructed with a slice thickness of 0.5 or
1.0 mm, depending on the reconstruction protocol used. All scans were obtained on the
same scanner model. All measurements were performed preoperatively on CTA at the
mid-L3 vertebral level using standardized axial sections in the arterial phase. On a represen-
tative slice, both psoas muscles were manually delineated with dedicated imaging software
OsiriX MD (Pixmeo SARL, Geneva, Switzerland), version 14.1.0, and their cross-sectional
surface areas (PMA, cm2) were recorded, as presented on Figure 1. From the same regions
of interest, the average PMD (Hounsfield units) was determined. The PMI (cm2/m2) was
derived by normalizing the combined PMA to the patient’s height squared.
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Figure 1. Measurement of PMA at the level of L3 using OsiriX MD (Pixmeo SARL, Geneva, Switzer-
land), version 14.1.0 software.

2.4. Statistical Analysis

Continuous variables were expressed as mean and median with range. Categorical
variables were presented as counts and percentages. To account for multiple comparisons,
raw p-values from bivariate analyses (Table 4) were adjusted using the Benjamini–Hochberg
false discovery rate (FDR) procedure, yielding the reported p_adjusted values. The dataset
was stratified by tertiles of PMA, PMD, and PMI in such a way that the one-third of patients
with the lowest PMA/PMD/PMI values was classified as the ‘sarcopenic’ group, while
the remaining two-thirds were treated as the control group. Following this stratification, a
series of comparisons between the sarcopenic and control groups was conducted to identify
differences in clinical outcomes. Depending on the met assumptions, either the χ2 test or
Fisher’s exact test was applied.

The primary objective of the regression modeling was to explore the predictive value
of imaging-derived muscle parameters for five different outcomes: early complications,
late complications, overall complications, late mortality and overall mortality. To minimize
the impact of highly influential observations, we first fitted an initial logistic regression
models to the full dataset and calculated Cook’s distances, applying a 4/n cutoff. Obser-
vations exceeding this threshold were excluded, and the filtered dataset was used for all
subsequent analyses.

Multicollinearity among predictors was evaluated using the variance inflation factor
(VIF), and predictors with VIF values greater than 10 were excluded from the models.
Candidate predictors included: procedure type, age, sex, comorbidities (hypertension,
diabetes, chronic kidney disease, dialysis therapy, history of myocardial infarction, neuro-
logical disease), smoking status, previous vascular interventions, and one imaging-derived
muscle parameter (PMA, PMI, PMD). Bidirectional stepwise selection based on the Akaike
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Information Criterion (AIC) was applied to identify the optimal subset of predictors for
each key parameter. The predictors retained after this selection process were used in the
final regression models. Results from the logistic regression models were reported as β

coefficients with standard errors, z values, p values, odds ratio, and relative change in odds.
In addition to overall analyses, subgroup analyses were performed according to

procedure type (open, hybrid, endovascular) and sex.
All analyses were conducted in R (version 4.1) using the stats [20] package for regres-

sion fitting, Cook’s distance, χ2, Fisher’s exact test; MASS [21] for AIC-based stepwise se-
lection; car [22] for multicollinearity assessment; and ggplot2 [23] for all graphical outputs.

3. Results
3.1. Baseline Characteristics

A total of 234 patients were analyzed. Median age was 68 years (range 52–93), and
65.4% were men. Median BMI was 25 kg/m2 (range 14–53). Hypertension was present in
64.5% of patients, diabetes mellitus in 43.2%, and coronary artery disease in 26.1%. Other
comorbidities are summarized in Table 1.

Table 1. Baseline characteristics of the study population. Values are presented as median (range) for
continuous variables and number (percentage) for categorical variables.

Characteristic Value %

Age, years Median 68 (range 52–93)
Male sex 153 65.4

BMI, kg/m2 Median 25 (range 14–53)
Hypertension 151 64.5

Diabetes mellitus 101 43.2
Coronary artery disease 61 26.1

Previous myocardial infarction 38 16.2
Previous vascular intervention 85 36.5

Chronic heart failure 19 8.1
Chronic kidney disease (eGFR < 30) 19 8.2

Dialysis therapy 7 3.0
Neurological comorbidity 29 12.4

History of smoking 166 70.9
Length of hospital stay, days Median 6 (range 1–82)

3.2. Psoas Muscle Measurements

Median PMA was 11.0 cm2 (range 4.9–21.1), median PMD was 37.5 HU (range 8.8–
75.2), and median PMI was 3.8 cm2/m2 (range 1.6–6.9). Detailed distributions are pro-
vided in Table 2. The cutoff values defining the lowest tertiles were PMA ≤ 8.87 cm2,
PMI ≤ 3.27 cm2/m2, and PMD ≤ 31.97 HU.

