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Abstract: Background: This study investigated whether lower extremity muscle atrophy and
myosteatosis in patients with peripheral arterial disease (PAD) are correlated to postoperative
outcomes, such as reintervention or amputation-free survival. Methods: In this single-center retro-
spective cohort study of 462 patients treated for peripheral arterial disease scheduled for intervention,
muscle mass and the presence of fattening of the lower extremity muscles were measured semiauto-
matically in a single computed tomography slice of the treated leg. Binary logistic regression models
and Cox proportional hazards models were used to determine the effect of muscle atrophy and
myosteatosis on reintervention and amputation. Results: Muscle atrophy and myosteatosis increased
in PAD patients with Fontaine class IV compared with Fontaine class IIa. In PAD patients with muscle
atrophy or myosteatosis, no association was found with the reintervention rate or reintervention-free
survival, but an association was found with amputation-free survival, even after adjustment for
patient-related, disease-severity, and comorbidities-related factors. Conclusion: Muscle atrophy and
mysosteatosis increased in PAD patients with increasing disease severity. Lower extremity muscle
atrophy and myosteatosis are associated with amputation rate and amputation-free survival in PAD
patients. No association with reintervention rate or reintervention-free survival was found. Muscle
atrophy and myosteatosis may serve as additional risk factors in decision making in the often frail
vascular patient.
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1. Introduction

Peripheral arterial disease (PAD) and chronic limb-threatening ischemia (CLTI) are
associated with impaired quality of life and poor life expectancy [1]. Patients present with
claudication, rest pain, and tissue loss [2]. These symptoms are caused by hypoperfusion
of the limb tissue including muscles, which is caused by blockages in the arteries to the
lower limbs [3]. In most PAD patients, atherosclerotic subintimal accumulation of lipids
and fibrous material is the main cause of hypoperfusion of the limbs.

The lower extremity skeletal muscles in patients with PAD often demonstrate changes
in morphology and function, characterized by increased fat infiltration, fibrosis, and
decreased function [4,5]. Generalized loss of skeletal muscle mass, known as sarcopenia,
is strongly associated with PAD and overall survival [6–8]. In lower extremity PAD,
however, muscle changes in the limbs are more pronounced and increase with disease
severity [9]. This is most likely caused by a combination of decreased physical activity
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and hypoperfusion-induced ischemia. In PAD-associated ischemia-reperfusion (IR) cycles,
reactive oxygen species (ROS) production, mitochondrial dysfunction, and inflammation
may be observed [10,11] as well as microcirculatory changes. Skeletal muscles are known
to be particularly susceptible to these ischemic changes, with a short critical tissue ischemia
time of just 3 h [11].

While focal atrophy and systemic sarcopenia are both associated with inflammation,
the effects may be more pronounced within the diseased extremity itself, given the fact that
the IR cycles and subsequent proteolytic and proinflammatory changes are expressed locally.
Quantification of local muscle atrophy and intermuscular fat infiltration (myosteatosis)
may potentially be candidate imaging markers reflecting the severity of IR disease and
potential irreversibility of tissue damage and microcirculatory changes. It may have a
strong association with disease-specific outcomes as well as treatment outcomes.

Thus, we hypothesized that muscle atrophy and myosteatosis of the lower extremity
skeletal muscles are associated with postoperative outcomes, such as reintervention or
amputation-free survival after lower leg revascularization procedures in patients with
PAD. The aim of this study is to investigate the effect of muscle atrophy and myosteatosis
on the risk of reintervention and amputation-free survival. In addition, we evaluated
the association between disease severity and lower extremity skeletal muscle atrophy
and myosteatosis.

2. Materials and Methods

This is a single-center retrospective cohort study of patients with peripheral arterial
disease scheduled for an intervention of the lower limb between 1 January 2005 and
31 December 2017 at the University Medical Center Groningen (UMCG), a tertiary referral
centre for vascular pathology located in the Northern region of The Netherlands. The
Institutional Review Board reviewed the study (METc 2018/334). Individual informed
consent was not required because studies involving a retrospective review, collection, and
analysis of patient records do not fall under the scope of the Dutch Act on Medical Scientific
Research involving Human Beings (WMO). For privacy, data were stored and analyzed
pseudonymized.

2.1. Patient Selection

All patients referred by vascular surgeons for computed tomography (CT) angiogra-
phy of the lower extremity arteries during the study period were considered for inclusion
into this study. The patients were identified by querying the Picture Archiving and Com-
munications System (PACS) of the UMCG. Patients diagnosed with Fontaine IIa to IV,
aged > 18 years, undergoing endovascular therapy, surgery, or hybrid revascularization of
the lower limb, and the availability of a diagnostic CT imaging scan within 1 year before
revascularization were screened for inclusion (Figure 1). If a patient was scanned multiple
times, only the last scan before the initial revascularization procedure was included. Exclu-
sion criteria were a history of muscular disease, patients with acute ischemia, patients with
a popliteal artery aneurysm, a CT scan without the entire area of interest, or a CT scan with
severe artifacts. Patient characteristics, such as age, body mass index (BMI), sex, smoking
status, type of intervention, comorbidities, and other risk factors, were extracted from the
electronic medical records.

2.2. Muscle Imaging

Muscle atrophy and myosteatosis were defined by means of CT imaging. Images
were acquired on a Siemens SOMATOM Definition (AS, Edge, Flash; Siemens Medical,
Erlangen, Germany), SOMATOM Force (Siemens Medical, Erlangen, Germany), or Sensa-
tion (Siemens Medical, Erlangen, Germany). All scans were performed with intravenous
contrast Iomeprol 350 (Iomeron) mgl/mL of 100 mL injected with a flow of 4 mL/s and
scanned in the arterial phase. The images were acquired using a 512 × 512 scan matrix;
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slice thickness varied between 1 and 5 mm. All slices were stored in 16-bit Digital Imaging
and Communications in Medicine (DICOM) format for further processing.

