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High failure rates of femoropopliteal artery (FPA) interventions are often

attributed to severe mechanical deformations that occur with limb movement.

Torsion of the FPA likely plays a significant role, but is poorly characterized

and the associated intramural stresses are currently unknown. FPA torsion

in the walking, sitting and gardening postures was characterized in n ¼ 28

in situ FPAs using intra-arterial markers. Principal mechanical stresses and

strains were quantified in the superficial femoral artery (SFA), adductor

hiatus segment (AH) and the popliteal artery (PA) using analytical modelling.

The FPA experienced significant torsion during limb flexion that was most

severe in the gardening posture. The associated mechanical stresses were

non-uniformly distributed along the length of the artery, increasing distally

and achieving maximum values in the PA. Maximum twist in the SFA

ranged 10–138 cm21, at the AH 8–168 cm21, and in the PA 14–268 cm21 in

the walking, sitting and gardening postures. Maximum principal stresses

were 30–35 kPa in the SFA, 27–37 kPa at the AH and 39–43 kPa in the PA.

Understanding torsional deformations and intramural stresses in the FPA

can assist with device selection for peripheral arterial disease interventions

and may help guide the development of devices with improved characteristics.
1. Introduction
Peripheral artery disease (PAD) primarily refers to atherosclerotic obstruction of

the femoropopliteal artery (FPA) that reduces blood flow to the lower limbs.

PAD is a major contributor to the public health burden and is associated

with high morbidity, mortality and impairment in quality of life [1]. The FPA

begins as the common femoral artery as it crosses posterior to the inguinal liga-

ment, and continues as the superficial femoral artery (SFA) into the upper

thigh. It becomes the popliteal artery (PA) as it traverses the adductor hiatus

(AH), a thick tendinous channel between the adductor magnus muscle and

the femur, passing from the anterior thigh posteriorly into the popliteal fossa

behind the knee. The PA ends below the knee joint at the lower border of the

popliteus muscle, where it divides into two branches, the anterior tibial

artery and the tibioperoneal trunk. Clinically, the two principal sites of femor-

opopliteal occlusions are the distal SFA at the AH and the PA below the

knee [2].

The total annual cost of hospitalizations for patients with PAD is in excess of

$21 billion per year, and per-patient costs of PAD are higher than those for both

coronary artery disease and cerebrovascular disease [3]. The high cost of PAD is

mostly attributed to high numbers of peripheral vascular operations and inter-

ventions that fail, resulting in poor clinical outcomes and a frequent need for

repetitive interventions [4–7]. Specifically, restenosis within 3 years after FPA

bypass occurs in 27% of patients [8], and results of angioplasty and stenting

in the lower extremity are even worse, with more than 45% of patients
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developing haemodynamically significant restenosis within

just 2 years after treatment, leading to re-intervention in

37–54% of patients [7].

Though systemic risk factors for restenosis are the same for

carotid, renal, iliac and FPA reconstructions, FPA interventions

fail significantly more often than those in other locations. This

suggests that local factors unique to the SFA and PA strongly

influence reconstruction failure. A major difference between

the FPA and other arterial segments are the large deformations

experienced by the SFA and PA during flexion of the limbs.

These deformations are particularly important for the design

of FPA stents, as the inability of certain stent designs to accom-

modate these severe deformations during locomotion may

result in arterial wall injury, poor device apposition and

even fracture of the stent [9]. All these can lead to deleterious

cellular and biochemical responses, culminating in restenosis

and reconstruction failure [2,10–14].

Many different stents are approved for use in the FPA, but

guidance provided by the Food and Drug Administration to

stent manufacturers does not specify the loading conditions

these stents should withstand. Instead, they recommend test-

ing FPA stents under ‘physiologic loading conditions’ [15].

The specifications for these conditions are an open discussion

as recent evidence suggests that previously measured values

may be significantly less severe than the actual deformations

experienced by the FPA [14].

Previously characterized modes of FPA deformation include

radial and longitudinal compression, bending and torsion

[14,16]. A recent study [9] summarized the historical values of

these deformations, data largely based on the analysis of

in vivo three-dimensional measurements with magnetic reson-

ance imaging (MRI) [17,18] and angiography with three-

dimensional modelling [19]. The three-dimensional nature of

MRI allows accurate assessment of arterial bending with limb

flexion, and use of large side branches allows quantification of

torsion. While MRI has a clear advantage of being applicable

to live patients, the FPA rarely has enough side branches or

other identifiable features along its length large enough to be

visualized with clinical MR. As a result, previous studies

reported values primarily representing the average deformations

that occur over relatively long arterial segments. In addition, side

branches may anchor the artery to the surrounding tissues [14],

also potentially affecting deformation measurements. These

limitations may lead to significant underestimation of torsion,

providing inaccurate testing conditions for device manufacturers

as was recently demonstrated in a pilot study using intra-arterial

markers [14]. The goal of this study was to improve and validate

the intra-arterial marker measurement method for assessment of

torsion, expand the sample size and determine the associated

mechanical stresses occurring in the FPA as a result of limb

flexion-induced torsion.
2. Material and methods
2.1. Measurement of torsion using intra-arterial

