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Abstract—Native vessels—grafts biomechanical mismatch
(BM) is related to graft failure. The BM could be reduced
using human cryopreserved/defrosted arteries (cryografts),
but post-thaw cryografts’ recovery could be associated with
an impaired biomechanical behavior. In vitro, we demon-
strated that our cryopreservation methods do not affect
arteries’ biomechanics, but only post-implant studies would
allow determining the cryografts’ biomechanical perfor-
mance. Aim To characterize the biomechanical properties
of implanted cryografts, and to compare them with cryo-
grafts pre-implant, recipients’ native arteries, and arteries
from subjects with characteristics similar to those of the
recipients and multiorgan donors (MOD) whose arteries
were cryopreserved. Methods Native femoral arteries anas-
tomosed to cryografts, implanted cryografts, and arteries
from subjects, recipient-like and MOD-like, were studied.
In vitro (pre-implant cryografts) and in vivo non-invasive
studies were performed. Arterial pressure, diameter, and wall
thickness were obtained to quantify local and regional
biomechanical parameters, and to evaluate the arterial
remodeling. Conclusion Implanted cryografts were remod-
eled, with an increased wall thickness, wall-to-lumen ratio,
and wall cross-sectional area. The proximal-distal gradual
transition in stiffness remained unchanged. Implanted cryo-
grafts were stiffer than MOD-like arteries, but more compli-
ant than recipients’ arteries. The cryografts—native arteries
biomechanical differences were lesser than those described
for venous grafts or expanded polytetrafluoroethylene.

Keywords—Arterial stiffness, Arterial remodeling, Biome-
chanical mismatch, B-mode echography, Cryopreserved
arterial homografts, Elasticity, Intima-media thickness,
Non-invasive evaluation, Pulse wave velocity.
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LIST OF ABBREVIATIONS AND SYMBOLS

BM Biomechanical mismatch

CSA Wall cross-sectional area

Eine Incremental elastic modulus

IMT Intima-media thickness

MOD Multi-organ donors

PSV Peak-systolic velocity

Ve Peak-systolic velocity ratio

Ep Peterson modulus

Eoq Pressure-diameter elastic index

PWVgr  Pulse wave velocity calculated using the

foot-to-foot method

PWVuk  Pulse wave velocity calculated using the
Moens—Korteweg’s equation

B Stiffness index

e Strain

INTRODUCTION

The biomechanical mismatch (BM) between the
recipients’ native arteries and the vascular grafts has
been related to the graft failure.'®"” An alternative to
reduce the BM would be the use of autologous arteries as
vascular grafts. However, except in certain limited sur-
geries (i.e., coronary bypass), it is difficult to obtain
autologous arteries of adequate length and size without
the impairment of an essential tissue. In the lack of
suitable autologous materials, cryopreserved/defrosted
arteries (cryografts) could be used.'° However, the
post-thaw functional recovery of cryografts could be
associated with an altered biomechanical perfor-
mance.">* Related with this, we recently demon-
strated, in in vitro studies, that the techniques of
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cryopreservation used in our national tissue bank do not
significantly affect the biomechanical behavior of
human veins and elastic and muscular arteries in any
detrimental way.9’10’12 In addition, we demonstrated, in
pre-implant studies, that cryopreserved arteries would
allow reducing the BM with native arteries from
potential recipients.'?> However, only in vivo post-im-
plant studies could give information about the cryo-
graft’s functional capability once implanted and about
its adaptation to the recipient vascular system. In addi-
tion, post-implant biomechanical studies could con-
tribute to understanding the causes of the graft failure.

In this context, this study addresses the following
main questions: (a) considering that cryografts could
undergo post-implant structural changes: Are there
differences in the biomechanical behavior of pre-im-
planted and implanted human cryografts? Are there
biomechanical differences between implanted cryo-
grafts and arteries from subjects with characteristics
similar to those of the multi-organ donors (MOD)
whose arteries were cryopreserved? (b) Considering
that ideally the implanted cryograft should mimic the
biomechanical properties of the native vessels: In bio-
mechanical terms, is the cryograft behavior similar to
that of the recipient’s native arteries?

Thus, this work aims (1) to characterize local and
regional biomechanical properties of implanted human
cryografts and (2) to compare them with pre-implanted
cryografts, adjacent native arteries, and arteries from
subjects with characteristics similar to those observed
in the recipients and in the MOD whose arteries were
procured and cryopreserved.

This work contributes to the biomedical field not
only due to the specific biological results shown but
also due to the approach used to evaluate clinically the
wall dynamics of implanted arterial homografts and
their adaptation to the recipient vascular system.

METHODOLOGICAL APPROACH

Non-Invasive Biomechanical Studies

The study was approved by the ethics committee of
the Universidad de la Republica (Uruguay). All sub-
jects gave informed consent.