The muscle mass and presence of fat infiltration in the lower extremity skeletal muscles
were measured semiautomatically by means of in-house developed software (SarcoMeas
Extremity, v1.1; UMCG, Groningen, The Netherlands). For this, the area and Hounsfield
units (HU) of the treated lower extremity skeletal muscles were measured on one CT slice
of the upper leg, at 60% of the length of the femur as seen from the knee, according to
a previously published study [12] (Figure 2). If both legs were treated within one revas-
cularization procedure, only 1 leg was randomly selected for analysis. Muscle mass was
automatically segmented from the CT scans based on tissue attenuation and morphology,
excluding skin and bone. The threshold used for the segmentation of muscle tissue was in
the range of −29 to +150 HU [13].

To define muscle atrophy in the legs, the muscle area measured on the cross-sectional
slices of the treated leg was normalized to the patient’s height by dividing the segmented
leg muscle area by the squared patient height to form the lower extremity skeletal muscle
index (LESMI) in cm2/m2. Cutoff values for muscle atrophy were determined based on sex.
For myosteatosis, the mean HU value of the segmented muscle voxels was determined from
the cross-sectional slice of the treated leg. Cutoff values for myosteatosis were determined
for patients with a BMI of <25 or >25 kg/m2.
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Figure 1. Workflow and selection process of included patients. (BMT) = best medical treatment, CT 
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Figure 2. Cross-sectional skeletal muscle measurements of the lower extremity at 60% of the length 
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atrophy, but myosteatotic (c) Muscle atrophy, but non-myosteatotic. (d) Muscle atrophy and my-
osteatotic. 
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Figure 2. Cross-sectional skeletal muscle measurements of the lower extremity at 60% of the length
of the femur, as seen from the knee. (a) No muscle atrophy and non-myosteatotic and (b) No
muscle atrophy, but myosteatotic (c) Muscle atrophy, but non-myosteatotic. (d) Muscle atrophy
and myosteatotic.

2.3. Outcome Variables and Follow-Up

The primary outcomes of interest were amputation and reintervention rates of the
treated lower extremity. At the end of follow-up the end-points reintervention-free survival
and amputation-free survival were determined. Reintervention was defined as any reinter-
vention of the treated leg. Amputation rates included minor and major amputations of the
lower extremity after revascularization. Follow-up data until 1 October 2018 were collected
from the electronic medical records. Secondary outcome was the effect of increasing disease
severity upon CT imaging parameters as LESMI and muscle HU.

2.4. Statistical Analysis

Statistical analyses were performed with SPSS 23 software (IBM Corp, Armonk, NY,
USA). A p value of <0.05 was considered to be statistically significant. Descriptive statistics
are presented as mean ± standard deviation (SD) for normally distributed data or as
medians with interquartile ranges (IQR) otherwise.

Cutoff values for muscle atrophy and myosteatosis in the legs were determined
with optimal stratification and receiver operating characteristic curve analysis. Optimal
stratification is a technique, based on log-rank statistics, to determine at which cutoff
values the most significant difference would occur with regard to a binary or time-to-
event outcome [8,14,15]. Between-group changes were assessed using one-way analysis of
variance (ANOVA). Binary logistic regression models were used to analyse the association
of muscle atrophy and myosteatosis in the legs with reintervention and amputation after
revascularization procedures.

Models were used to control for different confounders. Interaction terms for chronic
pulmonary disease were tested [16–18]. Four models were determined. The first model
investigated the effect of muscle atrophy or myosteatosis on reintervention or amputation
without controlling for other prognostic factors. The second model controlled for patient-
related factors (i.e., age, BMI, smoking status). The third model controlled for patient-
related and disease-related factors (i.e., type of intervention and Fontaine class) [19,20], and
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the fourth model controlled for patient-, disease-, and comorbidities-related factors (i.e.,
hypertension, hypercholesterolemia, coronary artery disease, hemodialysis, and ischemic
stroke) [19,21]. For the amputation regression models, sex, chronic obstructive pulmonary
disease (COPD), and type 2 diabetes were added [19,22,23].

Multivariable imputation by chained equations was used for multiply imputation of
missing data [24]. The number of imputations was determined according to the two-stage
procedure as recommended by Von Hippel [25]. A total of 10 different imputed data sets
were constructed. Parameters, with their standard errors, were estimated with binary
logistic regression and Cox regression applied to each data set separately, and pooled using
Rubin’s rule [26]. Apart from the variables of interest, the Nelson–Aalen estimator was
calculated and also included in the imputation algorithm [27].

The ascertained groups and potential prognostic factors were analyzed using a uni-
variable Cox proportional hazards model with the same models stated above. The included
number of independent variables was based on 10 events per variable, a widely used
minimal criterion [28]. Models were controlled for confounders, and interaction terms
were tested. Kaplan–Meier method with log-rank testing was used for amputation-free
survival curves performed with MATLAB R2019a software (The Math Works, Inc., Natick,
MA, USA).

3. Results

The study included 462 patients with PAD (Figure 1). The median follow-up time
was 2.4 (IQR, 1.4–3.8) years. The mean time between CT scan and intervention was
60.6 ± 64.8 days. The patient characteristics are summarized in Table 1. Only 438 patients
were classified with a smoking status and 424 patients with Fontaine class due to a lack of
classification within medical records. Most patients were Fontaine class IIb (32.0%) and
class IV (30.1%). Patients (n = 462) had a high prevalence of typical vascular comorbidi-
ties such as hypertension (66.5%), hypercholesterolemia (82.3%), and coronary arterial
disease (64.3%).

Table 1. Patient characteristics.

n = 462

Age (year) 65.2 ± 11

BMI (kg/m2) 25.9 ± 4.7

n = 438
Smoking 273 (59.1%)

Sex
- Female 189 (40.9%)
- Male 273 (59.1%)

Type of intervention
- Surgical 137 (29.7%)
- Endovascular 268 (58.0%)
- Hybrid 57 (12.3%)

COPD 121 (26.2%)

Type 2 diabetes 139 (30.1%)

Hypertension 307 (66.5%)

Hypercholesterolemia 380 (82.3%)

Coronary artery disease 297 (64.3%)

Hemodialysis 21 (4.5%)

Ischemic stroke 35 (7.69%)
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Table 1. Cont.

