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INTRODUCTION

Vascular grafts are often required to enable revascular-
ization in the case of cardiovascular disease. Though 
preferred, autologous venous grafts cannot always be 
harvested, cryografts are equally difficult to obtain (1) 
and tissue-engineered or gradually dissolving grafts are 
still in a developmental stage (2-4). This is why synthetic 

vascular grafts are regularly used, especially for larger 
vessels (>6 mm in diameter) (5).
When evaluating patency rates, Dacron and expanded 
polytetrafluoroethylene (ePTFE) are currently accepted 
as the most reliable synthetic vascular grafts, with no 
evidence for an advantage of one over the other (6). This 
study focuses on ePTFE grafts, specifically stretchable 
and non-stretchable Gore-Tex (Newark, DE, USA). ePTFE  

Introduction: The purpose of this study was to evaluate the evolution of the mechanical properties 
of stretchable and non-stretchable ePTFE vascular grafts over time following implantation, as well as 
those of the adjacent native vessels.
Methods: One stretchable and one non-stretchable graft were implanted in either carotid position of 
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ously in the abdominal wall of the same animals. At 2, 4, 6, and 8 weeks, patches were explanted 
and evaluated mechanically. Baseline mechanical tensile tests were also performed on non-implanted 
grafts and on native sheep carotid arteries.
Results: Statistical analysis shows a significant effect of implantation time on the tensile mechanical 
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is a woven form of PTFE after a process of extrusion, roll-
ing, stretching, and heating, such that a flexible, mesh-
like structure is created (7, 8). Both the stretchable and 
the non-stretchable grafts are made of ePTFE, but in 
the stretchable version the microfibrillar structure was 
crimped, allowing for a more supple graft with longitudi-
nal distensibility (9).
Still, apart from the fact that current synthetic grafts do 
not mimic the antithrombogenic properties of native 
blood vessels (5), a major drawback is the high compli-
ance mismatch between the graft and the native vessel, a 
fact which has been proven to play a role in patency and 
overall performance (10-12). The high stiffness of the grafts 
compared to native vessels is the result of a trade-off be-
tween compliance and mechanical stability, as attempts 
to increase graft compliance have not succeeded due to 
severe dilatation and failure (13).
However, although Dacron and ePTFE are considered 
biologically stable, even in these grafts dilatation is com-
monly reported, probably due to the degenerative effect 
of tissue fluids and enzymes (14). Specifically for ePTFE, 
Schröder et al (15) investigated over 100 patients with 
ePTFE grafts with both computerized tomography (CT) 
and ultrasound (US), and noted a significant dilatation 
in graft diameter (12.5%), especially in the first three 
months after implantation. Also Doble et al reported a 
50% decrease in tensile strength and 61% decrease in 
total elongation of ePTFE grafts explanted after an av-
erage of 74 weeks from children with congenital heart 
disease (16). Though rare, even ruptures do occur with 
ePTFE grafts (17).
The studies on ePTFE dilatation and rupture cited above 
are all clinical follow-ups and lack a well-controlled and 
properly quantified evaluation of the graft material prop-
erties as a function of implantation time. For example in 
the study of Doble et al (16), all samples had different im-
plantation times and it is unclear whether the results of 
the mechanical tests pertain to the axial or the circumfer-
ential direction of the tissue, and whether stretchable or 
non-stretchable grafts were used. The primary purpose of 
the current study is therefore to quantitatively evaluate the 
evolution of the mechanical properties of ePTFE vascular 
grafts, both stretchable and non-stretchable, over time fol-
lowing implantation in sheep carotid position. Secondly, 
the effect of the compliance mismatch on the mechanical 
properties of the adjacent native vessels is evaluated for 
both graft types.