markers
Custom-made four-pronged intra-arterial markers were laser cut

from nitinol. One of the four prongs was made thicker at the end

to allow tracking of marker spatial orientation on imaging. Markers

were loaded into an 8-French plastic sheath and deployed into four

silicone tubes twisted to 08, 458, 908 and 1808. The rotation was

imposed by using hypodermic needles that penetrated the tube
and fixed it to the Styrofoam board. Computed tomography (CT)

images (GE Light Speed VCTXT scanner GE Healthcare, Waukesha,

USA) of the unpinned and pinned tubes (figure 1a) were then

acquired with 0.625 mm axial resolution. Three-dimensional recon-

structions were obtained using Mimics (Materialize Co., Leuven,

Belgium) software. A line connecting two opposing marker legs

was obtained using two-dimensional cross-sectional views

(figure 1c). Superimposition of this line and the lines representing

hypodermic needles in the unpinned and pinned configurations

allowed calculation of the angle of twist for each marker. These

values were compared with the prescribed rotations imposed by

the needles for each tube.

Since the FPA often experiences simultaneous torsional and

bending deformations, the effects of combined twist and bending

were studied using 13 markers in a silicon tube. The markers were

placed on a string separated by fixed glass beads placed 2 cm

apart to allow free axial movement of each marker. The string with

markers was loaded into an 8-French sheath, and markers were

deployed into a silicone tube that was then twisted to 458, 2458,
908, 2908, 1808, 21808 assuming positive anti-clockwise rotation.

Alternating twist angles ensured that the tube returned back to

zero twist. Next, the tube was bent to various degrees of bending

and pinned to the styrofoam board using hypodermic needles.

CTA images of the tube in the free (unpinned) and deformed

(pinned) configurations (figure 1b) were acquired, and three-dimen-

sional reconstructions were used to create the tube centreline. Images

orthogonal to this centreline were used to connect the ends of each

marker using a line tool, and superimposition of these lines for

each pair of consecutive markers in both unpinned and pinned con-

figurations allowed calculation of the angle of twist for each tube

segment (figure 1c).

2.2. Human cadaver model
After validating the measurement method, intra-arterial mar-

kers were used to assess torsion of the FPA in human

cadavers. The external iliac artery was exposed through a

supra-inguinal retroperitoneal approach. Using fluoroscopic

guidance (GE-OEC Medical Systems Series 9800 Cardiovascular

mobile digital C-arm system) an 80 cm 8-French sheath (Cook

Medical, Bloomington, IN, USA) was inserted from the access

site to the tibioperoneal trunk over a 0.03500 diameter guidewire

(Boston Scientific, Natick, MA, USA). Markers were then

deployed approximately 2 cm apart within the in situ iliac,

femoral and popliteal arteries using a plastic sheath. This

method of intra-arterial marking maintained the integrity of

the anatomical structures surrounding the FPA. The marker

deployment procedure was performed in n ¼ 28 legs of 14

lightly embalmed cadavers (eight male, six female, average

80+ 12 years old, range 49–99 years) that died of causes unre-

lated to vascular disease. Use of lightly embalmed cadavers as

opposed to those that are fully embalmed, allowed better pres-

ervation of natural tissue properties [14,20]. Arteries were

pressurized (Harvard Apparatus Large Animal pump, Harvard

Apparatus, Holliston, MA, USA) to 100 mmHg using a 37C

radiopaque custom mixture fluid. The fluid was designed to

avoid tissue swelling which can distort anatomical structures,

and was made radio opaque to provide uniform opacification

of the main arteries and their branches for image analysis. CT

images of the limbs in the standing (1808), walking (1108), sit-

ting (908) and gardening (608) postures were acquired with

0.625 mm axial resolution (figure 2).

2.3. Measurement of limb flexion-induced torsion
Three-dimensional volumetric reconstructions of the leg, artery

and markers were performed with Mimics software using a var-

iety of segmentation and region growing techniques [14,21].

