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Deciphering Popliteal Artery Aneurysm 
Patient Diversity: Insights From a Cluster 
Analysis of the POPART Registry
Maria Elisabeth Leinweber , MD; Thomas Schmandra , MD, PhD; Thomas Karl , MD;  
Giovanni Torsello, MD, PhD; Dittmar Böckler , MD, PhD; Mikolaj Walensi , MD; Phillip Geisbuesch, MD, PhD; 
Thomas Schmitz-Rixen, MD, PhD; Georg Jung , MD; Amun Georg Hofmann , MD; on behalf of the POPART 
Registry collaborators* 

BACKGROUND: Popliteal artery aneurysms (PAAs) are the most common peripheral aneurysm. However, due to its rarity, the 
cumulative body of evidence regarding patient patterns, treatment strategies, and perioperative outcomes is limited. This 
analysis aims to investigate distinct phenotypical patient profiles and associated treatment and outcomes in patients with a 
PAA by performing an unsupervised clustering analysis of the POPART (Practice of Popliteal Artery Aneurysm Repair and 
Therapy) registry.

METHODS AND RESULTS: A cluster analysis (using k-means clustering) was performed on data obtained from the multicenter 
POPART registry (42 centers from Germany and Luxembourg). Sensitivity analyses were conducted to explore validity and 
stability. Using 2 clusters, patients were primarily separated by the absence or presence of clinical symptoms. Within the clus-
ter of symptomatic patients, the main difference between patients with acute limb ischemia presentation and nonemergency 
symptomatic patients was PAA diameter. When using 6 clusters, patients were primarily grouped by comorbidities, with pa-
tients with acute limb ischemia forming a separate cluster. Despite markedly different risk profiles, perioperative complication 
rates appeared to be positively associated with the proportion of emergency patients. However, clusters with a higher propor-
tion of patients having any symptoms before treatment experienced a lower rate of perioperative complications.

CONCLUSIONS: The conducted analyses revealed both an insight to the public health reality of PAA care as well as patients with 
PAA at elevated risk for adverse outcomes. This analysis suggests that the preoperative clinic is a far more crucial adjunct to 
the patient’s preoperative risk assessment than the patient’s epidemiological profile by itself.
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Popliteal artery aneurysms (PAAs) are the most 
common peripheral aneurysms.1–3 However, due 
to their rarity, there are limited data available on 

PAA treatment practices and outcomes, with the larg-
est patient cohorts typically coming from population-
based data, national insurance claim data sets, or 
vascular registries.4–9 While demographic descriptions 

of larger collectives of patients with PAAs have been 
conducted before, including subgroup analyses strati-
fied by sex,5,10 symptoms,6,8 or treatment modalities,11,12 
the complexity of aneurysm pathophysiology, the het-
erogeneity, and interactions among patient character-
istics make a solely hypothetico-deductive approach 
challenging, and many questions remain unanswered. 
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For instance, risk patterns for symptomatic presenta-
tion and perioperative complications have not been 
conclusively clarified yet.13

As routine clinical data become more accessible 
for research purposes, new opportunities are emerg-
ing for describing rare vascular diseases beyond tra-
ditional association studies.14–16 Clustering algorithms 
are an established approach to identify and character-
ize patient clusters that may not have been identified 
or addressed by clinicians before but can help explain 
variations in outcomes and heterogeneity of treatment 
responses.17–23

While phenotype clustering is becoming increas-
ingly important to facilitate a transition to precision 
medicine in cardiovascular diseases in general, it re-
mains underused in vascular surgery. This analysis 
aims to identify phenotype clusters in patients with 
PAAs on the basis of 27 different parameters compris-
ing demographics, comorbidities, anatomic features, 
and clinical symptoms to investigate the diversity of pa-
tients with PAAs and associated treatment approaches 
and outcomes.

METHODS
Data can be made available upon reasonable request 
to the corresponding author.