Table 2. Psoas muscle measurements. Values are presented as median (range). PMA—psoas muscle
area; PMD—psoas muscle density; PMI—psoas muscle index normalized to height squared.

Variable Value

PMA, cm2 11.0 (4.9–21.1)

PMD, HU 37.5 (8.8–75.2)

PMI, cm2/m2 3.8 (1.6–6.9)
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3.3. Clinical Outcomes

Early postoperative complications occurred in 37 patients (15.8%), with reoperation
required in 21 (9.0%), wound infection in 5 (2.1%), and in-hospital death in 4 (1.7%). Other
early adverse events are detailed in Table 3.

Table 3. Clinical outcomes. Early complications included reoperation, wound infection, and in-
hospital death, with additional events categorized as “other.” Late complications comprised reinter-
vention, major amputation, myocardial infarction, and stroke. Mortality was reported separately as
in-hospital death and overall mortality during follow-up.

Outcome Value %

Early complications (any) 37 15.8

Reoperation (early) 21 9.0

Wound infection (early) 5 2.1

In-hospital death 4 1.7

Other early complications 14 6.0

Late complications (any) 116 70.3

Reintervention (late) 77 47.0

Major amputation (late) 17 12.2

Myocardial infarction (late) 8 5.8

Stroke (late) 8 5.8

Overall mortality (follow-up) 38 26.6

During follow-up, late complications were observed in 116 patients (70.3%), including
reintervention in 77 (47.0%), major amputation in 17 (12.2%), myocardial infarction in 8
(5.8%), and stroke in 8 (5.8%). Overall mortality during follow-up was 26.6% (38/143).
Detailed late outcomes are summarized in Table 3.

3.4. Tertile-Based Analysis

When stratified by tertiles of PMA, PMD, and PMI, no statistically significant associ-
ations were found between these markers and the occurrence of early complications, late
complications, overall complications, or mortality after adjustment for multiple comparisons.

For PMD, patients in the lowest tertile had consistently higher adverse event rates com-
pared with those in higher tertiles: late complications occurred in 84% vs. 64% (p = 0.011;
p_adj = 0.139), overall complications in 87% vs. 72% (p = 0.025; p_adj = 0.139), overall
mortality in 38% vs. 21% (p = 0.026; p_adj = 0.139), and late mortality in 37% vs. 20%
(p = 0.028; p_adj = 0.139).

For PMA, no meaningful associations were observed (all p > 0.08). PMI showed a
borderline relationship with late mortality (34% vs. 19%, p = 0.051; p_adj = 0.205), but
no other outcomes were significantly affected. Detailed results of the tertile analysis
are presented in Table 4. Stratified analyses by sex and procedure type are presented in
Supplementary Table S1. Although some numerical differences were observed, for example,
higher rates of late complications and mortality in male patients with lower PMD, none of
these associations reached statistical significance after correction for multiple testing.
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Table 4. Tertile-based analysis of psoas measurements and clinical outcomes. Values are presented as
percentage of events in the lowest versus higher tertiles. Comparisons were performed using the
chi-square test. p_adj refers to p-value corrected for multiple comparisons. PMA—psoas muscle area;
PMD—psoas muscle density; PMI—psoas muscle index.

Marker Outcome Comparison
(Low vs. High) Test/χ2 p p_adj

PMA Early complications 13% vs. 18% χ2 = 1.61 0.205 0.410

PMA Late complications 59% vs. 71% χ2 = 0.78 0.378 0.473

PMA Late mortality 29% vs. 21% χ2 = 0.84 0.359 0.473

PMA Overall complications 69% vs. 81% χ2 = 2.89 0.089 0.279

PMA Overall mortality 30% vs. 25% χ2 = 0.42 0.519 0.611

PMD Early complications 13% vs. 17% χ2 = 0.79 0.375 0.473

PMD Late complications 84% vs. 64% χ2 = 6.45 0.011 0.139

PMD Late mortality 37% vs. 20% χ2 = 4.84 0.028 0.139

PMD Overall complications 87% vs. 72% χ2 = 5.00 0.025 0.139

PMD Overall mortality 38% vs. 21% χ2 = 4.93 0.026 0.139

PMI Early complications 12% vs. 18% χ2 = 1.42 0.234 0.425

PMI Late complications 57% vs. 69% χ2 = 0.11 0.743 0.743

PMI Late mortality 34% vs. 19% χ2 = 3.80 0.051 0.205

PMI Overall complications 78% vs. 78% χ2 = 0.21 0.645 0.716

PMI Overall mortality 34% vs. 23% χ2 = 2.74 0.098 0.279

3.5. Regression Analyses

In multivariate logistic regression, none of the psoas-derived parameters (PMA, PMD,
or PMI) were independently associated with early complications, late complications, or
overall adverse outcomes (all p > 0.1). Similarly, no significant relationship was observed
between psoas muscle markers and overall or late mortality.

