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ABSTRACT

Background. This study aimed to systematically characterize the prevalence and
morphometric features of Type III popliteal artery branching variants in a computed
tomography angiography (CTA) cohort of Chinese patients, and to derive global
prevalence estimates and identify sources of heterogeneity via meta-analysis.

Methods. This retrospective cohort comprised 235 consecutive patients (470 lower
extremities) who underwent bilateral lower-extremity CTA between April 2020 and
December 2024. Branching patterns were classified according to the Kim-Lippert system.
CTA images were reviewed for popliteal artery branching and anatomical variations.
Morphometric assessment included proximal diameters at the tibiofibular neck, terminal
diameters of compensatory vessels, hypoplasia/aplasia classification, termination-point
localization, and target-artery-to-peroneal-artery (PA) diameter ratios. Four databases
were searched for the meta-analysis. Pooled prevalence was estimated using a random-
effects model with Freeman-Tukey double arcsine transformation.

Results. Type III variants were identified in 24 patients (10.21%) and 32 limbs (6.81%),
comprising Type IITA (3.19% limbs), IIIB (2.55% limbs), IIIC (0.21% limbs), and I1ID
(0.85% limbs). Two atypical peri-ankle collateral-dominant patterns were observed in 5
limbs (1.06%). Target-artery reductions were pronounced, with proximal diameter
reductions of 31.9-33.3% accompanied by reciprocal PA enlargement of 15.3-16.9%
proximally and 23.6-25.6% terminally. The target-artery-to-PA ratio reversed from 1.25
in normal limbs to 0.73 in IITA and 0.65 in IIIB. Across 30 studies (10,351 limbs), pooled
prevalences were 90.93% for Type I, 3.30% for II1A, 1.46% for IIIB, 0.56% for ITIIC, and
0.13% for IIID, with moderate to substantial heterogeneity (I> = 46.1-87.1%). Meta-
regression showed that CT-based detection was associated with lower Type IIIC
prevalence, and larger sample size as predictive of lower IIID prevalence.

Conclusions. Type III popliteal artery variants were relatively common in this cohort of
Chinese patients. In IIIA and IIIB, tibial deficiency was accompanied by peroneal artery
enlargement, whereas IIID showed peroneal deficiency with preserved tibial runoff; IIIC
was too rare for morphometric inference. Recognition of these patterns on preoperative
CTA, including atypical peri-ankle collateral variants, is therefore prudent to ensure safe
performance of lower-extremity microsurgical and orthopedic procedures.

Trial registration: Not applicable.

Keywords: popliteal artery; anatomical variation; computed tomography angiography;
hypoplasia; aplasia; peroneal artery; meta-analysis; lower limb; reconstructive surgery
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BACKGROUND

The infra-popliteal arterial system, comprising the anterior tibial artery (ATA),
posterior tibial artery (PTA), and peroneal artery (PA), normally supplies distributed
perfusion to the lower leg and foot. Congenital hypoplasia or aplasia of one or more of
these arteries fundamentally alters the vascular architecture!!!. The underdeveloped artery
tapers or terminates prematurely, whereas the remaining vessels, most often the PA,
exhibit compensatory enlargement!?. This adaptive reorganization may reduce the
redundancy of independent perfusion pathways and has the potential to impair ischemic
tolerance, thereby establishing these anatomical variants as clinically significant risk
factors. Specifically, such variants substantially increase the risk of flap harvest failure
and may precipitate postoperative ischemia or flap necrosis in reconstructive surgery'® 4.,

Lippert and Pabst first classified lower limb arterial variants in 1985"), Kim et al.
later refined this system, which remains widely used for infra-popliteal variations!®!.
Within Kim's classification, Types I (normal) and II (high bifurcation) retain three-vessel
runoff. Type III, by contrast, entails hypoplasia or aplasia of one or more tibial or
peroneal arteries with redistribution of distal perfusion, a pattern with direct implications
for flap harvest and donor-site safety (Figure 1). For example, in Type IIIA and IIIB,
hypoplasia of the PTA or ATA leaves the PA as the dominant inflow vessell’..
Unintended PA sacrifice can cause distal ischemia during fibular flap harvest, peroneal
perforator flap elevation, or fracture fixation® °. Peronea arteria magna (Type IIIC)
represents an absolute contraindication to free fibular flap harvest!!’l. Type IIID, in which
the PA pedicle itself is deficient, renders both flap types unsuitable!!'!). Accordingly,
preoperative recognition of Type III variants is essential for surgical planning, flap
selection, and donor-site safety.

Reported prevalence estimates for Type III range from less than 1% in European
angiographic cohorts!'?! to more than 17% in an Indian CTA series!!*). Although multiple
studies attribute this variation to geographic ancestry, diagnostic modality, and reader
expertisel'¥, no study has systematically quantified these sources of heterogeneity.
Existing systematic reviews and meta-analyses have focused on overall prevalence and
specific surgical procedures without addressing subtype-specific heterogeneity or
diagnostic modality effects!!® '], Moreover, the classical subclassification treats
hypoplasia and aplasia as a single entity and provides no quantitative framework for
compensatory remodeling; whether the PA achieves functional substitution remains to be
demonstrated morphometrically. CTA-based data on Type III popliteal artery branching
in the Chinese population including prevalence and morphological subtypes remain
unavailable.