Groups

Nine implanted cryografts (length: 51 £ 21 cm;
cryopreservation time: 98 £ 154 days; implant time at
the study date: 557 + 297 days) were studied (implanted
cryografts group). In addition, in the recipients (n = 5;
age: 66 + 5years; weight: 76 + 9 kg;  height:
1.7 + 0.1 m; and body mass index: 26.2 + 4.0 kg/m?),
the femoral arteries (n =9) anastomosed to the

cryografts were studied (native arteries group). Cryo-
grafts were implanted as limb-salvage procedures, when
there were no suitable autologous veins and polytetra-
fluoroethylene (PTFE) prosthesis were not recom-
mended. Implanted cryografts, recipients, and MOD
characteristics are summarized in Table 1.

Femoral arteries from 15 subjects (12 males), with
characteristics (gender, age, race, and anthropometry)
and hemodynamic conditions similar to those of the
recipients (recipient-like group) but without bypass,
arterial reconstructions, or peripheral arterial disease,
were studied. In addition, 15 subjects (10 males), with
characteristics (gender, age, race, and anthropometry)
and hemodynamic conditions similar to those of the
MOD whose arteries were procured (MO D-like group),
were also studied.

The non-invasive biomechanical evaluations were
the same for all the subjects. Before the biomechanical
studies were carried out, the recipients were submitted
to a clinical examination of the limb circulation and to a
standard non-invasive ultrasound evaluation, per-
formed by a trained physician, to confirm the cryo-
graft’s permeability. Color Doppler imaging paired
with duplex ultrasound was used.'”*® The color
Doppler imaging was used to inspect the cryografts, the
proximal and distal anastomosis, and 4-5 cm of the
inflow and outflow native arteries, allowing to localize
possible lesions. Duplex ultrasound was then used to
obtain Doppler waveforms of blood flow, especially at
the sites of possible abnormal blood flow patterns. In
case of lesions (i.e., stenosis), they were graded using
information obtained from the Doppler waveforms
(i.e., peak-systolic velocity, PSV; peak-systolic velocity
ratio, V,). For instance, the V, (ratio between the PSV in
the ““altered” and in the “‘normal’ segment) was used to
quantify the severity of stenotic lesions. A V, > 2 indi-
cated a stenosis 250%, and a V, > 4 indicated a stenosis
>70-75%.'7° The absence of flow signals would indi-
cate total occlusions with a high level of accuracy.

Measurements, Data Collection, and Analysis

Before being studied, the subjects were rested for
15 min in supine position. Then, heart rate and blood
pressure from the left brachial artery (automated blood
pressure monitor, Dynamap Compact TS, Johnson &
Johnson Medical, Newport, UK) were recorded. Non-
invasive vascular studies were done in accordance with
the international recommendations.””> Each implanted
cryograft was analyzed by means of its local (segments’
properties) and regional or whole biomechanical behav-
ior (Fig. 1).** To evaluate the local properties, measure-
ments were taken at each 3-6 cm, starting at the
cryografts’ proximal anastomoses. In this way, the local
properties were “‘mapped”” all along the cryograft (Fig. 1).
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FIGURE 1. Left: Arteriography showing the cryograft implanted in the recipient lower limb. Anastomoses are indicated by arrows.
Right-Top: Patient’s lower limbs. Right-Bottom: Schema of the cryografts and native arteries “local”’ and ‘‘regional’” biomechanical
analysis. Dashed lines indicate sites in which pressure, diameter, and wall thickness were “locally”’ recorded in the native vessel
(#1) and in the cryografts (#2-10). Simultaneous pressure waveforms recording in segments 2 and 10 were used to quantify the

cryograft pulse wave velocity (PWV).

The biomechanical properties of femoral arteries
from recipient-like and MOD-like subjects, as well as
the biomechanical behavior of the recipients’ femoral
arteries (in close proximity to the cryograft), were
analyzed (Fig. 1).

Local Biomechanical Properties
To evaluate the local properties, instantaneous pres-
sure and diameter signals were obtained at the same

site.*!%2? Echographic studies were performed with a
real-time B-mode ultrasound imager (30 images per
second, 7.5-MHz probe; Portable Ultrasound System,
model: Aloka SSD210, Aloka Co., Ltd, Tokyo,
Japan).* Fixed images at end-diastole and sequences of
images were acquired to determine the intima-media
arterial thickness (IMT) and the instantaneous diam-
eter waveform, respectively (Fig. 2)." Signals were
analyzed off-line using an automated step-by-step
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FIGURE 2. (a) Proximal and distal pressure recordings used
to quantify pulse wave velocity (PWVgg) in an implanted
cryograft. At: time difference between the “foot” of the prox-
imal and distal pressure waveforms. (b) Pressure and diame-
ter waveforms obtained from a segment of an implanted
cryograft. (c) Pressure—diameter relationship obtained from
the pressure and diameter signals shown in (b).

algorithm applied to each digitized image.'” From each
echographic arterial recording, two arterial sites (left
and right) were analyzed.