Classification n = 424
- Fontaine IIa 42 (9.1%)
- Fontaine IIb 148 (32.0%)
- Fontaine III 95 (20.6%)
- Fontaine IV 139 (30.1%)

BMI = body mass index, COPD = chronic obstructive pulmonary disease.

The mean LESMI of the treated leg was 35.2 ± 9.0 cm2/m2 in men (n = 273) and
29.1 ± 8.7 cm2/m2 in women (n = 189). Patients with Fontaine class IV (n = 139) had a
lower LESMI of 28.4 ± 8.9 cm2/m2 compared with 42 patients with Fontaine class IIa
(36.2 ± 7.1 cm2/m2), Table 2. The average BMI-specific myosteatosis value for the treated
leg for PAD patients with a BMI < 25 kg/m2 (n = 215) was 45.3 ± 8.6 mean HU, which
differed between men (45.9 ± 7.2 mean HU) and women (44.5 ± 10.1 mean HU). For
patients with a BMI > 25 kg/m2 (n = 247), the mean HU was 42.4 ± 8.4 (43.3 ± 7.3 for men
and 41.1 ± 9.8 for women). The mean HU decreased from 49.7 ± 6.9 for Fontaine class IIa
patients (n = 42) to 39.3 ± 9.1 for Fontaine class IV patients (n = 139), Table 2.

Table 2. LESMI and Mean HU of treated legs of PAD patients divided by disease severity.

Fontaine
Classification IIa

Fontaine
Classification IIb

Fontaine
Classification III

Fontaine
Classification IV p-Value

Total n = 424 n = 42 n = 148 n = 95 n = 139
LESMI at cross-sectional

slice at 60% (cm2/m2) 36.2 (±7.1) 35.9 (±8.8) 31.8 (±8.7) 28.4 (±8.9) <0.001

Mean HU at cross-sectional
slice at 60% 49.7 (±6.9) 45.6 (±6.7) 44.8 (±8.4) 39.2 (±9.1) <0.001

LESMI = lower extremity skeletal muscle index (cm2/m2), HU = Hounsfield units. p value stated in bold indicates statistical significance
of <0.05.

Sex-specific LESMI cutoff values for muscle atrophy in the legs were 32.5 cm2/m2

for men and 24.5 cm2/m2 for women, which resulted in 153 of 462 PAD patients (33.1%)
who had muscle atrophy in the legs. Calculated BMI-specific cutoff mean HU values for
myosteatosis in the legs were 44.0 for patients with a BMI < 25 kg/m2, and 41.0 for patients
with a BMI > 25 kg/m2. This resulted in 180 of 462 patients (39.0%) who were diagnosed
with myosteatosis of the legs.

After a mean follow-up of 36 months, the reintervention rate after the initial revas-
cularization was 19.8% (n = 61) within the nonmuscle-atrophic group, 14.9% (n = 23) in
the muscle-atrophic group, 18.8% (n = 53) within the non-myosteatotic group, and 17.2%
(n = 31) in the myosteatotic group. Muscle atrophy and myosteatosis of the lower extremity
skeletal muscle were not associated with reintervention (Table 3).

Table 3. Binary logistic regression for the impact of muscle atrophy or myosteatosis on reintervention in four models
controlled for different risk factors.

Muscle Atrophy Leg Myosteatosis Leg

Odds Ratio 95% CI p-Value Odds Ratio 95% CI p-Value

Model 1 0.711 0.421–1.201 0.202 0.899 0.551–1.466 0.669
Model 2 0.866 0.648–1.157 0.619 1.061 0.630–1.786 0.823
Model 3 0.776 0.433–1.391 0.394 0.963 0.563–1.649 0.891
Model 4 0.743 0.407–1.357 0.333 0.958 0.558–1.645 0.877

Model 1 = Muscle atrophy or myosteatosis on reintervention. Model 2 = Muscle atrophy or myosteatosis on reintervention controlled for
patient-related factors (i.e., age, BMI, and smoking status). Model 3 = Muscle atrophy or myosteatosis on reintervention controlled for both
patient-related and disease-related factors (i.e., type of intervention and Fontaine class). Model 4 = Muscle atrophy or myosteatosis on
reintervention controlled for patient-related, disease-related, and comorbidities-related factors (i.e., hypertension, hypercholesterolemia,
coronary artery disease, hemodialysis, and ischemic stroke). CI = Confidence interval.
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The amputation rate after the initial revascularization was 9.4% (n = 29) for the
nonmuscle-atrophic group vs. 24.0% (n = 37) in the muscle-atrophic group, and 9.6%
(n = 27) for the non-myosteatotic group vs. 21.7% (n = 39) in the myosteatotic group.
The impact of muscle atrophy and myosteatosis of the lower extremity skeletal muscle
on amputation is provided in Table 4. Model 4, controlled for patient-, disease-, and
comorbidities-related factors, shows that PAD patients with muscle atrophy have an odds
ratio of 2.351 (95% confidence interval (CI), 1.157–4.776; p = 0.018) for amputation. PAD
patients with myosteatosis have an odds ratio of 2.142 (95% CI, 1.114–4.116; p = 0.022) for
an amputation. COPD did not change the relationship of muscle atrophy or myosteatosis
with reintervention or amputation.

Table 4. Binary logistic regression for the impact of muscle atrophy or myosteatosis on amputation in four models controlled
for different risk factors.