Preoperative vascular mapping (PVM)has become standard practice in lower-leg
flap surgery and microsurgical reconstruction!'®). Although conventional digital
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subtraction angiography (DSA) remains the gold standard for peripheral arterial imaging,
its invasive nature and associated complication risk limit routine clinical application.
Computed tomography angiography (CTA) is now the preferred modality, offering high-
resolution three-dimensional visualization of popliteal and tibial anatomy!!”!.
Nevertheless, current preoperative CTA assessment focuses on the presence or absence of
the three tibial arteries, with little quantitative evaluation of compensatory remodeling or
distal perfusion reserve. The Kim-Lippert classification is purely descriptive and offers
limited clinical guidance. These gaps make it difficult to identify functionally significant
variants or stratify risk, particularly when the target artery is hypoplastic but the
compensatory vessel appears only mildly enlarged on a cursory review. Whether
perfusion reserve meets established safety thresholds for microsurgical procedures
remains unclear.

This study aimed to address these gaps with three objectives: (1) define Type III
prevalence and subtype distribution in a Chinese CTA cohort, including atypical peri-
ankle patterns; (2) quantify morphometric reorganization using a multi-dimensional
framework; and (3) conduct an updated meta-analysis of 30 studies (10,351 limbs) to
derive global pooled prevalence estimates and identify sources of heterogeneity.

METHODS

The overall study design and analytical workflow are shown in Figure 2.

Study Design and Population

This retrospective study was conducted at the Department of Orthopedics, 920
Hospital of Joint Logistics Support Force, between April 2020 and December 2024.
Consecutive patients who underwent bilateral lower-extremity CTA for PVM prior to
calf soft-tissue reconstruction were screened. Inclusion criteria: age > 18 years, complete
bilateral CTA of diagnostic quality, clinical indication for preoperative vascular
assessment. Exclusion criteria: > 50% atherosclerotic stenosis, history of lower-extremity
vascular surgery, major trauma, or congenital skeletal/non-vascular malformation, severe
artifacts, incomplete data. A total of 235 patients (470 limbs) were included. The study
was approved by the Institutional Ethics Committee of the 920th Hospital of Joint
Logistic Support Force (approval number: [2026-079-1]) and was performed in
accordance with the Declaration of Helsinki; informed consent was waived.

Imaging Protocol

All examinations were performed on a 128-section multidetector CT scanner
(Somatom Definition AS, Siemens Healthineers). Patients were positioned supine with
feet-first gantry entry, and scanning extended from the renal arteries to the tips of the
toes. Detailed acquisition and reconstruction parameters are provided in Supplementary
Table 1.
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Image Analysis and Classification

CTA data were post-processed to generate 3D volume-rendered and maximum-
intensity projection images on an OsiriX MD workstation, with supplementary
reconstruction using Mimics software. Two board-certified radiologists (8 and 12 years
of experience) independently evaluated all images in a blinded manner. Discrepancies
were resolved by consensus, with a senior radiologist (18 years of experience)
adjudicating disagreements. Inter-observer agreement was assessed by Cohen's kappa.
Intra-observer agreement was evaluated via re-evaluation of 30 random cases after 2
weeks.

Branching patterns were classified using the Kim-Lippert system, focusing on
Type II wvariants. Subtypes comprised IIIA (PTA hypoplasia/aplasia with PA
compensation), IIIB (ATA hypoplasia/aplasia with PA compensation), IIIC (combined
ATA/PTA deficiency with PA as sole distal feeder, peronea arteria magna), and IIID (PA
hypoplasia/aplasia). Variants not matching classical subtypes were documented as
atypical peri-ankle collateral patterns, defined by target-artery hypoplasia with dominant
peri-ankle collateral anastomoses rather than diffuse PA trunk enlargement.

Arterial Morphometric Assessment

Because hypoplastic or aplastic arteries often terminate before reaching the ankle,
a standardized fixed-plane distal measurement was considered methodologically
unsound, and a multi-dimensional morphometric approach was adopted instead. Proximal
external diameters of the PTA, ATA, and PA were measured at a uniform level—1 cm
distal to the PA origin at the tibiofibular neck—on axial source images perpendicular to
the vessel long axis, from outer wall to outer wall (syngo.via; Siemens Healthineers).
Hypoplasia was defined as a proximal diameter below 70% of the mean normal diameter
for that vessel (PTA < 2.24 mm, ATA < 2.00 mm, PA < 1.79 mm); aplasia was defined
as complete vessel absence with no opacification distal to the origin®. The key
anatomical feature was the presence of compensatory blood supply to the distal foot from
the peroneal artery. For IIIA and IIIB, in which the PA was the dominant patent inflow
vessel, its terminal diameter was additionally measured 3 cm above the ankle; for IIID,
distal PTA and ATA diameters were measured instead. The proximal target-artery-to-PA
diameter ratio was computed as a dimensionless index of relative hypoplasia and
perfusion dominance.

All morphometric measurements were performed independently by two observers
(the same radiologist with 8 years of experience in musculoskeletal imaging who
participated in branching-pattern classification, and a microvascular surgeon with 10
years of experience), blinded to the classification results. The mean of the two
measurements was used for analysis. Inter-observer reliability was excellent (intraclass
correlation coefficient [ICC] = 0.91, 95% CI 0.85-0.95).
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Systematic Review and Meta-Analysis

This meta-analysis adhered to PRISMA 2020!'8) and was not prospectively
registered. Four databases (PubMed, Embase, Web of Science, Cochrane) were searched
using MeSH and free-text terms for popliteal artery, anatomical variation, branching
pattern, hypoplasia, aplasia, tibial/peroneal artery, prevalence, CTA, angiography,
cadaveric study. Reference lists of included studies and reviews were hand-searched; no
language restriction was applied. The full strategy is listed in Supplementary Table 2.