Instantaneous pressure waveforms were recorded
non-invasively with a strain gauge mechano-transducer
(Motorola MPX 2050, Motorola Inc., Schaumburg,
IL) (Fig. 2).* The mean and the diastolic values of the
brachial pressure were used to calibrate the pressure
waveform.*** Pressure and diameter waveforms were
interpolated in time to obtain the same number of data
points, obtaining an averaged cardiac cycle.*

To evaluate the arterial elastic behavior, different
parameters were calculated which gave complementary

information and allow comparing our data with
reported results.*

The pressure-diameter elastic index (E,q) was
calculated as the slope of a linear regression fit to
the diastolic phase of the pressure—diameter rela-
tionship.® To ensure an isobaric comparison with
respect to the implanted cryografts, in arteries from
the MOD-like group, the E,q was calculated at the
recipients’ prevailing mean diastolic pressure.'" The
Eyq is determined by the arterial geometrical prop-
erties and the intrinsic stiffness of the arterial wall.
Since it is calculated from the diastolic phase, which
corresponds to the purely elastic pressure—diameter
relationship, the E,q is a strong indicator of the
arterial elastic properties (without considering the
viscous behavior).

The incremental elastic modulus (Ejnc) was calcu-
lated as the slope of a linear regression fit to the dia-
stolic phase of the instantaneous circumferential
stress—strain relationship.® It provides information
about the arterial wall intrinsic properties regardless of
its geometry and/or size. Thus, the Ejnc is used to
determine changes in the arterial wall components. To
quantify the Eync, the arterial strain (¢) and circum-
ferential stress (o) were calculated as

R
“=Ro n
N2
- 2P(re-ri)” 1 2)

2 _ 2 Rp2
rs —r R

where Rp is the diastolic midwall radius, R is the
midwall radius, r. is the measured external radius, and
r; i1s the internal radius. The arterial o—¢ relationship
was constructed, and the Eyyc was calculated as

do
Ene = 0752 3
mc =0 7 (3)

(considering the diastolic stress—strain purely elastic
relationship). "’

In addition, the arterial wall stiffness was expressed
in terms of the pressure—strain or Peterson modulus
(Ep) and the stiffness index (), two indexes commonly
used in the clinical practice, since they can be obtained
just using systolic (or maximal) and diastolic (or min-
imal) pressure and diameter values.

They were calculated as

(SP—DP)
Er=tsp—pp)PP “)
where SP and DP are the systolic and diastolic arterial
pressure levels, respectively, and SD and DD are the
systolic and diastolic arterial external diameters,
respectively.
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§—mSP__(DD)

DP(SD — DD) )

where In is the natural logarithm.

Both parameters (Ep and f§) depend on the arterial
geometry and intrinsic wall properties. However, while
the Ep assumes a linear pressure—diameter relationship,
p considers that the relationship can be fitted by a
logarithmic function.

Finally, the pulse wave velocity was calculated using
the Moens—Korteweg’s equation (PWVyk):

where £ is the mean wall thickness and p, is the wall
density (assumed equal to 1.06 g cm~°).'**

To evaluate the arterial remodeling, four parameters
were quantified for each femoral segment analyzed: the
mean internal diameter, the wall thickness, the wall
cross-sectional area (CSA, CSA = 3.1416 * Wall
thickness * (Wall thickness + mean internal diame-
ter), and the wall-to-lumen ratio (wall thickness/mean
internal diameter).'>?7*

Regional Biomechanical Properties: The Cryograft

as a Whole

The foot-to-foot pulse-wave velocity (PWVgg) was
used to analyze the regional cryograft’s properties. It
was calculated as the quotient between the proximal—
distal pulse transit time difference and the distance
between the sites (Fig. 1). To measure the pulse transit
time, the pressure waveforms were simultaneously
recorded in the cryograft’s proximal and distal seg-
ments, using high-fidelity strain gauges mechano-
transducers (Motorola MPX 2050, Motorola Inc.,
Schaumburg, IL) (Fig. 2). Distance was measured on
the body surface using a tape. In the recipients and
MOD-like subjects, the femoral artery-dorsalis pedis
or post-tibial artery PW Vg was measured.®

Cryopreservation and In Vitro Biomechanical
Evaluation of Cryografts Pre-Implant

Donor Criteria Selection

All procedures took into account ethical and safety
concerns for therapeutic use, including consent docu-
mentation according to No. 14005 and No. 17668 legal
rules (Uruguay). The general and particular exclusion
criteria for vascular tissue procurement agreed with the
International Atomic Energy Agency (IAEA, Inter-
national Standards for Tissue Banks) and the Ameri-
can (AATB) and European (EATB) Association for
Tissue Banking.

Tissue Procurement

Segments (5 cm in length) from both right and left
femoral arteries were harvested from MOD (n = 12),
selected in order to match the characteristics (gender,
age, race, and anthropometry) of MOD whose arteries
were cryopreserved and implanted. The arterial seg-
ment of 5 cm length was accurately measured with a
caliper and marked with two suture stitches. After that,
the arteries were excised at the level of the suture stit-
ches and, after vascular removal and cryopreservation,
the segments were mounted (in the in vitro setup) pre-
serving the in vivo length.**'° The techniques used to
procure the arteries were similar to those used in the
implanted cryografts. After harvesting, the segments
were washed with saline solution (NaCl 0.9 g%) and
stored at 4 °C in a saline solution with gentamicin
(16 mg%), cefuroxime (300 mg%), penicillin G
(400.000 IU%), and fluconazol (8 mg%). The warm
ischemia time was 53-67 min (Mean = 61 min), and
the cold ischemia time was 2448 h (Mean = 34 h).
After 24-48 h the segments were cryopreserved.

