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ABSTRACT Woven Dacron used in extracardiac conduits 
tends to form a poorly adherent, obstructing layer of 
pseudointima. Knitted high-porosity conduits allow fi- 
brous and vascular ingrowth and more secure anchoring of 
the pseudointima. However, at the time of insertion, the 
porosity rate must be sufficiently low to prevent excessive 
bleeding in the heparinized patient. Pretreatments with 
biological sealants are available to temporarily reduce the 
porosity of knitted Dacron at the time of implantation with 
subsequent resorption of the sealant. We compared in 
vitro water porosity rates of knitted Dacron pretreated 
with conventional techniques, fibrin glue, and collagen 
impregnation. Only the collagen-impregnated and fibrin 
glue-treated grafts decreased the porosity of knitted Dac- 
ron to an acceptable level. 

To assess the biocompatibility and resorption of bio- 
materials used in sealing conduits, pretreated Dacron was 
implanted subcutaneously in weanling rats. Foreign-body 
response of untreated Dacron was unchanged by conven- 
tional techniques. Fibrin glue also resulted in good capil- 
lary ingrowth as well as occasional punctate multifocal de- 
posits of calcium phosphate. The collagen-impregnated 
grafts differed in the intensity of the inflammatory re- 
sponse and tissue adhesion, possibly related to the degree 
of collagen cross-linking. This may have important impli- 
cations regarding structure of the pseudointima in vascular 
grafts sealed with these materials. 

One of the major problems facing the pediatric car- 
diovascular surgeon is the choice of graft material for 
conduit reconstruction of the heart and great vessels. 
The limited size of the patient dictates that relatively 
small-diameter conduits be used, and somatic growth 
fosters inevitable conduit stenosis. Thus, accumulation 
of what might be an insignificant amount of obstructing 
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pseudointima in the adult can result in early conduit 
failure in a child. Although cryopreservation of the anti- 
biotic-treated homograft will improve the availability of 
this biological alternative [ 11, synthetic conduits con- 
tinue to be required. 

Tightly woven low-porosity Dacron has proven un- 
satisfactory for use in right heart conduits [2]. This rigid 
material is difficult to manipulate, particularly in the 
small child with fragile pulmonary arteries, and it rap- 
idly develops a thick, poorly adherent layer of pseudoin- 
tima. Dissection of the pseudointima may cause cata- 
strophic failure [3]. The only advantage of the tightly 
woven Dacron is its very low porosity; for example, 
Cooley LoPor has a water porosity of 50 ml/min/cm2 at 
120 mm Hg pressure. In contrast, knitted Dacron has an 
extremely high porosity, for example, USCI Bionit with 
1,500 ml/min/cm2. This material is supple, allowing more 
accurate hemostatic anastomoses than woven Dacron. 
However, control of porosity during insertion is essen- 
tial. 

Recently, several new techniques have become avail- 
able for controlling conduit porosity using biological ma- 
terials. These techniques include collagen impregnation 
and fibrin glue pretreatment. The objectives of the pres- 
ent study were to compare standard Dacron graft mate- 
rials in terms of porosity control and histological re- 
sponse to biological sealants. 

Material and Methods 
Porosity S tudy  
Water porosity was determined using the device pic- 
tured in Figure 1 as originally described by Wesolowski 
and associates [4]. An area of test material 1 cm2 in size is 
sealed circumferentially by a pneumatic device. Water 
flow is adjusted through the test material until the de- 
sired pressure is maintained (in this case, 100 mm Hg). 
Tests for leakage around the test material using a non- 
porous material consistently achieved a porosity of 0. 
Four segments of each conduit were tested. The mean 
water porosity ? the standard deviation in milliliters per 
minute per square centimeter was calculated. 

GROUP 1: PRETREATED KNITTED DACRON. Approxi- 
mately 15-cm lengths of double-velour knitted Dacron 12 
mm in diameter (Bionit, USCI, Billerica, MA) were 
treated by the following techniques. 

