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Impact of current cryopreservation 
procedures on mechanical and functional 
properties of human aortic homografts 

Abstract We evaluated the impact 
of standard cryopreservation on 
mechanical and functional proper- 
ties of human aortic homografts. 
From 14 human heart-valve donors, 
the thoracic descending aorta was 
obtained. Effects of cryopreserva- 
tion on mechanical (elastic proper- 
ties and breaking stress) and smooth 
muscle cell (SMC) and endothelium 
function were tested. Cryopreserva- 
tion (cryo) did not significantly af- 
fect Young's modulus of elastin 
(fresh: 3.1 k 1.0, cryo: 2.7 k 0.9 x lo5 
Nm-2), collagen recruitment pres- 
sure (fresh: 1.1 k 0.3, cryo: 
1.1 f 0.4 x lo4 Nm-2), distensibility 
(fresh: 3.8 f 1.8, cryo: 3.6 f 1.6 x lo5 
N-'m2), or breaking stress (fresh: 
2.4 * 1.0, cryo: 2.2 f 1.0 x lo6 Nm-2). 
Following explantation, no endo- 
thelium-dependent relaxation was 
found. SMC function and endotheli- 
um-independent relaxation were 
mainly intact after explantation but 
significantly decreased after cryo- 
preservation. Aortic mechanical 
properties are not influenced by 
cryopreservation. Following explan- 

tation, almost no endothelial cell 
function is present, and SMC con- 
tractility is strongly affected after 
cryopreservation. 

Keywords Aorta . Cardiovascular 
surgery * Endothelial function . 
Mechanical properties . Smooth 
muscle * Transplantation 

Abbreviations Br Stress Breaking 
stress - cry0 Cryopreservation . D 
Dynamic distensibility Pcol Col- 
lagen recruitment pressure e SMC 
Smooth muscle cell . TC Tissue cul- 
ture 

Introduction 

The use of fresh or freeze-dried arterial homografts was 
abandoned long ago because of difficulties in tissue pro- 
curement, long-term degeneration, and the develop- 
ment of improved prosthetic commercially available 
grafts 17, 9, 11, 15, 31, 331. Recently, interest in the use 
of aortic homografts has reawakend. Excellent results 
in the use of homograft aortic valves and ascending aor- 
tas in endocarditis have encouraged vascular surgeons 
to use arterial homografts for the in situ repair of vascu- 

lar infections of the great arteries [27, 421. Indications 
comprise mycotic aneurysms, aorto-esophageal, aorto- 
bronchial and aorto-gastrointestinal fistulas and infect- 
ed prosthetic grafts [ l ,  4, 12, 16, 17, 19, 26, 28, 32, 37, 
38, 39,401. Bov6 et al. [8] were also encouraged by the 
use of nonvalved homografts of the thoracic aorta in op- 
erations for complex congenital cardiac diseases be- 
cause of the convenience in handling and versatility in 
size and shape of aortic homografts. This procedure 
might also lead to a reduction in thrombotic, hemor- 
rhagic, and infectious complications. Moreover, the de- 
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Fig. 1 Schematic drawing of 
the in-vitro experimental set-up 
for mechanical studies 

velopment of tissue cryopreservation allowed the intro- 
duction of cryobanks that improved the clinically avail- 
ability of homografts. Several studies have already fo- 
cused on the effects of cryopreservation on either me- 
chanical [2, 13, 351 or functional properties [3, 20, 21, 
23, 24, 25, 29, 30, 411 of the arterial wall. However, to 
our knowledge no studies were performed concerning 
cryopreserved intact aortic segments harvested as part 
of a non-heart beating donor program. Also, the effect 
of cryopreservation on the breaking stress of intact hu- 
man aortic segments has not yet been addressed [14]. 
Accordingly, the purpose of the present study was to 
evaluate the effects of cryopreservation on both the me- 
chanical and functional properties of the human thorac- 
ic descending aortic homograft, harvested as part of a 
non-heart beating donor program. 

Materials and methods 

The thoracic descending aorta was explanted from 14 human non- 
heart beating heart valve donors (median age 44 years, range 
15-59 years) without any known aortic disease. In the aortic seg- 

ments of these 14 donors, mechanical and functional studies were 
performed before and after a standard cryopreservation proce- 
dure. Donor selection was made according to the European Stan- 
dards for Tissue Banking, after written permission for experimen- 
tal use of donor tissue was obtained from relatives. 