Cryopreservation

After the incubation in saline-antibiotic solution,
the samples were placed in a sterile bag (volume:
350 cc) containing 85 cc of cryopreservant solution:
Culture medium (RPMI 1640): 85%; human albumin
solution (20%): 5%; and dimethylsulfoxide (DMSO,
cryoprotectant): 10%. The bag was sealed hermetically
at vacuum (Mod. 011342, Joisten and Kettenbaum,
Bereisch Gladbach, Germany) in a laminar flow cabi-
net (Microflow, Laminar Flow Work Station, MDH
Ltd, Andover Hants, England, SP.10.5.AA) and was
equilibrated for 30 min at 20 °C. Then, a programmed
cryopreservation procedure was carried out in a con-
trolled rate freezing system (Model 9000, Gordinier
Electronics, Inc., Roseville, MI).

For the cooling process, we chose a protocol based
on Pegg et al.*' 1t comprised three operative time steps.
First, a slow programmed cooling rate (2 °C/min) until
—40 °C. Second, a slow programmed cooling rate
(5 °C/min) until —90 °C. Third, a rapid cooling rate,
obtained by transferring the bag to the gaseous phase
of the liquid nitrogen compartment (—142 °C). Then,
the segments were stored for 30 days at —142 °C
(Mark III, Temperature and Liquid Level Controller,
Taylor-Wharton, Theodore, AL). After the storage,
arteries were thawed. The warming protocol comprised
a two-stage process, also taking into account of the
Pegg et al’s work, in which the importance of the
thawing rate in the avoidance of the elastic fibers
fractures was analyzed.’! Our first thawing step
comprised a slow process achieved by transferring the
bag from the nitrogen gaseous phase to the room
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temperature (20 °C) during 30 min. After that, the bag
was rapidly transferred to a 40 °C water bath until the
segments were completely thawed (second warming
step). To reduce the cell damage determined by os-
motic changes (i.e., cell dehydration or intracellular ice
formation), after thawing, the cryoprotectant solution
was gradually removed in four steps (10 min each) by
immersion in tapered concentrations (10, 5, 2.5, and
0% of DMSO). Finally, the arterial segments were
sent, in saline solution, to be tested biomechanically.

In Vitro Biomechanical Evaluation of the Cryografts

Each segment was non-traumatically mounted (at
in vivo length) on specifically designed cannulas of a
flow circuit loop (circulation mock). A full description
of the device has been published.*'? Once mounted,
the segment remained immersed and perfused with
thermally regulated (37 °C), oxygenated Tyrode’s
solution, with pH = 7.4. To measure pressure, the
segment was instrumented with a pressure micro
transducer (1200 Hz frequency response, Konigsberg
Instruments, Inc., Pasadena, CA). To measure the
segment’s external diameter, a pair of ultrasonic crys-
tals (5 MHz, 2 mm diameter) was sutured to the
adventitia. The transit time of the ultrasonic signal
(1580 m/s) was converted into distance by means of a
sonomicrometer (1000 Hz frequency response, Triton
Technology Inc. San Diego, CA). Optimal positioning
of the dimensional gauges was assessed by an oscillo-
scope (model 465B; Tektronix 3). Before data collec-
tion, the segments were allowed to equilibrate for
10 min under steady flow and pressure conditions.

Data Acquisition and Analysis

Diameter and pressure waves were measured under
dynamic conditions, displayed in real time, digitized
every 5 ms, and stored for off-line analysis. Approxi-
mately, 20-30 consecutive beats were sampled and
analyzed. Pressure and stretching rate levels similar to
those observed in the recipients were chosen. In all
cases, the pump and tubing resistance were regulated
so as to generate adequate pressure waveforms.'>!?

At the end of the experiments, the cryograft was
weighted for volume calculation. The wall thickness (/)
was calculated as

h=re—r (7)

where r. and r; are the external and internal arterial
radius, respectively. The r; was calculated as

7%
= rg_n L

(8)

where L is the in vivo length and V is the arterial
volume, calculated by dividing the segment weight

measurement by an assumed density of 1.06 g cm .

Assuming an unchangeable arterial wall volume, r; and
h can be instantaneously calculated.'?

A computerized procedure was used to determine
the pressure—diameter and circumferential stress—strain
loops, and to calculate the biomechanical parameters
described above: E,q4, Eine, Ep, f, and PWVyp 101
Like in the in vivo studies, in order to evaluate the
arterial wall remodeling, the mean internal diameter,
wall thickness, wall cross-sectional area, and wall-to-
lumen ratio were determined.'>-*7-3*

Statistical Analysis

Values were expressed as mean value + standard
deviation (MV =+ SD). All comparisons with respect to
the implanted cryografts group were done using two-
tailed unpaired Student #-test. Linear regression analysis
was done to determine the relationship between im-
planted cryografts’ local (E,q) and regional (PWVgg)
biomechanical parameters, and between implanted
cryografts’ local or regional biomechanical parameters
and the parameters used to characterize the arterial
remodeling. A p < 0.05 was considered significant.