By contrast, conventional clinical predictors demonstrated stronger prognostic value.
The presence of chronic heart failure was independently associated with more than a
15-fold increase in overall mortality risk (OR 15.5, 95% CI 3.2–74.8; p < 0.001), while age
showed a borderline association, with each additional year increasing mortality risk by
approximately 5% (OR 1.05, 95% CI 1.00–1.10; p = 0.054). In our tertile-based analyses
(Table 4), patients with lower PMD and PMI showed consistently higher absolute rates
of late complications and mortality (e.g., PMD: 84% vs. 64% late complications; 38% vs.
21% overall mortality), even though these associations lost statistical significance after
FDR adjustment. This pattern indicates a potential prognostic signal, but its effect was
attenuated in adjusted regression models. Detailed regression outputs for psoas muscle
density are presented in Supplementary Tables S2 and S3.

While PMD itself was not an independent predictor of complications or mortality,
previous vascular interventions and smoking were associated with higher complication
risk, and heart failure and age remained the strongest determinants of mortality.

4. Discussion
CLTI represents the most advanced stage of PAD and is strongly linked to high rates of

mortality, major amputation, and impaired quality of life [1,24]. With an aging population,
persistently high smoking rates (in Poland), and the growing burden of comorbidities such
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as diabetes, hypercholesterolemia, chronic kidney disease, coronary artery disease, and
heart failure, the number of patients living with CLTI is expected to rise [25,26]. What
makes CLTI particularly concerning is its prognosis: one-year mortality reaches 20–40%,
and major amputation is as frequent [27]. Late complications such as reintervention, my-
ocardial infarction, or stroke can affect as many as 70–80% of patients. Despite advances in
specialized vascular care, the risk of serious adverse outcomes remains high [28]. Compli-
cations may appear early as perioperative events, unplanned readmissions, or later, as limb
loss and progressive decline in quality of life. Beyond its clinical consequences, CLTI also
carries a heavy socioeconomic burden, driving up healthcare costs and resource use [29].
Taken together, these factors underline the urgent need for reliable prognostic markers to
help stratify risk and guide management strategies.

The use of parameters for assessing the psoas muscle in CT has many advantages: they
do not require additional financial outlay, the measurements are available as a standard
preoperative imaging protocol, there is no need for additional tests, the results are objective
and can be useful in predicting postoperative outcomes [30,31].

In other surgical fields, psoas-based measurements have been associated with adverse
outcomes, for example, higher mortality after AAA repair, increased morbidity after major
oncological resections, or worse survival after TAVI. These data support the concept that
muscle parameters may reflect overall physiological reserve and vulnerability to surgical
stress [15,32]. Psoas muscle measurements may reflect a physiological reserve that is
not considered in conventional risk scales, especially among older patients. In patients
undergoing major cancer resections, a reduction in psoas muscle area or density predicts
an increased risk of perioperative infections, increased incidence of thromboembolic events,
longer hospital stays, and overall morbidity. In addition, patients undergoing liver and
colon resection with radiologically confirmed sarcopenia are at a significantly higher risk
of complications and require more intensive postoperative monitoring [33,34].

Cardiac surgery is another field in which psoas muscle measurements demonstrate
clinical utility. Patients with reduced psoas muscle area undergoing both open and tran-
scatheter aortic valve implantation (TAVI) required prolonged mechanical ventilation, had
serious morbidity, longer hospital stays, and higher costs were observed [35]. Among
patients undergoing TAVI, sarcopenia, defined as a low PMA index, was independently
associated with higher overall and cardiac mortality [36,37]. These findings are consistent
with the concept that muscle parameters reflect overall physiological resilience and the
ability to withstand the high stress associated with surgery.