Muscle Atrophy Leg Myosteatosis Leg

Odds Ratio 95% CI p-Value Odds Ratio 95% CI p-Value

Model 1 3.042 1.787–5.179 <0.001 2.612 1.534–4.447 <0.001
Model 2 4.080 2.430–6.852 <0.001 3.274 1.814–5.908 <0.001
Model 3 2.949 1.501–5.790 0.002 2.288 1.209–4.329 0.011
Model 4 2.351 1.157–4.776 0.018 2.142 1.114–4.116 0.022

Model 1 = Muscle atrophy or myosteatosis on amputation. Model 2 = Muscle atrophy or myosteatosis on amputation controlled for patient-
related factors (i.e., age, BMI, sex, smoking status, COPD, DM type II). Model 3 = Muscle atrophy or myosteatosis on amputation controlled
for both patient-related and disease-related factors (i.e., type of intervention and Fontaine class). Model 4 = Muscle atrophy or myosteatosis
on amputation controlled for patient-related, disease-related, and comorbidities-related factors (i.e., hypertension, hypercholesterolemia,
coronary artery disease, hemodialysis, and ischemic stroke). CI = confidence interval. p value stated in bold indicates statistical significance
of <0.05.

The multivariable Cox proportional hazards model controlled for patient-, disease-,
and comorbidities-related factors for muscle atrophy and myosteatosis measured for reinter-
vention and amputation-free survival is summarized in Tables 5 and 6. For reintervention-
free survival, the multivariable Cox proportional hazards model showed a hazard ratio
(HR) of 0.871 (95% CI, 0.508–1.495; p = 0.616) for PAD patients with muscle atrophy and
an HR of 1.113 (95% CI, 0.685–1.808; p = 0.667) for PAD patients with myosteatosis. For
amputation-free survival, the multivariable Cox proportional hazards model showed an
HR of 2.017 (95% CI, 1.108–3.671; p = 0.022) for PAD patients with muscle atrophy and an
HR of 2.116 (95% CI, 1.229–3.645; p = 0.007) for patients with myosteatosis. COPD did not
change the relationship of muscle atrophy or myosteatosis on reintervention-free survival
or amputation-free survival. Univariable and multivariable Cox proportional hazards
models (model 1–model 3) for muscle atrophy and myosteatosis measured in the legs for
reintervention-free survival and amputation-free survival are shown in the Supplementary
Material Section (Tables S1–S6).

Table 5. Multivariable Cox proportional hazards model for muscle atrophy and myosteatosis for reintervention free survival
in PAD patients.

Variables
Muscle Atrophy Leg Myosteatosis Leg

HR 95% CI p-Value HR 95% CI p-Value

Muscle atrophy Legs 0.871 0.508–1.495 0.616

Myosteatosis Legs 1.113 0.685–1.808 0.667

Age (y) 0.980 0.959–1.001 0.066 0.978 0.957–1.000 0.049

BMI (kg/m2) 1.026 0.974–1.081 0.331 1.030 0.981–1.081 0.230

Smoking 0.862 0.520–1.430 0.566 0.870 0.525–1.439 0.586
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Table 5. Cont.

Variables
Muscle Atrophy Leg Myosteatosis Leg

HR 95% CI p-Value HR 95% CI p-Value

Type of intervention
Surgical Ref. Ref.
Endovascular 1.023 0.630–1.661 0.925 1.021 0.629–1.657 0.933
Hybrid 1.109 0.529–2.328 0.784 1.124 0.536–2.357 0.757

Fontaine class
IIa & IIb Ref. Ref.
III & IV 1.716 1.056–2.789 0.029 1.648 1.012–2.686 0.045

Hypertension 1.001 0.612–1.637 0.998 1.012 0.618–1.656 0.963

Hypercholesterolemia 1.146 0.618–2.125 0.665 1.157 0.624–2.144 0.644

Coronary artery disease 1.094 0.688–1.740 0.705 1.075 0.677–1.706 0.760

Hemodialysis 1.896 0.718–5.005 0.197 1.808 0.692–4.724 0.227

Ischemic stroke 1.055 0.451–2.466 0.902 1.019 0.437–2.377 0.965

Model 4 = Controlled for patient-related, disease-related, and comorbidities-related factors (i.e., hypertension, hypercholesterolemia,
coronary artery disease, hemodialysis, and ischemic stroke). CI = confidence interval. p value stated in bold indicates statistical significance
of <0.05.

Table 6. Multivariable Cox proportional hazards model for muscle atrophy and myosteatosis for amputation-free survival
in PAD patients.

Variables
Muscle Atrophy Leg Myosteatosis Leg

HR 95% CI p-Value HR 95% CI p-Value

Muscle atrophy Legs 2.017 1.108–3.671 0.022

Myosteatosis Legs 2.116 1.229–3.645 0.007

Age (y) 0.986 0.963–1.009 0.224 0.983 0.959–1.007 0.162

Sex
Male Ref. Ref.
Female 0.998 0.595–1.675 0.995 0.915 0.544–1.538 0.738

BMI (kg/m2) 1.051 0.990–1.115 0.101 1.024 0.969–1.082 0.395

Smoking 1.134 0.635–2.027 0.670 1.221 0.678–2.200 0.506

Type 2 diabetes 1.680 0.953–2.963 0.073 1.911 1.102–3.312 0.021

COPD 0.479 0.242–0.945 0.034 0.451 0.227–0.896 0.023

Type of intervention
Surgical Ref. Ref.
Endovascular 0.802 0.448–1.436 0.457 0.778 0.440–1.377 0.388
Hybrid 1.146 0.558–2.354 0.710 1.105 0.539–2.262 0.786

Fontaine class
IIa & IIb Ref.
III & IV 17.729 5.439–57.791 <0.001 18.134 5.554–59.205 <0.001