RESULTS

All the cryografts, anastomoses, and native arteries
were permeable and without significant stenotic sites.

Differences in the Biomechanical Behavior
of Pre-Implanted and Implanted Human Cryografts

Studied at similar pressure and heart rate levels (iso-
baric and isofrequency comparisons), the implanted and
pre-implanted cryografts showed a similar mean internal
diameter, indicating that there was neither significant
luminal dilatation nor constriction after the implant.
However, compared with the pre-implanted cryografts,
theimplanted ones showed higher levels of wall thickness
(70%), CSA (82%), and wall-to-lumen ratio (68%)
(p < 0.05), indicating post-implant non-inward and
non-outward (no changes in luminal diameter), hyper-
trophic (increased CSA) remodeling (Table 2).

The remodeling was associated with a reduction in the
maximal or systolic circumferential stress that supports
the implanted cryografts’ wall (p < 0.05) (Table 2). In
addition, despite the post-implant wall remodeling,
when the wall stiffness was analyzed (with independence
on the biomechanical parameter considered), its levels
were lesser in the implanted cryografts than in the pre-
implanted cryografts (p < 0.05) (Table 2).

In the implanted cryografts, the proximal-distal
gradual transition in the arterial wall properties was
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TABLE 2. Hemodynamic and biomechanical properties of implanted human arterial cryografts: analysis of the differences respect to pre-implanted cryografts, recipient
arteries, and subjects with characteristics similar to MOD (MOD-like group) and recipients (R-like group)

Recipient patients R-like group
MV + SD

MOD-like group

Pre-implanted cryografts

Implanted cryografts

A (%)

MV + SD A (%) MV + SD A (%)

A (%)

MV + SD

MV + SD

78 £ 9
161 + 8

75 +7
166 + 5

69 +7
101 + 10*

3
3
-2
0
2

73+8
70

162 + 6

75 +7
166 + 5

HR (bpm)

0

39
24

31

SP (mmHg)

87 +9
112+ 6
10.1 £ 0.7*

85+ 4
112+ 4
89+1.8
1.06 + 0.13
123 £ 2.4

33.0 £ 5.2
11.5 £ 3.0
241.02 + 94.18*
2012.63 + 720.68"

65 £+ 10*
77 + 9*
87+1.0

87 +3
112+ 7

85+4
112 + 4

DP (mmHg)

MP (mmHg)
MID (mm)

-18

-5
53
60
52
26
57

8.1+0.3
0.59 + 0.04*

83+04
1.00 + 0.26
122+ 3.4

293+ 741

23

0.81 + 0.07*

—6

0.66 + 0.04*

Wall thickness (mm)

51

8.1 £ 0.9*
279 £ 29
121 £ 2.1

326.08 + 82.55*
3276.99 + 953.99*

76 +1.1*
19.3 + 2.3

68

7.3 +0.5"
16.1 £ 1.2*
129 +1.2*

582.28 + 68.27*

4690.05 + 670.14*

Wall-to-lumen ratio (%)

CSA (mm?)

—11

82
-18
—198
—-197
-199
—443

~10

—67
~108
—111

—223

-4
_23
28
—26
-32

8.1 +1.5*
83.66 + 26.19*
701.89 + 209.55*

11.0+ 1.8

195.23 + 9.04
1578.08 + 96.17

os (10° dyn/cm?)

Epg (mmHg/mm)
Ep (mmHg)
Beta-index

56
33

27.43 + 8.43*

16.44 £ 6.59*
14.6 + 8.2*
13.2 +£ 2.3*

8.69 + 2.56*

10.0 + 2.4

38.96 + 5.70*

13.02 + 0.38

35.7 + 13.8*
16.3 + 2.2*

9
34

60.1 + 13.4*
18.9 £ 1.7*

11.1+23
121 +£ 0.6

Einc (10° dyn/cm?)

PWVuk (m/S)

-26

-9

8.0 + 0.9*

—56

Mean value (MV) =+ standard deviation (SD). HR: heart rate; bpm: beats per minute; SP, DP, and MP: systolic, diastolic, and mean arterial pressure, respectively; MID: mean internal arterial

diameter; CSA: arterial wall cross-sectional area; Eyq: pressure—diameter elastic index; Ep: Peterson or pressure—strain elastic modulus; Ejnc: incremental elastic modulus; PWV: pulse wave

velocity; A: difference between the implanted cryografts and the corresponding group (%). Significance: *p < 0.05 with respect to the implanted cryografts (unpaired, two-tailed, t-test).
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preserved with an increase in wall stiffness and a
reduction in mean internal diameter toward the cryo-
grafts’ distal end (Fig. 3).

