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Abstract

Peripheral arterial disease differentially affects the superficial femoral (SFA) and the popliteal 

(PA) arteries, but their morphometric, structural, mechanical, and physiologic differences are 

poorly understood. SFAs and PAs from 125 human subjects (age 13–92, average 52±17 years) 

were compared in terms of radii, wall thickness, and opening angles. Structure and vascular 

disease were quantified using histology, mechanical properties were determined with planar 

biaxial extension, and constitutive modeling was used to calculate the physiologic stress-stretch 

state, elastic energy, and the circumferential physiologic stiffness. SFAs had larger radii than PAs, 

and both segments widened with age. Young SFAs were 5% thicker, but in old subjects the PAs 

were thicker. Circumferential (SFA: 96→193°, PA: 105→139°) and longitudinal (SFA: 

139→306°, PA: 133→320°) opening angles increased with age in both segments. PAs were more 

diseased than SFAs and had 11% thicker intima. With age, intimal thickness increased 8.5-fold, 

but medial thickness remained unchanged (620μm) in both arteries. SFAs had 30% more elastin 

than the PAs, and their density decreased ~50% with age. SFAs were more compliant than PAs 

circumferentially, but there was no difference longitudinally. Physiologic circumferential stress 

and stiffness were 21% and 11% higher in the SFA than in the PA across all ages. The stored 

elastic energy decreased with age (SFA: 1.4→0.4kPa, PA: 2.5→0.3kPa). While the SFA and PA 

demonstrate appreciable differences, most of them are due to vascular disease. When pathology is 

the same, so are the mechanical properties, but not the physiologic characteristics that remain 

distinct due to geometrical differences.
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1 INTRODUCTION

Peripheral arterial disease (PAD) is often caused by an atherosclerotic obstruction of the 

femoropopliteal artery (FPA) in the lower limb[1]. It is a major public health burden and is 

associated with high morbidity, mortality, and impairment in life quality[2–5]. Surgical and 

interventional therapies for PAD are notorious for high failure rates[6–21], and lower blood 

flow[22–27] and the large deformations experienced during flexion of the limbs[26–37] are 

likely involved. Significant efforts are focused on the development of better materials and 

devices to improve clinical outcomes of PAD repair[11,35,38–40], and detailed information 

on the morphometric, structural, mechanical, and physiologic FPA characteristics can guide 

these developments.

The FPA begins as the common femoral artery (Figure 1) 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 gap between the adductor magnus muscle and the femur, passing 

from the anterior thigh posteriorly into the popliteal fossa behind the knee. Clinically, the 

two principal sites of FPA occlusions are the artery at the AH and the PA behind the 

knee[41] (Figure 1).

We have recently reported the mechanical and structural characteristics of human FPAs in a 

wide range of ages[26,42–46], but studies of how these characteristics change along the 

length of the artery were limited to small sample sizes[47,48], were not done using arteries 

from the same subjects, and, most importantly, have not considered the effects of vascular 

disease. The goal of the current work was to evaluate SFAs and PAs obtained from the same 

human subjects in a wide range of ages, and compare them in terms of morphometric, 

structural, mechanical, and physiologic characteristics while controlling for the degree of 

vascular disease. This was achieved by using imaging and bidirectional histology, planar 

biaxial mechanical testing, and constitutive modeling. Data informing the regional 

differences between the two FPA segments that typically experience different flow and 

mechanical deformations during limb flexion (Figure 1A) and are differentially affected by 

vascular disease (Figure 1B), may help better understand the mechanophysiology of the 
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lower extremity vasculature, guide the development and refinement of computational models 

that evaluate arterial mechanics, hemodynamics, and device-artery 

interactions[26,27,34,35,49–51], and help develop new materials and devices for PAD repair.

2 METHODS

2.1 Arterial specimens

The FPAs from the profunda femoris artery to the tibioperoneal trunk (Figure 1) were 

obtained from 125 tissue donors 13–92 years old (average age 52±17 years, 71% male) by 

an organ procurement organization Live On Nebraska after obtaining consent from next of 

kin, and were tested within 4 hours of procurement to preserve freshness. Demographics and 

risk factors of the subjects are summarized in Table 1. Prior to excision, the in situ 
longitudinal pre-stretch of the entire FPA was measured using an umbilical tape[43]. 

Proximal SFA 1 cm distal to the profunda femoris artery, and distal PA 1 cm proximal to the 

tibioperoneal trunk (Figure 1), were obtained from the FPA and kept in 0.9% phosphate-

buffered saline during all experiments. Morphometric measurements were obtained optically 

while the specimens freely floated in saline. They included the outer radius of the load-free 
arterial ring ρadv, the inner and outer radii (Rint, Radv) and thickness of the stress-free 
radially-cut arterial ring, and the circumferential (α) and longitudinal (β) opening angles in 

the stress-free configuration (Figure 2)[42,47]. Opening angles were measured by selecting 

three points on the stress-free section (one in the middle and two close to the ends), and then 

fitting a circle through these points (Figure 2, green lines). Since the diseased specimens 

often had nonuniform thickness, the thickness was assessed in at least 10 different locations 

across the circumference before reporting the average value.

2.2 Histological Analysis

The intramural structure of the SFA and PA specimens was evaluated using bidirectional 

histology and arterial sections immediately adjacent to the morphometrically-measured and 

mechanically-tested specimens. Arterial cross-sections and ~1cm longitudinal strips were 

fixed in methacarn, dehydrated in 70% ethanol, embedded in paraffin, sectioned using a 

microtome, and stained with Verhoeff-Van Gieson (VVG) stain. Intimal and medial layer 

thicknesses and the density of elastin were measured on both transverse and longitudinal 

sections using a semi-automated custom-made software written in Visual Studio C# 

with .Net 4.6.2 framework and OpenCV libraries. This software allowed the selection of the 

layer boundaries in the entire histological slide, so the thickness and density measures 

represented the entire arterial section as opposed to a few discrete measurements.

The degree of vascular disease in each specimen was quantified using a six-stage 

scale[43,44] (Figure 3), and all grading was done by a single operator to reduce variability. 

Stage I represented healthy arteries with no intimal thickening, no lipid pools, and no 

calcification; stage II included arteries with minor intimal thickening and some smooth 

muscle cell (SMC) proliferation, but no protruding plaques; stage III arteries had plaques 

with minor protrusion into the lumen, and possibly small pools of extracellular lipid, but no 

calcium; stage IV represented samples with minor calcification, a protruding plaque with 

<30% stenosis, and moderate pools of extracellular lipid; stage V included arteries with 
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severe medial calcification, stenosis >75%, or aneurysmal dilation, and possibly large pools 

of extracellular lipid; lastly, stage VI represented the most severely diseased arteries with 

extremely calcified arterial medial layer, total vessel occlusions, or fully-developed 

aneurysms.

