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Abstract Background The anterolateral thigh free flap is an option for repairing soft tissue
defects of the distal lower extremity. This flap uses the descending branch of the lateral
circumflex femoral (LCF) artery as the flap vessel. The recipient vessel in these flaps is
often the anterior tibial (AT), posterior tibial (PT), or peroneal (P) arteries. Computa-
tional fluid dynamic (CFD) evaluation of anastomoses between these vessels can
optimize outcomes.
Methods Thirty-eight CFD models were created to model end-to-side (ETS) and end-
to-end (ETE) anastomoses for lower extremity reconstruction. Seven out of thirty-eight
models represented ETS anastomoses between the LCF and AT arteries with varying
anastomotic angles. Nine out of thirty-eight models represented 45-degree ETS
anastomoses between varying diameters of the LCF and AT, PT, and P arteries. Nine
out of thirty-eight models represented stenosis on the flap vessel and recipient vessel,
pre- and post-bifurcation. Nine out of thirty-eight models represented ETE anastomo-
ses, rather than ETS, with varying vessel diameters. Four out of thirty-eight models
represented ETE anastomoses with varying regions and levels of stenosis.
Results Stasis of blood flow in ETS models increased as anastomotic angle increased
in a logarithmic relationship (R2¼0.918). Flow was optimized overall as flap and
recipient vessel diameters approached one another. In ETS models, flap vessel and
postbifurcation recipient vessel stenosis were found to substantially increase stasis.
Conclusion Selection of flap and recipient vessels with similar diameters can optimize
outcomes in microvascular anastomoses. In the context of lower extremity reconstruc-
tion with the ALT flap, the PT artery can be recommended as a first-line recipient vessel
due to its similar vessel caliber to the LCF and relative ease of surgical access compared
with the P artery. Avoidance of areas of stenosis is recommended to ensure laminar
flow and reduce the operative difficulty associated with performing anastomoses on
nonpliable arteries. Striving for increased acuity of anastomotic angles is recom-
mended to optimize the flow in ETS microvascular anastomoses.
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Introduction

Reconstruction of complex lower limbdefects canbe challeng-
ing, oftentimes requiring microvascular free tissue transfer.1

Theanterolateral thighflap, basedon thedescendingbranchof
the lateral circumflex femoral (LCF) artery, represents a re-
constructive solution for moderate-to-large soft-tissue
defects.2,3 The end-to-side (ETS) anastomosis technique to
the anterior tibial (AT), posterior tibial (PT), or peroneal
arteries (P) is often used in these procedures to preserve distal
extremity perfusion.2–7 Understanding how differences in
these vessels’ diameters affect blood stasis is important for
selecting an artery for the procedure.

Another consideration for free tissue transfers is athero-
sclerosis.8–12 This is especially a concern in lower extremity
reconstruction where distal segments of the lower limb have
been noted to have severe stenosis in at-risk populations.13,14

To date, no computational fluid dynamic (CFD) studies
have been conducted regarding the anterolateral thigh free
flap in a lower-extremity model, which can be used to
optimize flow across the anastomosis. This study creates
CFD models for an ETS and end-to-end (ETE) anterolateral
thigh free flap from the LCF to the AT, PT, and P arteries to
determine what characteristics optimize blood flow. Simu-
lations with various levels of stenosis at multiple points in
the AT/LCF anastomotic model were also created to help
determine what degree and location(s) of stenosis may be
concerns for the procedure.

Methods

In total, 38 models (25 ETS and 13 ETE) were created to
better understand lower extremity anastomoses (►Fig. 1,
►Tables 1–2).

End-to-Side Angle Analysis
Seven models with anastomotic angles ranging from 15 to
105degrees were created to represent ETS anastomoses from
the descending branch of the LCF to theAT artery (models 1–7,
►Table 1). The LCF artery was defined as the flap vessel and
AT artery as the recipient vessel. The lumen diameters of the
LCF and AT arteries were 2.015 and 3.516 mm, respectively.