1. Autoclaved 5% albumin. The conduit was thoroughly 
soaked in 5% human albumin (Immuno AG, Vienna, 
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Fig I .  Porosity testing device. Graft material is fixed and sealed by 
pneuinutic heud. Water flow is adjusted by calibrated flowmeter until 
presslire is stable. 

Austria), the excess was drained off, and the conduit 
was baked at 133°C for three minutes. 

2. Preclotting. Approximately 20 ml of freshly drawn 
human blood was massaged into the graft until it 
clotted. Free clots were picked off. 

3. Autoclaved heparinized blood. The conduit was 
soaked in human blood treated with heparin, 3 mg 
per kilogram of body weight, followed by autoclaving 
at 133°C for three minutes. 

4. Fibrin glue (Immuno AG, Vienna, Austria). The two 
components of the glue were reconstituted. The 
sealant/fibrinolysin inhibitor was massaged into the 
Dacron. The calcium/thrombin component was then 
cmefully dripped over the complete surface of the 
conduit. 

5. Strongly cross-linked collagen treatment. This knitted 
double-velour conduit (Tascon Medical Technology 
Corp., Irvine, CA) is commercially sealed on its lu- 
niinal surface with strongly cross-linked bovine colla- 
gen. The untreated porosity is 1,500 ml/min/cm2. The 
graft is supplied sterile in a weak aldehyde solution. 

6. Weakly cross-linked collagen treatment. This double- 
velour knitted Dacron (Microvel with Hemashield, 
Meadox Medicals, Inc., Newark, NJ) is commercially 

impregnated with weakly cross-linked bovine colla- 
gen. The untreated porosity is 1,900 ml/min/cm2. The 
graft is supplied dry and sterile. 

GROUP 2: PHYSICALLY MANIPULATED PRETREATED 

KNITTED DACRON. Both the fibrin glue-sealed and colla- 
gen-treated conduits were manipulated by placing a vas- 
cular clamp obliquely five times along the full length of 
the conduit and by making two 360-degree twists in op- 
posite directions. 

HEPARINIZED BLOOD AGITATION. Identical segments of 
conduit as treated in Group 1 were agitated in fully 
heparinized human blood (3 mg/kg) for two hours (at 
37°C) prior to the porosity study. 

RAFLUOROETHYLENE. Conduit segments of Cooley Veri- 
Soft and LoPor (Meadox Medicals, Inc.) were tested fol- 
lowing preclotting with fresh blood and baking with 5% 
human albumin. The porosity of untreated polytet- 
rafluoroethylene (PTFE) (Gore-tex, W. L. Gore, Elkton, 
MD) was tested also. 

Histological Study 
One-centimeter squares of knitted Dacron (Bionit) were 
treated similarly to those for the porosity determination. 
To avoid immunological effects, 5% rat albumin (Sigma, 
St. Louis, MO) and rat blood were used. However, fibrin 
glue was human and bovine derived (Immuno AG, 
Vienna, Austria). The collagen-impregnated Tascon and 
Meadox Hemashield grafts were also implanted. 

Samples of material I-cm square were inserted sub- 
cutaneously in ether-anesthetized week-old male wean- 
ling rats weighing 60 to 80 gm 1:Sprague-Dawley derived 
[CD strain]). The samples were placed in subcutaneous 
pouches dissected in the midabdominal wall and sepa- 
rated by at least 2 cm. Wounds were closed with surgical 
staples. Graft specimens were retrieved following death 
by ether anesthetic overdose following 3 and 6 weeks 
of implantation. Specimens were fixed in 10% neutral 
buffered formalin or 2.5% gliitaraldehyde and in 2% 
paraformaldehyde in cacodylate buffer (pH 7.2) [5], de- 
hydrated, and embedded in glycolmethacrylate medium 
(JB-4, Polysciences, Warrington, PA). Sections 2 to 3 
thick were stained with hematoxylin and eosin (for over- 
all morphology), Masson trichrome (for collagen), and 
von Kossa stain (for calcium phosphates). Collagen- 
pretreated explants were analyzed for elemental calcium 
by atomic absorption spectroscopy of six NHCl hydroly- 
sates [6].  