In addition to the degree of vascular disease, we have also quantified the discontinuity of 

elastic fibers in the external elastic lamina (EEL) using a previously reported five-stage 

scale[44] (Figure 4), and have counted the number of major breaks in the EEL according to 

Figure 5. The elastic fiber discontinuity scale ranged from 1 (fully continuous fibers) to 5 

(completely discontinuous fibers), and the number of major breaks ranged from none to ≥4.

2.3 Planar Biaxial Testing

Planar biaxial tests were performed on fresh SFA and PA specimens sprinkled with graphite 

markers to allow measurements of the deformation gradient. Test axes were aligned with the 

longitudinal and circumferential directions of the artery, and the specimens were attached 

using rakes as previous studies demonstrated negligible shear[47,48]. All arteries were 

preloaded with 0.02–0.1N force, subjected to 20 equibiaxial cycles of preconditioning, and 

when the curves became repeatable, a total of 21 stretch-controlled multi ratio protocols 

ranging from 1:0.1 to 1:0.9 and from 0.9:1 to 0.1:1 with 0.1 step and three equibiaxial 1:1 

stability checks at 0.01 s−1 strain rate were applied to obtain sufficient data density for 

constitutive modeling. Biaxial forces and stretches were recorded, and used to calculate the 

experimental Cauchy stresses[52]. More details of these tests can be found in our previous 

works[47,48,52].

2.4 Constitutive Modeling

Experimental data were used to determine the constitutive parameters for the four-fiber 

family invariant-based model previously shown to accurately portray the behavior of human 

FPAs of different ages[42,47,48,52]. For this model, the strain energy function W is given 

by:

W = cgr
2 IC − 3 + ∑

i = 1

4 c1
i

4c2
i ec2

i IV C
i − 1

2
− 1 . Eq 1

Here IC = tr(C) is the first and IV C
i = Mi ⋅ CMi  is the fourth invariant of the right Cauchy-

Green stretch tensor C = FT F and the structural tensor Mi ⊗ Mi that measures square of the 

stretch along the fiber direction Mi in the reference configuration and is equal to

IV C
i = λz2cos2γi + λθ

2sin2γi,

where γi is the angle that a fiber family i makes with the longitudinal direction. This 

constitutive relation phenomenologically accounts for the longitudinally-oriented elastic 

fibers with γi and material parameters c1
1, c2

1, passive contributions of circumferential smooth 

muscle cells (SMCs) with γi = 90° and material parameters c1
2, c2

2, and two families of helical 

collagen fibers that have the same mechanical properties and are oriented at γi = γ with 
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material parameters c1
3 = c1

4, c2
3 = c2

4. Macaulay brackets ( ⋅ ) = 1
2 [( ⋅ ) + | ( ⋅ ) | ] are used to 

filter positive values so fibers only contribute to stress during tension.

The total Cauchy stress for an incompressible material (det F = 1) can then be calculated as 

[53]:

t = − pI + t = − pI + 2∂W
∂IC

B + 2 ∑
i = 1

4 ∂W
∂IV C

i mi ⊗ mi,

t

Eq 2

where, mi = FMi is the push-forward of the unit vector Mi, p is the Lagrange multiplier, and 

B = FFT is the left Cauchy-Green stretch tensor. The constitutive parameters were 

determined by minimizing the difference between the experimentally-measured Cauchy 

stresses adjusted for the flattening of the specimens[42], and the theoretical stresses 

determined using Eq 2. To ensure parameter uniqueness, we have performed a non-

parametric bootstrap as described previously[52,54]. It included 2000 iterations of random 

sampling and fitting, followed by the analysis of the probability distribution of each 

parameter to determine the global minimum. The coefficient of determination[55] R2 was 

used as a measure of the goodness of the fit, and it was greater than 0.91 for all specimens.

Age-group-specific constitutive parameters were determined by generating multi ratio stress-

controlled biaxial curves with the steps of 1kPa for all specimens and then finding the 

median, 25th percentile, and 75th percentile stretches in each age group at each biaxial stress 

level as described previously[42,52,55,56].

2.5 Kinematics of residual and physiologic states

Arterial morphometry measurements and constitutive parameters were used to determine the 

residual and physiologic stress-stretch states. The deformation gradients associated with 

transitions from the stress-free to the load-free and to the in vivo loaded states can be written 

as[53,57–59] Fres = diag ∂ρ
∂R , K ρ

R , λζ , Fload = diag ∂r
∂ρ , r

ρ , λz
in situ  and 

Fpℎys = FloadFres = diag ∂r
∂R , r

R K, λζλz
in situ , where R, ρ and r represent the stress-free 

radially-cut ring, load free and loaded ring radii, respectively, K = 2π
2π − α  is a measure of the 

opening angle, and λζ and λz
in situ are the residual and in situ longitudinal stretches, 

respectively. Note that λζ accounts for the flattening of the longitudinal strip during the 

planar biaxial test[42] and λz
in situ is considered to be the same for the SFA and PA segments 

because it was measured for the entire FPA. Assumption of the incompressibility and lack of 

perivascular tethering, i.e., zero pressure on the outer surface of the artery, and the balance of 

linear momentum were applied to determine λζ, ρ, r and the Lagrange multiplier p in Eq 

2[42,53,55,57–59]. The averaged through-thickness physiologic stress-stretch state was then 

determined at the luminal pressure of 100 mmHg[42].

In addition, we have calculated the change in elastic energy W from diastole (80 mmHg) to 

systole (120 mmHg), change in the average circumferential stretch during the cardiac cycle, 
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λθ
cardiac = rsys

rdias , and the physiologic circumferential stiffness defined as the change in the 

average circumferential physiologic stress between systole and diastole divided by the 

change in the average circumferential stretch[42,55]

Eθ =
tθθ
pℎys(sys) − tθθ

pℎys(dias)

λθ
pℎys(sys) − λθ

pℎys(dias)
.

2.6 Statistical analysis

Pearson correlation coefficient r was used to assess the strength of linear relation between 

continuous variables and age, with values closer to ±1 demonstrating stronger relations. 

Statistical significance of the observed correlations was assessed by testing the hypothesis of 

no correlation (i.e., the null hypothesis) against the alternative hypothesis of nonzero 

correlation using an independent sample t-test. Since many morphometric and mechanical 

characteristics did not satisfy the assumption of normal distribution based on skew and 

kurtosis levels[60] due to extremely small or large values, Wilcoxon Signed Rank (WSR) 

test was used to compare them. The null hypothesis was that the median difference between 

the two arterial segments is zero, and the values of p < 0.05 were used as a threshold for 

statistical significance. Where appropriate, results are presented as median ± standard 

deviation. When discussing young and old subjects, those are defined as ≤20 and >70 years 

old.