Arterial volumes were created and used to construct luminal
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Figure 1. (a) Three-dimensional reconstruction of a silicone tube in the free (unpinned, left) and deformed ( pinned, right) configurations twisted to 08, 458, 908
and 1808 using hypodermic needles. (b) Intra-arterial markers on a string separated by glass beads and assessment of torsion in a silicone tube bent and twisted to
458, 2458, 908, 2908, 1808 and 21808. (c) Schematic of angle measurement using two consecutive markers. (Online version in colour.)
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Figure 2. (a) Schematic of the three arterial segments and main anatomic markers used in this study. (b – e) CTA of the limb flexion states demonstrating
(b) standing (1808), (c) walking (1108), (d ) sitting (908) and (e) gardening (608) postures. Note severe deformations of the femoropopliteal artery at the AH
and below the knee. Intra-arterial markers are blue.
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centrelines, and then images orthogonal to these centrelines were

generated, allowing more robust assessments of marker positions

in the acutely bent limbs.

Torsion was measured by comparing marker positions for

each bent limb configuration to the straight (standing) posture.

It was quantified as the angle of twist per unit length g(i2 1)/i

(8 cm21) between each pair of consecutive markers i 2 1 and i
in the bent (abent

ði�1Þ=i) and straight (a
straight
ði�1Þ=i ) limb postures divided
by the distance between these markers in the straight posture (Li,

centimetres):

gði�1Þ=i ¼
abent
ði�1Þ=i � a

straight
ði�1Þ=i

Li
: ð2:1Þ

Orientation of each marker was identified by the largest and

brightest of the four marker legs. A line connecting the opposite
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ends of each marker was created using the two-dimensional

cross-sectional views re-sliced along the arterial centreline. Super-

imposition of these lines for the (i 2 1)th and ith marker allowed

calculation of the twist angles a for both straight and bent postures

(figure 1c). Anti-clockwise rotation was deemed positive.

Length of each FPA was normalized to account for subject-

specific limb lengths. Length of the SFA was normalized to the

distance from the profunda femoris artery to the AH, and

length of the PA was normalized to the distance from the AH

to the tibioperoneal trunk. The AH region was set to occupy the

last and first 10% of the SFA and PA lengths, respectively. The lar-

gest absolute value of rotation was then assessed within the SFA,

AH and PA regions of each limb and results were reported as

twist per centimetre (8 cm21) for each limb flexion posture.
 oc.Interface
14:20170025
2.4. Characterization of the femoropopliteal artery
mechanical properties

After imaging, the FPAs were excised for mechanical characteriz-

ation using planar biaxial extension [22–25] with CellScale

Biotester (CellScale, Waterloo, Canada). Square samples 13 �
13 mm were cut from the arterial wall and attached using rake

fixtures. Twenty-one stretch-controlled protocols ranging from

1 : 1 to 1 : 0.01 ratios on both axes were executed at 0.01 s21

strain rate to obtain sufficient data density for constitutive

parameter determination. Maximum stretch was selected at the

force of 1 N to avoid tissue damage. Thickness of the sample

was measured optically prior to mechanical testing.

Experimental data were used to determine constitutive

parameters for the four-fibre family invariant model. The model

assumed incompressibility and was based on the expanded

HGO formulation [26] adjusted to FPA histological structure

[22,25,27] accounting for the passive elastic contributions of

amorphous ground substance (Wgr), longitudinally oriented

elastic fibres (Wel), circumferential smooth muscle cells (Wsmc)

and two symmetrical families of collagen fibres (Wcol1,2) orien-

ted at an angle +w to the longitudinal axis. This model was

demonstrated to accurately portray the experimental response

of the human FPA [25,28]. The strain energy density function

was therefore:

W ¼Wgr þWel þWsmc þWcol1 þWcol2,

Wgr ¼
Cgr

2
ðIgr

1 � 3Þ,

Wel ¼
Cel

1

4Cel
2

ðeCel
2

k Iel
4
�1l2

� 1Þ,

Wsmc ¼
Csmc

1

4Csmc
2

ðeCsmc
2

k Ismc
4
�1l2

� 1Þ

and Wcol1,2 ¼
Ccol

1

4Ccol
2

ðeCcol
2

k Icol1,2
4
�1l2

� 1Þ,

9>>>>>>>>>>>>>>>>>=
>>>>>>>>>>>>>>>>>;

ð2:2Þ

where the corresponding invariants of the right Cauchy–Green

tensor C in the case of planar biaxial test are defined (enforcing

incompressibility) as

Igr
1 ¼ trC ¼ l2

z þ l2
u þ

1

l2
zl

2
u

,

Iel
4 ¼ l2

z ,

Ismc
4 ¼ l2

u

and Icol1,2
4 ¼ l2

z cos2 wþ l2
u sin2 w,

9>>>>>>>>=
>>>>>>>>;