End-to-Side Vessel Diameter Analysis
Nine models were created to represent ETS anastomoses
between the LCF and AT, PT, and P arteries (models 8–16,
►Table 1). In these models, the LCF artery was defined as the
flap vessel and AT, PT, and P arteries as the recipient vessels.
The lumen diameters of the AT, PT, and P arteries were 3.5,
3.1, and 3.0mm, respectively.16 Three models were created
with each recipient artery (totaling nine models) to assess
the effect of varying LCF lumen diameters on these anasto-
moses. The LCF diameters were defined as 1.5 2.0, and
2.5mm for each respective model.15

End-to-Side Stenosis Analysis
Nine models were created to represent varying levels of
stenosis within ETS anastomoses between the LCF and AT

arteries (models 17–25, ►Table 1). For this analysis, the LCF
artery was defined as the flap vessel and AT artery as the
recipient vessel. Stenosis was modeled on the recipient
artery proximal and distal to the bifurcation. These were
designated as pre- and postbifurcation stenosis models,
respectively (►Fig. 2). Additionally, stenosis was modeled
on the flap artery distal to the bifurcation. This was desig-
nated as the flap artery stenosis model. The area of stenosis
in each model was 10mm long and 10mm from the
bifurcation.

End-to-End Models
Thirteen models were created to represent an ETE anasto-
mosis between the LCF and AT, PT, and P arteries (models
26–38, ►Table 2). Nine models with varying flap/recipient
vessel diameters were created. Stenosis was modeled on
four LCF to AT models with the area of stenosis in each
model being 10mm long and 10mm from the bifurcation.
Each stenosis model was evaluated with varying
regions/percentages of occlusion.

Other Geometric/Flow Conditions
All vessels had 200-micron wall thickness and length of
100mm.15 The attachment point of the flap vessel to the
recipient vessel in the ETS model was 50mm distal to the
inlet of the recipient vessel.

OpenFOAM v9 was used to create finite volume three-
dimensionalmodels and assessfluid flow.17 Fluid flow in ETS
models was evaluated with line integral convolution (LIC)
and pure fluid velocity (PFV) modalities. PFV and wall shear
stress (WSS) were modeled in ETE models.

Fig. 1 Anatomy of a microvascular anastomosis.
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Table 2 Computational End-to-End Models

Model # Recipient vessel diameter (mm) Flap vessel diameter (mm) Type of stenosis (if any) Percent of stenosis

26 3.5 1.5 None N/A

27 3.5 2.0 None N/A

28 3.5 2.5 None N/A

29 3.1 1.5 None N/A

30 3.1 2.0 None N/A

31 3.1 2.5 None N/A

32 3.0 1.5 None N/A

33 3.0 2.0 None N/A

34 3.0 2.5 None N/A

35 3.5 2.0 Postanastomosis 25

36 3.5 2.0 Postanastomosis 75

37 3.5 2.0 Preanastomosis 25

38 3.5 2.0 Preanastomosis 75

Table 1 Computational End-to-Side Models

Model # Recipient vessel
diameter (mm)

Flap vessel
diameter (mm)

Anastomotic
angle (degrees)

Type of stenosis
(if any)