3 RESULTS

3.1 Vascular Disease

Arteries from ≤20-year-old subjects were mostly healthy, and the average disease stage of 

the SFA was 1.00, and of the PA 1.05±0.05. With age, the PA segment became significantly 

more diseased than the SFA (p < 0.01, Figure 6), and in >60-year-old subjects, PAs had an 

average disease stage of 4.1±1.1, while the SFAs were rated at 3.8±1.1. Due to these 

significant differences (Figure 6), the analysis of the morphometry, structure, mechanics, and 

physiologic characteristics was carried out both with and without taking vascular disease 

into account.

3.2 Morphometric Analysis

SFA and PA had different thicknesses in the stress-free, load-free, and loaded configurations 

(Figure 7A,D,G, p < 0.01). PA thickened more sharply than SFA with age, and while in 

young subjects SFA was thicker than the PA (1.26±0.2 vs 1.19±0.2 mm in the stress-free, 

1.25±0.4 vs 1.18±0.4mm in the load-free, and 0.67±0.2 vs 0.65±0.4mm in the loaded state), 

in the old subjects the results were reversed, and the PA was thicker than the SFA (2.2±0.4 

vs 1.8±0.5 mm in the stress-free, 2.7±0.6 vs 1.8±0.2mm in the load-free, and 1.9±0.4 vs 

1.6±0.3 mm in the loaded state). The differences in thickness between the two segments 

were primarily attributed to the differences in disease stage because in subjects that had the 

same degree of vascular pathology in the SFA and PA, there was no statistically significant 

difference in either stress-free, load-free, or loaded thickness (p > 0.1).
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Circumferential and longitudinal opening angles were statistically different between the SFA 

and the PA (Figure 7B,C, p <0.01), and both increased with age (p < 0.01). The increase in 

the circumferential opening angle α was more sharp for the SFA (96 ± 50° to 193 ± 90°, r = 

0.4, p < 0.01) than for the PA (105 ± 40° to 139 ± 90°, r = 0.25, p < 0.01), but the 

longitudinal opening angle β increased similarly in both segments (SFA 139 ± 60° to 306 ± 

30°, r = 0.76, p < 0.01 and PA 133 ± 50° to 320 ± 30°, r = 0.76, p < 0.01). After controlling 

for the disease stage, there was no difference in either of the opening angles between the 

SFA and the PA segments (p > 0.43).

SFAs had larger inner and outer radii than the PAs in both load-free and the loaded states (p 

< 0.01), and both segments widened with age. Inner and outer radii of the SFA widened with 

age by 60% (r = 0.38, p < 0.01, 1.5±0.2mm to 2.4±0.5mm) and 58% (r = 0.50, p < 0.01, 

2.6±0.4mm to 4.2±0.4mm) in the load-free, and 43% (2.0±0.4mm to 3.0±0.6mm, p = 0.12) 

and 59% (r = 0.46, p < 0.01, 2.7±0.4mm to 4.4±0.4mm) in the loaded state, respectively. 

Inner and outer radii of the PA increased with age by 27% (r = 0.24, p < 0.01, 1.5±0.1mm to 

1.9±0.4mm) and 61% (r = 0.53, p < 0.01, 2.6±0.4mm to 4.2±0.6mm) in the load-free, and 

42% (1.8±0.2mm to 2.6±0.4mm, p = 0.13) and 80% (r = 0.52, p < 0.01 2.5±0.4mm to 

4.5±0.6mm) in the loaded state, respectively. In both segments, the outer radii increased with 

age faster than the inner radii, suggesting a primarily outward thickening. Differences 

between the SFA and the PA radii remained statistically significant even after controlling for 

the disease stage (p < 0.01).

3.3 Structural Analysis

Changes in structural characteristics are presented in Figure 8. In both SFAs and PAs, elastic 

fibers in the EEL became more discontinuous with aging (p < 0.01), but elastin in the PA 

was more fragmented than in the SFA (p < 0.01) independently of the disease stage. In the 

SFA, the elastic fiber discontinuity increased from 1.0±0.9 in young to 3±1 in old subjects (r 

= 0.30, p < 0.01), and in the PA it increased from 1.5±0.9 to 4±1 (r = 0.25, p < 0.01). The 

number of major breaks in the EEL was not statistically different between the SFA and the 

PA either before (p = 0.06) or after (p = 0.32) accounting for the disease stage, and it did not 

change with aging (p > 0.78), fluctuating around 1±1 in both arteries.

Tunica intima was, on average, 11% thicker in the PA compared with the SFA (p < 0.01). 

Interestingly, the intimal thickness was on average 21% and 10% larger in the SFA and PA, 

respectively, when measured using transverse as opposed to longitudinal sections. Intimal 

thickness in the SFA increased with age from 20±6μm to 212±300μm (r = 0.4, p < 0.01) as 

measured on the transverse, and from 20±6μm to 122±50μm (r = 0.28, p < 0.01) as 

measured on the longitudinal sections. In the PA, it increased from 22±4μm to 208±300μm 

(r = 0.31, p < 0.01) on the transverse, and from 20±10μm to 153±300μm (r = 0.30, p < 0.01) 

on the longitudinal sections. As expected, thicker intima of the PA was a result of greater 

vascular pathology of this segment compared with the SFA. When both arteries were 

similarly diseased, their intimal layer thickness was not statistically different (P > 0.26).

The thickness of the tunica media was not statistically different between the SFA and the PA 

segments when assessed using conventional transverse sections both before (p = 0.51) and 

after (p = 0.21) taking into account the disease stage. When using the longitudinal sections, 
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SFA and PA medial thickness was statistically different before accounting for the disease 

stage (p = 0.04), but not after (p = 0.23). Aging had no effect on the medial thickness of the 

SFA or PA when measured using the transverse sections (SFA: 620±200μm, p = 0.30, PA: 

620±200μm, p = 0.24), but when assessed longitudinally, tunica media of the SFA increased 

with age from 475±100μm to 667±100μm (r = 0.22, p = 0.01), but stayed constant at 

630±200μm (p = 0.14) in the PA.

Both the total and the EEL elastin density was different in the SFA and PA, and this result 

was independent of the disease stage (p < 0.01) and confirmed on both transverse and 

longitudinal sections. The total elastin density, measured on the transverse sections, 

decreased with age from 8±4% to 4±2% (r = −0.37, p < 0.01) in the SFA, and from 6±4% to 

3±1% (r = −0.42, p < 0.01) in the PA. When assessed using the longitudinal sections, this 

density decreased from 7±4% to 3±2% (r = −0.33, p < 0.01) in the SFA, and from 5±3% to 

2±2% (r = −0.20, p = 0.03) in the PA. EEL elastin density followed similar trends. When 

measured on the transverse sections, it decreased with age from 37±10% to 20±7% (r = 

−0.44, p < 0.01) in the SFA, and from 30±10% to 15±4% (r = −0.48, p < 0.01) in the PA. 