Biomechanical Differences Between Implanted
Cryografts and Arteries from Subjects Similar
to Donors

When the implanted cryografts were compared with
arteries from MOD-like subjects, we found no signifi-
cant differences in mean internal diameter, but the
implanted cryografts showed larger wall thickness
(53%), wall-to-lumen ratio (60%), and wall CSA
(52%) (p < 0.05) (Table 2). These results also support
a post-implant remodeling of the cryograft (Table 2).
Despite the maximal circumferential stress tended to
decrease in the remodeled grafts, the values remained
higher (26%) in the implanted cryografts than in
MOD-like arteries. This could be related with the
higher blood pressure levels of the recipients’ vascular
system (hypertensive patients). Briefly, despite the
post-implant changes in the cryografts, the wall cir-
cumferential stress levels did not reach normotensive
values.

On the other hand, when the arterial (E.4, Ep,
PWVuk, and ) and the wall intrinsic (Ejnc) stiffness
were evaluated, the implanted cryografts showed
higher stiffness with respect to MOD-like subjects
(p < 0.05). Since isobaric and isofrequency compari-
sons were performed, the higher stiffness levels found
in the implanted cryografts could not be attributed to
pressure or heart rate differences.

As can be seen in Fig. 4, in the implanted cryografts,
the parameters related with the wall remodeling process
were associated with the local (E,q) and regional
(PWVgE) stiffness levels. The larger the cryograft’s
remodeling, the higher the stiffness levels (Fig. 4).

In the implanted cryografts, the PW/Vgr was
15 £ 2 m/s and in the recipients’ lower limb, in which
the cryograft was implanted, it was 16 4+ 2 m/s. Both
values were higher than the PWVgr found in the
MOD-like subjects (9 £ 2 m/s) (p < 0.05). In addition,
it is to note that the increase in the local stiffness of the
implanted cryograft’s femoral segment was directly
associated with the regional or global increase in
stiffness (Fig. 5).

Biomechanical Matching Between Cryografts
and Native Arteries

There were no significant differences in mean
internal diameter, wall thickness, wall-to-lumen ratio,
and wall CSA between implanted cryografts and
recipients’ native arteries, indicating an adequate
geometrical matching between native arteries and
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FIGURE 3. Arterial elasticity (evaluated using the elastic pressure-diameter index) and mean diameter for the native arteries,
anastomoses, and implanted cryograft from the patient shown in Fig. 1. Note that native femoral arteries were stiffer than the
cryograft and long after the implantation, the physiological gradual transition of the arterial diameter (tapering) and biomechanical
properties remained unchanged among central and peripheral segments of the remodeled cryograft. From each mode-B echo-
graphic arterial recording (n = 10), two arterial sites (left and right) were analyzed. Thus, 20 arterial segments were characterized.

implanted cryografts (Table 2). In addition, the
implanted cryografts and recipients’ arteries showed
similar maximal circumferential stress levels (Table 2).

The arterial and wall intrinsic stiffness were lesser in
the implanted cryografts than in the recipients’ native
arteries (Table 2). The differences in the biomechanical
properties between native arteries and cryografts
determine a ‘‘biomechanical mismatch” in the anas-
tomotic region. However, the biomechanical mismatch
would be lesser than those found when venous grafts
or synthetic prosthesis are used.

When implanted cryografts were compared to fem-
oral arteries from subjects with characteristics similar
to those of the recipients, but without bypass, arterial
reconstructions, or peripheral arterial disease, the
cryografts showed a lesser internal diameter (18%),
but higher wall thickness (23%) and wall-to-lumen
ratio (51%), indicating that the remodeling found in
the cryografts could not be explained only by the

hypertensive conditions found in the recipients
(» < 0.05) (Table 2).

In addition, in the implanted cryografts, the wall
stiffness and circumferential stress were lesser than
those found in the arteries from recipient-like subjects
(p < 0.05) (Table 2). At the light of these results, it
could be said that the pattern of wall remodeling in the
implanted cryografts is not equal to that found in
hypertensive subjects.

DISCUSSION

Post-Implant Changes in Cryografts’ Biomechanics

Compared to pre-implant cryografts, the implanted
grafts showed higher wall thickness, wall-to-lumen
ratio, and wall CSA, and a lesser wall stiffness
(Table 2). We previously demonstrated, in human
arteries, that after excision there is an increase in wall



1282

Cryografts Epd (nmHg/mm) Cryografts Epd (mmHg/mm) Cryografts Epd (nmHg/mm)

Cryografts Epd (mmHg/mm)

210 A
205 +
200
195 A
190 -
185 +
180
175 A
170

R=0.74

BiA et al.

Cryografts PWV; (m/s)

0.50

210 1
205
200 A
195 1
190 1
185
180 -
175 1
170

0.70 0.90 1.10 130
Cryografts wall thickness (mm)

R=0.73

1.50

Cryografts PWV ¢ (m/s)

75

210
205 A
200 A
195 1
190 1
185 1
180 1
175 1

80 85 9.0
Mean internal diameter (mm)

95

Cryografts PWV (m/s)

170

210 1
205
200
195 -
190 1
185 1
180 A
175 1

R=0.72

0 9.0 110 130 160
Wall-to-lumen ratio (%)

17.0

Cryografts PWV . (m/s)

170

150

20.0 250 300 350
Cross sectional area [mm2]

40.0

20 1

18

16 1

14 A

12 1

R=0.67

10

0.50

20

18 A

16 1

14

12 A

0.70 0.90 1.10 1.30 150
Cryografts wall thickness (mm)