Percent of
stenosis

1 3.5 2.0 15 None N/A

2 3.5 2.0 30 None N/A

3� 3.5 2.0 45 None N/A

4 3.5 2.0 60 None N/A

5 3.5 2.0 75 None N/A

6 3.5 2.0 90 None N/A

7 3.5 2.0 105 None N/A

8 3.5 1.5 45 None N/A

9� 3.5 2.0 45 None N/A

10 3.5 2.5 45 None N/A

11 3.1 1.5 45 None N/A

12 3.1 2.0 45 None N/A

13 3.1 2.5 45 None N/A

14 3.0 1.5 45 None N/A

15 3.0 2.0 45 None N/A

16 3.0 2.5 45 None N/A

17 3.5 2.0 45 Flap artery 25

18 3.5 2.0 45 Flap artery 50

19 3.5 2.0 45 Flap artery 75

20 3.5 2.0 45 Postbifurcation 25

21 3.5 2.0 45 Postbifurcation 50

22 3.5 2.0 45 Postbifurcation 75

23 3.5 2.0 45 Prebifurcation 25

24 3.5 2.0 45 Prebifurcation 50

25 3.5 2.0 45 Prebifurcation 75

�Models 3 and 9 are equivalent.
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Blood flowwas modeled as an incompressible Newtonian
fluid with viscosity (η) of 3.5�10�3 Pa∙s and density (ρ) of
1,060 kg/m3.18,19 Viscosity and density was assumed to be
constant throughout the simulation process. Blood flow
velocity (µ) at the inlet was defined as 500mm/s.20,21

Validation of Models
The models in this study were not formally validated with
subsequent microsurgical in-vivo Doppler testing. However,
several considerations were put in place tomaximize clinical
applicability including using a low tolerance for iterative,
temporal, and spatial convergence of 10�4, verifying results
are consistent with laws of fluid dynamics and ensuring
findings align with other experimental data (as described in
the discussion). Taken together, these considerations are in
line with the National Program for Applications-Oriented
Research in CFD recommendations for controlling uncertain-
ty in CFD simulations and our models may therefore be used
to draw clinically applicable conclusions.22

Results

End-to-Side Angle Analysis
Our analysis revealed acute anastomotic angles are associated
with decreased blood stasis. LIC models of AT and LCF artery
anastomoses showed that this stasis was present at the toe of
the bifurcation specifically (►Fig. 3). This stasis was found to
decrease as anastomotic angle decreased (►Table 3, ►Fig. 4).
The relationship between anastomotic angle and maximum
cross-sectional stagnation in the flap vessel was found to be
logarithmic (R2¼0.918). Stagnation in these models ranged
from23.00 to 58.90% (with decreased percent stagnation being
preferable) in cases with anastomotic angles of 15 and
105degrees, respectively. PFV simulation revealed the 15-de-
greemodel exhibited thehighestfluidvelocity in theflapvessel.

End-to-Side Vessel Diameter Analysis
Our analysis revealed that anastomoses with vessels of
similar diameters are associated with decreased stasis
(►Table 4, ►Figs. 5–6). The relationship between flap vessel

diameter and maximum cross-sectional stagnation in the
flap vessel was found to be strongly linear for all modeled
recipient vessels (R2¼0.991, 1.000, and 0.999 for the AT, PT,
and P recipient arteries, respectively).

Further, anastomoses including the P Artery (models
14–16) exhibited the lowest percent stagnation of all mod-
eled flap vessels.

End-to-Side Stenosis Analysis
Our analysis revealed stenosis in the flap vessel can lead to
complete blood stasis. LIC models with flap vessel stenosis
revealed substantial areas of stagnation at the toe of the
bifurcation (►Fig. 7). This stagnation was found to decrease
as the percentage of stenosis decreased (►Table 5, ►Fig. 8).
Maximum cross-sectional stagnation in the flap vessel
ranged from 66.54 to 89.10% for models with 25 and 75%
stenosis, respectively. When all other conditions were kept
constant, but stenosis was removed, maximum stagnation
was reported as 45.49%. The relationship between flap vessel
stenosis andmaximum cross-sectional stagnation in the flap
vessel was found to be strongly linear (R2¼0.973). PFV
analysis went on to show average flow in the model with
75% stenosis approached 0.00 m/s in the flap vessel.

LIC analysis showed that stenosis in the recipient vessel,
distal to the site of anastomosis, can improve blood flow to
the flap vessel (►Fig. 9). Notably, at 75% stenosis, maximum
cross-sectional stagnation in the flap vessel approached 0%.
PFVanalysis of thesemodels showed averageflap vessel fluid
velocity increased as the percent of stenosis increased.