Hypertension 0.842 0.484–1.462 0.541 0.841 0.488–1.452 0.535

Hypercholesterolemia 0.714 0.376–1.356 0.304 0.619 0.330–1.162 0.136

Coronary artery disease 0.937 0.542–1.620 0.816 0.886 0.515–1.526 0.663

Hemodialysis 3.256 1.519–6.981 0.002 4.017 1.924–8.387 <0.001

Ischemic stroke 0.821 0.314–2.149 0.688 0.939 0.359–2.458 0.898

Model 4 = Controlled for patient-related, disease-related, and comorbidities-related factors (i.e., hypertension, hypercholesterolemia,
coronary artery disease, hemodialysis, and ischemic stroke). CI = confidence interval, BMI = body mass index, COPD = chronic obstructive
pulmonary disease. p value stated in bold indicates statistical significance of <0.05.
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The Kaplan–Meier analysis for amputation-free survival showed that patients with
combined muscle atrophy and myosteatosis have a 3-year amputation-free survival of
67.6% compared to 93.3% for patients without muscle atrophy and myosteatosis (Figure 3).
Patients without muscle atrophy, with myosteatosis have a 3-year amputation-free survival
of 81.9% compared with 80.3% for patients with muscle atrophy but without myosteatosis
(Figure 3).
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4. Discussion

The results of this study show that the occurrence of muscle atrophy and myosteatosis
of lower extremity skeletal muscles are not associated with higher reintervention rates but
are associated with amputation rates after revascularization therapy in patients with PAD.
The association with reduced amputation-free survival remained statistically significant
after adjustment for patient-related, disease-severity, and comorbidities-related factors.

Previous studies have found that PAD is associated with decreased muscle cross-
sectional area. An early study by Regenstein et al. [4] found a significant reduction in
cross-sectional muscle area in patients with intermittent claudication compared with the
non-symptomatic contralateral legs. Their study also reported an ipsilateral reduction
in gastrocnemius strength and endurance, anterior tibial strength, and histopathologic
changes in muscle fiber characteristics.

A reduced ankle-brachial index, which is a marker for decreased limb perfusion, is also
associated with lower calf muscle cross-sectional area and higher calf muscle percentage
fat [9]. These changes have been found to be associated with mobility loss at follow-up [29].
IR injury is thought to contribute to this low extremity muscle atrophy and myosteatotic
change in PAD patients [5].

Skeletal muscle mass is known to be particularly prone to ischemic changes, having
the shortest critical tissue ischemia times in the extremities, with rapid onset of necrosis
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extending up to 90% of affected muscle tissue at 5 h [11]. In this study, we observed
the lowest amputation-free survival rates in patients with the worst imaging muscle
characteristics (i.e., concomitant muscle atrophy and myosteatosis). Although this study
lacks a histopathologic correlate, we speculate that these imaging characteristics reflect
more profound IR injury and its detrimental effects, including associated microvascular
changes, ultimately leading to failure of provided endovascular, surgical, or hybrid therapy
in these patients and necessitating amputation.

Reintervention after revascularization was not associated with muscle atrophy or
myosteatosis. This is possibly explained due to the multifactorial nature of the reinter-
vention requirement. First, the high rate of amputation, in particular in the patient group
affected by both muscle atrophy and myosteatosis, could lead to survival bias, wherein the
patient group not requiring amputation has favorable clinical characteristics and status of
vascular disease, which protected them from not only amputation but also reintervention.
The remainder of patients requiring reintervention may find similar grounds for failure
as patients without muscle atrophy or myosteatosis, including technical failure or possi-
ble suboptimal compliance with medical treatment, continued smoking, and clopidogrel
resistance [30].

Medical management in PAD is primarily aimed at risk factor reduction, supervised
exercise programs, and revascularization therapy for ischemic rest pain or tissue loss.
Given revascularization therapy is not always effective and may incur significant morbidity
and mortality, guidelines have been introduced to help decide whether treatment may be
successful. The current study indicates the lower extremity muscle measurements are an
imaging marker that could be used in clinical decision making, potentially aiding in the
selection of patients in whom an elevated amputation risk along with present comorbidity
and biological age may warrant primary amputation.

Future studies may consider the use of CT perfusion, which may allow for quantifi-
cation of the perfusion status and microcirculation of the foot [31,32], to further narrow
the group of patients at high risk for amputation. Furthermore, prospective studies are
required to determine whether earlier revascularization based on muscle atrophy and
myosteatotic change in follow-up imaging, rather than conventional criteria alone, may
improve amputation-free survival rates in patients with PAD.

Moreover, there is an interest for pharmaceutical intervention strategies, which may
alleviate effects of oxidative stress. For instance, cocoa, which contains phenolic antioxi-
dants and flavonoids, including epicatechin [33], was suggested to improve mitochondrial
activity, increase capillary density, improve calf muscle perfusion, and improve the 6-min
walk distance in a recent double-blind, pilot randomized controlled trial [34]. However,
as concluded in a review by Giannopoulous et al. [35], clinical results of such antioxidant
therapies in PAD have thus far been dissatisfactory. There is interest in the development of
pharmacologic approaches directly modulating mitochondrial function, with promising
results in preclinical studies; however, translation to clinical trials is slow [36].

This study has several limitations. First, the scans used in this study were acquired in
the arterial phase. Despite the contrast bolus being predominantly in the large vessels and
a threshold being applied to extract intravascular signal, it may potentially have caused
higher density measurements in the muscles.

Another limitation is that we were not able to assess muscle strength with these
CT measurements. Including muscle strength would improve muscle assessment for
systematic muscle failure, according to the European Working Group on Sarcopenia in
Older People (EWGSOP) 2 [37].

This study lacks a comparison to the asymptomatic leg, which was not possible due
to missing Fontaine classifications of the contralateral leg. This would be of great interest
for future studies.

Lastly, the retrospective nature of the current study may have led to selection bias.
National guidelines were, however, followed for diagnosis and treatment, and patients are
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routinely discussed in a multidisciplinary vascular board consisting of vascular surgeons
and interventional radiologists before treatment selection.