When measured on the longitudinal sections, this density decreased from 41±20% to 

20±10% (r = −0.31, p < 0.01) in the SFA, and from 38±10% to 21±10% (r = −0.22, p < 

0.01) in the PA.

3.4 Intrinsic Mechanical Properties

Equibiaxial stress-stretch curves representing the median SFA and PA specimens in each 

decadal age group along with the 25th and 75th percentiles are plotted in Figure 9. 

Constitutive parameters for the median curves are summarized in Table 2 and Table 3, and 

the parameters representing the 25th and 75th percentiles are provided in Appendix 6.1.

Both SFAs and PAs stiffened with age, and their stress-stretch responses became more 

nonlinear. Though in the longitudinal direction, arteries from the youngest age group appear 

to be less compliant than arteries of 21–30-year-old subjects (Figure 9A,C), this was not 

statistically significant and likely stems from the relatively small size of these groups and the 

natural variation in specimens. Since multiple stress-stretch curves representing the different 

loading ratios were obtained for both the SFA and the PA specimens, their direct comparison 

is not straightforward and requires a brief discussion. One way to compare the stress-stretch 

curves for the two arteries is to create a long vector for each subject containing all 

experimental data points, and then compare arteries for that subject in each direction of 

stretch. Another way is to combine data from all subjects into a single long vector, and then 

compare the SFA to the PA for all subjects at once. In both cases, the analysis violates one of 

the principal assumptions of the Wilcoxon Signed Rank Test that each pair of observations 

needs to be independent of other observations. To mitigate this issue, we have compared 

SFAs and PAs independently for each protocol and at each stress level. When following this 

approach, the analysis demonstrated that the SFA and PA specimens were not different 

longitudinally (p > 0.05) either before or after controlling for their disease stage. In the 

circumferential direction, the two arteries were also not statistically different (p > 0.05) at 

low stresses (i.e., <20kPa), but at higher stresses, the SFAs were more compliant than the 

PAs (p < 0.05) before controlling for the disease stage. After accounting for the disease, this 
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statistical significance disappeared (p > 0.05), and the two segments were not different in 

either direction.

3.5 Physiologic Stress-Stretch State

Figure 10 demonstrates changes in the SFA and PA calculated physiologic in vivo stresses 

with age. The two segments had statistically different circumferential and longitudinal 

physiologic stresses (p < 0.01) that decreased with age (p < 0.01). The averaged through-

thickness circumferential physiologic stress in the SFA was on average 21% higher than in 

the PA, and it decreased 49% with age (from 39±20kPa to 26±9kPa, r = −0.41, p < 0.01). In 

the PA, the circumferential stress decreased 60% with age (from 37±10kPa to 23±5kPa, r = 

−0.44, p < 0.01). In the longitudinal direction, physiologic stresses in the SFAs younger than 

50 years were 6% higher than in the PAs, but for the subjects older than 50 years, the results 

were reversed, and the longitudinal stress was 7% higher in the PA compared with the SFA 

(p < 0.01). Longitudinal stresses decreased with age in both segments, 7.5-fold in the SFA 

(from 113±80kPa to 15±50kPa, r = −0.54, p < 0.01), and 1.8-fold in the PA (from 

115±60kPa to 63±30kPa, r = −0.38, p < 0.01), following a decrease in the in situ 
longitudinal pre-stretch of the entire FPA from 1.56±0.04 to 1.14±0.07 (r = −0.54, p < 0.01). 

The difference in the physiologic stresses in both directions between the SFA and the PA 

remained statistically significant (p < 0.01) even after accounting for the vascular disease.

As demonstrated in Figure 11, SFAs and PAs experienced similar (p = 0.15) circumferential 

stretch as they deformed from diastole to systole (1.04±0.02 in young vs. 1.02±0.01 in old 

subjects, r = −0.40, p < 0.01, Figure 11A), but their stored elastic energy during the cardiac 

cycle was statistically different (p < 0.01). In the SFA, ΔW decreased with age 4-fold from 

1.4±2kPa to 0.4±0.2kPa (r = −0.56, p < 0.01) while in PA, it changed 9.1-fold from 

2.5±2kPa to 0.3±0.2kPa (r = −0.59, p < 0.01) (Figure 11B). Circumferential stiffness was 

also different in the SFAs and PAs (p < 0.01, Figure 11C), but it remained relatively constant 

with age (SFA: 0.7±0.4MPa, p = 0.24, and PA: 06±0.4MPa, p = 0.3). After accounting for 

the disease stage, SFAs and PAs were not different (p > 0.08) in any of the cardiac cycle 

measures, including the circumferential cardiac cycle stretch, stored elastic energy, and the 

circumferential stiffness.

4 DISCUSSION

Lower extremity arterial repairs are notorious for high rates of failure[6–21], and the 

dynamic biomechanical environment of the lower limb is thought to play an important role 

by subjecting the FPA to complex mechanical deformations and producing flow 

abnormalities during limb flexion[22,26–37]. Computational models[27,35,39,40,49] of 

device-artery interactions have aimed to improve clinical outcomes through optimized 

device design, but they rely on accurate input data on segmental arterial properties and 

loading conditions. The FPA is a long artery that smoothly tapers from the larger and more 

proximal SFA in the upper thigh to the smaller PA behind the knee without major branches 

or bifurcations[32,61]. Though both segments function in the same biological environment, 

the PA experiences more severe mechanical deformations during limb flexion[34,36,37,62], 

and is known to develop more vascular disease compared with the SFA[41]. The goal of our 
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study was to compare the structural, morphometric, mechanical, and physiologic 

characteristics in these two FPA segments, and our results demonstrated that they indeed 

were significantly different; however, most of these differences were due to greater vascular 

disease in the PA. When the pathology of the SFA and PA was the same, so were the 

mechanical properties, but not the physiologic characteristics that remained different due to 

the larger diameter of the more proximal SFA compared with the PA.

Structurally, young healthy SFAs and PAs were very similar. Their adventitia contained 

diagonally-oriented collagen fibers, EEL had longitudinal elastic fibers, tunica media was 

rich in circumferentially-oriented SMCs surrounded by collagen, and the internal elastic 

lamina (IEL) was a sheet (or sometimes a double sheet) of elastin that separated media from 

intima[43,47]. One structural difference between the two segments that appeared to be 

independent of age was 30% more elastin in the more proximal SFA compared with the 

more distal PA. Aging affected both FPA segments, causing them to widen and thicken, but 

these changes occurred at different rates. The PAs, for example, had a sharper increase in 

wall thickness due to greater amounts of vascular disease, and although in young healthy 

subjects the SFAs were 5% thicker than the PAs, in older arteries, the PAs were 28% thicker 

than the SFAs. The increase in the overall thickness with age was primarily driven by the 

increases in intimal and adventitial thickness because tunica media thickness remained the 

same in both arteries. Interestingly, in both segments, the rate of increase in the outer radius 

was higher than that of the inner radius, consistent with the compensatory dilation 

mechanism that allows the artery to keep the hemodynamic wall shear and intramural 

stresses near the homeostatic target[63–71]. More severe disease of the PA was responsible 

for its thicker wall compared with the SFA, but when the pathology in both segments was 

similar, there was no variation in thickness along the length of the FPA.