LIC analysis showed that stenosis in the recipient vessel,
proximal to the site of anastomosis, had no clinically appreci-
able effect onbloodflow in themodel. Laminarflowwasnoted
throughout the models (►Fig. 10). PFV analysis revealed
similar velocity of flow in the flap vessels across all prebifur-
cation stenosis models, irrespective of percent stenosis.

End-to-End Vessel Diameter Analysis
Our analysis revealed that ETE anastomoses with vessels of
similar diameters are associated with laminar flow and
decreased vessel WSS. Further, ETE models exhibited no

Fig. 2 Types of modeled stenosis. (A) Flap artery stenosis. (B) Postbifurcation stenosis model. (C) Prebifurcation stenosis model.
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areas of flow stagnation irrespective of vessel diameter
(►Fig. 11). The greatest point of WSS in these models was
at the site of anastomosis.

End-to-End Stenosis Analysis
ETE models with stenosis exhibited no clinically appreciable
areas of stasis (►Fig. 12). Our analysis revealed that models
with stenosis located distal to the anastomosis (models 35
and 36) exhibited no clinically relevant differences in flow or
WSS at the site of anastomosis when compared with a
simulation without stenosis (model 27, ►Fig. 11).

Modelswith stenosis located proximal to the anastomosis
(models 37 and 38) revealed increasedWSS and less uniform
flow at the site of anastomosis when compared with the
model without stenosis (model 27). Further, increased per-
cent occlusion in these stenosis models was associated with
increased WSS and flow disturbance.

Discussion

This study is the first to use CFD modeling to understand the
mechanics behind lower extremity anastomoses. This is

Fig. 3 Effect of anastomotic angle on flow in lower extremity anastomoses.

Table 3 Maximum Percentage of Stagnation in a Lower
Extremity CFD Model vs Vessel Angle

Model Anastomotic
angle (degrees)

Maximum
stagnation (%)

1 15 23.00

2 30 44.93

3 45 49.49

4 60 52.50

5 75 54.62

6 90 55.88

7 105 58.90
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important as the overall success rate of free-flap procedures
in the lower extremity specifically remains lower than head
and neck and breast free flaps at 95 versus 98 and 99%,
respectively.23 One of the most common concerns with all
anastomoses is thrombosis, a complication with an occur-
rence rate of 2.3% in a recent retrospective review.24 Throm-
bosis may be minimized by optimizing components of
Virchow’s triad, namely stasis.25

Our study found that stasis within lower-extremity ETS
anastomoses can be minimized by increasing the acuity of
anastomotic angles. This finding was echoed in our previous
CFD analysis of ETS anastomoses in the context of DIEP flaps.26

However, this present study expands upon these findings by
including 15- and 105-degree angles. Notably, the relationship
between angle and stasis within DIEP flaps was noted to be
linear, while this present study revealed a logarithmic relation-
ship. This ismost likely the resultofadding the15-degreemodel
which exhibited the lowest stagnation of all models included in
this study at 23.00%. This was almost half the stagnation value
recorded for the30-degreeAT/LCFarterymodel (44.93%). This is

clinically relevant as it points to the substantial positive effects
of minimizing anastomotic angles. However, the difference
between a 15- and 30-degree anastomosis, while obvious in a
computational simulation, may be difficult to discern in the
operating room. These data points were included in the study
not to recommend a specific anastomotic angle, but rather to
further illustrate the trend that amore acute anastomotic angle
results in more laminar flow.26

Previous hemodynamic analysis of anastomotic angles in
real physical models supports the findings of our computa-
tional analysis.27–29 One study evaluating carotid to carotid
ETS anastomoses in a live rat model showed that 56.5% of
total carotid flow went through the flap vessel when a 45-
degree angle was employed compared with 46.5 and 43.2%
for angles of 90- and 135-degrees, respectively.27 This sub-
stantially decreasedflow failed to normalize postoperatively,
with flow in the 135-degree group dropping to 39.9% 2hours
into the postoperative period. This further highlights the
importance of considering more acute anastomotic angles
for optimizing ETS flap success.