In conclusion, muscle atrophy and myosteatosis decreased in PAD patients with
an increase in disease severity. There was no association with reintervention rate or
reintervention-free survival. However, lower extremity skeletal muscle atrophy and
myosteatosis are associated with amputation rate and a reduction in amputation-free
survival in patients with PAD and may serve as additional risk factors in decision making
in the often frail vascular patients.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/jcm10173963/s1, Table S1: Univariable Cox proportional hazards model for reintervention
free survival in PAD patients, Table S2: Multivariable Cox proportional hazards model for muscle
atrophy and myosteatosis for reintervention free survival in PAD patients, Table S3: Multivariable
Cox proportional hazards model for muscle atrophy and myosteatosis for reintervention free survival
in PAD patients, Table S4: Univariable Cox proportional hazards model for amputation-free survival
in PAD patients, Table S5: Multivariable Cox proportional hazards model for muscle atrophy and
myosteatosis for amputation-free survival in PAD patients, Table S6: Multivariable Cox proportional
hazards model for muscle atrophy and myosteatosis for amputation-free survival in PAD patients.

Author Contributions: Conceptualization, K.F.M., S.L., I.R.V., J.-P.P.M.d.V., R.P.H.B., A.R.V.; method-
ology, K.F.M., S.L., I.R.V., M.E.M., R.P.H.B., A.R.V.; software, A.R.V.; validation, S.L., M.E.M., R.P.H.B.,
A.R.V.; formal analysis, K.F.M.; investigation, K.F.M.; resources, J.-P.P.M.d.V., R.P.H.B., A.R.V.; data cu-
ration, K.F.M., I.R.V.; writing—original draft preparation, K.F.M., S.L., R.P.H.B.; writing—review and
editing, K.F.M., S.L., J.-P.P.M.d.V., R.P.H.B., A.R.V.; visualization, K.F.M.; supervision, J.-P.P.M.d.V.,
R.P.H.B., A.R.V.; project administration, S.L., I.R.V., R.P.H.B. All authors have read and agreed to the
published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was approved by the Institutional Review Board
of the UMCG (#2018/334) which declared that the study does not fall under the scope of the Dutch
Act on Medical Scientific Research involving Human Beings (WMO).

Informed Consent Statement: Patient consent was waived due to the retrospective nature of
the study.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author. The data are not publicly available due to privacy and ethical reasons.

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

References
1. Hamburg, N.M.; Creager, M.A. Pathophysiology of Intermittent Claudication in Peripheral Artery Disease. Circ. J. 2017, 81,

281–289. [CrossRef] [PubMed]
2. 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]
3. Addison, O.; Prior, S.J.; Kundi, R.; Serra, M.C.; Katzel, L.I.; Gardner, A.W.; Ryan, A.S. Sarcopenia in Peripheral Arterial Disease:

Prevalence and Effect on Functional Status. Arch. Phys. Med. Rehabil. 2018, 99, 623–628. [CrossRef] [PubMed]
4. Regensteiner, J.G.; Wolfel, E.E.; Brass, E.P.; Carry, M.R.; Ringel, S.P.; Hargarten, M.E.; Stamm, E.R.; Hiatt, W.R. Chronic Changes in

Skeletal Muscle Histology and Function in Peripheral Arterial Disease. Circulation 1993, 87, 413–421. [CrossRef]
5. McDermott, M.M.; Ferrucci, L.; Gonzalez-Freire, M.; Kosmac, K.; Leeuwenburgh, C.; Peterson, C.A.; Saini, S.; Sufit, R. Skeletal

Muscle Pathology in Peripheral Artery Disease a Brief Review. Arterioscler. Thromb. Vasc. Biol. 2020, 40, 2577–2585. [CrossRef]
[PubMed]

6. 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]

7. Shimazoe, H.; Mii, S.; Koyanagi, Y.; Ishida, M. Impact of Low Activity of Daily Living on the Prognosis of Patients with Critical
Limb Ischemia and Sarcopenia. Ann. Vasc. Surg. 2019, 61, 156–164. [CrossRef]

8. Vedder, I.R.; Levolger, S.; Dierckx, R.A.J.O.; Zeebregts, C.J.; de Vries, J.P.P.M.; Viddeleer, A.R.; Bokkers, R.P.H. Effect of Muscle
Depletion on Survival in Peripheral Arterial Occlusive Disease: Quality over Quantity. J. Vasc. Surg. 2020, 72, 2006–2016.e1.
[CrossRef]

https://www.mdpi.com/article/10.3390/jcm10173963/s1
https://www.mdpi.com/article/10.3390/jcm10173963/s1
http://doi.org/10.1253/circj.CJ-16-1286
http://www.ncbi.nlm.nih.gov/pubmed/28123169
http://doi.org/10.1002/jcsm.12587
http://doi.org/10.1016/j.apmr.2017.10.017
http://www.ncbi.nlm.nih.gov/pubmed/29138051
http://doi.org/10.1161/01.CIR.87.2.413
http://doi.org/10.1161/ATVBAHA.120.313831
http://www.ncbi.nlm.nih.gov/pubmed/32938218
http://doi.org/10.1016/j.jvs.2014.10.094
http://doi.org/10.1016/j.avsg.2019.03.019
http://doi.org/10.1016/j.jvs.2020.03.050


J. Clin. Med. 2021, 10, 3963 12 of 13

9. McDermott, M.M.; Hoff, F.; Ferrucci, L.; Pearce, W.H.; Guralnik, J.M.; Tian, L.; Liu, K.; Schneider, J.R.; Sharma, L.; Tan, J.; et al.
Lower Extremity Ischemia, Calf Skeletal Muscle Characteristics, and Functional Impairment in Peripheral Arterial Disease. J. Am.
Geriatr. Soc. 2007, 55, 400–406. [CrossRef]

10. Charles, A.L.; Meyer, A.; Lejay, A.; Scholey, J.W.; Chakfé, N.; Zoll, J.; Geny, B. Chronology of Mitochondrial and Cellular Events
during Skeletal Muscle Ischemia-Reperfusion. Am. J. Physiol. Cell Physiol. 2016, 310, C968–C982. [CrossRef]