Study Design
The POPART (Practice of Popliteal Artery Aneurysm 
Repair and Therapy) registry is a multicenter out-
come registry for endovascular and open PAA re-
pair, established in 2014 by the German Institute for 
Vascular Health Research. Data requests should be 
directed to the German Institute for Vascular Health 
Research. The registry was described in detail in pre-
vious publications. Until February 2023, 42 centers 
in Germany and Luxembourg have become part of 
POPART, of which 38 centers have entered patients 
into the data set. Participating centers were required 
to offer both open and endovascular PAA repair. All 
patients aged >18 years who had undergone PAA 
treatment since 2010 were eligible for enrollment. 
Before study inclusion, patients had to provide in-
formed and written consent. As a noninterventional 
study, the indication for treatment was solely at the 
discretion of the attending surgeon and unrelated to 
study participation. No study-related follow-up vis-
its or examinations were conducted. Data entry was 
conducted via an electronic case report form. Study 
participants were consistently pseudonymized be-
fore being entered into the data set. General informa-
tion regarding treatment and associated outcomes 
and a descriptive analysis of the registry have been 
previously reported.12

Ethics Approval
POPART is approved by the Ethics Committee of 
the University Hospital Frankfurt (approval no. 218/4). 
POPART is also listed in the German Registry of Clinical 
Studies (Identification No. DRKS00017609).

Cluster Analysis
Cluster formation was performed applying the k-means 
clustering algorithm, an unsupervised learning strat-
egy, on the scaled data set. Cluster analysis involves 
grouping observations that are more similar to each 
other on the basis of a set of available variables. In 
brief, input variables will contribute to the final cluster-
ing with decreasing influence to final grouping depend-
ing on the level of separation a given variable creates 
between observations. K was optimized using different 
methods, including the total within sum of square, the 
silhouette method, as well as the NbClust function of 
the NbClust package in R (R Foundation for Statistical 
Computing, Vienna, Austria), which uses 30 different 
metrics to optimize k. Clusters were formed including 
27 different parameters comprising demographics, co-
morbidities, anatomic features, and clinical symptoms. 
In a sensitivity analysis, clusters were formed without 
clinical symptoms. The list of variables is shown in 
Table S1. Optimization suggested different values for 
k depending on the method for within sum of square 

CLINICAL PERSPECTIVE

What Is New?
•	 Patients with popliteal artery aneurysms under-

went phenomapping, and distinct patient sub-
groups were identified in a multicenter registry.

•	 Patients with popliteal artery aneurysms are 
primarily separated by clinical signs and symp-
toms and secondarily by comorbidities.

•	 Clusters diverge significantly in treatment and 
outcomes; a complex interplay exists between 
traditional risk factors, the clinical course, and 
subsequent outcomes.

What Are the Clinical Implications?
•	 Specific patient clusters might benefit from dis-

tinct treatment protocols.

Nonstandard Abbreviations and Acronyms

ALI	 acute limb ischemia
PAA	 popliteal artery aneurysm
POPART	 Practice of Popliteal Artery Aneurysm 

Repair and Therapy
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(6), silhouette (2), and NbClust (2) including symptoms. 
Differences were again obtained using within sum of 
square (6), silhouette (8), and NbClust (10) excluding 
symptoms. Clusters were formed with centers set to 2 
and nstart set to 25 (Figure S1). Optimization of k and 
cluster formation were performed using a set seed. 
Because clustering requires no missing data points, 13 
patients (1.0%) had to be removed from the registry 
data set. This was deemed to be reasonable without 
introducing a significant selection bias.

Statistical Analysis
All statistical analyses were conducted using R version 
4.1.3. Descriptive statistics were used to display study 
population and cluster characteristics. Proportions are 
shown in percentages. Groups were compared by t 
test or χ2 test depending on the variable. A P value 
<0.05 was considered statistically significant.

RESULTS
Study Population
The study population included 1223 patients of the 
POPART registry. In summary, 56 (4.6%) patients were 
women, and 1167 (95.4%) were men. The median age 
was 69 years (interquartile range, 61.5–77.0 years). 
Popliteal artery aneurysms had an average (arithmetic 
mean) diameter of 29.5 mm. Baseline characteristics 
are shown in Table  1. Patients were recruited to the 
register between 2010 and 2022.