MATERIALS AND METHODS

Animal experiments

Six female Lovenaar sheep with a mean weight of 45 kg 
were selected and cared for in accordance with the ‘Guide 
for the Care and Use of Laboratory Animals’ (NIH publica-
tion 85-23, revised 1985). The study was approved by the 
local Ethics Committee. All sheep were pre-sedated with  
4 mg/kg intravenous ketamin hydrochloride (Anesketin; 
Dechra, Shrewsbury, UK). General anesthesia was induced 
using 5% isoflurane (Iso-Vet; Dechra, Shrewsbury, UK) until 
disappearance of the corneal reflex. Endotracheal intuba-
tion was performed and general anesthesia was maintained 
with a 98/2% oxygen-isoflurane mixture. Arterial blood 
pressure, heart-rate, ETCO2, and Sp02 were continuously 
monitored. Both native carotid arteries were resected and 
replaced by a Gore-Tex stretchable graft on one side (cata-
logue no. S0604), and a non-stretchable graft (catalogue 
no. V06030L) on the other, both 6 mm in diameter. Next, 
four stretchable and four non-stretchable patches of Gore-
Tex material, size 25 x 25 mm were implanted subcutane-
ously at the thorax, halfway in between the vertebrae and 
the sternum.
After administration of 2 mg/kg intravenous meloxicam 
(Metacam; Boehringer Ingelheim, Ingelheim am Rhein,  
Germany), anesthesia was terminated by switching to 100% 
oxygen and the trachea tube was removed when sponta-
neous breathing of the animals resumed. Sheep were then 
housed at the university’s animal facility with free roaming 
in an outside pen and ad libitum access to food and water.
At 2, 4, 6, and 8 weeks following surgery, one stretchable 
and one non-stretchable patch were removed. After 12 
weeks, the carotid grafts and adjacent distal native vessels 
were removed and the animal was humanely sacrificed. All 
procedures were performed under general anesthesia as 
previously described and all samples were preserved in a 
sterile 0.9% NaCl solution. Figure 1 shows examples of the 
explanted samples.

Mechanical testing

Before 24 h after explantation, each patch, interposition 
graft, and native vessel was cut into four rectangular 
segments of 10 mm x 5 mm. Two were oriented in the 
circumferential direction, two in the axial direction. These 
samples were mounted on a uniaxial tensile test bench 
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(Instron 5567; Canton, MA, USA) and elongated to 50% 
extension at a crosshead speed of 1 mm/s and held at 
this level for 30 s. Next, the samples were elongated until 
rupture.
The tests were performed with continuous recording (at  
10 Hz) of tensile force (F i) with a 1 kN Instron load cell. 
Gauge length (li) was recorded with a Limess (Krefeld,  
Germany) optical measurement system (at 2.5 Hz). The ini-
tial dimensions of each sample, namely thickness (t0) and 
width (w0), were measured with a digital caliper. The ac-
quired data were processed to obtain the true stress (σ1

i) 
and the true strain (σ1

i) at each time point i along the testing 
direction, according to the following formulae:
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i  the cross-sectional area of the sample 

at a certain time point i, which is estimated based on the 
assumption of incompressibility (w = width, t = thickness 
and l = length).

Different parameters were extracted from each experimen-
tal data set using Matlab (Mathworks, Natick, MA, USA):
•   E10, E20, etc., are the tangent moduli at 10%, 20%, etc. 

strain, which are defined as the slope of the stress-
strain curve at the respective strain level. These are 
measures of the stiffness of the material, by approxi-
mating it with a piecewise linear model. As with native 
arteries, Gore-tex material exhibits a nonlinear stiffen-
ing behavior, which is why the material stiffness cannot 
simply be characterized by one Young’s modulus. For a 
discussion on nonlinearity please refer to section 4. To 
interpret how these values relate to physiological load-
ing levels, one can use equilibrium equations to calcu-