11. Blaisdell, F. The Pathophysiology of Skeletal Muscle Ischemia and the Reperfusion Syndrome: A Review. Cardiovasc. Surg. 2002,
10, 620–630. [CrossRef]

12. Ma, K.F.; Berends, B.; Vedder, I.R.; Levolger, S.; Gupta, M.; Schuurmann, R.C.; de Vries, J.P.P.M.; Bokkers, R.P. Quantification of
Muscle Mass in the Legs of Patients with Peripheral Arterial Occlusive Disease: Associations between Volumetric and Cross-
Sectional Single-Slice Measurements for Identification of Atrophy and Focal Sarcopenia. J. Cardiovasc. Surg. 2019, 60, 672–678.
[CrossRef] [PubMed]

13. Mitsiopoulos, N.; Baumgartner, R.N.; Heymsfield, S.B.; Lyons, W.; Gallagher, D.; Ross, R. Cadaver Validation of Skeletal Muscle
Measurement by Magnetic Resonance Imaging and Computerized Tomography. J. Appl. Physiol. 1998, 85, 115–122. [CrossRef]
[PubMed]

14. Prado, C.M.; Lieffers, J.R.; McCargar, L.J.; Reiman, T.; Sawyer, M.B.; Martin, L.; Baracos, V.E. Prevalence and Clinical Implications
of Sarcopenic Obesity in Patients with Solid Tumours of the Respiratory and Gastrointestinal Tracts: A Population-Based Study.
Lancet Oncol. 2008, 9, 629–635. [CrossRef]

15. Martin, L.; Birdsell, L.; MacDonald, N.; Reiman, T.; Clandinin, M.T.; McCargar, L.J.; Murphy, R.; Ghosh, S.; Sawyer, M.B.; Baracos,
V.E. Cancer Cachexia in the Age of Obesity: Skeletal Muscle Depletion Is a Powerful Prognostic Factor, Independent of Body
Mass Index. J. Clin. Oncol. 2013, 31, 1539–1547. [CrossRef]

16. Lena, A.; Anker, M.S.; Springer, J. Muscle Wasting and Sarcopenia in Heart Failure—the Current State of Science. Int. J. Mol. Sci.
2020, 21, 6549. [CrossRef]

17. Benz, E.; Trajanoska, K.; Lahousse, L.; Schoufour, J.D.; Terzikhan, N.; De Roos, E.; De Jonge, G.B.; Williams, R.; Franco, O.H.;
Brusselle, G.; et al. Sarcopenia in COPD: A Systematic Review and Meta-Analysis. Eur. Respir. Rev. 2019, 28, 190049. [CrossRef]

18. Carbone, S.; Billingsley, H.E.; Rodriguez-Miguelez, P.; Kirkman, D.L.; Garten, R.; Franco, R.L.; Lee, D.; Lavie, C.J. Lean Mass
Abnormalities in Heart Failure: The Role of Sarcopenia, Sarcopenic Obesity, and Cachexia. Curr. Probl. Cardiol. 2020, 45, 100417.
[CrossRef] [PubMed]

19. Kim, C.; Yang, Y.S.; Ryu, G.W.; Choi, M. Risk Factors Associated with Amputation-Free Survival for Patients with Peripheral
Arterial Disease: A Systematic Review. Eur. J. Cardiovasc. Nurs. 2021, 20, 295–304. [CrossRef] [PubMed]

20. Genovese, E.A.; Chaer, R.A.; Taha, A.G.; Marone, L.K.; Avgerinos, E.; Makaroun, M.S.; Baril, D.T. Risk Factors for Long-Term
Mortality and Amputation after Open and Endovascular Treatment of Acute Limb Ischemia. In Annals of Vascular Surgery;
Elsevier Inc.: Amsterdam, The Netherlands, 2016; Volume 30, pp. 82–92. [CrossRef]

21. Hicks, C.W.; Canner, J.K.; Kirkland, K.; Malas, M.B.; Black, J.H.; Abularrage, C.J. Hemodialysis Patients Have Worse Outcomes
after Infrageniculate Revascularization Procedures. J. Surg. Res. 2018, 226, 72–81. [CrossRef]

22. Shammas, A.N.; Jeon-Slaughter, H.; Tsai, S.; Khalili, H.; Ali, M.; Xu, H.; Rodriguez, G.; Cawich, I.; Armstrong, E.J.; Brilakis,
E.S.; et al. Major Limb Outcomes Following Lower Extremity Endovascular Revascularization in Patients with and Without
Diabetes Mellitus. J. Endovasc. Ther. 2017, 24, 376–382. [CrossRef] [PubMed]

23. Fashandi, A.Z.; Mehaffey, J.H.; Hawkins, R.B.; Kron, I.L.; Upchurch, G.R.; Robinson, W.P. Major Adverse Limb Events and Major
Adverse Cardiac Events after Contemporary Lower Extremity Bypass and Infrainguinal Endovascular Intervention in Patients
with Claudication. J. Vasc. Surg. 2018, 68, 1817–1823. [CrossRef] [PubMed]

24. Van Buuren, S. Flexible Imputation of Missing Data, 2nd ed.; Chapman and Hall/CRC: Boca Raton, FL, USA, 2018. [CrossRef]
25. Von Hippel, P.T. How Many Imputations Do You Need? A Two-Stage Calculation Using a Quadratic Rule. Sociol. Methods Res.