Results 
Porosity 
Clinical experience suggests that a measured water 
porosity greater than 50 ml/min/cm2 results in unaccept- 
able bleeding in the fully heparinized patient. By this 
criterion, the only acceptable materials are PTFE, LoPor 
woven Dacron, Veri-Soft woven Dacron albumin baked 
or preclotted, or knitted Dacron treated with fibrin glue 

GROUP 3: PRETREATED KNITTED DACRON WITH 

GROUP 4: PRETREATED WOVEN DACRON A N D  POLYTET- 
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M e a n  Water Porosity at  100 mm Hga 

Group 3 
Group 2 (Knitted 

Group 4 Group 1 (Manipulated Dacron + 
(Knitted Knitted Blood 

Treatment Dacron) Dacron) Agitation) Lo-Por Veri-Soft Gore-Tex 

Control, untreated 1,613 2 41 . . .  . . .  46 8 101 2 16 0 
Baked 5% albumin 495 t- 32 . . .  410 2 90 25 2 11 25 t 3 . . .  
Preclotting 319 ? 49 . . .  223 -t 53 10 -t 1 11 t 4 . . .  
Baked heparinized blood 56 -t 4 . . .  

Fibrin glue 5 - t 2  5 - t 2  2 2 0.8 . . .  

Tascon collagen treated 9 + 5  74 -t 2 18 -t 18 . . .  
Meadox collagen treated < 1  13 2 8 13 2 8 . . .  

. . .  . . .  . . .  67 31 

. . .  . . .  

. . .  . . .  

. . .  . . .  

"Data are shown in milliliters per minute per square centimeter and ? the standard deviation. 

or collagen impregnation (Table). However, following 
manipulation, the strongly cross-linked collagen-treated 
graft (Tascon Medical) has an unacceptable porosity, 
probably because of cracking of the collagen lining. Agi- 
tation of the sealed grafts in heparinized blood did not 
result in a substantial increase in porosity with any of 
the techniques. In fact, there was a trend toward lower 
porosity, presumably caused by progressive thrombus 
formation in the interstices of the graft. 

Histological S tudy  
Host tissue reactions to all implants were virtually iden- 
tical at 3 and 6 weeks. 

Untreated Dacron evoked an intense, well-vas- 
cularized granulomatous foreign-body inflammatory re- 
sponse characterized by numerous macrophages and 
multinucleated giant cells infiltrating through the fabric 
interstices (Fig 2). Inflammatory cells were infiltrating 

Fig 2 .  Histological response to untreated Dacron following implanta- 
tion for 6 weeks subcutaneously in the rat. There is a diffuse, intense 
granulomatous foreign-body inj7ammatory response throughout the 
tissue. Abundant multinucleated giant cells are present. Many capil- 
lary-sized blood vessels permeate the Dacron mesh (arrow). I H 6 E ;  
A, x 150, and B ,  x375, both before 20% reduction.) 

equally from both surfaces with symmetrical adhesion of 
surrounding tissue to the graft. Dacron pretreated with 
autoclaved 5% rat albumin, clotted rat blood, or auto- 
claved heparinized rat blood had an identical host re- 
sponse to that elicited from the untreated fabric without 
apparent remaining sealant material. Dacron sealed with 
fibrin glue evoked essentially the same response, but 
occasional pools of fibrin had punctate multifocal depos- 
its of calcium phosphate adjacent to Dacron fibrils (Fig 

Commercially fabricated collagen-pretreated grafts 
caused generally similar reactions, except in the areas 
containing the collagenous matrix (Figs 4, 5). The 
Meadox microvel with Hemashield, which initially has a 
collagenous layer on both surfaces, showed partial in- 
flammatory resorption of collagen with little additional 
modification of the foreign-body response seen to un- 
treated Dacron (see Fig 4). Despite only partial resorp- 
tion of the collagen coating by mononuclear phagocytes, 
the surrounding host tissue adhered to the graft 
throughout most of both graft surfaces. 