Inclusion criteria were observational studies (cross-sectional, angiographic, or
cadaveric) reporting Type III subtype prevalence with extractable counts, a sample size
of > 10 limbs, and full-text availability with complete data. Exclusion criteria comprised
case reports, reviews, abstracts, editorials, studies without subtype stratification, duplicate
or overlapping cohorts, and incomplete data. Two reviewers independently screened
records and extracted data using a standardized form; inter-observer agreement was
assessed by Cohen's kappa. Methodological quality was evaluated using the Newcastle-
Ottawa Scale (NOS), with a score > 6 defining high-quality studies.

Statistical Analysis

Continuous variables were presented as mean + SD. Normality and variance
homogeneity were assessed by Shapiro-Wilk and Levene tests, respectively. Between-
group diameter differences were compared by one-way ANOVA with Bonferroni post
hoc tests (P < 0.017 for three-group comparisons); the Welch t-test was used for unequal
variances. All morphometric variables satisfied normality assumptions (all Shapiro-Wilk
P > 0.05), justifying parametric testing. Type IIID comparisons (n = 4) were considered
exploratory; reported P values should be interpreted with caution. Categorical variables
were reported as frequencies and percentages. PTA-PA diameter correlation was assessed
by Pearson's r.

Pooled prevalence estimates were computed by the DerSimonian-Laird random-
effects model, chosen a priori given anticipated heterogeneity. Proportions were
transformed using the Freeman-Tukey double arcsine transformation, with 95% Cls.
Between-study heterogeneity was quantified by Cochran's Q and I, with I> > 50% or P_Q
< 0.05 defining significance. Subgroup analyses were stratified by diagnostic modality
and geographic region, with between-subgroup differences tested by Cochran's Q.
Weighted least-squares meta-regression included four a priori covariates: geographic
region (coded as Asian vs. non-Asian origin), CT-based detection modality, publication
year, and sample size. Explained heterogeneity was quantified by adjusted R?, with
Benjamini-Hochberg false discovery rate (FDR) correction for multiple testing. Trim-
and-fill adjustment was applied to subtypes with prevalence > 1% and > 10 included
studies (Type I, IIIA, and IIIB).
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RESULTS

Single-Center Cohort Study

Baseline Characteristics

Of 235 patients included (178 males and 57 females; mean age, 45.8 = 14.0
years), 470 lower extremities were available for independent limb-level assessment.
Inter-observer agreement for branching-pattern classification was excellent (Cohen's
kappa = 0.89; 95% CI, 0.82-0.94), as was intra-observer agreement (Cohen's kappa =
0.92; 95% CI, 0.86—0.96). Baseline characteristics were summarized in Table 1.

Prevalence of Type III Variants

The prevalence and laterality distribution of Type III infra-popliteal variants and
atypical branching patterns were summarized in Table 2. Type III variants were
identified in 24 patients (10.21%) and 32 limbs (6.81%). Of these 24 patients, 8 had
bilateral and 16 had unilateral involvement. Type IIIA was the most frequent subtype,
identified in 11 patients (4.68%) and 15 limbs (3.19%), followed by Type IIIB in 9
patients (3.83%) and 12 limbs (2.55%). Type IIIC and Type IIID were rare, encountered
in 1 patient (0.43%, 1 limb) and 3 patients (1.28%, 4 limbs), respectively.

Four patients (1.70% of the cohort) exhibited atypical branching patterns across five
limbs (1.06% of all limbs). These patterns were classified as atypical pattern A (3
patients, 4 limbs) and atypical pattern B (1 patient, 1 limb). Both subtypes featured
target-artery hypoplasia with dominant peri-ankle collateral anastomoses, rather than
diffuse PA trunk enlargement.

Morphological Features

Type III variants consistently featured hypoplasia or aplasia of the target artery with
reciprocal compensatory remodeling. In Type IIIA, the ATA and PA were clearly
visualized, whereas the PTA was hypoplastic and its distal segment was replaced by the
PA (Figure 3). Type IIIB showed ATA hypoplasia with the dorsalis pedis artery replaced
by the PA; the PTA and PA remained patent (Figure 4). In Type IIIC, combined ATA
and PTA hypoplasia or aplasia left the PA as the sole distal feeder, termed peronea arteria
magna (Figure 5). Type IIID displayed PA hypoplasia, with the distal foot retaining a
normal perfusion pattern (Figure 6). The two atypical patterns showed PTA or ATA
hypoplasia, with distal perfusion maintained through prominent peri-ankle collateral
connections between the PA and tibial arteries (Figure 7).

Morphometric Analysis

Multi-dimensional morphometric measurements were summarized in Table 3. In
non-Type III limbs (n = 433), proximal diameters followed PTA (3.20 + 0.42 mm) >
ATA (2.85 = 0.39) > PA (2.55 + 0.36), with a PTA/PA ratio of 1.25, and physiological
tapering toward the ankle (proximal-to-terminal ratio 1.31-1.36).

7
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In IIA (n = 15), the PTA was severely hypoplastic proximally (2.18 + 0.36 mm,
—31.9%, P < 0.001; below the 70% threshold of 2.24 mm), with hypoplasia in 9 of 15
limbs (60.0%) and aplasia in 6 of 15 limbs (40.0%) (terminating 8.5 + 2.3 cm above the
ankle). The PA showed compensatory enlargement at both proximal (2.98 + 0.42,
+16.9%, P < 0.001) and terminal (2.45 £+ 0.36, +25.6%, P < 0.001) levels. Its terminal
diameter approximated the normal PTA terminal diameter (2.40 mm), an anatomical
finding consistent with possible functional substitution. The PTA/PA ratio fell to 0.73 (P
< 0.001), and PTA hypoplasia correlated inversely with PA enlargement (r = —0.62, P =
0.013). ATA diameter remained unchanged.