Fig. 1 - Examples of the explanted 
samples. (A) Subcutaneously implant-
ed patches of stretchable Gore-Tex; 
and (B) non-stretchable Gore-Tex. 
Interposition grafts of Gore-Tex (C) 
stretchable and (D) non-stretchable 
material along with the adjacent native 
vessel.
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late the circumferential stresses in a thick-walled tube 
as a function of its geometry and the luminal pressure. 
From the stress-strain curves, it can then be inferred 
which strain level and hence linearized stiffness lies in 
the physiological loading regime. For example, when a 
6 mm diameter graft is implanted in a vessel under nor-
mal physiological pressures, the circumferential stress 
is around 0.13 MPa. Hence, parameter E10 will most ac-
curately describe its behaviour, as the tissue is hardly 
stretched due to its high stiffness. For native arteries on 
the other hand, parameters E30 through E60 are relevant 
at physiological loading levels, as the compliant tissue 
is stretched quite extensively in vivo, not only due to the 
physiological pressure levels, but also due to inherent 
residual stresses present in an artery.

•   τr is the characteristic relaxation time during the ‘hold’-
phase of the tensile test, defined as the ratio of the vis-
cosity η to the elasticity E:

 τ
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with thold = 30s, i.e. the time at which the crosshead re-
mained in place, and σ 1

b and σ 1
e the stress at the be-

ginning and at the end of the ‘hold’-phase, respectively. 
This is a measure of the viscoelasticity of the material, 
and can be found by approximating the behavior with 
a Maxwell model, i.e., a series of a viscous damper and 
an elastic spring, which relates the strain rate - equal to 
zero in the ‘hold’-phase - to the stress and stress rate at 
time i as follows:
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σ
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The nature of this model dictates that theoretically, the 
amount of relaxation time allowed will not affect the ob-
tained value. From an experimental point of view however, 
more reliable results will be obtained for a longer relaxation 
time, as the tissue approaches its steady state, which will 
reduce the measurement error. Based on previous trials on 
similar material, 30 s relaxation time was chosen as an ac-
ceptable trade-off.
•   σ fail

1  is the stress level at which failure of the sample 
occurred. This is a measure of the strength of the  
tissue.

Figure 2 provides a graphical overview of the estimated pa-

rameters. The same tests were performed and parameters 
obtained for non-implanted material, with n = 8 samples per 
combination of type (stretchable vs. non stretchable) and 
orientation (axial vs. circumferential). This data serves as 
the baseline for the longitudinal analysis. Also, tests were 
performed and parameters obtained for the native sheep 
carotid arteries that were removed from each of the sheep, 
with n = 12 samples per orientation.

Statistical analysis

Statistical analysis was performed in SPSS (IBM SPSS Sta-
tistics for Windows, Version 21, Armond, NY, USA), for which 
three datasets were considered. The first dataset contains 
the longitudinal evolution of the aforementioned param-
eters for the implanted patches. Repeated measurements 
were taken at 5 time points (0, 2, 4, 6 and 8 weeks), for the 
stretchable and the non-stretchable ePTFE, in the axial and 
circumferential direction. Two measurements were available 
for each combination of time, direction, type and sheep. At 
baseline, 8 measurements per combination of direction and 
type were available.
The second dataset contains the measurements of the 
graft interpositions, implanted in the carotid position for 12 

Fig. 2 - Overview of the different parameters extracted from the  
mechanical test.
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weeks. Again, two measurements were available for each 
combination of direction, type, and sheep. These were com-
pared to the same baseline measurements as in dataset 1. 
To account for the nonlinearity of the response variables, the 
following transformations were performed for both datasets: 
log Ei = 10 log (Ei + 1) (with i = 10, 20, 30), log σ1

fail = 100  
log (σ1

fail). No transformation was needed for τr.
To assess the effect of time on the grafts (0-2-4-6-8 weeks 
for dataset 1, 0-12 weeks for dataset 2), mixed models were 
fitted on the data. The different combinations of type and 
direction (axial-stretchable, axial-non-stretchable, circum-
ferential-stretchable, circumferential-non-stretchable) were 
considered as groups. For the response variables log Ei, and 
τr, a mixed model with random intercept was considered, with  
fixed effects for time, group, and the interaction effect time 
*group. For the response variable log σ1