Harvesting 

During the aseptic harvesting procedure of the heart, including the 
pulmonary artery and the aortic arch, the aorta was ligated 1 cm 
distal from the left subclavian artery and fixed at its in-vivo length. 
Next, the descending aorta was carefully cleared from the sur- 
rounding tissue over a length of approximately 16 cm. The trachea 
and oesophagus were carefully kept intact to avoid contamination 
with infectious agents. The intercostal arteries were cut at a length 
of approximately 1 cm. Finally, the in-vivo length of the aortic seg- 
ment was measured and the segment was explanted. Blood clots 
were removed by carefully rinsing the aortic segment with sterile 
NaCl 0.9% and 4" Celsius (C)-custordiol HTK (Histidine Tryp- 
tophan Ketoglutirate) solution according to Bretschneider. All tis- 
sues were harvested within 24 h after cardiac arrest. 
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Tissue preparation, decontamination and cryopreservation 

From each donor the material was divided into 3 groups and stored 
for transport in sterile 4°C custordiol HTK solution. Group 1 con- 
sisted of a small ring of approximately 2 mm and was used immedi- 
ately for functional studies. The remaining tissue was divided into 
two equally sized segments of approximately 6.5 cm. A randomly 
chosen segment (group 2) was decontaminated for 5-6 h at 37°C 
in a solution of the following antibiotics: ciprofloxacin 3 pg/ml, 
arnikacin 1.2 pgiml, rnetronidazol 1.2 pg/ml, vancomycin 1.2 pg/ 
ml, flucitocin 30 pg/ml. Subsequently, the segment was divided 
into one subsegment for mechanical studies and into one ring for 
functional tests. 

The other segment (group 3 )  was decontaminated for 5-6 h at 
37°C followed by submersion in tissue culture (TC)-199 medium 
with 10% dimethyl sulfoxide (DMSO) at 4°C for 45 min and sub- 
sequent cryopreservation [34]. After 6 weeks storage at -197”C, 
cryopreserved aortic grafts were slowly thawed by submersion of 
the grafts in a 40°C-water bath. To prevent cellular damage, the 
cryoprotectant was removed according to standardised stepwise 
dilution in TC-199 medium [34]. The thawed segment was divided 
into one subsegment for mechanical studies and into one ring for 
functional tests. 

Mechanical studies 

Breaking stress and elastic properties of the intact fresh decontam- 
inated (group 2) and cryopreserved (group 3) aortic subsegments 
were investigated in an in-vitro experimental set-up by loading 
the aortas with an increasing hydrostatic pressure (Fig. 1). The in- 
tercostal arteries of the aortic segments were ligated. Next, the seg- 
ments were fixed to adjustable glass cannules, mounted in a basin 
with 0.9% NaCl at room temperature, connected to an expansion 
barrel filled with 0.9% NaCI, and attached to air pressure. A man- 
ual pressure controller (Fairchild, model 65A) produced static 
pressures until 3 bar. Dynamic pressure waves were created by an 
electronic pressure controller (Fairchild, model T5200) guided by 
a pressure generator (Krohn and Hitte, model 5700). A pressure 
catheter was placed inside the aortic lumen and externally coupled 
to a pressure transducer, which was adjusted to high pressures 
(Baxter, disposable PXdOOF). After amplification and filtration 
(Bridge amplifier DPM-612A), a thermal pen recorder (WEKA- 
graph, model WK 250R), recorded the signal data. Aortic lumen 
diameter was continuously measured by means of a 5 MHz ultra- 
sound echo-probe (Hewlett Packard) and recorded on videotape. 
The aortic segments were accommodated for 30 min at a pulse 
rate of 0.5 Hz with systolic/diastolic pressure-waves of 120/50 mm 
Hg to rule out any effect of SMC (101. The experiment started 
with a dynamic pressure wave of 120/50 mm Hg at 0.5 Hz. Next, 
pressure was kept constant (static pressure) at approximately 
10 mm Hg and the corresponding lumen diameter was measured. 
Static pressures were increased to an endpressure of 400 mmHg 
and kept constant for 20 min. These dynamic and static pressure- 
diameter measurements and the pressure loading for 20 min were 
repeated to a static endpressure of 800, 1200 and 1600 mm Hg re- 
spectively, until rupture occurred. External diameters of the aorta 
were measured either by means of two-dimensional echography 
at static pressures or by means of M-mode echography at dynamic 
pressure waves. After mechanical testing, the wet weight of the 
segment was determined (Sartorius, model H120) and the rup- 
tured segments were photographed. 
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Fig.2 a Typical example of the pressure-radius relationship of an 
aortic segment. The curve transients from a linear (elastin mediat- 
ed) to an exponential (collagen mediated) course at a certain 
point of pressure (collagen recruitment pressure). b Typical aor- 
tic stress-strain curve. Linear fits have been performed in the 
low-pressure range to determine Young’s modulus of elastin 
(Eelastin) 