In IIIB (n = 12), the ATA was severely hypoplastic (1.92 + 0.33 mm, —32.6%, P <
0.001; below the 70% threshold of 2.00 mm), with 58.3% hypoplasia and 41.7% aplasia
(aplastic vessels terminating 7.8 + 2.0 cm above the ankle). The PA showed
compensatory enlargement at both proximal (2.94 £ 0.41 mm, +15.3%, P = 0.001) and
terminal (2.41 = 0.35 mm, +23.6%, P < 0.001) levels, and the ATA/PA ratio decreased to
0.65 (P <0.001). PTA diameter was preserved.

In IIID (n = 4), the PA itself was deficient (1.70 £ 0.28 mm, —33.3%, P = 0.001;
threshold 1.79 mm), predominantly aplastic (75.0%, terminating 10.2 £ 2.6 cm above
ankle). PTA and ATA enlargement was mild and non-significant (+1.8-2.2%, all P >
0.05). The PTA/PA ratio rose to 1.92 (P <0.001). These comparisons are exploratory and
should be interpreted with caution.

Systematic Review and Meta-Analysis

Study Selection and Characteristics

Thirty studies (10,351 lower extremities) met inclusion criteria and were pooled
(PRISMA flowchart, Supplementary Figure 1): 9 CTA, 14 DSA, and 7 cadaveric studies,
spanning East Asia (n = 5), South Asia (n = 4), West Asia (n = 9), Europe (n = 7), and
North America (n = 5). All attained NOS scores > 5; 27 (90.0%) scored > 6 (high
quality). The three studies scoring 5 were retained; sensitivity analysis showed no
material change in pooled estimates. After reclassifying Celtikci et al. from CTA to DSA
and assigning the two Thai studies to East Asia, the pooled prevalence, subgroup, and
meta-regression estimates were not rerun and are reported from the original analysis.
Baseline characteristics of the included studies are presented in Supplementary Table 3.

Pooled Prevalence and Heterogeneity

Pooled prevalence estimates, heterogeneity statistics, and publication bias
assessments were summarized in Table 4, with corresponding forest plots in Figure 8
and funnel plots in Supplementary Figure 2. Type I prevalence was 90.93% (95% CI
89.30-92.43%, I = 83.2%). Type III subtypes: IITA 3.30% (2.53—4.17%, I = 75.3%),
1B 1.46% (0.96-2.05%, 1> = 68.7%), 11IC 0.56% (0.33-0.84%, I* = 54.4%), I1ID 0.13%
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(0.07-0.21%, I> = 46.1%). Non-Type III limbs accounted for 94.13% (92.61-95.48%, I*
= 87.1%). Egger's tests detected significant asymmetry for Type I (P < 0.0001), Type
IITA (P < 0.0001), Type IIIB (P < 0.0001), Type IIIC (P = 0.0007), and non-Type III
patterns (P < 0.0001), but not for Type IIID (P = 0.9877). Trim-and-fill adjustment,
applied only to Type I, IIIA, and IIIB (prevalence > 1%, >10 studies), altered prevalence
estimates by <0.3 percentage points, without reversing direction.

Subgroup Analysis and Meta-Regression

Subgroup analyses were detailed in Supplementary Table 4. Anatomical
dissection studies showed the lowest between-study heterogeneity, DSA-based studies
the highest, and CTA studies intermediate heterogeneity. Type IIIA prevalence was
highest in anatomical dissection cohorts (4.58%). Type IIIC prevalence was lowest in
CTA studies (0.34%). Geographically, Type IIIA prevalence peaked in South Asia
(6.56%) and was lowest in East Asia (2.55%); Type IIIB and IIIC showed zero or low
heterogeneity in East Asian cohorts (Figure 9).

Univariable and multivariable meta-regression were performed using four
prespecified covariates: geographic region, CT-based detection, publication year, and
sample size (Table 5). CT-based detection was independently associated with a lower
prevalence of Type IIIC (adjusted p = —0.108; 95% CI, —0.195 to —0.021; P = 0.015;
FDR-corrected P = 0.032; adjusted R? = 45.7%). A larger sample size was independently
associated with a lower prevalence of Type IIID (adjusted B = —0.006; 95% CI, —0.011 to
—0.001; P = 0.024; FDR-corrected P = 0.041; adjusted R?> = 38.2%). After FDR
correction, no covariate retained a statistically significant association with the remaining
subtypes.

DISCUSSION

Principal Findings

This study characterized Type III popliteal artery variants and their surgical
implications via a single-center CTA cohort (235 patients, 470 limbs) and an updated
meta-analysis (30 studies, 10,351 limbs). Three findings carry preoperative relevance.
First, CTA data confirmed the anatomical commonality of Type III variants and atypical
patterns in Chinese patients. Second, morphological analysis demonstrated compensatory
peroneal artery enlargement with reversal of the target-artery-to-peroneal-artery diameter
ratio from 1.25 (normal) to 0.73 (IITA) and 0.65 (IIIB). Third, two atypical peri-ankle
collateral patterns (1.06% of limbs) featured target-artery hypoplasia with dominant
anastomoses rather than diffuse enlargement, easily overlooked on routine CTA. Meta-
regression showed CT-based detection was independently associated with lower Type
HIC prevalence (B = —0.108, FDR-adjusted P = 0.032), suggesting the highest-risk
variant may be missed by CTA, the modality most used for flap planning. These findings

9
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argue for shifting preoperative assessment from qualitative classification toward
quantitative morphometric evaluation and distal perfusion reserve assessment.