10

75

20 1

18 1

16 1

14 1

8.0 8.5 9.0 95

Mean internal diameter (mm)

20

18 1

16

14 1

10

90 110 130 15.0 17.0

Wall-to-lumen ratio (%)

R=0.65

15.0

20.0 250 300 350 40.0
Cross sectional area [mm2]

FIGURE 4. Relationship between implanted cryografts’ remodeling parameters and local (E,q) and regional (PWV) stiffness
levels. In the implanted cryografts, higher levels of wall thickness, wall-to-lumen ratio, and CSA, and lesser levels of mean internal
diameter, were positively associated with higher levels of E,q and PWVer (p<0.05).

stiffness.”* Then, the higher stiffness found in the pre-
implanted cryografts was, in some way, expected.
However, our results showed, for the first time, that

after implantation there was a remodeling of the
cryograft, and a reduction in its stiffness, reaching
levels more alike (but not identical) to those found in
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FIGURE 5. Relationship between local and regional stiffness
levels from the studied implanted cryografts.

the MOD-like group. The observed increase in wall
thickness, wall-to-lumen ratio, and arterial wall CSA
agrees with previous works that described an increase
in vascular grafts’ wall thickness early after implanta-
tion.”?®

Taking into account that the increase in the im-
planted cryograft’s wall thickness was generalized, the
PWVEgr measured in the implanted cryografts was
higher than in MOD-like subjects and higher than that
expected in healthy subjects (approximately 10.1 m/s),°
and that the local and regional increases in the cryo-
grafts’ stiffness were positively associated (Fig. 5), the
cryografts’ remodeling could not be considered mainly
as a local process related with the anastomosis con-
fection and/or with the cryograft—native artery bio-
mechanical mismatch. In addition, it should be noted
that the level of remodeling—evaluated by means of
the wall thickness, the wall-to-lumen ratio, and the
wall CSA—was directly and positively associated with
the local and regional stiffness’ levels found in the
cryografts (Fig. 4).

The global changes in the implanted cryografts
could be part of an adaptative and/or a pathological
response. For instance, it is known that arteries’
remodeling could be a homeostatic response that
contributes to keep reduced the circumferential and
shear stress levels (i.e., during changes in pressure and/
or flow velocities).”® Thus, the implanted cryografts’
remodeling could be considered as a response to the
new hemodynamic (hypertensive) conditions, which
allowed reducing the maximal circumferential stress.
Related with this, it is to note that the maximal cir-
cumferential stress was larger in the cryografts pre-
implant than in the implanted ones, which, in turn, had
a circumferential stress similar to that of the recipients’
arteries (Table 2).

However, note that the implanted cryografts’ max-
imal circumferential stress was lesser than that of the
recipient-like arteries, as a consequence of the great
increase in wall thickness observed in the implanted

cryografts. Related with this, it is to note that the wall
thickness and the wall-to-lumen ratio were higher in
the implanted cryografts than in arteries from re-
cipient-like subjects despite the recipient-like subjects
also had arteries with an increased wall thickness
(Table 2).*> The same could be said for the recipients’
native arteries. Then, the increase in wall thickness
found in implanted cryografts was higher than that
expected if only hemodynamic factors were the deter-
minants of the cryograft remodeling. Furthermore, the
differences between the intima-media thickness of the
femoral portion of the implanted cryografts (1.00 £
0.26 mm) and that of femoral arteries from recipient-
like subjects (0.81 £ 0.07 mm) and MOD-like subjects
(0.66 £ 0.04 mm) were similar to those reported by
Cheng et al. for femoral arteries from subjects with
(1.05 £ 0.39 mm) and without (0.69 4 0.34 mm)
peripheral vascular disease.'® Thus, the changes in the
implanted cryografts’ wall could not be only ascribed
to changes in the hemodynamic conditions, but factors
related with the recipients’ vascular disease should be
also considered. Related with this, it is known that an
increased arterial wall thickness is an early morpho-
logical evidence of blood vessels and vascular grafts
disease.>!*?6-*235 Thus, the remodeling found in the
implanted cryografts could represent the initial phase
of the vascular disease in the cryograft (“graft vascu-
lopathy™).?3? Anyway, to determine the mechanisms
responsible for the cryograft remodeling was beyond
the scope of our work.

Post-Implant Cryografts’ Proximal-Distal Transition
in the Biomechanical Properties

As is widely known in the healthy arterial system,
there is a gradual change in size and biomechanical
properties, with an increase in the arterial impedance
and stiffness toward the periphery, but without great
differences between consecutive segments.”>*’ Hence,
in physiological conditions, the impedance and wall
stiffness matching between consecutive arterial seg-
ments are high.> The gradual change in the arterial
properties and the maintenance of adequate levels in
each particular segment are important for a particular
arterial pathway and for the entire cardiovascular
system since it minimizes: (a) the left ventricle afterload
and the arterial wall mechanical erosion, (b) the gen-
eration of wave reflection sites near the heart, keeping
the ventricle afterload reduced, and (c) the generation
of local vascular disturbances that have been associ-
ated with the development of vascular alterations (i.c.,
luminal obstruction by intimal hyperplasia).'®*