In addition to wall thickening, the constant turnover of the arterial wall constituents during 

aging creates residual stresses that are thought to reduce stress gradients across the arterial 

wall[72–74]. These residual stresses are manifested by the opening of the arterial ring into a 

sector and by the curving of the longitudinal strip intima outward. Though SFAs and PAs 

had different circumferential and longitudinal opening angles, these differences disappeared 

after controlling for vascular disease. To understand these results, it is helpful to discuss the 

mechanism by which residual stresses form in the FPA as they appear to be different for the 

longitudinal and circumferential directions. Longitudinally, the residual stresses are 

manifested by the curving of the axial strip with intima pointing outward[45,52], likely due 

to significant tension generated by the longitudinal elastic fibers in the EEL that are 

produced and organized primarily during the perinatal period[63,75] and assume significant 

tension as the artery grows in length. Aging, mechanical deformations during limb flexion, 

proteolytic destruction, and other disease processes result in degradation and fragmentation 

of elastin[76], and the release of tension accumulated in the longitudinal EEL fibers, thereby 

causing the axial strip to assume flatter shapes (i.e., larger opening angles). Interestingly, 

independent of the pathology, PAs had more discontinuous elastic fibers compared with the 

SFAs, suggesting a potential influence of limb flexion-induced deformations that are much 

more severe in this arterial segment[33,34,36,40]. Independent of this fragmentation, we 

have also observed large breaks that often propagated through the entire thickness of the 

EEL of both SFAs and PAs, and they appeared to not be affected by age or arterial location. 
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In older subjects, these larger breaks were bridged by the collagen fibers that may have 

contributed to the longitudinal stiffening.

Unlike the longitudinal opening angle, the circumferential opening that results from the 

arterial ring becoming a sector after transection, is likely affected by different factors. In 

addition to the IEL that is under tension and is likely the reason for the opening to occur 

with the intimal layer directed inwards, collagen fibers and glycosaminoglycans that 

accumulate in the tunica intima and the inner part of the tunica media with age, are likely 

playing important roles. Growth and remodeling of these constituents, in combination with 

the degradation of the IEL and the release of its tension as a result of aging and vascular 

disease, results in larger circumferential opening angles. Since healthy SFAs and PAs have a 

similar structure, their opening angles are affected to a similar degree by aging and vascular 

disease.

Structural adaptations with age and the increase in pathology resulted in changes in tissue 

mechanical behavior. It is important to distinguish between the intrinsic mechanical 

properties and the mechanical characteristics measured at the physiologic state. Latter is 

usually assessed by the in vivo measurements[77–83] that rely on surrogates of arterial 

stiffness determined using pulse wave velocity or distensibility, but those are limited to the 

physiologic pressure range, dependent on the residual stresses, and therefore cannot reliably 

estimate the intrinsic mechanical properties and the physiologic intramural stresses, 

stretches, and the elastic strain energy. The use of ex vivo biaxial testing allows to assess the 

intrinsic arterial mechanical behavior, and constitutive modeling can be used to accurately 

calculate stresses and strains that the artery experiences in vivo.

In terms of the intrinsic mechanical behavior, both the SFAs and the PAs stiffened with age, 

and this stiffening was more pronounced in the longitudinal direction for both segments. 

Young arteries were on average 43% more compliant longitudinally than circumferentially, 

while older specimens were almost isotropic with both directions stretching on average 

~11% at 100kPa equibiaxial stress. Stiffening of human arteries is known to be associated 

with degradation and fragmentation of elastin, and the accumulation, cross-linking, and 

reduction in the undulation of collagen[84,85]. This produces a shift in the load-carrying 

capacity from elastin in the younger specimens to collagen in the older, resulting in the 

characteristic exponential stiffening of the biaxial stress-stretch curves that was also 

observed in our study. Though both SFA and PA segments stiffened with age, the PAs were 

stiffer than the SFAs circumferentially due to more severe vascular pathology, and their 

respective mechanical properties were summarized for 7 decadal age groups. Nevertheless, 

after accounting for the differences in vascular disease between the two segments, we found 

no statistical difference in their mechanical characteristics in either direction, and these 

results provide important information to computational models of FPA behavior[26].

The determined intrinsic mechanical properties, in combination with the measured 

morphometry, allowed the assessment of physiologic arterial characteristics and their 

comparison with the in vivo measurements[30,69,86,87]. At physiologic conditions, SFAs 

were wider than PAs independent of the pathology. They were also more compliant as 

observed by the higher proportion of the SFA to PA radii in the loaded physiologic state 
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compared with the load-free state, which agrees with previous in vivo observations[88]. 

Over the cardiac cycle, both SFA and PA experienced similar circumferential stretch, but due 

to differences in the mechanical properties, the stored elastic energy and the circumferential 

physiologic stiffness were different in the two segments. In young subjects, PAs had 75% 

more elastic energy available for deformation compared with the SFA, while in older 

subjects, the SFA had 29% more elastic energy than the PA. The greater elastic reserve in 

young healthy PAs may be required physiologically to accommodate the limb flexion-

induced deformations that are more severe in this arterial segment[34,36,37,62]. These 

mechanical deformations, coupled with the deleterious effects of age and risk factors, result 

in greater vascular pathology in the PA compared with the SFA, and therefore diminish the 

elastic reserve of this artery at a greater rate. Reduction of the elastic reserve as a result of 

the intrinsic stiffening of the arterial wall can lead to a diminished energy reserve for 

adaptive remodeling[43], more pronounced bends, higher intramural stress concentrations, 

and more complex flow patterns in the flexed limb due to the reduction in the ability of the 

artery to accommodate limb flexion-induced deformations[26], as well as the increase in 

peripheral vascular resistance[89] which may all contribute to the development and 

progression of vascular pathology. Interestingly, despite the decreasing physiologic stresses, 

cardiac cycle stretch, and stored elastic energy, the circumferential physiologic stiffness 

remained relatively unchanged with age in both arterial segments, suggesting that Eθ could 

be used as a measure for long-term arterial homeostasis[64,90,91]. It is important to 

distinguish this stiffness from the one measured experimentally using the planar biaxial 

(Figure 9) or inflationextension testing because this metric incorporates longitudinal in situ 
pre-stretch and the residual stresses, and measures the change in stiffness during the cardiac 

cycle, but not from the zero-stress state.