Prevalence: Comparison with Global and Regional Data

Our cohort's overall Type Il prevalence (6.81%) fell within the wide published
rangel”> 1% 29 Type IIIA (3.19%) approximated the global pooled estimate (3.30%) and
lay within the East Asian range (2.55-4.12%), consistent with regional PTA deficiency
epidemiology. Type IIIB (2.55%) exceeded the global estimate (1.46%) and most
individual studies, except Celtikci et al.'s Turkish DSA cohort (5.1%)?!); 128-slice CTA's
higher resolution may detect mild ATA hypoplasia missed by lower-resolution
imaging[22]. Type IIIC (peronea arteria magna), the most severe subtype with PA as sole
distal inflow, had a global pooled prevalence of 0.56% (range, 0.1-1.66%)!'3); our cohort
yielded one limb (0.21%), at the lower spectrum end. Type IIID (PA hypoplasia/aplasia),
absent from Kim's 1989 classification but later added®*!, had the lowest pooled
prevalence (0.13%); our cohort nonetheless identified four cases (0.85%).

Geographic heterogeneity in Type III prevalence was statistically robust and
clinically meaningful. South Asia had the highest Type IIIA prevalence (6.56%), whereas
East Asia had the lowest (2.55%), a pattern likely attributable to embryonic and genetic
influences on arterial development; population-level variation in these processes may
underlie the observed geographic differences?* 2°!. Larger, multi-ethnic cohorts with
standardized imaging protocols and centralized morphometric assessment are needed to
validate geographic variation in Type III popliteal artery variants. CTA studies reported a
lower Type IIIC prevalence of 0.34% compared with dissection cohorts. This likely
reflects the limited ability of CTA to opacify extremely hypoplastic or thread-like distal
vessels in peronea arteria magna, despite its widespread use as a preoperative vascular
mapping tool!'!). When tibial arteries were visible on imaging but terminate proximal to
the distal foot, Type IIIC variants may be misclassified or entirely overlooked!!®.
Because CTA may underestimate the extent of distal tibial artery truncation in Type IIIC,
surgeons should maintain a high index of suspicion for this variant, even when CTA
reports describe apparently normal tibial anatomy.

Morphometric Reorganization and Its Implications for Flap Surgery

To our knowledge, our morphometric data provide quantitative evidence that
Type IIIA and IIIB variants reflect adaptive arterial remodeling, whereas IIID reflects
peroneal deficiency with preserved tibial runoff; IIIC was too rare for morphometric
inference. In Type IIIA, for example, the PA enlarged to assume the distal perfusion role
normally served by the PTA. An inverse correlation between PTA hypoplasia severity
and PA enlargement (r = —0.62, P = 0.013) supported a coordinated, hemodynamically
driven response: the more severe the target-artery deficiency, the greater the
compensatory PA enlargement. These findings carry direct implications for lower-leg

10
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flap and microsurgical practice, information that cannot be gleaned from branching-
pattern classification alone!'>). The affected limb exists in a state of compensated
insufficiency. At rest, the enlarged PA maintained adequate distal perfusion, but
reduction of independent outflow tracts from three to two, or to one in Type IIIC,
necessarily lowers ischemic reserve. When the dominant PA was further compromised,
whether by surgical sacrifice during fibular flap harvest, perforator flap dissection, or
postoperative thrombosis, the limb may shift from adequate resting perfusion to critical

ischemial?® 271,

Building on these subtype-specific morphometric distinctions, we
therefore propose a four-tier perfusion reserve and ischemic risk stratification that
integrates  anatomical pattern, compensatory mechanism, and flap-specific

contraindications to guide preoperative donor-site selection (Figure 10).

Given this adaptive remodeling, a normal preoperative vascular examination,
including pedal pulse palpation and portable Doppler ultrasonography, neither excludes
high-risk Type III variants nor guarantees tolerance of peroneal artery (PA) sacrificel?®.
Karaolanis et al. reported a 76-year-old man with bilateral congenital posterior tibial
artery (PTA) aplasia who had palpable pedal pulses and biphasic Doppler signals despite
complete PTA absence from the popliteal fossa to the ankle*”). Similarly, in a
consecutive series of 101 fibular flaps, Longo et al. failed to identify a hypoplastic PA (1
mm, terminating 15 cm above the lateral malleolus) on color Doppler; the variant was
recognized only intraoperatively!?*. For Type IIIA or IIIB patients considered for free
fibular flap, supplementary hemodynamic assessment, such as skin perfusion pressure or
intraoperative indocyanine green angiography after temporary PA occlusion, seems
prudent before committing to PA sacrificel*”). Marginal perfusion on these tests warrants
serious consideration of an alternative donor site®!!. This recommendation is reinforced
by the systematic review of Abou-Foul et al., which demonstrated PA-dependent distal
perfusion in 28.4% of limbs across 5,790 cases!'?). Clinical experience further supports
this approach. Golas et al. successfully converted a bilateral Type IIIA patient from
fibular flap to deep circumflex iliac artery flap after CTA confirmed PA-dependent foot
perfusion®!!. Accordingly, we synthesized the available clinical evidence to define
actionable risk outcomes associated with Type III popliteal artery variants across all
subtypes (Table 6), providing a subtype-specific reference for flap selection and donor-
site risk stratification.