ð2:3Þ

where lu, lz are principal circumferential and longitudinal

stretches, and ðCgr, Cel
1 , Cel

2 , Ccol
1 , Ccol

2 , Csmc
1 , Csmc

2 ,wÞ are constitutive

parameters determined from the experimental data using

Levenberg–Marquardt minimization and non-parametric boot-

strapping [25,29]. Note the Macaulay brackets k(.)l ¼ 1/2[(.) þ
j(.)j] in (2.2) that filter positive values such that fibres only contrib-

ute to the strain energy density during tension, but not during

compression.
2.5. Mechanical stresses and strains associated with
twist

2.5.1. Kinematics of the tube under extension, inflation and
torsion

The FPA boundary value problem considered a finite extension,

inflation and torsion of an incompressible thick-walled circular

tube. Since the cadaver model that was used to measure torsion

was lightly embalmed [20], we are not considering residual stresses

and assume that the load-free configuration is also stress-free. Inner

and outer FPA reference diameters Ri and Ro were measured using

histological cross-sectional images for each artery and ranged Ri¼

1.4–3.1 mm and Ro ¼ 2.7–5.1 mm. An internal pressure of Pi¼

100 mmHg was applied to mimic the in vivo-like conditions.

Consider [30] a material particle located at (R, Q, Z ) in the

centre region of the unloaded stress-free intact configuration

that is mapped to (r, u, z) in the central region in a twisted

configuration such that:

r ¼ rðRÞ, u ¼ Qþ gZ, z ¼ lzZ, ð2:4Þ

where g is a uniform twist, and lz is a longitudinal stretch, both

defined per unit unloaded length. Note that lz can include both

longitudinal pre-stretch and stretch due to limb flexion-induced

loading. However, in this study we are focusing on the effects

of torsion and therefore assume lz ¼ 1. The physical components

of the deformation gradient F in cylindrical coordinates are

F ¼
lr 0 0
0 lu luz
0 0 lz

2
4

3
5 ¼

@r
@R

0 0

0
r
R

rg

0 0 lz

2
6664

3
7775: ð2:5Þ

After enforcing incompressibility (def F ¼ 1), we obtain lr¼

(lulz)
21 as well as the relation between unloaded and loaded radii:

r2
o � r2 ¼ 1

lz
(R2

o � R2), ð2:6Þ

where the outer radius of the deformed artery can be expressed as

ro ¼ Rol
o
u , and lo

u is the circumferential stretch on the outer (adven-

titial) boundary that can be determined from the boundary

conditions and material parameters. Inner radius and circumferen-

tial stretch at any point through thickness can be rewritten using

lo
u as:

ri ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
(Rol

o
u)2 � 1

lz
(R2

o � R2
i )

r

and lu ¼
r
R
¼ rffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

R2
o � lz(ðRol

o
uÞ

2 � r2)
q :

9>>>>=
>>>>;

ð2:7Þ
2.5.2. Equilibrium equation and boundary conditions
In the absence of body forces, the only non-zero local equilibrium

equation in cylindrical coordinates is

dsrr

dr
þ srr � suu

r
¼ 0: ð2:8Þ

Applying boundary conditions on the inner surface srr(ri) ¼ 2Pi,

and using stress decomposition into volumetric and isochoric

parts s ¼ �s� pI (here p is Lagrange multiplier), the radial

Cauchy stress can be expressed as:

srrðrÞ ¼ �Pi þ
ðr

ri

�suu � �srr

r
dr: ð2:9Þ
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Assuming no pressure on the outer surface (i.e. srr(ro) ¼ 2Po ¼

0), we can relate transmural pressure P ¼ Pi 2 Po ¼Pi to the

deformed state of the tube:

P ¼
ðro

ri

�suu � �srr

r
dr: ð2:10Þ

2.5.3. Constitutive relations
For the incompressible four-fibre family hyperelastic material

described by equation (2.2), the Cauchy stress tensor can be

expressed as:

s ¼ �pIþ 2
@W
@I1

Bþ 2
X

i

@W
@Ii

4

mi �mi, ð2:11Þ

where B is the left Cauchy–Green deformation tensor, I1¼ tr C is a

first invariant of the right Cauchy–Green tensor, Ii
4 ¼Mi � ðCMiÞ is
a fourth invariant of C for ith fibre family (equation (2.12)), and mi¼