Clustering Including Symptoms
Forming 2 clusters resulted in a partition with 922 pa-
tients and a second partition with 301 patients. While 
the clusters appeared similar regarding demographic 
parameters and the PAA diameter, large differences 
between cluster 1 and cluster 2 were observed re-
garding the mean number of runoff vessels (2.3 ver-
sus 1.5, P<0.001), proportion of asymptomatic patients 
in general (66.3% versus 1.3%, P<0.001), and acute 
limb ischemia in specific (0% versus 45.5%, P<0.001). 
This was further reflected by the rates of emergency 
surgeries and perioperative complications such as 
myocardial infarctions or major amputations. While the 
main driver of separation between the 2 clusters ap-
peared to be presence or absence of symptoms po-
tentially at least partially mediated by the number of 
runoff vessels, a subset analysis within cluster 2 was 
performed. We found no statistically significant differ-
ences between acute limb ischemia (ALI) and patients 
without ALI in cluster 2 regarding age, sex, smoking, 
obesity, or quality of inflow and number of outflow ves-
sels (all P>0.05). However, patients with ALI had signifi-
cantly larger maximal PAA diameters compared with 

patients without ALI in cluster 2 (32.0 versus 26.9 mm, 
P= 0.002). (Table 2).

Forming 6 clusters as suggested by a different k op-
timization approach produced a more granular picture 
of patients within the registry. In summary, the following 
clusters were found: Cluster 1 is characterized by small 
PAAs (28.8 mm), a small proportion of female patients 
(0.3%), the highest proportion of concomitant aortic 
aneurysms (89.0%), and satisfying outcomes and com-
parably lower rates of comorbidity. Cluster 2 included 
the oldest patients on average (mean, 74.3 years) with 
poor runoff (mean, 2.1 vessels). Cluster 3, the small-
est, consisted of younger, healthier patients, with the 
highest proportion of women (17.2%), the smallest rate 
of endovascular cases (0%) and the smallest com-
plication rate during open surgical treatment (21.9%). 
Cluster 4 was the biggest (552 patients) and was in 
between the other clusters regarding baseline charac-
teristics as well as treatment strategies and outcomes. 
Cluster 5 was mainly characterized by a high rate of 
emergency cases (82.1%). Cluster 6 included older pa-
tients (mean, 72.3 years), with poor runoff (mean, 2.1 
vessels) and large PAAs (34.0 mm). Notably, all patients 
in Cluster 6 had a documented malignant disease, and 
all patients with cancer in the registry were exclusively 
assigned to Cluster 6 (Table 3).

Regardless of the number of clusters, we found 
no statistically significant intercluster differences re-
garding complications apart from the ones mentioned 
above, including differences in vascular versus nonvas-
cular complications, major cardiovascular complica-
tions, or reinterventions after endovascular treatment. 
Impaired wound healing was the most prevalent com-
plication in all clusters.

Table 1.  Baseline Study Population Characteristics

Variable N=1223

Female: Male, n (%) 56 (4.6): 1167 (95.4)

Age, y 69.0 (61.5–77.0)

Aneurysm diameter, mm 29.5 (+/− 13.0)

Unimpeded inflow, % 12.2

Runoff vessels, %

0 6.0

1 19.3

2 31.6

3 43.0

Hypertension, % 67.3

Chronic kidney disease, % 12.1

Diabetes, % 16.5

Smoking, % 33.0

AAA, % 32.2

Contralateral PAA, % 7.9

AAA indicates abdominal aortic aneurysm; and PAA, popliteal artery 
aneurysms.
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Clustering Excluding Symptoms
Because symptoms posted a major separator between 
the clusters, they were excluded, and a sensitivity 
analysis was conducted to obtain information on pa-
tient clusters on the basis of epidemiological profiles. 
However, Clusters 2 and 4 were identical to Clusters 
6 and 3 in the analysis including symptoms. Cluster 1 
consisted of the youngest patients (mean, 62.3 years), 
with the smallest diameters (mean, 27.3 mm), and the 
best runoff (mean, 2.5 vessels) albeit the largest pro-
portion of smokers (52.0%). Cluster 3 had no female 
patients, average diameters and runoff, and the low-
est proportion of complications after surgical repair. 

Cluster 5 was characterized by the oldest patients 
(mean, 75.8 years) with the poorest runoff (mean, 1.7 
vessels). Cluster 6 was in between most clusters re-
garding baseline characteristics; however, it contained 
the highest proportion of endovascular treatments 
(23.4%) and simultaneously the highest rate of com-
plications in patients receiving open surgery (50.0%) 
(Table 4).