Preoperative CTA Assessment: A Practical Framework for Microsurgeons
Current preoperative CTA assessment for lower-leg flap surgery is able to display
branching-pattern classification and the presence or absence of the three tibial arteries!*?.
The present data demonstrate that incorporating morphometric metrics is critical for
optimal surgical planning. The multi-dimensional morphometric framework used here,
proximal diameters, compensatory vessel terminal diameters, hypoplasia/aplasia
classification, termination-point localization, and the target-artery-to-PA diameter ratio,
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provides substantially more actionable information for the operating surgeon. A practical
CTA report for a flap candidate might include six elements. Branching pattern
classification according to Kim-Lippert, with notation of any atypical patterns.
Identification of the dominant distal perfusion vessel and its terminal diameter.
Classification of any hypoplastic vessel as hypoplasia versus aplasia, with the termination
point for aplastic vessels. The target-artery-to-PA diameter ratio as an index of perfusion
dominance. An explicit comment on the number of patent vessels at the ankle level.
Adopting this standardized reporting would allow microsurgeons to make more informed
decisions about flap selection, donor-site risk, and the need for supplementary
hemodynamic testing[*?!,

Based on these elements, we propose a practical framework for microsurgeons to
assist surgical decision-making (Figure 11). The routine preoperative CTA should be
obtained for all patients being considered for lower-leg flap or microsurgical
reconstruction. Radiologists should adopt the framework described above rather than
relying on branching-pattern classification alone. Surgeons should specifically rule out
Type III whenever distal tibial vessels are poorly visualized or when CTA findings are
discordant with physical examination.

CONCLUSIONS

This study characterized Type III popliteal artery variants in a Chinese cohort of
235 patients (470 limbs), combined with a meta-analysis of 10,351 limbs. Type III
variants affected 6.81% of limbs. In IIIA and IIIB, tibial deficiency was accompanied by
PA enlargement and reversed target-artery-to-PA diameter ratios, whereas I1ID showed
PA deficiency with preserved tibial runoff; IIIC was too rare for morphometric inference.
Atypical peri-ankle collateral patterns (1.06%) may be under-recognized on cursory CTA
review, and CT-based detection was associated with lower Type IIIC prevalence,
possibly reflecting reduced sensitivity for thread-like distal vessels. Standardized multi-
dimensional CTA reporting, incorporating diameter ratios and ankle-level vessel patency,
is recommended to guide safe lower-leg flap selection.

LIMITATIONS

This study has several limitations. The single-center retrospective design with
selection bias limits generalizability. The cohort comprised patients undergoing
preoperative CTA for flap planning, a surgically high-risk population that may differ
from the general population, and the results were most applicable to this preoperative
surgical cohort. Atypical peri-ankle arterial patterns were identified in only 5 limbs.
Significant residual heterogeneity and publication bias persisted despite meta-regression
and trim-and-fill adjustment. The meta-analysis was not prospectively registered.
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Morphometric assessment quantified only anatomical diameters, without concurrent
hemodynamic evaluation. Type IIID comprised only 4 limbs.
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445  FIGURE LEGENDS
446  Figure 1. Type III (hypoplasia/aplasia) variants according to Kim and Lippert.

447  Subtypes IIIA (PTA hypoplasia or aplasia), IIIB (ATA hypoplasia or aplasia), IIIC
448  (combined ATA/PTA hypoplasia or aplasia, peronea arteria magna), and IIID (PA
449  hypoplasia or aplasia). ATA, anterior tibial artery; PTA, posterior tibial artery; PA,
450  peroneal artery.

451 Type IA (Normal) Type llIA Type llIB Type llIC Type llID

452  Figure 2. Flowchart of overall study design.

453  The study integrates a single-center CTA cohort (235 patients, 470 limbs) with a
454  systematic review and meta-analysis (30 studies, 10,351 limbs).
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Overall Study Design

Evaluation of Lower-Limb Artery Anatomical Variations

Single-Center Retrospective Cohort + Systematic Review and Meta-Analysis

Research Objective

Single-Center Retrospective Cohort Systematic Review and Meta-Analysis
Study Period: Apr 2020 - Dec 2024
Lower-limb CTA for preoperative vascular mapping Literature Search & Screening
Initial: 235 patients (470 limbs) Four-database retrieval (PubMed, Embase,
Cochrane, Web of Science)
l Reference tracking and manual search
Title/abstract + full-text eligibility review
Exclusion Criteria (PRISMA2020)
« >50% atherosclerotic stenosis (SVS criteria)
* Prior lower-limb vascular surgery or trauma
* Severe imaging artifacts
+ Incomplete clinical data
Data Extraction & Quality Assessment
l Study baseline characteristics extraction
Subtype prevalence data extraction
Final Enrolled Cohort Methodological quality evaluation
235 patients (470 limbs) (Newcastle-Ottawa Scale)
128-slice MDCT scanner
(Siemens Somatom Definition AS)
. Primary Analysis: Prevalence Pooling
Image Post-processmg Freeman-Tukey double arcsine transformation
PACS raw data retrieval DerSimonian-Laird random-effects model
3D VR and MIP reconstruction (OsiriX MD) Heterogeneity: Cochran's Q and I2
3D arterial models (Mimics: 120-350 HU, Publication bias: funnel plot and Egger's test
3-voxel smoothing kernel)
Anatomical & Morphometric Assessment Secondary Analysis: Meta-Regression
Kim-Lippert classification : : : .
Atypical peri-ankle collateral pattern ID V\éﬂéggiggelsaggsigﬁaé?ggrngg%g erg.r;'-:js]:'ggn
Morphometric parameter measurement publication year, sample size
(diameters, ratios, termination points) Subgroup analysis by rﬁodal‘fty and region

Stud¥ Outcomes & Clinical Implications
Prevalente distribution of popliteal artery branching variants
in a Chinese CTA cohort
Morphometric characterization of Type III subtypes
and compensatory remodeling
Practical framework for preoperative CTA assessment
in lower-leg flap and microsurgical planning

455

456  Figure 3. Type IIIA variant: posterior tibial artery (PTA) hypoplasia with
457  compensatory PA enlargement.
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(a—c) A 43-year-old woman with a typical unilateral Type IIIA variant in the left lower
limb. Axial CT slice (a) shows left PTA absence in the distal lower leg (arrow). Coronal
maximum-intensity projection (MIP) reconstruction (b) and three-dimensional volume-
rendered image (c) demonstrate PTA attenuation with compensatory enlargement of the
peroneal artery (PA) supplying distal perfusion (arrows).