FMi is the push forward of fibre direction unit vector Mi to the

deformed configuration. Invariants and derivative with respect to

Ii
4 can be found from

Iel
4 ¼ l2

z þ ðrgÞ
2,

Ismc
4 ¼ l2

u,

Icol1,2
4 ¼ (l2

z þ r2g2) cos2 wþ l2
u sin2 w+ 2rlug sinw cosw

and
@W
@Ii

4

¼ Ci
1

2
kIi

4 � 1leCi
2
kIi

4
�1l2

:

9>>>>>>>>=
>>>>>>>>;

ð2:12Þ

Combining equations (2.11) and (2.12), non-zero Cauchy

stress components can be found as:
fac
e
14:20170025
srr ¼
Cgr

ðlulzÞ2
� pðrÞ,

suu ¼ Cgr½ðluÞ2 þ ðrgÞ2� þ 2
@W
@Iel

4

ðrgÞ2 þ @W
@Ismc

4

l2
u þ

@W
@Icol1

4

ðlu sinwþ rg coswÞ2 þ @W
@Icol2

4

ð�lu sinwþ rg coswÞ2
" #

� pðrÞ,

szz ¼ Cgrl
2
z þ 2

@W
@Iel

4

l2
z þ

@W
@Ismc

4

l2
u þ

@W
@Icol1

4

(lz cosw)2 þ @W
@Icol2

4

(lz cosw)2

" #
� pðrÞ

and suz ¼ szu ¼ Cgrrglz þ 2
@W
@Iel

4

rglz þ
@W
@Icol1

4

ðlu sinwþ rg coswÞlz coswþ @W
@Icol2

4

ð�lu sinwþ rg coswÞlz cosw

" #
:

9>>>>>>>>>>>>>>>>>=
>>>>>>>>>>>>>>>>>;

ð2:13Þ
The stress tensor in equations ((2.11) and (2.13)) is a function

of lu, lz, g, r, Pi, Po, Ri, Ro and material parameters.

Assuming that lz ¼ 1 (see §2.5.1), there is only one indepen-

dent variable in equation (2.13), i.e. the circumferential stretch lu
that changes through thickness. At the outer wall lu ¼ lo

u .

Rewriting the integration limits ri, ro in equation (2.10) in terms

of lo
u using equation (2.7.1) and relation for ro, and substituting

lu from equation (2.7.2) into the isochoric parts of the Cauchy

stresses srr, suu defined by equation (2.13), we can find lo
u from

equation (2.10) numerically using the vpasolve function of

MATLAB 2016b (MathWorks, Natick, MA, USA). Once lo
u is

determined, the isochoric part of the Cauchy stress tensor in

equation (2.13) is fully defined and radius-dependent Lagrange

multiplier can be determined from equations ((2.9) and (2.13)) as:

pðrÞ ¼ �srr þ Pi �
ðr

ri

�suu � �srr

r
dr: ð2:14Þ

Once the Lagrange multiplier is determined, each of the four

unique stress tensor components (srr, suu szz, suz) can be easily cal-

culated. Though the presented framework can be used to obtain

through thickness distribution of stresses, maximum principal and

shear stresses were averaged through thickness of the deformed

vessel for the sake of comparison between arterial segments and pos-

tures. In order to determine the effect of twist, calculations were first

carried out incorporating both pressure and twist, and then with

internal pressure only. In addition, the Green strain tensor was calcu-

lated as E¼ 1/2(FTF2 I) , and the shear strain due to twist Euz on the

outer surface of the tube was reported.
3. Results
3.1. Accuracy of the twist measurement method
We did not observe any marker sliding along the tube wall

during twisting or bending. Assessment of pure rotation
using silicone tubes demonstrated an average difference

between prescribed and measured torsion of 2.4+1.68
cm21. When twist was accompanied by bending, the average

difference between the prescribed and measured values was

3.9+2.58 cm21.

3.2. Limb flexion-induced torsion
Schematic of torsion measurement for the cadaver presented

in figure 2 is demonstrated in figure 3. Left panel represents

the straight limb posture, while the right panel represents

the acutely bent limb posture. Two-dimensional CT images

of the markers were obtained perpendicular to the arterial

centreline using the reslice function of Mimics. A representa-

tive plot of torsion (8 cm21) along the normalized lengths of

the SFA and PA is demonstrated in figure 4a for all three

limb postures. Torsion gradually increased with increasing

limb flexion, and its distribution along the FPA length was

highly non-uniform with higher peaks occurring distally in

the PA. Intersubject maximum absolute values of torsion for

each of the SFA, AH and PA segments for each of the limb

flexion states (1108, 908 and 608) are summarized in figure 5.

The central red mark of each box indicated the median, and

the bottom and top edges of the box show 25th and 75th per-

centiles, respectively. Mean values are represented with blue

dots inside the box. The whiskers extend to the most extreme

data points not considered outliers, and the outliers are

plotted using the red plus symbol and are found as q3þ 1.5 .