It was observed that the 6 clusters formed pairs 
by mean age (1 and 4, 2 and 5, as well as 3 and 6), 
suggesting that age served as a primary separator 
between clusters. Major differences between clusters 
of similar age structure included general rate of co-
morbidities (1 and 4), specific comorbidities such as 
cancer (2 and 5), or treatment strategies (6 and 3). A 
trend for larger diameters and less runoff vessels with 
increasing mean age among clusters was observed. 
Clusters 2 and 5 were the ones with the largest PAA 
diameters, with the highest proportion of patients in 
need of emergency treatment and the highest rate of 
perioperative complications of all clusters. However, 
the rate of emergency procedures might act as a posi-
tive confounder regarding perioperative complications 
instead of reflecting a true association between age 
and adverse outcomes. Interestingly, the proportion 
of patients requiring emergency care was inversely 
related to the proportion of patients who presented 
with any symptoms due to the PAA before undergoing 
treatment. Whereas Clusters 1, 3, 4, and 6 differed 
significantly regarding comorbidities, they showed a 
similar rate of perioperative complications, not only 
compared with the one cluster paired by mean age 
but also to the other clusters. This was particularly ap-
parent in relation to the young and healthy Cluster 4, 

Table 2.  Two Clusters Formed Using All Available 
Demographic and Clinical Features in the Registry

Cluster 1 Cluster 2

No. 922 301

Age, y 68.9 68.3

Female sex, % 4.3 5.3

Diameter, mm 29.4 29.2

Runoff vessels 2.3 1.5

Any complication (in surgical cases), % 11.6 33.2

Endovascular treatment, % 12.9 5.0

Vein graft, % 73.7 73.1

Asymptomatic cases, % 66.3 1.3

ALI, % 0.0 45.5

Emergency, % 2.4 55.1

Periprocedural myocardial infarction, % 0.2 2.2

Periprocedural amputation, % 0.3 4.4

ALI indicates acute limb ischemia.

Table 3.  Six Clusters Formed Using All Available Demographic and Clinical Variables in the Registry

Cluster 1 Cluster 2 Cluster 3 Cluster 4 Cluster 5 Cluster 6

No. 328 124 34 552 123 62

Age, y 69.6 74.3 62.4 67.0 68.7 72.3

Female sex, % 0.3 3.3 17.2 6.0 7.9 10.7

Diameter, mm 28.8 29.2 29.7 28.9 32.3 34.0

Runoff vessels 2.2 2.1 2.4 2.2 2.4 2.1

Any complication (surgical cases), % 15.6 15.5 15.6 13.1 40.5 24.0

Endovascular treatment, % 13.4 7.3 0.0 11.8 5.7 14.5

Vein graft (surgical cases), % 71.9 68.2 87.5 76.4 67.6 72.0

Emergency, % 5.2 10.5 14.7 7.2 82.1 19.4

Coronary heart disease, % 37.2 54.0 0.0 33.9 34.1 45.2

Smoking, % 15.2 32.3 2.9 19.4 19.5 16.1

Thrombosed PAA, % 6.7 7.3 11.8 10.7 37.4 19.4

Concomitant AAA, % 89.0 40.3 0.0 0.5 23.6 32.3

Chronic kidney disease, % 0.0 99.2 0.0 0.0 13.8 12.9

Malignant disease, % 0.0 0.0 0.0 0.0 0.0 100

AAA indicates abdominal aortic aneurysm; and PAA, popliteal artery aneurysm.
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which did not display a specifically low complication 
rate.

The Effect of Symptoms on Cluster 
Formation
We further investigated cluster differences when 
symptoms were either included or excluded. Two 
clusters remained identical regardless of the in-
clusion of symptoms. Apart from this, no major 
intersections were identified among the different 
clustering strategies. Clusters including clinical 
symptoms distributed among several different clus-
ters excluding symptoms. The largest overlap was 
found between original cluster 4 and cluster 1 after 
excluding symptoms. (Table 5) The heterogeneous 
distribution of most patients among different clus-
ters depending on the availability of input variables 
suggests that epidemiological risk profiles are not 
necessarily coherent with clinical signs and symp-
toms of PAAs.