fail  of dataset 1, time2 
was also considered as a fixed effect. For a rationale on  
this statistical analysis method, please refer to the Appendix.
The third dataset contains the measurements of the na-
tive sheep carotid arteries. Distinction was made between 
vessels adjacent to a non-stretchable and to a stretchable 
graft. Again, two measurements were available for each 
combination of direction, type, and sheep. These were 
compared to the properties of control native sheep carotid 
arteries. For this dataset, paired data was not available. 
Therefore, two-sample t-tests assuming non-equal vari-
ances were performed.
Effects were considered significant if p<0.05. When mul-
tiple groups were compared, a Bonferroni correction was 
made.

RESULTS

Figure 3 shows a number of representative stress-strain 
curves obtained through mechanical testing. Tables I  
and II show the average values and standard deviations for 
the mechanical parameters described in section 2, for each 
combination of time, direction and type, averaged over the 
number of sheep. Also, the values of a native carotid artery 
are shown. Table III shows the values of the slopes over 
time of the estimated marginal regression lines, found for 
each mechanical parameter for each combination of type 
and direction, along with the confidence values. The values 
are displayed for the evolution of the subcutaneous patch-
es from baseline to 8 weeks, as well as for the evolution of 
the carotid grafts from baseline to 12 weeks.
Statistical analysis shows a significant effect of time for the 
parameters log Ei, for each combination of type and direc-
tion. The effect is present for the subcutaneous patches 
as well as for the carotid grafts. The effect was positive 
for stretchable grafts in axial direction and negative for the 
other three combinations. This means that the stiffness of 
the stretchable grafts increases in the axial direction (in 
other words, they lose their stretchability), and decreases 
in the other direction. The stiffness also decreases for the 
non-stretchable grafts (in other words, they become more 
compliant).
A significant effect of time can be observed for the relax-
ation time τr, for each combination of type and direction. 
The effect is present for the subcutaneous patches as well 
as for the carotid grafts. In all cases, the effect is positive, 
meaning the relaxation time increases with time. In other 
words, the grafts become less viscoelastic as a function 

Fig. 3 - Examples of stress-strain 
curves obtained through mechanical 
testing. The left image shows axial 
stress-strain curves for a stretch-
able and a non-stretchable sample  
4 weeks post-implant in the same ani-
mal. The right image shows circum-
ferential stress-strain curves for both 
tissue types 8 weeks post-implant in 
another sheep.
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TABLE I - AXIAL DIRECTION AVERAGE VALUES AND STANDARD DEVIATION

σ1
fail [MPa] E10 [MPa] E20 [MPa] E30 [MPa] τr [s]

str non str non str non str non str non

0 41.48 32.40 0.77 26.62 1.33 136.67 2.70 158.25 44.26 51.34

±3.34 ±3.80 ±0.47 ±25.53 ±0.70 ±39.52 ±1.36 ±53.68 ±4.33 ±2.95

2 33.03 24.18 1.88 21.05 11.17 104.50 36.57 103.08 56.56 60.30

±11.80 ±11.38 ±1.07 ±29.56 ±13.86 ±66.24 ±45.59 ±70.42 ±7.39 ±14.64

4 29.64 22.78 2.17 8.29 5.61 37.65 9.40 54.53 52.67 61.95

±9.73 ±9.51 ±0.27 ±6.02 ±1.36 ±49.10 ±4.71 ±56.34 ±9.01 ±16.58

6 26.57 14.90 2.07 8.68 5.45 20.22 4.47 56.98 57.25 54.87

±13.30 ±3.52 ±1.54 ±3.46 ±4.77 ±11.23 ±3.41 ±59.90 ±10.93 ±26.49

8 35.15 20.50 3.51 10.25 5.56 29.34 6.06 53.22 61.65 67.62

±12.94 ±11.73 ±3.05 ±4.95 ±4.29 ±18.91 ±3.91 ±29.88 ±13.86 ±7.02

12 21.29 19.46 7.21 22.31 21.77 65.96 30.13 77.15 69.02 66.68

±8.03 ±7.68 ±9.25 ±22.48 ±21.44 ±48.92 ±16.26 ±51.24 ±6.04 ±15.49

Carotid 5.30 0.21 0.54 0.96 115.87

±1.96 ±0.16 ±0.64 ±0.79 ±70.21

Average values and standard deviations for the mechanical parameters in axial direction for the stretchable (str) and non-stretchable (non) grafts at different weeks 
after implantation and for the native sheep carotid artery.