The potential clinical applications of reliable markers of sarcopenia in CLTI remain
theoretically compelling. Accurate preoperative risk stratification could enable the imple-
mentation of targeted prehabilitation programs involving structured exercise therapy and
nutritional supplementation [38]. Furthermore, objective muscle assessment could aid in
the choice of treatment between aggressive revascularization and conservative treatment
in patients with borderline indications for surgery. Despite evidence from other surgical
fields, our study did not find a significant correlation between psoas muscle markers and
clinical outcomes in patients with chronic limb-threatening ischemia who underwent revas-
cularization. In the tertile-based analysis, no psoas-derived parameter demonstrated a
statistically significant association with early complications, late complications, overall
complications, or mortality after correction for multiple comparisons. Nevertheless, several
trends emerged that may be clinically relevant. For PMD, patients in the lowest tertile
had markedly higher event rates: late complications occurred in 84% versus 64% in the
higher tertiles (χ2 = 6.45, p = 0.011; p_adj = 0.139), overall complications in 87% versus 72%
(p = 0.025; p_adj = 0.139), overall mortality in 38% versus 21% (p = 0.026; p_adj = 0.139), and
late mortality in 37% versus 20% (p = 0.028; p_adj = 0.139). Although these associations lost
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statistical significance after adjustment, the consistent direction of effect suggests that PMD
may be a more reliable indicator of muscle quality than size-based indices. In contrast, PMA
did not show any meaningful association with outcomes (all p > 0.08). This limitation is not
surprising, as absolute muscle area is strongly confounded by body size and sex: a small,
physically fit woman will naturally have a smaller muscle area than an obese, chronically
ill man, yet the prognostic implications are the opposite. PMI, which normalizes PMA to
body height, was expected to mitigate this issue. However, in our cohort, it did not reach
significance; the closest finding was for late mortality (34% vs. 19% between the lowest
and higher tertiles, p = 0.051; p_adj = 0.205). This may reflect limited statistical power,
and larger sample sizes will be necessary to clarify whether PMI holds prognostic value.
Subgroup analyses stratified by sex and procedure type did not reveal any statistically
significant associations between psoas-derived markers and outcomes after correction for
multiple testing (Supplementary Table S1).

In multivariate logistic models, none of the psoas-derived parameters (PMA, PMD,
or PMI) emerged as independent predictors of early or late complications, nor of overall
or late mortality. Although lower PMD and PMI consistently trended toward higher risk,
these effects were attenuated after adjustment for covariates. By contrast, conventional
clinical factors retained strong prognostic significance: the presence of chronic heart failure
increased overall mortality more than fifteen-fold (OR 15.5, 95% CI 3.2–74.8; p < 0.001), and
age showed a borderline association, with a 5% increase in mortality risk per additional
year (OR 1.05, 95% CI 1.00–1.10; p = 0.054). In regression models restricted to PMD, several
associations emerged. Patients with a history of previous vascular interventions had over
a threefold higher risk of late complications (OR 3.16, 95% CI 1.4–7.1; p = 0.007), and
those with chronic heart failure showed a strong but borderline-significant increase in
complication risk (OR 6.76, 95% CI 0.8–54.4; p = 0.089). For mortality, PMD itself was not
an independent predictor, but the same models highlighted established risk factors: heart
failure conferred more than a fifteen-fold increase in mortality risk (OR 15.5, 95% CI 3.2–
74.8; p < 0.001), and age demonstrated a borderline effect, with each additional year raising
the risk of death by ~5% (p = 0.03–0.05). Overall, our results suggest that psoas-based
indices, although attractive due to their simplicity and availability in routine CT imaging,
do not show consistent prognostic value in the CLTI population. Although PMD showed
some trends towards a higher risk of late complications and mortality, these associations
lost significance after adjustment and were clearly overshadowed by established clinical
determinants such as age and comorbidity, particularly heart failure. This emphasizes an
important limitation of looking at muscle measurements in isolation: at the moment they do
not appear to be robust enough to serve as independent predictors of early, late, or overall
complications, or of mortality (both in-hospital and during follow-up) in patients with CLTI.
Instead, their role may be more supportive, for example, as part of a multidimensional
assessment of frailty or nutritional status, rather than as a prognostic tool.

5. Limitations
This study has several limitations. First, mortality could only be analyzed as a binary

outcome (“death during follow-up”) since exact dates and causes of death were unavailable
for patients dying outside our institution, precluding formal survival analysis. Second,
we applied false discovery rate (FDR) correction to account for multiple comparisons,
which may have obscured potentially relevant associations in this moderate-sized cohort,
particularly for PMD. Third, although whole-skeletal muscle indices (e.g., SMA, SMI)
are regarded as more representative of global sarcopenia, we focused on psoas-based
markers because they are widely used in vascular surgery research and easily derived from
routine preoperative CTA; nevertheless, future studies should also evaluate SMA/SMI
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and fat-related indices. Fourth, we assessed only preoperative values and did not explore
postoperative changes, which may also carry prognostic significance. Fifth, PMD was
measured on arterial-phase contrast-enhanced CTA, which systematically elevates muscle
density values compared with non-contrast imaging and limits direct comparability with
prior studies. Finally, sarcopenia was defined using tertile-based cutoffs, an approach
commonly used in vascular research but is still arbitrary; standardized thresholds are
needed to improve comparability across studies.