DISCUSSION
In the phenomapping analysis, we applied several 
clustering approaches to data of a multicenter regis-
try of patients with PAA, the POPART registry. Using 2 
clusters, we observed that the main separator among 
patients was the presence of symptoms in general 
and of acute limb ischemia in specific. However, within 
the cluster that was characterized by a high pres-
ence of patients with ALI, only 45.5% were affected 
by it. The main differentiator in this cluster between 
patients with ALI and patients without ALI seemed to 
be the PAA diameter (non-ALI, 26.9 mm versus ALI, 
32.0 mm). Although this is not a matched analysis, 
these patients are still very similar to each other re-
garding their risk profiles and clinical appearance. This 
is a strong indicator that PAA diameter is a relevant 
predictor for developing ALI in patients with sympto-
matic PAA. Evidence is scarce regarding the relation-
ship of aneurysm diameter and the probability of acute 
thromboembolic events.13 However, data of one of the 

Table 4.  Six Clusters Formed After Removing Clinical Signs and Symptoms Before Clustering the Data Set

Cluster 1 Cluster 2 Cluster 3 Cluster 4 Cluster 5 Cluster 6

No. 487 62 129 34 434 77

Age, y 62.3 72.3 69.4 62.4 75.8 68.6

Female sex, % 5.3 10.7 0.0 14.7 3.8 3.9

Diameter, mm 27.3 34.0 30.2 29.7 31.3 29.1

Runoff vessels 2.5 2.1 2.1 2.4 1.7 2.0

Any complication (surgical cases), % 13.4 24.0 17.0 15.6 22.4 12.5

Endovascular treatment, % 9.7 14.5 13.2 0.0 9.9 23.4

Vein graft (surgical cases), % 66.5 72.0 68.9 87.5 69.7 80.4

Emergency, % 16.0 19.4 10.9 14.7 17.5 3.9

Smoking, % 52.0 25.8 34.1 0.0 15.9 27.3

Concomitant AAA, % 23.4 32.3 72.1 0.0 32.7 32.4

Chronic kidney disease, % 4.7 12.9 14.0 0.0 20.0 15.6

Any symptoms, % 48.9 46.8 63.6 52.9 45.9 63.6

Malignant disease, % 0.0 100 0.0 0.0 0.0 0.0

Coronary heart disease, % 12.5 45.2 39.5 0.0 62.4 45.5

AAA indicates abdominal aortic aneurysm.

Table 5.  Distribution of Patients Among Clusters Depending on the Inclusion (Rows) or Exclusion (Columns) of Clinical 
Signs and Symptoms

Excluding symptoms

Cluster 1 Cluster 2 Cluster 3 Cluster 4 Cluster 5 Cluster 6

Cluster 1 95 0 104 0 110 19

Cluster 2 20 0 17 0 75 12

Cluster 3 0 0 0 34 0 0

Cluster 4 319 0 4 0 187 42

Cluster 5 53 0 4 0 62 4

Cluster 6 0 62 0 0 0 0

The cancer cluster (former, 6; new, 2) and the young and healthy cluster (former, 4; new, 3) remained the same.
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largest PAA collectives ever reported in literature so 
far showed similar results with larger PAAs in patients 
with acute aneurysm thrombosis (mean diameter, 
35.5 mm).6 Further investigations are required, but this 
might imply that patients with a distinct risk profile as 
seen with this cluster are at elevated risk for develop-
ing ALI and might therefore be suited for accelerated 
access to surgery.

When using 6 clusters, a picture of higher diver-
sity developed. In summary, we found the following: 
a cluster with the lowest diameters, almost no female 
patients, and the lowest rate of emergency procedures 
(Cluster 1); a cluster with predominantly older patients, 
with a large proportion of patients with chronic kidney 
disease (Cluster 2); a small cluster of healthy, young pa-
tients (Cluster 3); a middle-of-the-pack cluster (Cluster 
4), which was also the largest; cluster with a high rate 
of emergency cases (Cluster 5); and an exclusive can-
cer cluster (Cluster 6). In general, these clusters reflect 
the reality of PAA care from a public health perspective. 
We argue that Cluster 4 resembles something akin to 
an average patient with PAA while the other clusters 
constitute distinct PAA subpopulations with specific 
profiles regarding both their medical history and risk for 
adverse outcomes.