TABLE II - CIRCUMFERENTIAL DIRECTION AVERAGE VALUES AND STANDARD DEVIATIONS

σ1
fail [MPa] E10 [MPa] E20 [MPa] E30 [MPa] τr [s]

str non str non str non str non str non

0 20.59 10.12 20.57 10.10 69.25 45.98 83.89 68.98 51.02 62.69

±3.38 ±1.54 ±3.17 ±0.88 ±23.39 ±21.99 ±13.95 ±28.52 ±5.17 ±4.77

2 22.67 10.91 22.27 10.72 34.85 18.89 97.23 62.53 62.82 70.50

±20.55 ±3.22 ±25.95 ±3.25 ±43.77 ±8.00 ±130.52 ±26.11 ±8.80 ±8.26

4 13.91 9.64 11.30 9.44 18.19 15.68 41.52 21.19 68.11 70.94

±4.96 ±4.30 ±5.92 ±3.26 ±11.50 ±13.60 ±39.88 ±12.85 ±7.87 ±5.34

6 13.97 8.90 15.61 14.87 16.61 24.96 42.74 29.10 63.67 67.47

±4.08 ±3.31 ±4.95 ±4.74 ±5.84 ±11.17 ±32.14 ±22.84 ±2.88 ±3.69

8 16.88 9.49 17.01 10.27 26.61 23.84 39.60 21.99 64.56 69.51

±5.83 ±2.65 ±3.99 ±6.10 ±8.61 ±10.30 ±21.63 ±14.34 ±2.96 ±10.13

12 13.79 10.62 8.78 6.84 18.16 11.62 40.17 28.65 70.12 77.14

±4.26 ±1.95 ±2.73 ±3.69 ±13.32 ±3.96 ±12.18 ±14.14 ±10.22 ±7.13

Carotid 3.86 0.49 0.94 1.52 73.75

±1.84 ±0.25 ±0.69 ±1.34 ±26.10

Average values and standard deviations for the mechanical parameters in circumferential direction for the stretchable (str) and non-stretchable (non) grafts at different 
weeks after implantation and for the native sheep carotid artery.
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TABLE III - ESTIMATED MARGINAL REGRESSION LINES

Nonstretch Stretch

Axial P Circ P Axial P Circ P

logE10

 0-8 weeks -1.03*t <.0001 -0.01*t 0.9743 0.92*t <.0001 -0.50*t 0.0165

 0-12 weeks -0.26*t 0.0675 -0.38*t 0.0159 0.77*t <.0001 -0.69*t <.0001

logE20

 0-8 weeks -2.56*t <.0001 -0.98*t <.0001 1.23*t <.0001 -1.73*t <.0001

 0-12 weeks -0.87*t <.0001 -1.05*t <.0001 1.46*t <.0001 -1.19*t <.0001

logE30

 0-8 weeks -18.41*t <.0001 -16.96*t <.0001 7.36*t 0.0096 -15.41*t <.0001

 0-12 weeks -7.36*t <.0001 -7.61*t <.0001 17.96*t <.0001 -6.67*t <.0001

τr

 0-8 weeks 2.03*t <.0001 0.94*t 0.0005 2.13*t <.0001 2.11*t <.0001

 0-12 weeks 1.27*t <.0001 1.20*t <.0001 2.15*t <.0001 1.70*t <.0001

log1
fail

 0-8 weeks -20.76*t <.0001 -12.90*t <.0001 -16.71*t <.0001 -15.43*t <.0001

+ 1.55*t² + 1.55*t² + 1.55*t² + 1.55*t²

 0-12 weeks -5.00*t <.0001 0.36*t 0.5340 -6.24*t <.0001 -3.66*t <.0001

Values of the slopes of the estimated marginal regression lines, for logE10, logE20, logE30, τr and log1
fail, for each combination of type and direction, along with the 

confidence values. The unit of time is the number of weeks. [AU: Please provide significance of symbol [*]