2020, 49, 699–718. [CrossRef]
26. Toutenburg, H.; Rubin, D.B. Multiple Imputation for Nonresponse in Surveys. Stat. Pap. 1990, 31, 180. [CrossRef]
27. White, I.R.; Royston, P. Imputing Missing Covariate Values for the Cox Model. Stat. Med. 2009, 28, 1982–1998. [CrossRef]
28. Peduzzi, P.; Concato, J.; Feinstein, A.R.; Holford, T.R. Importance of Events per Independent Variable in Proportional Hazards

Regression Analysis II. Accuracy and Precision of Regression Estimates. J. Clin. Epidemiol. 1995, 48, 1503–1510. [CrossRef]
29. McDermott, M.M.G.; Ferrucci, L.; Guralnik, J.; Tian, L.; Liu, K.; Hoff, F.; Liao, Y.; Criqui, M.H. Pathophysiological Changes in Calf

Muscle Predict Mobility Loss at 2-Year Follow-up in Men and Women with Peripheral Arterial Disease. Circulation 2009, 120,
1048–1055. [CrossRef]

30. Markel, K.M.; Avgerinos, E.D. Clopidogrel Resistance in Lower Extremity Arterial Endovascular Interventions. Curr. Pharm. Des.
2019, 24, 4554–4557. [CrossRef]

31. Jens, S.; Marquering, H.A.; Koelemay, M.J.W.; Reekers, J.A. Perfusion Angiography of the Foot in Patients with Critical Limb
Ischemia: Description of the Technique. Cardiovasc. Intervent. Radiol. 2015, 38, 201–205. [CrossRef]

32. Kim, R.; Choi, S.Y.; Kim, Y.J. The Efficacy of Cone-Beam CT-Based Perfusion Mapping in Evaluation of Tissue Perfusion in
Peripheral Arterial Disease. J. Clin. Med. 2021, 10, 947. [CrossRef]

33. Katz, D.L.; Doughty, K.; Ali, A. Cocoa and Chocolate in Human Health and Disease. Antioxid. Redox Signal. 2011, 15, 2779–2811.
[CrossRef] [PubMed]

http://doi.org/10.1111/j.1532-5415.2007.01092.x
http://doi.org/10.1152/ajpcell.00356.2015
http://doi.org/10.1016/S0967-2109(02)00070-4
http://doi.org/10.23736/S0021-9509.19.11107-X
http://www.ncbi.nlm.nih.gov/pubmed/31603293
http://doi.org/10.1152/jappl.1998.85.1.115
http://www.ncbi.nlm.nih.gov/pubmed/9655763
http://doi.org/10.1016/S1470-2045(08)70153-0
http://doi.org/10.1200/JCO.2012.45.2722
http://doi.org/10.3390/ijms21186549
http://doi.org/10.1183/16000617.0049-2019
http://doi.org/10.1016/j.cpcardiol.2019.03.006
http://www.ncbi.nlm.nih.gov/pubmed/31036371
http://doi.org/10.1093/eurjcn/zvaa022
http://www.ncbi.nlm.nih.gov/pubmed/33786599
http://doi.org/10.1016/j.avsg.2015.10.004
http://doi.org/10.1016/j.jss.2018.01.019
http://doi.org/10.1177/1526602817705135
http://www.ncbi.nlm.nih.gov/pubmed/28440113
http://doi.org/10.1016/j.jvs.2018.06.193
http://www.ncbi.nlm.nih.gov/pubmed/30470369
http://doi.org/10.1201/9780429492259
http://doi.org/10.1177/0049124117747303
http://doi.org/10.1007/BF02924688
http://doi.org/10.1002/sim.3618
http://doi.org/10.1016/0895-4356(95)00048-8
http://doi.org/10.1161/CIRCULATIONAHA.108.842328
http://doi.org/10.2174/1381612825666190101111123
http://doi.org/10.1007/s00270-014-1036-5
http://doi.org/10.3390/jcm10050947
http://doi.org/10.1089/ars.2010.3697
http://www.ncbi.nlm.nih.gov/pubmed/21470061


J. Clin. Med. 2021, 10, 3963 13 of 13

34. McDermott, M.M.; Criqui, M.H.; Domanchuk, K.; Ferrucci, L.; Guralnik, J.M.; Kibbe, M.R.; Kosmac, K.; Kramer, C.M.; Leeuwen-
burgh, C.; Li, L.; et al. Cocoa to Improve Walking Performance in Older People with Peripheral Artery Disease: The COCOA-PAD
Pilot Randomized Clinical Trial. Circ. Res. 2020, 126, 589–599. [CrossRef] [PubMed]

35. Giannopoulos, G.; Angelidis, C.; Vogiatzi, G.; Cleman, M.W.; Deftereos, S. Antioxidant Treatment in Peripheral Artery Disease:
The Rationale Is There, but What about Clinical Results? Curr. Opin. Pharmacol. 2018, 39, 53–59. [CrossRef] [PubMed]

36. Chikata, Y.; Iwata, H.; Doi, S.; Funamizu, T.; Okazaki, S.; Dohi, S.; Higuchi, R.; Saji, M.; Takamisawa, I.; Tamura, H.; et al.
Simultaneous Estimation of Gender Male and Atrial Fibrillation as Risk Factors for Adverse Outcomes Following Transcatheter
Aortic Valve Implantation. J. Clin. Med. 2020, 9, 3963. [CrossRef]

37. Cruz-Jentoft, A.J.; Bahat, G.; Bauer, J.; Boirie, Y.; Bruyère, O.; Cederholm, T.; Cooper, C.; Landi, F.; Rolland, Y.; Sayer, A.A.; et al.
Sarcopenia: Revised European consensus on definition and diagnosis. Age Ageing 2019, 48, 16–31. [CrossRef] [PubMed]

http://doi.org/10.1161/CIRCRESAHA.119.315600
http://www.ncbi.nlm.nih.gov/pubmed/32078436
http://doi.org/10.1016/j.coph.2018.01.008
http://www.ncbi.nlm.nih.gov/pubmed/29486422
http://doi.org/10.3390/jcm9123963
http://doi.org/10.1093/ageing/afy169
http://www.ncbi.nlm.nih.gov/pubmed/30312372

	Introduction 
	Materials and Methods 
	Patient Selection 
	Muscle Imaging 
	Outcome Variables and Follow-Up 
	Statistical Analysis 

	Results 
	Discussion 
	References