While no data regarding prior screenings are avail-
able in the POPART registry, Cluster 1 potentially re-
flects a high proportion of positively screened patients 
who underwent prophylactic treatment. The high rate of 
identified abdominal aortic aneurysms (89%), the small 
aneurysm diameter, and the low proportion of female 
patients as well as patients in need of emergency treat-
ment suggest that these patients underwent screening 
for aneurysmatic disease. In Germany, abdominal aortic 
aneurysm routine screening was established in 2017 for 
all men aged >65 years. Whereas screening unselected 
patients for PAA is not recommended, current practice 
guidelines state that men with larger abdominal aortic 
aneurysm may benefit from duplex ultrasound exam-
ination of their popliteal vessels.13,24–26

The cluster with the highest patient age and highest 
comorbidity rate with almost all patients requiring he-
modialysis was Cluster 2. These polymorbid patients 
showed poor quality of runoff vessels and in only 68% 
of open repair cases a reconstruction with a vein by-
pass. However, in comparison with the other clusters, 
these patients did not stand out with an excessive 
overall complication rate, which is surprising consider-
ing their polymorbidity, advanced age, and poor runoff.

Cluster 3 was characterized by young and mostly 
healthy patients. The high rate of open surgical repair 
in this cluster aligns with the current treatment guide-
lines for PAAs, with patients having a life expectancy of 
>5 years, tolerating both kinds of procedures and hav-
ing an adequate great saphenous vein being consid-
ered for primary open surgical treatment.13 In contrast 

with general assumptions, these healthy and young 
patients showed a similar perioperative complication 
rate as the older multimorbid patients in Cluster 2.

The 2 clusters with the largest PAA diameters, 
namely, Clusters 5 and 6, exhibited the highest rates of 
perioperative complications. Notably, there was a stark 
contrast in the urgency of treatment between these 2 
clusters.

Cluster 5, characterized by a predominance of 
acute thrombosed PAAs alongside generally good 
overall runoff quality, suggests that these patients were 
likely asymptomatic before treatment and were not 
previously identified on the basis of clinical symptoms 
like claudication. Their initial clinical presentation was 
prompted by an acute thrombotic event, explaining 
the high proportion of emergency cases (82%), limited 
use of vein grafts, and elevated perioperative com-
plication rates typically associated with emergency 
surgeries.6,12,27

In contrast, patients in Cluster 6 exhibited less fa-
vorable preoperative anatomic features, including the 
largest PAA diameters among all clusters and the 
poorest runoff quality. However, only 19% of cases 
were emergencies. All patients in this cluster had a 
malignant disease, which necessitated close medical 
monitoring and regular diagnostic imaging. Therefore, 
we hypothesize that PAAs in Cluster 6 were predom-
inantly diagnosed in an asymptomatic state during 
staging imaging or follow-up examinations. The un-
derlying malignancy, often associated with limited life 
expectancy and increased perioperative risk assess-
ment, may also be the reason for the higher proportion 
of endovascular treatments in this group, as well as 
the comparatively high complication rate, despite the 
lower number of emergency procedures.

Conflicting data exist on the association of increased 
aneurysm growth in patients with an abdominal aor-
tic aneurysm receiving chemotherapy.28–30 However, 
whether the large PAA diameter in this cluster may be 
related to chemotherapy can only be hypothesized and 
not answered with this data set.

By applying different clustering strategies and feed-
ing different sets of input variables to the algorithm, 
we aimed at examining the internal validity and stabil-
ity of our results as suggested for cluster analyses.31 
Multiple analyses were conducted to validate the re-
sults, including varying the number of clusters (relative 
validation), investigating cluster homogeneity regarding 
input variables (internal validation), and analyzing clini-
cal outcomes (external validation).

Because symptoms acted as a significant differen-
tiator among the clusters, they were excluded during a 
sensitivity analysis, to gather insights into patient clus-
ters according to epidemiological risk profiles. When 
comparing these clusters, it was observed that the 
rate of perioperative complications increased as the 
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proportion of emergency procedures within a cluster 
rose. Notably, the proportion of patients who exhibited 
symptoms before treatment showed an inverse rela-
tionship with the proportion of patients requiring emer-
gency care. We hypothesize that patients with chronic 
symptoms attributed to the PAA, such as claudication 
due to microembolism or local compression from the 
aneurysm, are more likely to seek medical attention 
and subsequently be scheduled for elective treatment 
than patients who remain asymptomatic until they ex-
perience an acute thromboembolic event.