(q3 2 q1) , outlier , q1 2 1.5 . (q3 2 q1), where q1, q3 are the

25th and 75th percentiles, respectively. Whiskers correspond to

approximately +2.7 s.d. or 99.3% coverage.

The average largest twists in the SFA, AH and PA in the

walking posture were 10.28 cm21, 7.68 cm21 and 14.28 cm21,

respectively. Compared with the walking position, average
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SFA torsion in the sitting and gardening postures increased

16% and 23%, respectively, with highest values occurring

0.6–0.7 of normalized length distal to the profunda femoris

artery. Average torsion at the AH increased 28% and 104%

in the sitting and gardening postures compared with the

walking position, and increase in the PA was 39% and 82%,

respectively. The PA experienced the highest torsion in all

postures ( p , 0.01), with peak values reaching as high as

42.58 cm21 in the gardening position. Torsion between the

SFA and AH was not statistically different in the sitting or

gardening postures ( p ¼ 0.23, p ¼ 0.09), but in the walking

posture the SFA did experience significantly more torsion

than at the AH ( p ¼ 0.048). Torsion did not correlate with

gender or age for either of the FPA segments or postures.

3.3. Characterization of the mechanical properties of
the femoropopliteal artery

The FPA material parameters are summarized in table 1.

Coefficient of determination R2 is included in the table to
demonstrate the quality of fit to the experimental data. A

representative graph of the experimental data containing

multi-ratio stretch protocols and their corresponding consti-

tutive model fit are presented in figure 6a. Results of the

non-parametric bootstrapping for the same specimen are

demonstrated in figure 6b.

3.4. Mechanical stresses and strains associated with
torsion

Maximum principal stresses associated with both internal

pressure and limb flexion-induced torsion are summarized

in figure 7 for the SFA, AH and PA. Stresses varied along

the length of the FPA with highest values observed distally

in all leg postures. In the walking posture, mean stresses

were 30.3 kPa, 28.3 kPa and 38.6 kPa in the SFA, AH and

PA, respectively. In the sitting and gardening postures prin-

cipal stresses increased 16% and 15.6% in the SFA,

decreased 3.5% and increased 30.3% at the AH, and increased

4.6% and 11.7% in the PA. To put these results in perspective,
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Table 1. Mechanical properties of the femoropopliteal artery used for analysis.

C grðkPaÞ C el
1 ðkPaÞ C el

2 C smc
1 ðkPa) C smc

2 C col
1 ðkPa) C col

2 g (88888) R2

3.62 � 101 26.52 28.32 313.54 0.01 38.33 48.79 43.01 0.99

1.32 � 1026 483.19 259.13 94.76 14.66 89.58 144.89 34.33 0.94

8.57 � 10210 74.43 2.74 78.03 6.66 37.57 11.44 50.94 0.97

4.50 � 1022 658.02 84.70 124.16 8.85 147.27 63.96 51.22 0.99

9.55 � 10210 71.55 17.46 12.15 2.50 10.50 8.29 46.84 0.98

3.99 � 1022 454.24 101.41 238.55 18.13 49.33 153.18 48.19 0.96

2.57 � 1021 393.09 2.35 191.94 61.52 708.17 0.03 37.04 0.82

4.50 � 10210 110.79 64.64 52.25 13.27 7.34 54.77 44.26 0.99

1.32 � 1025 295.66 98.45 203.23 9.84 93.86 72.47 45.40 0.98

1.28 � 1021 1035.27 400.32 323.29 0.41 20.73 741.12 28.11 0.93

4.59 � 1026 510.60 69.01 95.37 4.10 78.01 88.20 27.51 0.98

7.17 � 1027 74.85 17.94 75.88 5.47 35.84 12.89 43.47 0.99

1.07 � 1021 76.28 133.60 190.92 16.27 73.15 57.44 35.41 0.99

5.22 � 1025 168.01 24.62 631.45 39.19 82.66 101.16 51.59 0.98
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internal pressure without twist produced 16.5–28.8 kPa

range of maximum principal stresses with an average value

of 22.3 kPa. On average, twist increased the magnitude of

maximum principal stress by 20–89%, and changed its direc-

tion from being purely circumferentially aligned to shifting

16.9–38.78 towards the longitudinal axis. Shear stresses due

to torsion suz are summarized in figure 8. On average,

shear stress ranged 10.5–13.7 kPa in the SFA, 7.9–15.2 kPa

at the AH and 15.8–21.1 kPa in the PA in different postures

with maximum values reaching almost 45 kPa.