TABLE IV - CAROTID ARTERIES AVERAGE VALUES AND STANDARD DEVIATIONS

σ1
fail [MPa] E30 [MPa] E40 [MPa] E50 [MPa] E60 [MPa] τr [s]

circ carotis_non 4.44 1.24 3.17 6.60 3.20 60.57

±2.00 ±0.53 ±1.85 ±3.75 ±1.57 ±8.22

P 0.48 0.04** 0.18 0.14 0.03** 0.08

carotis_str 3.02 1.48 1.64 4.48 4.20 84.08

±1.69 ±1.54 ±1.02 ±2.88 ±1.60 ±35.08

P 0.04** 0.10* 0.04** 0.08* 0.04** 0.14

carotis   4.48 2.64 4.89 13.58 16.34 77.17

±0.88 ±1.85 ±4.60 ±16.74 ±12.82 ±0.41

axial carotis_non 5.82 1.40 7.76 18.72 12.58 108.66

±1.80 ±0.96 ±8.09 ±20.24 ±10.95 ±78.97

P 0.43 0.16 0.03** 0.08* 0.29 0.14

carotis_str 4.31 0.66 2.13 6.66 11.25 127.54

±1.93 ±0.35 ±2.04 ±5.33 ±5.64 ±76.06

P 0.09* 0.11 0.30 0.42 0.21 0.26

carotis   5.66 1.00 1.70 7.35 16.50 150.12

±2.28 ±0.76 ±0.83 ±7.16 ±13.68 ±56.07

Average values and standard deviations for the mechanical parameters of the carotid arteries, in control condition (carotis) and after 12 weeks adjacent to a stretcha-
ble (carotis_str) or a non-stretchable (carotis_non) graft. P-values indicating significant or marginally significant differences from the control values are marked with 
** and *, respectively.
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of time.
The stress value at which the material fails (σ1

fail ) decreas-
es significantly over time for the stretchable grafts and for 
the non-stretchable grafts in the axial direction. The effect 
is present for the subcutaneous patches as well as for the 
carotid grafts. In other words, these grafts lose their axial 
tensile strength over time. For the non-stretchable grafts in 
the circumferential direction, the effect is less pronounced 
for the subcutaneous patches and is unnoticeable for the 
graft implants. Note that the strength of the non-stretchable 
grafts in circumferential direction is already low to begin with 
compared to the other groups at baseline.
Tables I and II also show how a native sheep carotid artery 
is still far weaker than any of the grafts in any direction, 
even after 8 or 12 weeks of implantation. The stiffness of 
the native artery is also significantly lower than that of the 
grafts. At baseline, only the stretchable graft comes close 
to the native properties in the axial direction, which makes 
these stretchable grafts easier to implant. After implanta-
tion, the stretchable graft loses its stretchability and again 
becomes far stiffer than the native carotid. In the circum-
ferential direction, grafts have similar viscoelastic proper-
ties to native sheep carotid arteries after implantation. In 
the axial direction, native carotid arteries seem less vis-
coelastic than either of the grafts, though this result is not 
statistically significant.
Table IV shows the mechanical properties of the native 
vessels that were adjacent to the implanted grafts after  
12 weeks. Here, one can see that in the axial direction, the 
properties hardly seem to change compared to the control 
vessels, regardless of the type of graft. In the circumferen-
tial direction, the results indicate that vessels adjacent to 
an ePTFE graft lose their stiffness and their strength, re-
gardless of the type of graft, but the effect is slightly more  
pronounced in the case of a stretchable graft.