This intriguingly led to the observation that clusters 
with a higher proportion of patients having any symp-
toms before treatment experienced a lower rate of 
perioperative complications. This was strikingly appar-
ent by the findings of the first cluster analysis, showing 
a similar complication rate for the cluster of young and 
healthy patients compared with the cluster comprising 
mostly elderly and multimorbid patients. In the sensitiv-
ity analysis, the 2 clusters with the highest patient age, 
the largest aneurysm diameter, and the highest rate 
of acutely treated patients displayed the highest com-
plication rate, aligning with the previous observations 
that PAA diameters, a primary factor for ALI, increase 
with advancing age. While the presence of symptoms 
is associated with fewer emergency treatments due to 
ALI, age is linked to increasing PAA diameters, which 
in turn appear to increase the proportion of emergency 
treatments. Emergency treatments are strongly asso-
ciated with perioperative complications, whereas an 
association of age and complications is at least par-
tially confounded by diameters and acute surgery.

This analysis suggests that the preoperative clinic is a 
far more crucial adjunct to the patient’s preoperative risk 
assessment than the patient’s epidemiological profile by 
itself, also supported by the observation that patients 
were primarily differentiated according to the absence or 
presence of clinical symptoms when using only 2 clus-
ters. A summary of these findings is shown in the Figure.

Limitations
This study is limited by the design as an observational 
registry study. Clinical assessment of the patient’s 
symptoms, the preoperative imaging, and treatment 
indication were at the sole discretion of the attending 
surgeon and could not be externally verified by the 
study team. Furthermore, potential confounding varia-
bles, including specific data on aneurysm morphology, 
intraluminal thrombus configuration, and medication 
usage before hospital admission, were not considered 
in the electronic case report form. Due to the limited 
number of perioperative complications within the study 
group, it was not feasible to conduct a separate analy-
sis of perioperative outcomes stratified by cardiopul-
monary, vascular, and nonvascular complications.

We conducted a distinct validation approach as 
described above, but it is not conclusively understood 
whether certain validation strategies are superior to 
others.

CONCLUSIONS
These analyses revealed an insight to the public health 
reality of PAA care in Germany and Luxembourg as 
well as adding to the body of evidence regarding pa-
tients with PAAs at elevated risk for adverse outcomes. 
Cluster analysis can identify prognostically distinct 
phenotypes beyond predefined assumptions or his-
torical classifications, which can help improve surgical 
decision-making by developing a more accurate un-
derstanding of risk-modifying factors.

APPENDIX A
POPART registry collaborators (in the order of their 
time of participation): Kyriakos Oikonomou, MD, PhD, 
Department of Vascular and Endovascular Surgery, 
University Hospital Frankfurt am Main, Frankfurt am 
Main, Germany; Martin Storck, MD, PhD, Department 
of Vascular and Thoracic Surgery, Klinikum Karlsruhe, 
Karlsruhe, Germany; Kai Balzer, MD, PhD, Department 
of Vascular and Endovascular Surgery, St. Marien-
Hospital, Bonn, Germany; Ulrich Kugelmann, MD, 
Department of Vascular and Endovascular Surgery, 
Kreiskliniken Guenzburg-Krumbach, Guenzburg, 
Germany; Christina Schneider, MD, Department of 

Figure.  Interplay of different factors in PAA.
A higher number of patent runoff vessels is associated with fewer 
preoperative symptoms. However, the presence of symptoms is 
simultaneously associated with fewer emergency treatments due 
to acute limb ischemia. Age is linked to increasing PAA diameters, 
which appears to increase the proportion of emergency 
treatments. Emergency treatments are the driving factor for 
perioperative complications, whereas an association of age and 
complications is at least partially confounded by diameters and 
acute surgery. PAA indicates popliteal artery aneurysm.