In contrast, the Tascon graft collagen, which, as pre- 
pared, coated the inside surface only, was minimally 
absorbed and, following implantation, remained visible 
as a distinct layer on the inside surface of the Dacron 

3). 
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Fig 3. Histological response of fibrin glue-sealed Dacron graft follow- 
ing 6 weeks of subcutaneous implantation in the rat. The inflamma- 
tory response is similar in all respects to that shown in Figure 2 for 
untrerited Dacron save for the presence of multifocal calcium phos- 
phate deposits (arrow). A, H&E, and B ,  von Kossa stain; both X 150 
before 20% reduction.) 

graft. Fibrous ingrowth and neovascularization ex- 
tended from the opposite surface through the interstices 
of the graft up to the collagen layer. The collagen-coated 
surface, at its contact with surrounding tissue, had a 
diminished inflammatory response with a smooth, 
minimally cellular fibrous capsule, which was poorly ad- 
herent to the collagen itself. This layer of fibrous encap- 
sulation resembled the tissue reaction to a smooth, inert 
synthetic implant [7]. Focal adhesion was noted at 
points where the collagen coating was either breached or 
resorbed. Macrophages and foreign-body giant cells 
with evidence of active resorption were seen focally be- 
tween the collagen layer and the Dacron graft substrate. 
No mineralization was noted in the collagen-treated 
grafts. 

Comment 
The present study examined the effects of biological 
sealants on the water porosity and histological response 
to conventional Dacron vascular graft material. The re- 

Fig 4 .  Histological response to Meadox collagen-coated graft (Mi- 
crovel with Hemashield) 6 uieeks after subcutaneous implantation in 
the rat. The response to the graft fibril:? is similar to that seen in 
Figures 2 and 3 for untreated and fibrin glue-treated Dacron, but 
there is, in addition, an inflammatory response centered on the collag- 
enous coating (arrows). The Surrounding inflammatory reaction is 
adherent to the collagen throughout, a,rd there is evidence of some 
resorption. ( H 6 E ;  A, x 150, and B ,  :< 375, both before 20% reduc- 
tion.) 

sults of our study suggest that conventional preclotting 
techniques do not modify capillary ingrowth and other 
histological features of the standard inflammatory re- 
sponse to Dacron, but that they also do not safely de- 
crease porosity of knitted Dacron. Collagen impregna- 
tion can produce satisfactory control of porosity, though 
the specific methods of cross-linking and impregnation 
are important in determining porosity following graft 
manipulation. The method of collagen impregnation 
and cross-linking is probably also important in deter- 
mining the histological reaction, particularly the adhe- 
sion of the host inflammatory reactive tissue, and proba- 
bly the rate of collagen resorption. Failure of the collagen 
to resorb because of excessive cross-linking effectively 
may produce a conduit analogous to those of impervious 
materials such as tightly woven Dacron. Pretreatment 
with fibrin glue yields reliable porosity control without 
inhibiting capillary and fibrous ingrowth. 
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Fig 5. Histological reaction to Tascon collagen-coated graft 6 weeks 
following subcutaneous implantation in the rat. The diffuse granulo- 
matous inflammatory response throughout most of the graft is charac- 
teristic of the untreated Dacron graft. However, the collagen coating 
on the graft (open arrows) is only focally adhered to by the sur- 
rounding inflammatory response (arrow), thereby leaving areas of 
separation between the fibrous encapsulation and the implant. An 
area of such separation is demarcated by the asterisk. An area offocal 
resorption of the collagenous matrix by macrophage giant cells is 
marked by arrowheads. ( H e € ;  A, x 150, and B ,  x 375, both before 
20% reduction.) 