6. Conclusions
In this retrospective exploratory analysis, psoas muscle indices were not identified as

independent predictors of complications or mortality after revascularization for chronic
limb-threatening ischemia. While psoas-derived measures did not retain statistical sig-
nificance after adjustment for confounders and multiple comparisons, consistent trends
were observed for lower psoas muscle density, suggesting a potential prognostic signal.
These findings should therefore be interpreted cautiously. Our results highlight the limited
and uncertain role of psoas metrics in this population. Future large-scale, prospective
studies with comprehensive survival data are needed to determine whether these imaging-
based measures add value when integrated into multidimensional frailty and nutritional
assessments.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/medsci13040227/s1, Table S1: Stratified tertile analysis of psoas
measurements (PMA, PMD, PMI) by sex and procedure type. Table S2: Multivariate logistic regression
model for psoas muscle density (PMD) and overall complications. Table S3: Multivariate logistic
regression model for PMD and overall mortality.

Author Contributions: Conceptualization, J.H., M.S., J.W.; methodology, J.H., J.D., A.B., G.O., N.K.,
K.M., M.S., J.W. validation, J.H., M.S. formal analysis, J.H., M.S., K.M., J.W.; investigation, J.H.,
J.D., A.B., G.O.; data curation, J.H., J.D., A.B., G.O.; writing—original draft preparation, J.H., J.D.,
A.B., G.O., N.K.; writing—review and editing, J.H., N.K., M.S., J.W.; supervision, M.S., J.W.; project
administration, J.H.; All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: This study was conducted in accordance with the Declaration
of Helsinki and approved by the Institutional Ethics Committee (Independent Bioethical Committee
of the Medical University of Gdansk, protocol code KB/340/2024; date of approval: 5 July 2024).

Informed Consent Statement: Patient consent was waived due to the retrospective design of the
study and the use of anonymized data collected from medical records.

Data Availability Statement: Data supporting the findings of this study are available from the
corresponding author upon reasonable request.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Conte, M.S.; Bradbury, A.W.; Kolh, P.; White, J.V.; Dick, F.; Fitridge, R.; Mills, J.L.; Ricco, J.-B.; Suresh, K.R.; Murad, M.H.;

et al. Global vascular guidelines on the management of chronic limb-threatening ischemia. J. Vasc. Surg. 2019, 69, 3S–125S.e40.
[CrossRef] [PubMed]

2. de Donato, G.; Benedetto, F.; Stilo, F.; Chiesa, R.; Palombo, D.; Pasqui, E.; Panzano, C.; Pulli, R.; Novali, C.; Silingardi, R.; et al.
Evaluation of Clinical Outcomes After Revascularization in Patients With Chronic Limb-Threatening Ischemia: Results From a
Prospective National Cohort Study (RIVALUTANDO). Angiology 2021, 72, 480–489. [CrossRef] [PubMed]

3. Almasri, J.; Adusumalli, J.; Asi, N.; Lakis, S.; Alsawas, M.; Prokop, L.J.; Bradbury, A.; Kolh, P.; Conte, M.S.; Murad, M.H. A
systematic review and meta-analysis of revascularization outcomes of infrainguinal chronic limb-threatening ischemia. J. Vasc.
Surg. 2018, 68, 624–633. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/medsci13040227/s1
https://www.mdpi.com/article/10.3390/medsci13040227/s1
https://doi.org/10.1016/j.jvs.2019.02.016
https://www.ncbi.nlm.nih.gov/pubmed/31159978
https://doi.org/10.1177/0003319720980619
https://www.ncbi.nlm.nih.gov/pubmed/33406850
https://doi.org/10.1016/j.jvs.2018.01.066
https://www.ncbi.nlm.nih.gov/pubmed/29804736


Med. Sci. 2025, 13, 227 11 of 12

4. Ben Kirk, B.; Cawthon, P.M.; Arai, H.; A Ávila-Funes, J.; Barazzoni, R.; Bhasin, S.; Binder, E.F.; Bruyere, O.; Cederholm, T.; Chen,
L.-K.; et al. The Conceptual Definition of Sarcopenia: Delphi Consensus from the Global Leadership Initiative in Sarcopenia
(GLIS). Age Ageing 2024, 53, afae052. [CrossRef]

5. Järvinen, O.; Tynkkynen, J.T.; Virtanen, M.; Maaranen, P.; Lindström, I.; Vakhitov, D.; Laurikka, J.; Oksala, N.K.; Hernesniemi, J.A.
Psoas muscle quantified muscle status and long-term mortality after cardiovascular interventions. Ann. Med. 2023, 55, 2259798.
[CrossRef]

6. Forte-Genescà, P.; Casajuana Urgell, E.; Díaz-Duran, C.; Romero-Montaña, L.; Paredes-Mariñas, E.; Clarà-Velasco, A. Comparison
Between Several CT-Derived Psoas Muscle Sarcopenia Markers for Predicting Survival After Abdominal Aortic Aneurysm Repair.
World J. Surg. 2023, 47, 1073–1079. [CrossRef]