Our results showed that in the implanted cryografts,
after a mean time of approximately 550 days, the
gradual proximal-distal transition in diameter and
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biomechanical properties and thus, their associated
benefits (reduced local BM, pulse wave amplification,
and nonphysiological wave reflection) were ensured
(Fig. 3).'6%7

Implanted Cryograft—Recipient Arterial System
Coupling

Our results demonstrated that after the implanta-
tion there were no significant differences in the geo-
metrical properties of the implanted cryografts and the
recipients’ native arteries, indicating an adequate geo-
metrical matching between native arteries and im-
planted cryografts. This is an important finding since
geometrical differences between the vascular grafts and
the native arteries could determine alterations in the
blood flow pattern, and consequently hemodynamic
disturbances in the anastomotic region.

In addition, our results demonstrated that after the
implant, the cryograft-native arteries BM was lesser
than that expected if synthetic prosthesis (i.c., ePTFE)
or venous grafts were implanted.* Previously, we
demonstrated, in pre-implant studies, that the cryo-
graft-native vessel BM was lesser than that found for
vascular substitutes currently available.”'? In this
work we demonstrated that after approximately
19 months from the implant, in geometrical and bio-
mechanical terms, the remodeled cryografts remained
advantageous, with respect to ePTFE prosthesis and
venous grafts.

CLINICAL RELEVANCE

At least two issues should be emphasized taking into
account their meaning in the biomedical field. First,
nowadays, a good-quality autologous vein provides
the best results for infra-inguinal bypass. However, in a
considerable number of patients, with critical ischemia,
veins are not available, and since the use of a prosthetic
graft (i.e., expanded polytetrafluoroethylene, ePTFE,
prosthesis) in the environment of chronic leg ulcer-
ations is associated with a high risk of infection,
alternative vascular substitutes are necessary.>'>> In
this context, this work results add advances in this
area, evidencing that implanted arterial cryografts en-
sure an acceptable biomechanical behavior after
months or years post-implant, and that cryografts—
native arteries BM levels would be lesser than those
found when synthetic prosthesis (i.c., ePTFE) or ve-
nous grafts (i.e., saphenous veins) are used.'® Despite
the cryografts’ wall remodeling, it could represent an
early phase of the cryograft vasculopathy?®; our results
evidenced that months or years after the implant the
cryografts showed wall stiffness levels that would allow

ensuring an adequate functional capability in the re-
cipient arterial system.

Second, the periodic surveillance of implanted vas-
cular grafts is considered important since early identi-
fication of failing grafts could avert impending graft
failure and/or improve the secondary bypass or vas-
cular access graft patency rate. In the surgical field, the
measurement of blood flow is the method of choice for
the evaluation of the functional status of lower limb
bypass and/or vascular accesses used in hemodialysis.
Since the ultrasound measurements are non-invasive,
provide rapid access, give accurate data, and have rel-
atively low costs, they have been advocated as the pri-
mary screening techniques in the surveillance of
vascular grafts and in the identification of bypass or
vascular access complications. Ultrasound studies al-
low to evaluate the grafts’ blood flow conduit capability
and to diagnose lesions and/or stenoses in the native
vessels or vascular substitutes,>* but they do not allow
evaluating the graft biomechanical behavior and/or its
biomechanical adaptation to the recipient cardiovas-
cular system. Moreover, despite homograft’s biome-
chanical behavior could be considered as a predictor of
its functional adaptation and that biomechanical fac-
tors are recognized as main determinants of vascular
graft failures, in our knowledge, there are no works
evaluating the post-implant cryografts’ biomechanical
performance and/or adaptation to the recipient car-
diovascular system. In this context, and taking into
account of our results, we think that an adequate post-
implant evaluation of the vascular grafts should include
not only the analysis of their permeability but also the
study of the grafts and native vessels biomechanical and
functional characteristics, which considering our
methodological approach is feasible.

CONCLUSION

In this work, for the first time, the wall remodeling
and the local and regional biomechanical properties of
implanted human arterial cryografts were non-inva-
sively analyzed.

After the implant, the cryografts remodeled with an
increase in the wall thickness, wall-to-lumen ratio, and
wall CSA, being the wall remodeling in each cryograft
directly and positively associated with the local and
regional stiffness levels.

After the implant, the cryografts showed a lesser
stiffness. In addition, even after isobaric analyses, im-
planted cryografts were stiffer than arteries from the
MOD-like group. Thus, the implantation would
determine a reduction in the graft stiffness, but without
reaching the values expected in vivo (in the MOD
cardiovascular system).
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The implanted cryografts were more compliant than
the recipients’ native arteries, despite their similitude in
wall thickness, wall-to-lumen ratio, arterial wall CSA,
and mean internal diameter. The biomechanical dif-
ferences between cryografts and native vessels were
lesser than those described for venous grafts or ePTFE
prosthesis.

Long after the implantation, the physiological
proximal—distal gradual transition in the biomechani-
cal properties remained unchanged in the remodeled
cryograft, ensuring an adequate biomechanical func-
tion of the graft.
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