The results reported verify that the porosity of un- 
treated knitted Dacron is high, but that this permeability 
may be reduced substantially by various pretreatments. 
The critical importance of porosity in determining the 
long-term performance of synthetic conduits has been 
repeatedly emphasized since the pioneering studies by 
Edwards [8], Wesolowski and colleagues [4], and others 
[9] in the late 1950s and early 1960s. Wesolowski and co- 
workers [4] suggested that low porosity prevented capil- 
lary ingrowth and led to a degeneration of the deepest 
layer of fibrin laid down on the luminal surface of the 
conduit. Areas of pseudointima can slough, thereby 
causing both distal embolism and mural thrombus for- 
mation. Such thrombus often forms a stenosing septum, 
which shows progression to complete obstruction. 

Calcification may also occur in the degenerating inner 
layer of pseudointima [4]. 

Wesolowski and associates [4] constructed a curve of 
porosity against calcification index, which suggested 
that a water porosity of 5,000 ml/min/cm2 was ideal. 
However, at the time of implantation in the fully 
heparinized patient, porosity must be controlled to less 
than 50 ml/min/cm2 to avoid massive hemorrhage. Car- 
diovascular surgeons soon become aware of the lack of 
reliable porosity control using simple preclotting of 
knitted Dacron prostheses with water porosities in the 
range of 2,000 ml/min/cm2. Reluctantly, they turned to 
the very low porosity woven Dacron. 

Our study confirms that very low levels of porosity 
can be achieved with woven Dacron using conventional 
preclotting or baking techniques. Although this material 
has produced relatively satisfactory results for aortic re- 
placement in adult patients with dilated or aneurysmal 
vessels, it has become increasingly apparent that the ma- 
terial is unsatisfactory for use in the pediatric popula- 
tion. There is often massive accumulation of poorly ad- 
herent pseudointima. A recent study [2] at this hospital 
revealed a 0% actuarial freedom from replacement of 
right heart valved woven Dacron conduits after ten 
years and 53% at eight years. Acute fatal obstruction due 
to separation of pseudointima has also been reported 

The present study emphasizes that collagen coating 
may be a useful approach to porosity control, but that 
the details of the preparation technique are critical to 
performance. Shortly after the first reports appeared em- 
phasizing the importance of high-porosity conduits, 
numerous studies examined the feasibility of temporar- 
ily sealing highly porous conduits with an absorbable 
biological material. Denatured collagen (gelatin) was one 
of the first materials used and appeared to be rapidly 
resorbed with minimal influence on subsequent healing 
[ 10-121. However, these grafts were brittle and porosity 
control was variable. 

Our study has confirmed that with some techniques 
of collagen preparation and impregnation, manipulation 
of the graft can cause an unacceptable increase in po- 
rosity. Jordan and co-workers [ l l ]  found that gelatin- 
impregnated knitted Dacron conduits inserted in grow- 
ing pigs continued to accumulate a thick pseudointima 
despite resorption of the gelatin and formation of a com- 
plete endothelial covering. Human beings, of course, 
differ from both pigs and dogs in that complete en- 
dothelialization of a prosthesis is never seen [13]. 

In 1963, Wesolowski and colleagues [14] reported an 
extensive animal investigation of compound prosthetic 
conduits temporarily sealed with 24 different biologi- 
cally degradable materials. Of particular relevance to our 
study was that one of the worst results was obtained 
with tanned (aldehyde cross-linked) collagen. Its use re- 
sulted in a high degree of calcification, septum forma- 
tion with obstruction, and occasionally sloughing of por- 
tions of the pseudointima. Most of these problems were 
attributed to delayed resorption of the collagen. Al- 

(31. 
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though the results of our histological study rationalize 
some of this poor adhesion behavior, no calcification of 
the collagen coatings was noted. Wesolowski and co- 
workers concluded that their studies supported the con- 
cept of a conduit with an absorbable component that 
should preferably resorb at a rapid rate similar to fibrin. 