Calculations 

External radii (Re, mm) of the aortic segment and matching pres- 
sure data (P, Nm-’) were analysed. Aortic wall volume (y mm3) 
was calculated from the weight of the aortic segment and the spe- 
cific gravity of aortic tissue (e = 1.066 kg.rn”). Further, the internal 
radius (Ri) and rnidwall radius (Rmid) were calculated by means of 
the equations: 

In this relation, L is the in-vivo length of the aortic segment. Mid- 
wall radial wall stress (a) was calculated using the following formu- 
las, where R,,, is the midwall radius at the lowest pressure 
(50 mmHg) of the pressure wave: 

a= 2.P.(Re.R,)* 1 
R ~ - R ;  ‘R,,dZ 
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Fig.3 Effects of cryopreservation on the aortic wall Young's mod- 
ulus of elastin (Eelustin), collagen recruitment pressure (Pcol), dis- 
tensibility at 0.5 Hz, and the breaking stress (Br stress) 

Pressure-diameter and stress-strain curves (Fig.2a and 2 b) were 
constructed. These curves represent the non-linear relationship be- 
tween the lumen diameter or derivative parameter strain (R,J 
Rmld at mmHg) and the intraluminal pressure or derivative parame- 
ter midwall radial wall stress. Such curves are composed of two 
parts. At low pressures, the resistance to stretch is mostly due to 
elastin fibres alone, and the pressure-diameter and stress-strain re- 
lationship are more or less linear functions. Beyond a certain point 
of pressure, which is called the collagen recruitment pressure 
(Pcol), the curve transients from linear to exponential, and the re- 
sistance to stress is determined mostly by the stiffness and organi- 
sation of the collagen skeleton (Fig.2a). The slope of the linear 
part of the stress-strain curve is considered to be the Young's mod- 
ulus of elastin (Eelastin, Fig. 2 b) and represents static distensibility 
[5,6]. Aortic rupture occurs when the wall stress exceeds the hold- 
ing power or strength of the aortic wall. The wall stress at the point 
of rupture is called the breaking stress (Br stress). Dynamic disten- 
sibility (D) at 0.5 Hz was calculated using the following formula, 
where R,,, is the midwall radius at the lowest pressure 
(50 mmHg) of the pressure wave: 

D=- 2.AR 
R,," ' AP 

Functional studies 

Contractility as a measure of SMC function and endothelium-dep- 
endent relaxation as a measure of endothelial cell function, were 
used as viability parameters of the aortic wall [36, 411. Stimulated 
contraction was assessed by potassium chloride (KCI), causing 
membrane depolarisation, and by phenylephrine (PE), a a,-adre- 
noceptor agonist that causes receptor dependent contraction. Ace- 
tylcholine (ACh) induced endothelium-dependent relaxation and 
endothelium-independent relaxation was evoked by the nitric oxi- 
de (NO)-donor sodium nitroprusside (SNP). These aortic wall cha- 
racteristics were investigated in fresh aortic rings (group l),  fresh 
decontaminated aortic rings (group 2) and aortic rings which were 
both decontaminated and cryopreserved (group 3). 

Aortic rings were mounted vertically between two glass hooks 
in a 20 ml organ bath containing oxygenated Tyrode's solution at 
a temperature of 37°C and a p H  of 7.4. The composition of the Ty- 
rode's solution was as follows (mM): NaCl 136.0, KCI 2.5, MgCI, 
1.1, CaCI, 1.8, NaH,PO, 0.3, NaHCO, 24.9 and glucose 5.5. The 
upper hook was connected to an isometric force transducer (Ky- 
owa, model 120-T-10B, range 10 gram). After filtering and amplifi- 
cation (Bridge amplifier DPM-612A), the signal was recorded with 
a thermal pen recorder (WEKAgraph, model WK 250R). 

Aortic rings were stretched to a baseline load of 2 g and al- 
lowed to stabilise for 30 min. The Tyrode's solution was replaced 
every 15 min. Subsequently, aortic rings were exposed to a high 
KCI concentration (120 mM) to induce membrane depolarisation 
and contraction. When the maximal response had developed the 
solution was replaced with normal Tyrode's solution. As soon as 
the baseline load of 2 g was reached, this procedure was repeated. 
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Table 1 Results (mean k SD) of mechanical and functional experi- 
ments in human aortic homografts directly after explantation 
(group I), after decontamination (group 2) and after cryopreserva- 
tion (group 3) .  Eelustin Young’s modulus of elastin, Pcol collagen 
recruitment Dressure. D distensibilitv. Br stress breaking stress. 