(d—f) A 42-year-old man with a typical bilateral Type IIIA variant. Axial CT slice (d)
shows bilateral PTA absence in the distal lower leg (arrows). Coronal MIP reconstruction
(e) and three-dimensional volume-rendered image (f) demonstrate bilateral PTA
attenuation with compensatory PA enlargement supplying distal perfusion (arrows).

unilateral Type IlIA bilateral Type IlIA

Figure 4. Type I1IB variant: anterior tibial artery (ATA) hypoplasia with peroneal
artery (PA) compensation.

(a—c) A 39-year-old man with a typical unilateral Type IIIB variant in the right lower
limb. Axial CT slice (a) shows right ATA absence in the distal lower leg (arrow).
Coronal maximume-intensity projection (MIP) reconstruction (b) and three-dimensional
volume-rendered image (c) demonstrate ATA attenuation with compensatory
enlargement of the peroneal artery (PA) supplying distal perfusion (arrows).

(d—f) A 40-year-old man with a typical bilateral Type IIIB variant. Axial CT slice (d)
shows bilateral ATA absence in the distal lower leg (arrows). Coronal MIP
reconstruction (e) and three-dimensional volume-rendered image (f) demonstrate bilateral
ATA attenuation with compensatory PA enlargement supplying distal perfusion (arrows).
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Figure 5. Type IIIC variant (peronea arteria magna): combined ATA and PTA
hypoplasia and aplasia.

(a—d) A 44-year-old man with a typical unilateral Type IIIC variant in the left lower limb.
Axial CT slice (a) shows absence of the ATA and PTA in the distal lower leg, with the
PA as the sole vessel supplying the lower leg and foot (arrows). Coronal maximum-
intensity projection (MIP) reconstruction (b) and three-dimensional volume-rendered
image (c) demonstrate hypoplasia/aplasia of both the ATA and PTA, with the PA
supplying distal perfusion (arrows). Three-dimensional volume-rendered image
reconstructed with Mimics software (d) shows PA extension to the distal pedal vessels.
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unilateral Type IlIC
(peronea arteria magna)

Figure 6. Type IIID variant: peroneal artery (PA) hypoplasia with preserved tibial
arteries.

(a—) A 49-year-old woman with a typical unilateral Type IIID variant in the right lower
limb. Axial CT slice (a) shows right PA hypoplasia in the distal lower leg (arrow).
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Coronal maximum-intensity projection (MIP) reconstruction (b) and three-dimensional
volume-rendered image (c) demonstrate the right PA attenuation and absence in the distal
lower leg while the PTA and ATA maintain normal distal perfusion (arrows).

(d—f) A 43-year-old man with a typical bilateral Type IIID variant. Axial CT slice (d)
shows bilateral PA absence in the distal lower leg (arrows). Coronal MIP reconstruction
(e) and three-dimensional volume-rendered image (f) demonstrate the bilateral PA
attenuation and absence in the distal lower leg while the PTA and ATA maintain normal
distal perfusion (arrows).

unilateral Type IlID bilateral Type IlID

Figure 7. Atypical peri-ankle collateral-dominant pattern: hypoplastic target artery
with ankle anastomoses.

(a—d) A 72-year-old woman with an atypical peri-ankle collateral-dominant pattern in the
right lower limb. Axial CT slice (a) shows that thick side branches anastomose between
the PA and PTA at the ankle joint (arrow). Coronal maximum-intensity projection (MIP)
reconstruction (b) and three-dimensional volume-rendered image (c¢) demonstrate
hypoplasia of the ATA with robust collateral anastomoses between PA and PTA at the
ankle joint (arrows). Three-dimensional volume-rendered image reconstructed with
Mimics software (d) provides an overview of the lower extremity vasculature.

(e-h) A 27-year-old man with bilateral atypical peri-ankle collateral-dominant pattern.
Axial CT slice (e) shows that bilateral branches anastomose between the peroneal and
posterior tibial arteries at the ankle joint (arrow). Coronal maximum-intensity projection
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(MIP) reconstruction (f) and three-dimensional volume-rendered image (g) demonstrate
that the bilateral PTAs are hypoplastic but remain intact, and robust collateral
anastomoses between the PA and PTA at the ankle joint (arrows). Three-dimensional
volume-rendered image reconstructed with Mimics software (h) provides an overview of
the lower extremity vasculature.

Figure 8. Forest plots of pooled prevalence estimates for popliteal artery branching
patterns in the meta-analysis.

Random-effects meta-analysis (DerSimonian-Laird model with Freeman-Tukey double
arcsine transformation) of 30 studies comprising 10,351 lower extremities. Forest plots
are shown for (a) Type I (normal), (b) Type IIIA, (c) Type IIIB, (d) Type IIIC (peronea
arteria magna), (e) Type IIID, and (f) non-Type III patterns.
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Figure 9. Subgroup analysis of pooled prevalence by diagnostic modality and
geographic region.

Bar charts comparing pooled prevalence estimates across prespecified subgroups. (a)
Type I and Type III prevalence by diagnostic method (angiography, CT-angiography,
anatomical dissection). (b) Type III subtype prevalence (IIIA, IIB, IIC, IIID) by
diagnostic method. (c¢) Type I and Type III prevalence by geographic region (North
America, East Asia, Europe, West Asia, South Asia). (d) Type III subtype prevalence by
geographic region.
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Figure 10. Anatomy-derived perfusion reserve and theoretical ischemic risk
stratification of Type III popliteal artery variants for lower-leg flap surgery.