7. Matsubara, Y.; Matsumoto, T.; Inoue, K.; Matsuda, D.; Yoshiga, R.; Yoshiya, K.; Furuyama, T.; Maehara, Y. Sarcopenia is a risk
factor for cardiovascular events experienced by patients with critical limb ischemia. J. Vasc. Surg. 2017, 65, 1390–1397. [CrossRef]

8. Xiao, Y.-Z.; Wen, X.-T.; Ying, Y.-Y.; Zhang, X.-Y.; Li, L.-Y.; Wang, Z.-C.; Su, M.-G.; Zheng, X.-W.; Miao, S.-L. The psoas muscle
density as a predictor of postoperative complications in elderly patients undergoing rectal cancer resection. Front. Oncol. 2023, 13,
1189324. [CrossRef]

9. Pizzimenti, M.; Meyer, A.; Charles, A.L.; Giannini, M.; Chakfé, N.; Lejay, A.; Geny, B. Sarcopenia and peripheral arterial disease:
A systematic review. J. Cachexia Sarcopenia Muscle 2020, 11, 866–886. [CrossRef]

10. Matsubara, Y.; Matsumoto, T.; Aoyagi, Y.; Tanaka, S.; Okadome, J.; Morisaki, K.; Shirabe, K.; Maehara, Y. Sarcopenia is a prognostic
factor for overall survival in patients with critical limb ischemia. J. Vasc. Surg. 2015, 61, 945–950. [CrossRef]

11. Cao, Z.; Zhao, B.; Jiang, T.; Zhang, T.; Yu, X.; Li, Y.; Wu, W. Association of Sarcopenia With Mortality in Patients With Chronic
Limb-Threatening Ischemia Undergoing Endovascular Revascularization. J. Surg. Res. 2023, 289, 52–60. [CrossRef]

12. Luque-Linero, P.; Frutos-Reoyo, E.J.; Castilla-Guerra, L.; Rico-Corral, M.Á.; Salamanca-Bautista, P.; Garrachón-Vallo, F. Sarcopenia
as a Prognostic Factor for Critical Limb Ischemia: A Prospective Cohort Study. J. Clin. Med. 2025, 14, 5388. [CrossRef]

13. Lopes, K.G.; Farinatti, P.; Bottino, D.A.; de Souza, M.D.G.C.; Maranhão, P.A.; Bouskela, E.; Lourenço, R.A.; de Oliveira, R.B.
Sarcopenia in the elderly versus microcirculation, inflammation status, and oxidative stress: A cross-sectional study. Clin.
Hemorheol. Microcirc. 2022, 80, 185–195. [CrossRef] [PubMed]

14. Bradley, N.A.; Roxburgh, C.S.D.; McMillan, D.C.; Guthrie, G.J.K. The relationship between pre-operative psoas and skeletal
muscle parameters and survival following endovascular aneurysm repair: A systematic review and meta-analysis. Sci. Rep. 2022,
12, 16663. [CrossRef] [PubMed]

15. Drudi, L.; Phung, K.; Ades, M.; Zuckerman, J.; Mullie, L.; Steinmetz, O.; Obrand, D.; Afilalo, J. Psoas Muscle Area Predicts
All-Cause Mortality After Endovascular and Open Aortic Aneurysm Repair. Eur. J. Vasc. Endovasc. Surg. 2016, 52, 764–769.
[CrossRef]

16. Takiguchi, K.; Furuya, S.; Sudo, M.; Saito, R.; Yamamoto, A.; Ashizawa, N.; Hirayama, K.; Shoda, K.; Akaike, H.; Hosomura, N.;
et al. Prognostic effect of sarcopenia in colorectal cancer recurrence. Nutrition 2021, 91–92, 111362. [CrossRef] [PubMed]

17. Benedek, Z.; Todor-Boér, S.; Kocsis, L.; Bauer, O.; Suciu, N.; Coros, , M.F. Psoas Muscle Index Defined by Computer Tomography
Predicts the Presence of Postoperative Complications in Colorectal Cancer Surgery. Medicina 2021, 57, 472. [CrossRef]

18. Richards, S.J.G.; Senadeera, S.C.; Frizelle, F.A. Sarcopenia, as Assessed by Psoas Cross-Sectional Area, Is Predictive of Adverse
Postoperative Outcomes in Patients Undergoing Colorectal Cancer Surgery. Dis. Colon. Rectum. 2020, 63, 807–815. [CrossRef]

19. Taniguchi, R.; Deguchi, J.; Hashimoto, T.; Sato, O. Sarcopenia as a Possible Negative Predictor of Limb Salvage in Patients with
Chronic Limb-Threatening Ischemia. Ann. Vasc. Dis. 2019, 12, 194–199. [CrossRef]

20. R Core Team. R: A Language and Environment for Statistical Computing; R Foundation for Statistical Computing: Vienna, Aus-
tria, 2024.