J Am Heart Assoc. 2024;13:e034429. DOI: 10.1161/JAHA.124.034429� 8

Leinweber et al� Deciphering PAA Patient Diversity

General and Vascular Surgery, Krankenhaus der 
Barmherzigen Brueder Trier, Trier, Germany; Michael 
Engelhardt, MD, PhD, Department of Vascular and 
Endovascular Surgery, Bundeswehrkrankenhaus Ulm, 
Ulm, Germany; Michael Petzold, MD, Krankenhaus 
Maerkisch Oderland, Strausberg, Germany; 
Barbara Weis-Mueller, MD, PhD, Kliniken Maria Hilf, 
Department of Vascular surgery and Angiology, 
Moenchengladbach, Germany; Markus Wortmann, 
MD, Department of Vascular, Endovascular and 
Transplantation Surgery, Klinikum Stuttgart, Stuttgart, 
Germany; Sebastian Popp, MD, Department of 
Vascular and Endovascular Surgery, Schoen-Klinik 
Vogtareuth, Vogtareuth, Germany; Dirk Grotemeyer, 
MD, PhD, Service de Chirurgie Vasculaire, Hôpital 
Kirchberg, Hôpitaux Robert Schuman, Luxembourg; 
Heiner Wenk, MD, PhD, Klinik Lilienthal, Lilienthal, 
Germany; Roushanak Shayesteh-Kheslat, MD, 
Department of General, Visceral, Vascular, and 
Pediatric Surgery, University Hospital Homburg/
Saarland, Homburg/Saar, Germany; Giovanni 
Torsello, MD, PhD, Institut für vaskulaere Forschung, 
St. Franziskus-Hospital GmbH, Muenster, Germany, 
Katrin Meisenbacher, MD, Department of Vascular 
and Endovascular Surgery, University Hospital 
Heidelberg, Heidelberg, Germany; Johannes 
Hoffmann, MD, PhD, Department of Vascular Surgery 
and Phlebology, Contilia Herz und Gefaeßzentrum, 
Essen, Germany; Hubert Schelzig, MD, PhD, Clinic of 
Vascular and Endovascular Surgery, University Clinic 
Duesseldorf, Heinrich-Heine-University, Duesseldorf, 
Germany; Yush Roopa, MD, Department of Vascular 
and Endovascular Surgery, Klinikum am Plattenwald, 
SLK-Kliniken Heilbronn GmbH, Bad Friedrichshall, 
Germany; Thomas Strohschneider, MD, Department 
of Vascular, Endovascular Surgery and Angiology, 
Karl-Olga Krankenhaus, Stuttgart, Germany; Thomas 
Noppeney, MD, PhD, Department of Vascular Surgery, 
University Hospital Regensburg, Regensburg, 
Germany; Viktor Reichert, MD, Department of 
Vascular and Endovascular Surgery, Klinikum 
Sindelfingen-Boeblingen, Sindelfingen, Germany; 
Uwe Lorenz, MD, Department of Vascular Surgery, 
Oberhavel Kliniken, Hennigsdorf, Germany; Karin 
Pfister, MD, PhD, Department of Vascular Surgery, 
University Hospital Regensburg, Regensburg, 
Germany; Shoaeddin Damirchi, MD, Department of 
Vascular Surgery, Evangelische Krankenhaus Herne, 
Herne, Germany; Tomislav Stojanovic, MD, PhD, 
Department of Vascular and Endovascular Surgery, 
Klinikum Wolfsburg, Wolfsburg, Germany; Alexander 
Oberhuber, MD, PhD, Department of Vascular 
and Endovascular Surgery, University Hospital 
Muenster, Muenster, Germany; Bernd Lobenstein, 
MD, Department of Vascular Surgery, Klinikum 
Naumburg, Naumburg, Germany; Tolga Atilla Sagban, 

MD, Department of Vascular Surgery, Sana Klinikum 
Hameln-Pyrmont, Hamelin, Germany; Tomas Pfeiffer, 
MD, PhD, Department of Vascular and Endovascular 
Surgery, Hegau-Bodensee-Klinikum Singen, Singen, 
Germany; Johann Koller, MD, Department of Vascular 
and Endovascular Surgery, Kreiskliniken Reutlingen, 
Reutlingen, Germany; Christian Sprenger, MD, 
Department of Vascular and Endovascular Surgery, 
Klinikum Mutterhaus der Borromaerinnen, Trier, 
Germany; Thomas Kruschwitz, MD, Claus-Georg 
Schmedt, MD, PhD, Department of Vascular Surgery, 
Diakonie-Klinikum Schwaebisch Hall, Schwaebisch 
Hall, Germany; Frank Marquardt, MD, Department 
of Vascular Surgery, Rotes Kreuz Krankenhaus 
Bremen, Bremen, Germany; Thomas Schmandra, 
MD, PhD, Department of Vascular and Endovascular 
Surgery, Rhoen Klinikum, Campus Bad Neustadt, Bad 
Neustadt, Germany; Dorothee Bail, MD, PhD, Robert-
Bosch-Krankenhaus Stuttgart, Stuttgart, Germany.
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