Four-tier grading system mapping anatomic subtypes to surgical risk. Grade I (adequate
reserve, low risk): Type IIID — ATA and PTA preserved with isolated PA deficiency;
limb perfusion maintained, but PA-based flaps are unsuitable due to a deficient pedicle.
Grade II (compensated reserve, moderate risk): Atypical peri-ankle collateral patterns —
target-artery hypoplasia offset by prominent ankle anastomoses preserving pedal arch
integrity; flap selection requires collateral adequacy assessment. Grade III (insufficient
reserve, high risk): Type IIIA and I1IB — tibial artery deficiency with PA compensation;
PA sacrifice risks distal ischemia, and free fibular flap is a relative contraindication.
Grade IV (absent reserve, absolute contraindication): Type IIIC (peronea arteria magna)
— PA is the sole distal feeder; any PA sacrifice is absolutely contraindicated.
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Perfusion Reserve & Ischemic Risk Stratification
Type Il Popliteal Artery Variants for Lower-Leg Flap Surgery

Type llIC (Peronea Arteria Magna)

G rade Iv Pathophysiological Basis
Both ATA and PTA are hypoplastic/aplastic;

PA is the sole vessel supplying lower leg and foot.

No Perfusion

Reserve Clinical & Surgical Implications

Absolute ABSOLUTE CONTRAINDICATION to PA sacrifice.
Contraindication CTA must comment on all three tibial arteries at ankle.
obtain DSA/MRA if distal vessels poorly visualized.

Type llIA & Type llIB
Grade "I Pathophysiological Basis
Tibial artery hypoplasia (PTA in IlIA, ATA in IlIB);
Insufficient PA compensatory enlargement.
Per!uSion Rese_rve Clinical & Surgical Implications
High Ischemic Relative contraindication to free fibular flap.
Risk Assess remaining tibial runoff;
Consider alternative donor site.

Atypical Peri-ankle Collateral Pattern

G rade " Pathophysiological Basis

ATA or PTA hypoplasia

Accompanied by prominent peri-ankle anastomoses;
PA-PTA or ATA communicating branch.

Compensated

Perfusion Reserve
Moderate Ischemic Clinical & Surgical Implications

Risk Carefully evaluate peri-ankle vasculature;
PA trunk may appear normal on cursory CTA.

Type llID (PA Hypoplasia/Aplasia)

Grade I Pathophysiological Basis

PA hypoplastic/aplastic,

Both ATA and PTA normal.
Aqequate Clinical & Surgical Implications

GCUCEEUIREEEY | | imb perfusion preserved:

Low Ischemic Poor PA pedicle quality.
Risk Hypoplastic PA may prude flap harvsting.
Alternative donor sites first choice.
549 ATA=anterior tibial | PTA=posterior tibial | PA=peroneal | DSA=digital subtraction angiography | MRA=MR angiography

550  Figure 11. Practical framework for preoperative CTA assessment in lower-leg flap
551  and microsurgical reconstruction.

552 Four-stage clinical decision pathway. Stage 1 (Preoperative Imaging): routine CTA for all
553  flap candidates. Stage 2 (Anatomical Assessment): evaluate ATA, PTA, and PA patency;
554  classify per Kim-Lippert, noting atypical peri-ankle collaterals. Non-Type III limbs
555  proceed to surgery. Stage 3 (Perfusion Assessment): standardized report including (1)
556  branching pattern, (2) proximal diameters, (3) dominant distal vessel and terminal
557  diameter, (4) hypoplasia/aplasia with termination point, (5) target-artery-to-PA ratio, (6)
558 ankle-level patency. Stage 4 (Surgical Decision): further imaging (DSA/MRA) or
559  hemodynamic testing if distal vessels are poorly visualized; final flap selection, donor-
560  site risk stratification, and intraoperative PA occlusion test when indicated.
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Preoperative CTA Assessment: A Practical Framework for Microsurgeons

()] Candidate for lower-leg Routine preoperative CTA
Preoperative flap or micr (128-section, Or higher

Imaging reconstruction resolution)

Assess presence / absence

of three tibial arteries (ATA, -

PTA, PA) .
Normal or Go on surgery with
¢ J, Non-Type lll careful intraoperative
Overall Kim-Lippert branching- evaluation for Lower-Leg
Vascular pattern classification (note Flap Surgery
AAnalomy . atypical peri-ankle collateral
ssessmen patterns)
Preliminary stratification:
Type lll variant / Atypical pattern
Six-Element Standardized CTA Report :
Evaluation of blood supply and perfusion
status
@ = =z s z
. (1) Branching Pattern @ Proximal Diameters
Perfusion Type |11A-D; note atypical peri-ankle patterns ATA /| PTA / PA at tibiofibular neck, compare with normal values
Assessment
(Six Elements) (@ Dominant Distal Vessel @) Hypoplasia vs Aplasia
Identify dominant perfusion vessel; measure terminal diameter Classify deficient vessel; record lermination point if aplastic
(5) Target-to-PA Ratio (@ Ankle-Level Patency
Target-artery-to-PA diameter ratio as perfusion dominance index Explicit comment on number of patent vessels at ankle leve!
v
Surgeon Reviews YES | FuherEvalaton DA crnin,
Distal tibial vessels poorly visualized? \or supplementary hemodynamic testing,
or CTA Inaccurate assessment? ‘ or Redesign the surgical plan
@

Surgical
Decision

Final Surgical Decision: Flap Selection + Donor-Site Risk Stratification +
Intraoperative vascular confirmation & temporary PA occlusion test if indicated

561

562
563

Supplementary Figure 1. PRISMA 2020 flowchart of study selection for the
systematic review and meta-analysis.

564
565

Supplementary Figure 2. Forest plots and funnel plots for each Type III subtype in
the meta-analysis.
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