Shear strain on the outer surface of the FPA wall in differ-

ent limb postures averaged Euz ¼ 0.045–0.055 for the SFA,

Euz ¼ 0.033–0.065 for the AH and Euz ¼ 0.060–0.100 for the

PA. Its distribution along the length of the FPA was very

similar to the torsion distribution (figure 4a) with higher

values shifted towards the PA and shear peaks increasing

with the increase of the limb flexion. Twist also reduced

circumferential stretch, and while the SFA and AH demon-

strated mostly tensile stretches in all postures (mean

lo
u ¼ 1:027� 1:033 and lo

u ¼ 1:016� 1:032, respectively),

stretches in the PA were mostly compressive in the sitting

and gardening postures with an average of lo
u ¼ 0:997 and
lo
u ¼ 0:980, respectively, in spite of internal pressure. The dis-

tribution of Green strains along the normalized FPA length in

the gardening posture is demonstrated in figure 4b.

Unlike measurements of torsion, statistical differences in

stresses among FPA segments were observed only for the

AH and PA (all postures: p , 0.01, p , 0.01 and p ¼ 0.03),

and for the SFA and PA in the gardening posture ( p , 0.01).

Intramural stresses in the AH and PA increased with age in

the walking and sitting postures ( p , 0.01, p ¼ 0.02), but

there was no correlation in the gardening posture ( p ¼ 0.31).

Stresses in the SFA did not correlate with age in either of the

postures. After controlling for age, intramural stresses in the

PA were higher in males in the sitting and gardening postures

( p ¼ 0.04, p ¼ 0.01). Gender had no statistically significant

effect on stresses in other FPA segments or postures.
4. Discussion
The FPA appears to be significantly different from other per-

ipheral arteries, such as the carotid, renal and iliac arteries,

possibly because of lower blood flow, but more importantly
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because the SFA and PA that comprise the FPA segment,

undergo large deformations during flexion of the limb

[9,14]. These severe deformations are reflected clinically by

the frequency of disease development and the high incidence

of stent fractures [2,31–33], and are believed to contribute to

poor clinical outcomes of current open and endovascular

PAD treatments [9].

Torsion is one of the main deformation modes, but is also

the most challenging to measure in vivo due to lack of identifi-

able arterial markers that can be tracked with limb flexion.

There are only four studies that measured torsion in the

human FPA and those were performed by Cheng et al.
[17,18], Klein et al. [19] and MacTaggart et al. [14]. Cheng

et al. [17] was the first to measure limb flexion-induced torsion

in 16 SFAs from eight human subjects 27+5 years old. They

used two arterial side branches as markers to track SFA
deformations as the limb was flexed from the supine to the

fetal positions producing 2.8+1.78 cm21 twist. Similar twists

(1.7+1.08 cm21 and 3.5+1.98 cm21 for the SFA and PA,

respectively) were reported by Klein et al. [19] who used a

similar measurement technique based on three side branches

of 10 FPAs (average age 57+10 years old). In a later study,

Cheng et al. [18] used as many side branches as they could

identify on clinical MR (number varied from one patient to

another) to measure torsion in 14 SFAs that were on average

56+5 years old. The SFA was divided into three equally

sized segments, and average torsion per segment was reported

as 1.3+0.8–2.1+1.38 cm21 with higher values occurring dis-

tally, i.e. closer to AH. Until recently, results of these three

studies summarized by Ansari et al. [9] were used by most

FPA stent manufacturers as boundary conditions for their

torsional tests.
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Though the side branch technique used by Cheng et al.
and Klein et al. is likely the only option to measure torsion

in vivo, it may significantly underestimate peak values that

occur locally in areas where no branches can be identified.

Furthermore, side branches may tether the artery to the sur-

rounding tissues and dampen deformations. To resolve

these limitations, MacTaggart et al. [14] proposed a new

measurement technique using intra-arterial markers. Mar-

kers were deployed into the FPAs of cadavers without

disturbing the surrounding tissues or constraining the

artery, and the measurement technique allowed assessment

of local deformations in 1–2 cm segments independent of

side branches. Results demonstrated that though the

length-average twist corresponded to that reported by

Cheng et al. and Klein et al. (48 cm21), distal FPA segments,

particularly at the AH and PA below the knee, twisted sig-

nificantly more—to as much as 778 cm21. This study was

performed to refine these values in a larger sample size

(n ¼ 28 limbs) using an expanded, refined and validated

methodology with improved marker design, vessel

perfusion and stress analysis.

Our current technique constituted several major improve-

ments over the original method [14]. First, the markers were

laser cut from nitinol instead of using a stainless steel wire.