Unlike the differences in the cardiac cycle measures that were the result of greater vascular 

disease in the PA segment, the physiologic stress-stretch response remained distinct in the 

SFA and PA even after controlling for the disease stage. In both segments, the physiologic 

stresses reduced with age, and the reduction was faster longitudinally than circumferentially 

– the observation that was described previously in human SFAs[42]. SFAs also had 21% 

higher circumferential stresses than the PAs[47], and the reduction of circumferential wall 

stress with more distal FPA location was reported previously using in vivo methods[69]. 

Importantly, even after accounting for the vascular disease, the physiologic stress-stretch 

state of the SFA and PA remained statistically different, likely due to different arterial 

geometry.

While these data improve our understanding of mechanophysiology of the lower limb 

arteries, the study needs to be considered in the context of its limitations. First, the goal of 

this study was to assess regional differences in the mechanical properties along the FPA 

length independent of vascular disease. This is not the same as determining the effects of 

vascular disease on the mechanical properties. Though both are important questions, they 

require different approaches. To evaluate how the mechanical properties change along the 

length of the artery, it is important to be consistent with the anatomical locations where the 

SFAs and PAs are sampled across all subjects. To answer the second question, one needs to 

sample from multiple locations with different disease severities that could vary subject-to-

subject. While our current study focused on answering the first question, further studies to 
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investigate the effects of vascular disease of mechanics, structure, and function of lower 

extremity arteries are warranted.

Second, the arterial wall was assumed homogeneous, while it clearly consists of distinctly 

different intimal, medial, and adventitial layers. While many studies attempt to separate 

arterial layers and test them individually[92–94], the atraumatic separation is extremely 

challenging (if at all possible) in healthy young FPAs. Additionally, layer separation disturbs 

the integrity of the arterial wall, questioning if the sum of the individual layer responses 

actually equals the behavior of the whole. This is particularly important to remember if the 

ultimate goal of these data is the calculation of intramural stress-stretch responses in 

computational models of device-artery interactions, because these models often focus on the 

average or maximum stresses in the arterial wall.

Third, arteries were assumed to be axisymmetric, which is a reasonable assumption for 

young healthy arteries, but is a clear simplification for diseased specimens that may have 

non-symmetric and highly nonuniform pathologies. While the incorporation of complex 

arterial geometries can be done using imaging and computational simulations, it is less clear 

how to determine the mechanical characteristics of individual plaque components without 

disturbing the integrity of the tissue. Fourth, mechanical testing was performed in a 

quasistatic manner, and the constitutive modeling did not account for the viscoelastic effects. 

Dynamic testing and tissue viscoelasticity may have significant effects on the reported 

mechanical behavior and warrant further investigation.

Fifth, since the blood pressure information was not available from the deceased human 

donors, we have used normal values of blood pressure for all subjects, independent of their 

age. Hypertension is known to be more prevalent in the older population, but if it is 

controlled by medication, the values of pressure are expected to be normal. Nevertheless, the 

reported mechanical and morphometric properties, along with the detailed framework, 

allows one to calculate the physiologic stress-stretch state for any blood pressure if so 

desired, but we do not expect this to change the results of our comparison, as higher blood 

pressure would equally affect both the SFA and the PA segments.

Sixth, the presented analysis neglects the effects of perivascular tethering on the outer 

surface of the FPA wall, which may affect the assessment of physiologic stress-stretch 

behavior. Perivascular tethering in the arteries of the lower limb is not well characterized, 

and more experiments are needed to quantify it [95]. Seventh, our analysis did not consider 

the active SMC responses, while the FPA is a muscular artery, and most of its tunica media 

is occupied by SMCs. Changes in SMC function with age and disease are well-

recognized[96–98], but unfortunately cannot be reliably measured in specimens from 

deceased human donors. For this reason, we have not included this characterization in our 

analysis and have focused on passive mechanical properties. Fortunately, many constitutive 

relations that describe active and passive behavior of arteries[53,99,100] mix the two 

components in an additive fashion, which simplifies supplementation of our passive data 

with active SMC characteristics when comprehensive human data become available.
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Finally, our analysis neglects the effects of gender and risk factors that are likely responsible 

for the appreciable variation in morphometry, structure, and mechanical properties[101]. 

While our current sample size did not allow us to perform this analysis while also 

controlling for age and disease, we hope that these studies will be done in the future. While 

these limitations exist, it is important to remember that they likely affect both the SFA and 

the PA segments similarly, and therefore are unlikely to drastically change our conclusions.

5 CONCLUSIONS

The morphometric, structural, mechanical, and physiologic characteristics of the SFA and 

PA that comprise the FPA in the lower extremity are distinctly different, but mostly due to 

worse vascular disease in the PA. When the two arteries are equally diseased or are both 

healthy, the mechanical properties are similar, but the physiologic characteristics remain 

different due to differences in vessel size. These data help better understand the 

mechanophysiology of the lower extremity arteries, inform computational models of their 

repair, and may guide the development of materials and devices to improve PAD treatments.
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6: APPENDIX

6.1 Variability of mechanical properties within age groups

The four-fiber family model constitutive parameters representing the 25th and 75th 

percentiles within each age group for the SFAs are summarized in Table 4 and Table 5, and 

for the PAs they are provided in Table 6 and Table 7.

Table 4:

Parameters of the four-fiber family constitutive model describing the 25th percentile 

response of human SFAs in 7 age groups. A total of 19 different loading protocols were used 

to determine the constitutive parameters for this model. The coefficient of determination R2 

≥ 0.99 for all age groups.

Age group 
(years) Cgr, kPa C1

1, kPa C2
1 C1

2, kPa C2
2 C3

2 = C4
2, kPa C3

2 = C4
2 γ°

16±2 (12–20) 11.34 21.84 0.40 0.14 10.83 9.36 2.69 66.62

26±4 (21–30) 14.37 13.06 0.76 1.68 7.70 2.86 6.43 66.31

37±2 (31–40) 0.09 28.77 0.66 1.40 15.90 32.41 0.93 60.80

46±3 (41–50) 19.56 15.41 3.74 25.81 19.31 1.89 22.77 51.82

57±3 (51–60) 29.85 0.55 22.87 13.38 41.68 1.05 54.94 46.84

64±3 (61–70) 0.06 39.48 10.11 8.50 68.40 52.19 20.34 53.57

76±7 (71–92) 24.46 50.80 31.42 44.55 60.75 8.59 111.64 40.67
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Table 5:

Parameters of the four-fiber family constitutive model describing the 75th percentile 

response of human SFAs in 7 age groups. A total of 19 different loading protocols were used 

to determine the constitutive parameters for this model. The coefficient of determination R2 

≥ 0.99 for all age groups.