KCZ potassium chloride, PE phenylephrine, ACh acetylcholine, 
and SNP sodium nitroprusside. A positive response ( + ) in the 
functional tests indicates contraction, whereas a negative response 
(-) represents relaxation 

P-value 

Group 1 Group 2 Group 3 (1-2) (2-3) (1-3) 

Mechanical 
( lo5 Nm-’) Eelastin (n = 14) 3.1 k 1.0 2.7 k 0.9 NS 
(1 O4 N m 2 )  Pcol (n = 14) 1.1 c 0.3 1.1 c 0.4 NS 

D (n = 14) 3.8 s 1.8 3.6 c 1.6 NS 
Br stress (n = 12) 2.4 & 1.0 2.2 c 1.0 NS ( lo6 Nm?) 

Functional 
(gram) KCl (n = 14) 0.99 s 1.14 0.57 k 0.87 0.02 c 0.06 0.02 0.03 0.006 

(gram) Ach (n = 14) 0.07 s 0.14 0.05 f 0.13 o s o  NS NS NS 
(gram) SNP (n = 14) -0.37 c 0.49 -0.37 s 0.43 -0.05 s 0.15 NS 0.03 0.03 

(lo5 N-’m2 1 

(gram) PE (n  = 14) 0.95 f 1.32 0.57 s 0.72 0.04 s 0.13 NS 0.02 0.02 

Then, rings were contracted with a a,-adrenoceptor agonist, PE 
(100 M). When a steady state was reached, rings were exposed 
to ACh (10 M). Finally, the ability of SMC to relax in response 
to the endothelium derived relaxing factor NO was evaluated. 
Therefore, aortic rings were exposed to KCI (120 mm), washed 
with normal Tyrode’s solution, treated with PE (100 pn), and last- 
ly exposed to SNP (10 pm), respectively. 

Statistical analysis 

Results are represented as mean & one standard deviation. Con- 
traction and relaxation induced by KC1, PE, ACh or SNP in groups 
1 , 2  and 3 were expressed as absolute force of contraction ( + ) or 
relaxation (-) in grams. The paired Student’s t-test was used for 
statistical analysis. A P-value < 0.05 was considered to be signifi- 
cant. 

Results 

Mechanical studies (Fig. 3)  

The average length of the individual segments was 
66 k 6 mm. As shown in Fig. 3 and Table 1, cryopreserva- 
tion did not significantly affect the slope of the first linear 
part of the stress-strain curve, called Young’s modulus of 
elastin, the collagen recruitment pressure, and dynamic 
distensibility at 0.5 Hz. Cryopreservation did also not 
significantly reduce breaking stress in 12 out of 14 aortic 
segments. Two aortic segments were not analysed for 
breaking stress, due to technical difficulties. 

Functional studies (Table 1 and Fig. 4) 

SMC depolarization in response to KC1 was significant- 
ly decreased after both decontamination and cryo- 
preservation. The PE-induced SMC contraction re- 

duced after decontamination and was significantly af- 
fected after cryopreservation. An almost negligible re- 
sponse to ACh was demonstrated in aortic specimens 
directly after explantation, which further decreased af- 
ter decontamination and cryopreservation. Vasodilation 
was observed after addition of SNP in fresh aortic rings. 
Endothelium-independent relaxation was slightly atten- 
uated after decontamination but significantly reduced 
after cryopreservation. 

Our study addressed the mechanical and functional 
properties of the human aorta with and without cryo- 
preservation. Tissues were taken from 14 human heart- 
valve donors, and randomly divided into three groups. 
Two groups were decontaminated for 5-6 h and tested 
either unfrozen or after cryopreservation. One further 
group was functionally tested on the day of explanta- 
tion. The present study showed that cryopreserved hu- 
man aortic homografts have similar aortic stiffness and 
breaking stress properties as fresh human aortas, but 
SMC contractility and endothelial cell function were 
markedly attenuated. To our knowledge, there is a scar- 
city of data concerning breaking stress from complete 
segments of cryopreserved human aorta. Such data 
may have the potential to predict the efficacy of aortic 
homografts for surgical improvement of cardiovascular 
disease. 