21. Venables, W.N.; Ripley, B.D. Modern Applied Statistics with S, 4th ed.; Springer: New York, NY, USA, 2022.
22. Fox, J.; Weisberg, S. An R Companion to Applied Regression, 3rd ed.; Sage: Thousand Oaks, CA, USA, 2019.
23. Wickham, H. ggplot2: Elegant Graphics for Data Analysis; Springer: New York, NY, USA, 2016.
24. Bradbury, A.W.; A Moakes, C.; Popplewell, M.; Meecham, L.; Bate, G.R.; Kelly, L.; Chetter, I.; Diamantopoulos, A.; Ganeshan,

A.; Hall, J.; et al. A vein bypass first versus a best endovascular treatment first revascularisation strategy for patients with
chronic limb threatening ischaemia who required an infra-popliteal, with or without an additional more proximal infra-inguinal
revascularisation procedure to restore limb perfusion (BASIL-2): An open-label, randomised, multicentre, phase 3 trial. Lancet
2023, 401, 1798–1809.

25. Fowkes, F.G.R.; Rudan, D.; Rudan, I.; Aboyans, V.; Denenberg, J.O.; McDermott, M.M.; Norman, P.E.; Sampson, U.K.A.; Williams,
L.J.; Mensah, G.A.; et al. Comparison of global estimates of prevalence and risk factors for peripheral artery disease in 2000 and
2010: A systematic review and analysis. Lancet 2013, 382, 1329–1340. [CrossRef]

26. Makowski, L.; Köppe, J.; Engelbertz, C.; Kühnemund, L.; Fischer, A.J.; A Lange, S.; Dröge, P.; Ruhnke, T.; Günster, C.; Malyar, N.;
et al. Sex-related differences in treatment and outcome of chronic limb-threatening ischaemia: A real-world cohort. Eur. Heart J.
2022, 43, 1759–1770. [CrossRef]

https://doi.org/10.1093/ageing/afae052
https://doi.org/10.1080/07853890.2023.2259798
https://doi.org/10.1007/s00268-022-06868-4
https://doi.org/10.1016/j.jvs.2016.09.030
https://doi.org/10.3389/fonc.2023.1189324
https://doi.org/10.1002/jcsm.12587
https://doi.org/10.1016/j.jvs.2014.10.094
https://doi.org/10.1016/j.jss.2023.03.005
https://doi.org/10.3390/jcm14155388
https://doi.org/10.3233/CH-211202
https://www.ncbi.nlm.nih.gov/pubmed/34511490
https://doi.org/10.1038/s41598-022-20490-3
https://www.ncbi.nlm.nih.gov/pubmed/36198699
https://doi.org/10.1016/j.ejvs.2016.09.011
https://doi.org/10.1016/j.nut.2021.111362
https://www.ncbi.nlm.nih.gov/pubmed/34274653
https://doi.org/10.3390/medicina57050472
https://doi.org/10.1097/DCR.0000000000001633
https://doi.org/10.3400/avd.oa.18-00167
https://doi.org/10.1016/S0140-6736(13)61249-0
https://doi.org/10.1093/eurheartj/ehac016


Med. Sci. 2025, 13, 227 12 of 12

27. Dua, A.; Powell, R.J.; Lee, A.C.; Bernardo, N.; Mills, J.L.; Cardona, L.F.; Bunte, M.C.; Martínez-Trabal, J.L.; Ghandour, S.; Gandhi,
S.S.; et al. Contemporary outcomes in no-option chronic limb-threatening ischemia. Sci. Rep. 2025, 15, 24446. [CrossRef]

28. Farber, A.; Menard, M.T.; Conte, M.S.; Kaufman, J.A.; Powell, R.J.; Choudhry, N.K.; Hamza, T.H.; Assmann, S.F.; Creager, M.A.;
Cziraky, M.J.; et al. Surgery or Endovascular Therapy for Chronic Limb-Threatening Ischemia. N. Engl. J. Med. 2022, 387,
2305–2316. [CrossRef] [PubMed]

29. Toomey, A.M.; Leahy, F.; Purtill, H.; O’bRien, N.; O’dOnovan, E.; Ahmed, Z.; Medani, M.; Moloney, T.; Kavanagh, E.G. Cost
analysis of limb salvage: Comparing limb revascularisation and amputation in patients with Chronic Limb-Threatening Ischaemia
(CLTI) at University Hospital Limerick. Ir. J. Med. Sci. 2025, 194, 663–673. [CrossRef] [PubMed]

30. Hasselager, R.; Gogenur, I. Core muscle size assessed by perioperative abdominal CT scan is related to mortality, postoperative
complications, and hospitalization after major abdominal surgery: A systematic review. Langenbeck’s Arch. Surg. 2014, 399,
287–295. [CrossRef]