Age group 
(years)

Cgr, 
kPa C1

1, kPa C2
1 C1

2, kPa C2
2 C3

2 = C4
2, kPa C3

2 = C4
2 γ°

16±2 (12–20) 0.62 17.17 0.23 10.78 0.55 4.92 0.83 51.72

26±4 (21–30) 5.39 6.64 0.44 3.12 2.90 1.41 2.69 56.06

37±2 (31–40) 5.23 15.30 0.73 0.10 0.08 5.26 5.39 71.35

46±3 (41–50) 6.24 10.05 0.81 10.29 6.29 1.99 6.07 56.79

57±3 (51–60) 0.01 11.14 2.63 5.35 7.79 15.77 2.45 53.27

64±3 (61–70) 4.18 16.28 3.68 7.09 7.65 1.30 13.88 46.66

76±7 (71–92) 2.18 21.53 5.49 11.80 6.92 1.11 26.25 42.96

Table 6:

Parameters of the four-fiber family constitutive model describing the 25th percentile 

response of human PAs in 7 age groups. A total of 19 different loading protocols were used 

to determine the constitutive parameters in this model. The coefficient of determination R2 ≥ 

0.99 for all age groups.

Age group 
(years) Cgr, kPa C1

1, kPa C2
1 C1

2, kPa C2
2 C3

2 = C4
2, kPa C3

2 = C4
2 γ°

16±2 (12–20) 7.02 26.84 0.30 0.22 9.52 12.69 3.75 67.25

26±4 (21–30) 13.20 5.16 0.87 7.41 7.94 0.13 12.65 58.32

37±2 (31–40) 17.13 2.20 6.67 10.36 24.68 3.70 21.40 60.81

46±3 (41–50) 0.09 0.14 3.46 9.64 30.57 41.17 3.47 33.55

57±3 (51–60) 0.01 46.16 6.94 56.70 47.68 28.27 28.91 53.52

64±3 (61–70) 32.47 13.30 25.61 30.40 36.54 0.39 126.52 47.68

76±7 (71–92) 0.00 111.55 63.11 71.18 80.59 90.67 155.09 54.48

Table 7:

Parameters of the four-fiber family constitutive model describing the 75th percentile 

response of human PAs in 7 age groups. A total of 19 different loading protocols were used 

to determine the constitutive parameters in this model. The coefficient of determination R2 ≥ 

0.99 for all age groups.

Age group 
(years)

Cgr, 
kPa C1

1, kPa C2
1 C1

2, kPa C2
2 C3

2 = C4
2, kPa C3

2 = C4
2 γ°

16±2 (12–20) 0.03 19.78 0.19 0.10 8.78 17.85 0.83 66.92

26±4 (21–30) 0.01 10.98 0.08 0.02 9.36 6.06 1.97 69.68

37±2 (31–40) 0.03 24.54 0.19 5.42 7.54 16.69 0.04 63.40
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Age group 
(years)

Cgr, 
kPa C1

1, kPa C2
1 C1

2, kPa C2
2 C3

2 = C4
2, kPa C3

2 = C4
2 γ°

46±3 (41–50) 6.71 7.40 1.78 13.42 2.59 1.24 6.45 48.83

57±3 (51–60) 1.99 15.26 1.99 2.41 11.71 6.72 6.86 52.15

64±3 (61–70) 1.07 8.66 5.35 12.23 3.34 0.77 15.33 42.94

76±7 (71–92) 0.00 76.59 12.12 25.43 7.21 2.50 32.95 54.90
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Statement of significance

The femoropopliteal artery (FPA) in the lower limb consists of the superficial femoral 

(SFA) and popliteal (PA) arteries that are differentially affected by vascular disease. We 

compared SFAs and PAs from 125 human subjects 13–92 years old using biaxial 

mechanical testing, constitutive modeling, and bidirectional histology. Our results 

demonstrate that the two arterial segments are distinctly different, but mostly due to 

worse vascular disease in the PA. When the two arteries are equally diseased or healthy, 

the mechanical properties are similar, but the physiologic characteristics remain different. 

These data help understand the mechanophysiology of the lower extremity arteries, 

inform computational models of their repair, and may guide the development of materials 

and devices for peripheral arterial disease treatment.
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Figure 1: 
(A) Anatomy of the femoropopliteal artery (FPA) in the straight (right) and bent (left) limb 

posture. The FPA is typically divided into the superficial femoral artery (SFA) and the 

popliteal artery (PA) at the level of the adductor hiatus (AH). The SFA starts at the take off 

of the profunda femoris artery (PFA) in the upper thigh, and the PA ends at the tibioperoneal 

trunk (TPT). Note that the artery at the adductor hiatus and behind the knee is experiencing 

severe deformations during limb flexion. (B) A representative image of the longitudinally-

opened 79-year-old male femoropopliteal artery demonstrating SFA and PA segments.
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Figure 2: 
Kinematics of the artery demonstrating (A) stress-free configuration obtained by radially 

opening the artery into a sector, and cutting out a longitudinal strip, (B) load-free 
configuration with no internal pressure or longitudinal pre-stretch, and (C) the in vivo loaded 
state. Note that in the stress-free state, the longitudinal strip curves intimal outward[52], 

while the radially-cut ring curves intimal inward. The grid size in the inserts is 1mm. Green 

overlaid circles were used for morphometric analysis.
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Figure 3: 
Six-stage FPA pathology classification scale[43,44] using transverse sections of the artery. 

Stage I represents healthy arteries with no intimal thickening, no lipid pools, and no 

calcification; stage II includes arteries with minor intimal thickening and some SMCs 

proliferation, but no protruding plaques; stage III arteries have plaques with minor 

protrusion into the lumen, and possibly small pools of extracellular lipid, but no calcium; 

stage IV represents samples with minor calcification, protruding plaque with <30% stenosis, 

and moderate pools of extracellular lipid; stage V includes arteries with severe medial 

calcification, stenosis >75%, or enlarged diameter consistent with early aneurysm formation, 

and possibly large pools of extracellular lipid; stage VI represents the most severely diseased 

arteries with extremely calcified arterial medial layer, total vessel occlusions, or fully-

developed aneurysms[43,44]. Verhoeff-Van Gieson (VVG) stain: elastin is black, collagen is 

red, smooth muscle is brown. Several examples are provided for each stage. The scale bars 

at the bottom left corner of each section represent 500μm.
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Figure 4: 
Five-stage elastic fiber discontinuity scale using longitudinal sections of the artery. The scale 

ranges from 1 (continuous fibers) to 5 (discontinuous fibers). Several examples are provided 

for each stage to illustrate variability. Elastic fibers are in the external elastic lamina (EEL) 

at the border of media and adventitia. Verhoeff-Van Gieson (VVG) stain: elastin is black, 

collagen is red, smooth muscle is brown. The scale bars at the bottom left corner of each 

section represent 100μm.
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Figure 5: 
Major breaks in the external elastic lamina (EEL) assessed using longitudinal sections. The 

breaks are highlighted with red ellipses, and the number of breaks is shown on the left. 