The maintenance of passive mechanical capacity in 
itself, despite diminished SMC contractility and endo- 
thelial cell function, allows the implantation of cryopre- 
served aortic homografts, as alternative grafts such as 
prosthetic grafts also possess no active vasomodulation 
capacity. Moreover, in cases where a prosthetic aortic 
graft is not desired because of aortic infections, the use 
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Fig.4 Smooth muscle cell contractility in response to potassium 
chloride (KCI) and phenylephrine (Phe), and endothelial depen- 
dent (acetylcholine, ACh) and independent relaxation (sodium ni- 
troprusside, SNP)  in fresh (group l ) ,  decontaminated (group 2) 
and cryopreserved human aortic homografts (group 3)  

of aortichomografts appears justified [1, 4,12,16,17,19, 
26,28,32,37-40]. 

Recently we described the influence of aging and 
aortic stiffness on the breaking stress of the human aorta 
[14]. Age, distensibility and collagen recruitment pres- 

sure influenced the permanent deformation and rupture 
of the aorta following pressure overload. In the present 
study we found no significant change in the distensibili- 
ty, Young's modulus of elastin and collagen recruitment 
pressure after cryopreservation. Therefore a shift of 
the wall stress distribution from the elastin to the col- 
lagen fibres is not expected to occur in the cryopreserv- 
ed aortic wall. 

Several studies have addressed breaking stress by us- 
ing arterial strips rather than arterial segments [2, 131. 
However, shape and integrity of the aortic wall might 
be better preserved using segments for breaking stress 
experiments. Indeed, we found higher breaking stress 
values than others using aortic strips (fresh 
1.96 -t 0.6 x lo6 Nm-', cryopreserved 1.15 t 0.42 x 10' 
Nm-2) [2, 131 (Table 1). It should be noted that neither 
in earlier studies nor in the present study a significant ef- 
fect of cryopreservation on breaking stress was found. 

The effect of cryopreservation on SMC and endothe- 
lium cell function has remained a matter of discrepancy. 
We found a general diminution in SMC contractility and 
endothelium-dependent and independent vasodilation 
after cryopreservation. Fresh aortic rings showed a neg- 
ligible response after addition of ACh, which indicates 
that the endothelial layer was already damaged after ex- 
plantation. The latter might be caused by manipulation 
of the thoracic descending aorta during the standard 
surgical explantation. During this complicated explanta- 
tion procedure the trachea and oesophagus should re- 
main intact for reasons of sterility. Moreover, the sensi- 
tive endothelium might be further damaged by the care- 
ful aortic rinsing procedure to remove blood clots. 

In accordance with our results, studies showed nearly 
abolished SMC contractility in human internal marnma- 
ry arteries [25], and diminished contractile and endothe- 
lium-dependent relaxant response of human coronary 
and internal mammary arteries after cryopreservation 
[23]. However, poorly preserved SMC function, but in- 
tact endothelial cell function in internal mammary arter- 
ies of dogs was found after cooling to -196°C [3]. 
Pompilio et al. showed intact endothelial function in hu- 
man internal mammary artery bypass grafts after cryo- 
preservation [29]. Whilst this discrepancy might be due 
to species differences, it may also reflect different sus- 
ceptibility of endothelial cells from different calibre ar- 
teries to the explantation, cryopreservation or thawing 
process. Furthermore, the reduction in SMC contractile 
force after cryopreservation might be explained by the 
prolonged ( > 10 min) exposure to cryomedium 
(DMSO) before cryopreservation [22]. Further studies 
are required to further optimise this routinely used 
cryopreservation protocol. 

In conclusion, our study demonstrates that cryo- 
preservation of aortic homografts harvested from non- 
heart beating donors results in a conduit with compara- 
ble mechanical properties as the fresh human aorta, 
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whereas smooth muscle cell contractility and endothe- 
lial cell function are dramatically impaired. 

The preservation of aortic mechanical properties fol- 
lowing this standard cryopreservation procedure has 
given confidence to the Heart Valve Bank and the Bio 
Implant Services Foundation in The Netherlands to 
start explantation, cryopreservation, and implantation 
of the thoracic descending aorta. Currently, 17 cryopre- 
served thoracic descending aortic homografts were im- 
planted over Europe. Transplantation indications in 
these patients comprised infectious aneurysms of the 
native aorta (3) or prosthetic graft (7), congenital heart 
disease (4) or other (3). Since Lehalle et al. reported 
early dilation and rupture of arterial cryopreserved ho- 

mografts in three patients [18], accurate patient-follow 
up by means of computed tomography or magnetic res- 
onance angiography to determine the individual fate of 
aortic homografts may be recommended. 
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