31. Jones, K.I.; Doleman, B.; Scott, S.; Lund, J.N.; Williams, J.P. Simple psoas cross-sectional area measurement is a quick and easy
method to assess sarcopenia and predicts major surgical complications. Color. Dis. 2015, 17, O20–O26. [CrossRef]

32. Thurston, B.; Pena, G.N.; Howell, S.; Cowled, P.; Fitridge, R. Low total psoas area as scored in the clinic setting independently
predicts midterm mortality after endovascular aneurysm repair in male patients. J. Vasc. Surg. 2018, 67, 460–467. [CrossRef]
[PubMed]

33. Reisinger, K.W.; van Vugt, J.L.A.; Tegels, J.J.W.; Snijders, C.; Hulsewé, K.W.E.; Hoofwijk, A.G.M.; Stoot, J.H.; Von Meyenfeldt, M.F.;
Beets, G.L.; Derikx, J.P.M.; et al. Functional compromise reflected by sarcopenia, frailty, and nutritional depletion predicts adverse
postoperative outcome after colorectal cancer surgery. Ann. Surg. 2015, 261, 345–352. [CrossRef]

34. Valero, V., III; Amini, N.; Spolverato, G.; Weiss, M.J.; Hirose, K.; Dagher, N.N.; Wolfgang, C.L.; Cameron, A.A.; Philosophe, B.;
Kamel, I.R.; et al. Sarcopenia Adversely Impacts Postoperative Complications Following Resection or Transplantation in Patients
with Primary Liver Tumors. J. Gastrointest. Surg. 2015, 19, 272–281. [CrossRef]

35. Paknikar, R.; Friedman, J.; Cron, D.; Deeb, G.M.; Chetcuti, S.; Grossman, P.M.; Wang, S.; Englesbe, M.; Patel, H.J. Psoas muscle
size as a frailty measure for open and transcatheter aortic valve replacement. J. Thorac. Cardiovasc. Surg. 2016, 151, 745–751.
[CrossRef] [PubMed]

36. Kofler, M.; Reinstadler, S.J.; Mayr, A.; Stastny, L.; Reindl, M.; Dumfarth, J.; Dachs, T.M.; Wachter, K.; Rustenbach, C.J.; Friedrich,
G.; et al. Prognostic implications of psoas muscle area in patients undergoing transcatheter aortic valve implantation. Eur. J.
Cardio-Thorac. Surg. 2019, 55, 210–216. [CrossRef]

37. van Mourik, M.S.; Janmaat, Y.C.; van Kesteren, F.; Vendrik, J.; Planken, R.N.; Henstra, M.J.; Velu, J.F.; Vlastra, W.; Zwinderman,
A.H.; Koch, K.T.; et al. CT determined psoas muscle area predicts mortality in women undergoing transcatheter aortic valve
implantation. Catheter. Cardiovasc. Interv. 2019, 93, E248–E254. [CrossRef] [PubMed]

38. West, M.A.; Wischmeyer, P.E.; Grocott, M.P.W. Prehabilitation and Nutritional Support to Improve Perioperative Outcomes. Curr.
Anesthesiol. Rep. 2017, 7, 340–349. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1038/s41598-025-09784-4
https://doi.org/10.1056/NEJMoa2207899
https://www.ncbi.nlm.nih.gov/pubmed/36342173
https://doi.org/10.1007/s11845-025-03885-9
https://www.ncbi.nlm.nih.gov/pubmed/39912977
https://doi.org/10.1007/s00423-014-1174-x
https://doi.org/10.1111/codi.12805
https://doi.org/10.1016/j.jvs.2017.06.085
https://www.ncbi.nlm.nih.gov/pubmed/28843791
https://doi.org/10.1097/SLA.0000000000000628
https://doi.org/10.1007/s11605-014-2680-4
https://doi.org/10.1016/j.jtcvs.2015.11.022
https://www.ncbi.nlm.nih.gov/pubmed/26896357
https://doi.org/10.1093/ejcts/ezy244
https://doi.org/10.1002/ccd.27823
https://www.ncbi.nlm.nih.gov/pubmed/30208263
https://doi.org/10.1007/s40140-017-0245-2
https://www.ncbi.nlm.nih.gov/pubmed/29200973

	Introduction 
	Methods 
	Study Design and Population 
	Data Collection and Study Variables 
	Assessment of Sarcopenia Markers 
	Statistical Analysis 

	Results 
	Baseline Characteristics 
	Psoas Muscle Measurements 
	Clinical Outcomes 
	Tertile-Based Analysis 
	Regression Analyses 

	Discussion 
	Limitations 
	Conclusions 
	References