Superelasticity of the nitinol eliminated the occurrence of plastic

deformations of the markers during loading into the catheter

delivery system. The markers were designed to have four

prongs instead of two to improve stability, and one prong

was made thicker at its end for easier identification on CT

images and more accurate assessment of torsion. In addition,

a new string-based delivery system allowed more uniform pla-

cement of markers in all limbs. Use of a perfused cadaver

model allowed physiologic pressures and temperature to be

achieved during limb flexion while also providing uniform

opacification of the main arteries and their branches for

image analysis. These improvements over the original

method [14] allowed us to achieve higher accuracy of
measurements as demonstrated by validation experiments in

a series of silicone tubes.

This study demonstrates that on average, the largest twist in

the SFA varies 10.2–12.58 cm21, at the AH 7.8–15.68 cm21 and

in the PA 14.2–25.88 cm21 in the walking, sitting and gardening

postures with peak values reaching as high as 42.58 cm21. These

values are significantly larger than those summarized by Ansari

et al. [9] (2–48 cm21), but more conservative than the 778 cm21

average PA twist reported by MacTaggart et al. [14]. The discre-

pancy with the latter can be attributed to a larger sample size,

better experimental technique, more uniform marker placement,

and a different normalization scheme used in the current study.

Here twist was normalized to the length of the arterial segment

in the straight posture, whereas previously it was normalized to

the length of the segment in the bent posture—a difference

accounting for up to 21% higher values than those reported here.

Locally high torsion in the PA and at the AH can be attrib-

uted to different factors. The AH is a thick tendinous channel

between the adductor magnus muscle and the femur that con-

strains the artery as it passes from the anterior to posterior

thigh. The PA, on the other hand, is not constrained by the ten-

dinous structures, but does have a high density of small side

branches compared with the proximal SFA. Interestingly, in

our study torsion did not change with age suggesting that

the same physiologic level of twist is imposed by the surround-

ing tissues independent of ageing. While this result is

intriguing, it should be verified using younger arteries as the

average age of our cadavers was 80+ 12 years old.

Severe FPA twists were associated with high mechanical

stresses that ranged from 30.3 to 35.2 kPa in the SFA, 27.3–

36.9 kPa at the AH and 38.6–43.1 kPa in the PA with

20–89% attributed to shear depending on the arterial seg-

ment and posture. Twist affected the direction of principal

stresses, rotating them longitudinally. It also reduced vessel

diameter, in some cases causing circumferential compression.

Unlike twist, mechanical stresses in the distal FPA did

increase with age in some postures, possibly reflecting
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stiffening of the FPA. Age-associated stiffening has pre-

viously been related to the degradation and fragmentation

of longitudinal elastin and accumulation of collagen [22,25],

both resulting in higher limb flexion-induced mechanical

stresses in the FPA as demonstrated by computational mod-

elling [28]. High mechanical stress can damage the arterial

wall, initiating a cascade of remodelling responses that

involve migration and proliferation of cells and exacerbating

FPA pathology [10,34]. Interestingly, Watt [2] described

common sites for FPA occlusions and indicated that AH

and PA have the highest incidence of vascular disease,

areas that here were reported to experience the highest

mechanical stresses due to limb flexion-induced torsion.

Though our study was designed to inform device manu-

facturers of the torsional deformations and stresses in the

SFA, AH and PA with limb flexion and extension, its results

should be viewed in the context of limitations. First, axial

stretch was kept constant (lz ¼ 1) to investigate the effect of

torsion alone, but additional considerations of axial shorten-

ing, in situ longitudinal pre-stretch, and bending would be

beneficial for a refined analysis of the in vivo FPA stress

state. Second, cadavers used in this study were lightly

embalmed. Though lightly embalmed cadavers preserve

many of the natural tissue properties when compared with

fully embalmed cadavers [14,20], it is not known how close

the arterial characteristics are to the in vivo properties,

which may affect torsional measurements. Though subjec-

tively lightly embalmed arteries are similar to the arteries

of PAD patients, this question requires more investigation.
5. Conclusion
The human FPA experiences significant torsion during limb

flexion, and arterial twist increases with more acute flexion

angles. Torsion is distributed non-uniformly along the

length of the artery achieving largest values distally. PA

twists as much as 268 cm21 in the gardening posture with

highest values reaching 438 cm21. These large twists are

associated with significant principal stresses reaching

43 kPa, which is 89% higher than stresses stemming from

internal pressure alone. Torsional deformations and the

associated mechanical stresses summarized in this work

may help better understand FPA pathophysiology and be

instrumental in designing repair materials and devices for

open and endovascular PAD treatments.
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