Verhoeff-Van Gieson (VVG) stain: elastin is black, collagen is red, smooth muscle is brown. 

The scale bars at the bottom left corner of each section represent 500μm.
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Figure 6: 
VVG-stained cross-sectional image of the (A) proximal superficial femoral artery (SFA), 

and (B) distal popliteal artery (PA) from the same 38-year-old male donor. Note the fibrous 

plaque in the PA but no gross pathology in the SFA. The scale bars at the bottom left corner 

of each section represent 500μm.

Jadidi et al. Page 28

Acta Biomater. Author manuscript; available in PMC 2022 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 7: 
Morphometric characteristics of the superficial femoral (SFA, red) and popliteal (PA, blue) 

arteries plotted versus age. Panels include arterial wall thickness in the (A) stress-free (H) 

load-free, and (G) loaded configurations; (B) circumferential (α) and (C) longitudinal (β) 

opening angles; load-free (E) inner and (F) outer radii; and loaded (H) inner and (I) outer 

radii. The size of the dots represents the disease stage of each specimen, with larger dots 

indicating more disease. Lines are linear regression fits to the experimental data.
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Figure 8: 
Changes with age in (A) the discontinuity of elastic fibers in the EEL, (B) the number of 

major EEL breaks, (C) thickness of the tunica intima, (D) thickness of the tunica media, (E) 

density of the total elastin, and (F) density of elastin in the EEL of the SFA (red) and PA 

(blue) measured using transverse (left-filled dots) and longitudinal (right-filled dots) 

sections. The size of the dots represents the disease stage with larger circles corresponding 

to a more advanced disease stage. Lines are linear regression fits to the experimental data.
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Figure 9: 
Median equibiaxial stress-stretch curves for the SFA (top) and PA (bottom) separated into 7 

decadal age groups. Panels (A) and (C) plot longitudinal stretch versus longitudinal Cauchy 

stress, and panels (B) and (D) report circumferential stretch versus circumferential Cauchy 

stress. Legend summarizes the range of ages for each group (years). Variability within each 

age group is demonstrated by the shaded semi-transparent regions that bound 25th and 75th 

percentile ranges. They have different heights for better visualization.
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Figure 10: 
Changes in (A) circumferential and (B) longitudinal physiologic stresses with age in the 

SFA (red) and PA (blue). The size of the dots represents the severity of the vascular disease, 

with larger dots indicating more advanced disease stage. Lines are linear regression fits to 

the experimental data.
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Figure 11: 
Changes with age in (A) circumferential stretch, (B) stored elastic energy, and (C) 

circumferential stiffness over the cardiac cycle as the SFA (red) and PA (blue) deform from 

diastole (80mmHg) to systole (120mmHg). The size of the dots represents the severity of the 

vascular disease, with larger dots indicating more advanced disease stage. Lines are linear 

regression fits to the experimental data.
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Table 1:

Subject demographics, risk factors, and vascular pathology stage for specimens in 7 decadal age groups. 

Pathology was quantified on a I to VI scale with I representing healthy and VI severely diseased arteries 

(Figure 3).

Age 
group 
(years)

n Males, 
%

Current/
Former 

smokers, 
%

BMI 
(average 

± SD)

HTN, 
%

DM, 
%

Dyslipidemia, 
%

CAD, 
%

SFA Pathology 
Stage 

I/II/III/IV/V/VI, 
%

PA Pathology 
Stage 

I/II/III/IV/V/VI, 
%

16±2 
(12–20) 8 62 0/0 20±5 0 0 0 0 100/0/0/0/0/0 87/13/0/0/0/0

26±4 
(21–30) 10 70 30/20 28±5 10 10 10 0 50/50/0/0/0/0 30/60/10/0/0/0

37±2 
(31–40) 10 80 30/30 33±6 40 20 10 0 40/30/30/0/0/0 20/50/20/10/0/0

46±3 
(41–50) 21 71 48/10 34±8 57 19 14 14 10/24/24/14/0/29 0/33/19/14/14/19

57±3 
(51–60) 36 61 44/11 32±6 47 33 28 8 8/25/19/11/31/6 0/17/22/22/28/11

64±3 
(61–70) 30 80 27/17 33±6 70 27 20 3 0/20/17/40/20/3 0/10/23/23/37/7

76±7 
(71–92) 10 80 30/30 31±6 90 50 40 30 0/0/10/40/30/20 0/0/10/40/40/10

n: number of subjects in each age group, BMI: body mass index, HTN: hypertension, DM: diabetes mellitus, CAD: coronary artery disease
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Table 2:

Parameters for the four-fiber family constitutive model describing the median response of human SFAs in 7 

decadal age groups. A total of 19 different loading protocols were used to determine the constitutive 

parameters for this model. The coefficient of determination R2 ≥ 0.99 for all age groups.

Age group (years) Cgr, kPa C1
1, kPa C2

1 C1
2, kPa C2

2 C3
2 = C4

2, kPa C3
2 = C4

2 γ°

16±2 (12–20) 2.59 21.52 0.12 8.37 1.59 6.30 1.31 55.53

26±4 (21–30) 5.25 12.63 0.45 3.47 3.84 3.46 2.43 57.54

37±2 (31–40) 4.16 14.50 0.66 9.05 5.09 5.41 3.40 55.88

46±3 (41–50) 5.36 13.78 1.39 17.02 7.40 4.19 7.07 53.88

57±3 (51–60) 4.50 20.33 2.83 13.54 10.01 5.31 10.88 50.67

64±3 (61–70) 4.79 18.60 5.89 11.23 12.68 4.44 18.39 47.33

76±7 (71–92) 0.00 28.38 15.16 15.18 18.43 10.42 30.65 45.78
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Table 3:

Parameters for the four-fiber family constitutive model describing the median response of human PAs in 7 

decadal age groups. A total of 19 different loading protocols were used to determine the constitutive 

parameters for this model. The coefficient of determination R2 ≥ 0.99 for all age groups.

Age group (years) Cgr, kPa C1
1, kPa C2

1 C1
2, kPa C2

2 C3
2 = C4

2, kPa C3
2 = C4

2 γ°

16±2 (12–20) 0.02 23.27 0.18 0.57 6.21 19.11 1.24 65.71

26±4 (21–30) 3.32 8.61 0.32 2.00 5.83 4.74 2.92 64.45

37±2 (31–40) 9.51 11.26 1.03 8.48 10.79 3.08 7.48 58.89

46±3 (41–50) 3.25 17.83 1.56 22.45 5.34 5.80 6.94 51.13

57±3 (51–60) 4.66 19.61 3.68 9.51 14.31 4.85 14.98 49.05

64±3 (61–70) 3.49 16.84 7.33 9.02 13.17 4.24 20.49 50.39

76±7 (71–92) 0.00 89.47 23.42 33.66 17.94 16.00 42.52 49.12
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