DISCUSSION

The first conclusion that can be drawn from the results is 
that ePTFE grafts show a significant weakening after im-
plantation (σ 1

fail ), in the axial direction for both types and 
in the circumferential direction for the stretchable grafts. 
These results seem to confirm the clinical ndings of Doble 
et al (16). However, the tests described in the current study 
were performed in a controlled manner and along two  
directions. Though Schröder et al (15) also found that 

dilatation was most pronounced in the first three months, 
longer-term controlled experiments as described here are 
needed to determine whether and how much the graft 
properties would further decline as a function of time and 
how, this could increase the potential risk of aneurysm for-
mation and failure as a clinical consequence.
A second conclusion is that the stiffness of both grafts 
also decreases with implantation time, except for the 
stretchable graft in the axial direction, which significantly 
increases. The stiffening of the stretchable graft in the 
axial direction causes the relatively close, initial match in 
properties with the native artery in this direction to dis-
appear. For the circumferential direction of the stretch-
able graft and for the non-stretchable graft, the stiffness 
values also still largely exceed that of the native sheep 
carotid artery after 12 weeks, i.e., the initial compliance 
mismatch slightly diminishes, but still remains. Note also 
that the circumferential stiffness of stretchable grafts is 
higher than that of the non-stretchable grafts. This effect 
is already present at baseline, indicating that the differ-
ence is induced during the fabrication process enabling 
stretchability in the axial direction, namely the crimping 
process which compresses the microfibrils. The actual 
micromechanical cause of this effect and whether and 
how this initial bias plays a role in the in situ behavior of 
both grafts would be an interesting topic to investigate 
further, but falls beyond the scope of this study, which 
empirically discusses the evolution of the mechanical 
properties of these grafts.
Thirdly, one can conclude that the circumferential prop-
erties of the native arteries adjacent to the implanted 
grafts are negatively affected over time. This might be 
attributed to functional adaptation as a consequence 
of the compliance mismatch between the native vessel 
and the graft. These discontinuities in compliance cause 
critical changes in local hemodynamics, altering the local 
pressure and velocity gradients (18). As was also clear 
from Table II, the stretchable grafts are actually stiffer 
in the circumferential direction compared to the non-
stretchable grafts. This higher compliance mismatch also 
seems to lead to a stronger decline of the mechanical 
properties of the adjacent vessels. The axial properties  
of the native vessels remain largely unaffected, as a com-
pliance mismatch will have only a limited influence on  
the axial loading profile, which is already quite low to be-
gin with.
Summarizing the above findings, one can see that all grafts 
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in the circumferential direction of these stretchable grafts.
Compared to the native vessels, the grafts are still sig-
nificantly stronger and stiffer, though longer-term experi-
ments are needed to evaluate whether and how much the 
decline of the mechanical properties would continue in 
time, both for the grafts themselves and for the adjacent 
native vessels.

APPENDIX

Mixed effects models were used for the statistical analy-
sis of the first and second dataset, an approach com-
monly used for longitudinal studies. In this approach, the 
response variable of a certain sample is considered to be 
the sum of a number of fixed and random effects. The 
response variables under consideration here are the me-
chanical parameters described above under Mechanical 
testing, which were transformed as presented in the Sta-
tistical analysis section to linearize the response of the 
variable.
In a longitudinal context, data are often clustered because 
a given subject is measured repeatedly over time. In this 
study, the sheep in which the graft tissue was implanted is 
measured several times. These data are then modeled by 
introducing a random sheep effect. Fixed effects are the 
primary interest in the current (and most) studies. In this 
study, time after implantation, the square of time, direction 
(circumferential or axial), and type of graft tissue (stretch-
able or non-stretchable) were considered as fixed effects. 
The latter two were combined into one effect, thereby dis-
tinguishing between four discrete groups.
A linear mixed model is now used to model the relationship 
between the response variable and the set of fixed and 
random effects. Per group, a certain response variable Yij, 
i.e., the jth measurement of the ith sheep taken at time tj, 
where Y represents one of the (transformed) mechanical 
parameters, e.g. log σ 1

fail , can be modeled as:

β β β ε= + + + +Y b t t ,ij i j j ij1 2 9
2  if group 1 (nonstretch axial)

β β β ε= + + + +� � � �Y b t t ,ij i j j ij3 4 9
2  if group 2 (nonstretch circ)

β β β ε= + + + +Y b t t ,ij i j j ij5 6 9
2  if group 3 (stretch axial)

β β β ε= + + + +Y b t t ,ij i j j ij7 8 9
2  if group 4 (stretch circ)

lose some stiffness and strength in the course of 12 weeks; 
only the axial direction of the stretchable graft stiffens up to 
converge towards values of a non-stretchable graft. Also, 
a stretchable graft is actually stiffer and stronger than a 
non-stretchable graft in the circumferential direction, and 
despite the general decline of the mechanical properties of 
either graft, this difference remains present after 12 weeks. 
This stronger compliance mismatch with the native vessel 
seems to yield a slightly higher degradation of the mechan-
ical properties of the adjacent vessels. Nevertheless, these 
differences are small and the clear benefit of stretchable 
grafts is their ease of implantation.
Note that both native arteries and ePTFE material exhibit 
anisotropic, nonlinear stiffening behavior, which is why the 
material stiffness cannot simply be characterized by one 
Young’s modulus. Characterizing the material in a piece-
wise, linear manner along each direction, as was done in 
this study, is of course an approximation, which is not ideal 
for advanced mathematical simulations. For these situa-
tions, advanced constitutive models such as the Holzap-
fel-Gasser-Ogden material model for cardiovascular tissue 
is preferred (19). However, this piecewise linear approach 
allows a straightforward interpretation of the experimental 
data, which is why it was chosen here.
This study shows the evolution of ePTFE grafts after im-
plantation in subcutaneous position after 2, 4, 6, and 8 
weeks, and in carotid position after 12 weeks. Despite the 
difference in location, the decline of mechanical properties 
that was noted followed the same trends and the values 
were in the same order of magnitude, indicating the suit-
ability of the subcutaneous model. Still, care should be 
taken when comparing values from both implant positions.

CONCLUSIONS

The mechanical properties of ePTFE vascular grafts sig-
nificantly change as a function of implantation time. Still, 
even after 12 weeks, a large compliance mismatch with the 
native vessels remains. Due to this mismatch, the circum-
ferential mechanical properties of the adjacent native ves-
sels will also slightly decline over time. While presenting 
the advantage of easier implantation, a stretchable ePTFE 
graft will lose its axial stretchability soon after implanta-
tion and yield even slightly stronger negative effects on the 
adjacent vessels compared to the non-stretchable version. 
This can be attributed to the higher compliance mismatch 
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where β1,3,5,7 represent the fixed intercept for each group, 
bi represents the random intercept caused by the sheep, 
β2,4,6,8 represent the fixed effect of time for each group,β9 
represents the fixed effect of time2 and εij contains the  
residuals.
In our study, interest goes out to [AUTHOR: I’m not sure 
what is intended by “interest goes out to”. Kindly verify the 
meaning in English] the fixed effect of time, i.e., β2,4,6,8 and 
β9. Hence, after fitting the above model to our dataset, it is 
tested whether the null hypothesis, i.e., H0: β2 = β4 = β6=β8 
can be rejected. If this is the case, the effect of time is sig-
nificantly different in the four groups. Moreover, we test 
within each group whether there is a significant effect of 
time by checking whether H0: βi = 0 can be rejected for i = 2, 
4, 6, 8. Finally, contrasts are formulated to see whether the 
slopes for specific groups (e.g. H0: β2 = β6) are significantly 
different from each other. Because multiple groups were 
compared, a Bonferroni correction was made. For more in-
formation on the mixed-models, the reader is referred to 
(20), for example.
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