Despite this early enthusiasm, widespread application 
of biological sealants with knitted conduits did not oc- 
cur. An albumin-coated knitted conduit was marketed 
briefly [15, 161 but was soon withdrawn because of 
manufacturing inconsistencies in the porosity and prob- 
lems with dissection and embolism of the albumin layer. 
Currently, two knitted conduits sealed with collagen are 
under clinical investigation in the United States. The 
Tascon conduit has an internal coating of strongly cross- 
linked aldehyde-treated purified bovine collagen. The 
rate of resorption of the collagen is not specified by the 
manufacturer though it is probably in excess of 6 to 12 
months. The Meadox Microvel conduit with Hemashield 
is impregnated with loosely cross-linked collagen, which 
the manufacturer specifies is totally resorbed within 12 
weeks. Both the Microvel and the untreated Tascon con- 
duits have a water porosity that ranges between 1,500 
and 2,000 ml/min/cm2 prior to collagen treatment. 

I n  Europe there has been considerable enthusiasm for 
the use of fibrin glue to seal knitted conduits [17-191. A 
direct comparison between fibrin glue-sealed knitted 
conduits and woven Dacron conduits placed between 
the right ventricle and pulmonary artery in dogs re- 
vealed a significantly thinner pseudointima in the 
knitted conduit at 6, 12, and 24 weeks [20]. 

Our water porosity studies confirmed that both 
Meadox and Tascon collagen treatments and the fibrin 
glue treatment decrease the porosity of knitted Dacron 
to safe level. However, manipulation of the Tascon 
conduit resulted in a marked increase in porosity. This 
may have been due to cracking of the internal collagen 
coating. 

Numerous other techniques have been described for 
presealing conduits other than simple preclotting [21- 
281. These techniques are predominantly applied to the 
moderate low-porosity woven Dacron conduits, which 
range in untreated water porosity from 100 to 250 ml/ 
min/cm2. To our knowledge, a direct comparison of the 
water porosity achieved in knitted conduits using these 
techniques has not previously been reported. Our data 
suggest that none of the preclotting or soaking plus 
autoclaving techniques are sufficiently reliable for clini- 
cal use in knitted conduits in the heparinized patient, 
because they do not consistently decrease the porosity to 
less than 50 ml/min/cm*. 

Subcutaneous implantation of glutaraldehyde-treated 
bioprosthetic heart valves in the weanling rat model has 
been helpful in elucidating mechanisms of their 
calcification [29]. In the present study, the identical rat 
model confirmed that the different degree of cross- 
linking of collagen induced in the Tascon and Meadox 
grafts results in a marked difference in histological re- 
sponse, probably due to different absorption rates. Per- 

sistence of the collagen layer in the Tascon graft was 
associated with a diminished inflammatory response 
and poor tissue adhesion to the collagen-coated Dacron. 
The collagen layer also prevents capillary growth 
through the Dacron, thus negating one of the important 
potential advantages of the higher porosity Dacron. Pre- 
liminary results from a study in progress at Children’s 
Hospital in which different collagen-treated conduits 
were placed between the right ventricle and pulmonary 
artery of sheep tend to confirm that persistence of the 
collagen lining is associated with poor pseudointima 
adhesion. 

Neither the cause nor the importance of the focal 
punctate calcification in the fibrin glue-treated Dacron is 
known. It may result simply from the highly concen- 
trated calciudthrombin mixture used to activate the 
fibrinogedplasmin component. 

In conclusion, fibrin glue and collagen pretreatment 
allow sufficient control of the porosity of knitted Dacron 
to allow its implantation in the heparinized patient. 
However, there are major differences in the fate of these 
absorbable biomaterials according to their exact method 
of preparation. This may have important implications in 
the long-term performance of conduits constructed from 
knitted Dacron and pretreated with these materials. 

The authors acknowledge the assistance of Immuno AG, 
Meadox Medicals, Inc., Tascon Medical Technology, and USCI, 
that supplied the materials used in this study. 
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