Fig. 4 Stagnation in a lower extremity CFD model versus vessel angle.

Table 4 Maximum Percentage of Stagnation vs Vessel Diameter

Model Recipient artery Recipient artery diameter (mm) Flap vessel diameter (mm) Maximum stagnation (%)

8 Anterior Tibial 3.5 1.5 55.20

9 Anterior Tibial 3.5 2.0 49.49

10 Anterior Tibial 3.5 2.5 45.41

11 Posterior Tibial 3.1 1.5 50.06

12 Posterior Tibial 3.1 2.0 45.39

13 Posterior Tibial 3.1 2.5 40.98

14 Peroneal 3.0 1.5 48.44

15 Peroneal 3.0 2.0 44.48

16 Peroneal 3.0 2.5 40.06
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Another factor our study found to affect flow was vessel
diameter. As flap vessel diameter approached recipient ves-
sel diameter, flow becamemore laminar and flap vessel fluid
velocity increased in both ETS/ETE models. Further, WSS at
the site of anastomosis decreased in ETE models as vessel
diameters approached one another. This is clinically signifi-
cant as WSS and irregular flow are associated with rapid
thrombosis, ischemia, and flap failure.25,30 Further, the
importance of selecting vessels with similar diameters
has been previously identified in in-vivo rat models.31,32

One study quoted flap survival in cases with a 2:1 vessel

diameter mismatch at 30% compared with 90% survival for
flaps with a 1:1 vessel size match.31

Intraoperatively, although vessel diameters cannot be
intrinsically changed like anastomotic angles, the surgeon
can select flap and recipient vessels that closely match in
diameter.Our studypoints to theperoneal arteryanddescend-
ingbranchof theLCFarteryasoneoption tooptimize for this in
lower extremity reconstructions with the anterolateral thigh
free flap. While patient arteries may not match the exact
dimensions included in this present study, contrast-enhanced
magnetic resonance angiography suggests that the P artery

Fig. 5 Effect of vessel diameter on flow in lower extremity anastomoses.

Fig. 6 Stagnation in a lower extremity CFD model versus vessel diameter.
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more often approaches the diameter of the LCF when com-
pared with AT and PT arteries.16 Therefore, the P/LCF artery
pair may be worth considering as a first line in anterolateral
thigh free-flap reconstructions of the lower extremity.

This being said that there are factors other than the anatomic
diameter to consider when choosing a recipient vessel. For
example, a previous retrospective review recommended the
PT artery over the AT due to a lower incidence of injury and less
extensive damage on average following trauma.33 Further, ease
of surgical access is important to consider. ThePartery, although
hemodynamically ideal, can be challenging to access, often
requiring partial fibula resection for adequate exposure.34,35

Given this, the PT artery may be the overall best option for a
recipient vessel that balances surgical access, protection against
subsequent injury, and hemodynamic optimization. Despite
this recommendation, theselectionof recipient vessel ultimate-
ly requires surgical clinical decision-making based on the
surgeon, patient, and situation-specific factors.

One of these other considerations is stenosis of the vessel.
Analysis of theLCF found the lumendiameterwas significantly
smaller in patients with atherosclerotic risk factors when
compared with those without risk factors.36 Another article
evaluating lumendiameters of 70-year-old patients found that
the AT artery had an average of 20.5% stenosis.37

Our study suggests the position of this stenosis in relation to
the site of ETS anastomosis is critical to flap survival. Stenosis
within the flap vessel, although not reported commonly in the

Fig. 7 Effect of flap vessel stenosis on flow in lower extremity anastomoses.

Table 5 Maximum Percentage of Stagnation vs Flap Vessel
Stenosis

Model Percent of Flap
vessel stenosed

Maximum
stagnation (%)

3/9 0 45.49

17 25 66.54

18 50 76.05

19 75 89.10

Fig. 8 Stagnation in a lower extremity CFD model versus flap vessel
stenosis.
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literature, leads to substantial stasis in ETS anastomoseswith one
of our models approaching 90 percent stasis. This would likely
lead to ischemiaor rapid thrombus formation, compromisingflap
survival. InETScaseswherepatientshavestenosis in the recipient
artery, specifically distal to the planned site of anastomosis,
completing the anastomosis may compromise distal blood flow
in the recipient artery, eliminating the benefits of an ETS anasto-
mosis. Accordingly, a 2012 study recommends ETE anastomoses
in caseswheresubstantial atherosclerotic change ispresent in the
recipient vessel.38

When considering stenosis in planned ETE anastomoses our
study reveals a similar relationship where blood flow is dis-
turbed andWSS is increased in cases with stenosis distal to the
site of anastomosis. Thissuggests that substantial stenosis in the
flap vessel of ETE anastomoses can lead to flap failure.25,30 This
being said, stenosis in the flap vessel already poses a challenge
for arterial anastomoses as calcification or radiation-induced
fibrosis can make vessels friable and nonpliable, requiring fine
microsurgical technique.8,39 Taken together, we recommend
avoiding vessels with significant atherosclerosis/stenosis or
performing the anastomosis distal to sites of stenosis.

Previously some surgeons have recommended preoper-
ative CT angiography (CTA) to assess for abnormalities

before performing free-flap procedures.11,36 We feel CTA
may be necessary in patients with risk factors, but near-
infrared indocyanine-green (ICG) angiography is another
option to optimize stenosis-related outcomes intraoper-
atively.40 At present atherosclerosis is not a contraindica-
tion for lower extremity free-flap reconstruction.8 Our
findings support this guideline as long as the surgeon is
mindful of stenosis identified intraoperatively and the
associated potential increase in technical microsurgical
difficulty. In any case, close monitoring of at-risk patients
is highly recommended.

Limitations

The measurements used in our models are based on peer-
reviewed averages which may differ from patient to patient.
By incorporating a range of vessel diameters, we attempt to
address this shortcoming, although patients will inevitably
have vessel dimensions that fall outside the scope of the
models included in this study. Additionally, this study does
not consider the pulsatile nature of blood. Future research
may consider this factor to further understand how to
optimize anastomoses.

Fig. 10 Effect of prebifurcation vessel stenosis on flow in lower
extremity anastomoses.

Fig. 9 Effect of postbifurcation vessel stenosis on flow in lower
extremity anastomoses.
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Conclusion

CFD evaluation is useful for understanding the physics
behind microvascular anastomoses. Striving to create
anastomotic angles with increased acuity can decrease the
stasis of blood in the flap vessel and may improve ETS flap
success. Selection of flap and recipient vessels with similar
diameters can further decrease stasis and risk of thrombotic
failure in both ETS and ETE flaps. In the context of lower
extremity reconstruction with the anterolateral thigh free
flap, the posterior tibial artery is a recipient vessel option
that strikes a balancebetween surgical accessibility andmost
closely matching the vessel diameter of the descending
branch of the LCF artery flap vessel. Flap vessels with
atherosclerosis/stenosis should be avoided when possible.
Recipient vessels with stenosis may be salvaged if the
anastomosis is placed distal to the defect and the surgeon
is mindful of the possible increase in technical microsurgical
difficulty. To best optimize these outcomes, preoperative
CTA, intraoperative ICG angiography, and/or close post-
operative monitoring should be incorporated into the care
of all at-risk patients when performing lower extremity
reconstruction with microvascular anastomosis.
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Fig. 11 Effect of vessel diameter on flow and wall shear stress in ETE anastomoses.

Fig. 12 Effect of vessel stenosis on flow and wall shear stress in end-
to-end anastomoses.
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