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Abstract Although allografts for anterior cruciate

ligament (ACL) replacement have shown advantages

compared to autografts, their use is limited due to the

risk of disease transmission and the limitations of

available sterilization methods. Gamma sterilization

has shown detrimental effects on graft properties

at the high doses required for sufficient pathogen

inactivation. In our previous in vitro study on human

patellar tendon allografts, Electron beam (Ebeam)

irradiation showed less detrimental effects compared

to gamma sterilization (Hoburg et al. in Am J Sports

Med 38(6):1134–1140, 2010). To investigate the

biological healing and restoration of the mechanical

properties of a 34 kGy Ebeam treated tendon allo-

graft twenty-four sheep underwent ACL replacement

with either a 34 kGy Ebeam treated allograft or a

non-sterilized fresh frozen allograft. Biomechanical

testing of stiffness, ultimate failure load and AP-

laxity as well as histological analysis to investigate

cell, vessel and myofibroblast-density were per-

formed after 6 and 12 weeks. Native sheep ACL

and hamstring tendons (HAT, each n = 9) served as

controls. The results of a previous study analyzing

the remodeling of fresh frozen allografts (n = 12)

and autografts (Auto, n = 18) with the same study

design were also included in the analysis. Statistics

were performed using Mann–Whitney U test fol-

lowed by Bonferroni-Holm correction. Results

showed significantly decreased biomechanical prop-

erties during the early remodeling period in Ebeam

treated grafts and this was accompanied with an

increased remodeling activity. There was no recov-

ery of biomechanical function from 6 to 12 weeks in

this group in contrast to the results observed in fresh

frozen allografts and autografts. Therefore, high

dose Ebeam irradiation investigated in this paper

cannot be recommended for soft tissue allograft

sterilization.
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Introduction

Allograft use has increased significantly in recent

years. In 2005, members of the American Orthopaedic

Society for Sports Medicine used more than 60,000

allografts in sports medicine surgical procedures

(McAllister et al. 2007; Cohen and Sekiya 2007).

The main advantages of using allografts for liga-

ment augmentation and replacement are lack of donor

site morbidity, the possibility to treat patients with

multiple ligament injuries and those requiring revision

surgery, reduced operation times, reduced postopera-

tive pain and a lower risk of arthrofibrosis (Harner

et al. 1996; Cohen and Sekiya 2007).

However, there is a risk of donor to recipient

disease transmission when non-sterilized allografts are

used. In 2002 the U.S. Center for Disease Control

reported 26 cases of bacterial infection associated with

allografts from one donor, which resulted in the death

of one patient (Kainer et al. 2004; Balsly et al. 2008).

Furthermore, there is a risk of virus transmission

(Nemzek et al. 1994; Simonds et al. 1992; Buck et al.

1989). The combination of donor screening, serolog-

ical testing, bioburden reduction methods (such as

washing with antibiotics and/or surfactants) and

terminal ‘‘in-package’’ low dose (10–15 kGy) gamma

sterilization have been shown in the US to reduce, but

not eliminate pathogen transmission (Kainer et al.

2004; Simonds et al. 1992).

As a consequence the laws in some countries,

including Germany, require musculoskeletal allograft

transplants to be sterilized with a validated method.

Chemical sterilization methods such as peracetic acid

treatment have gained wide acceptance. Peracteic acid

sterilization has proven to be effective (Scheffler et al.

2007) and ideal for the sterilization of tissue trans-

plants including bone, dermis, amnion, fascia lata,

tendons and ligaments. But, although chemical ster-

ilization methods had been proven to provide a high

level of tissue safety, there have been reports describ-

ing some drawbacks of sterilized tendon allograft

including inflammatory reactions and delayed remod-

eling (Jackson et al. 1990; Roberts et al. 1991;

Scheffler et al. 2008a). Gamma irradiation is perhaps

the most widely applied allograft transplant steriliza-

tion method. It has been shown that a dose of more

than 30 kGy is required to achieve sufficient pathogen

inactivation (Fideler et al. 1994; Pruss et al. 2002).

However, many studies have shown dose dependent

effects with doses above 20 kGy significantly altering

the biomechanical properties of soft tissue grafts

(Gibbons et al. 1991; Rappe et al. 2007; Salehpour

et al. 1995; McGilvray et al. 2010). Current clinical

studies showed significantly higher graft failure rates,

following gamma irradiation with 25 kGy (Krych

et al. 2008; Sun et al. 2009; Rappe et al. 2007). There

remain concerns in some disciplines about the

suitability of such sterilized allografts for use in the

most demanding clinical applications where sufficient

mechanical strength and appropriate remodeling

behaviour are of the utmost importance. There is

therefore strong interest in improving sterilization

methods for soft tissue allografts.

Electron beam (Ebeam) irradiation has been used

for the sterilization of medical devices and in radiation

therapy (Gerbi et al. 2009) and is of particular interest

since it can be operated as a fast throughput method

with the possibility to more accurately control the

sterilization environment (Reid 1998) and the applied

dosage than is possible with conventional gamma

sterilization facilities. The effectiveness is comparable

to gamma radiation (Seto et al. 2008).

In vitro studies from our group investigating dose-

dependent effects of irradiation on tissue transplants

showed that in contrast to those treated with gamma

irradiation, tendons irradiated with Ebeam at doses

below 30 kGy showed no significant reduction in

stiffness and failure load when compared with

untreated tendons (Hoburg et al. 2010).

While the effects of gamma irradiation on allografts

have been well documented, few studies exist exam-

ining the effect of Ebeam irradiation on soft tissue

allograft. Furthermore, previous studies only analyzed

the biomechanical properties of Ebeam irradiated

tissues prior to transplantation. To our knowledge, no

study has been published analysing the in vivo

performance of Ebeam irradiated grafts during early

remodeling.

The aim of this study was to determine the influence

of Ebeam irradiation (34 kGy) on early remodeling

and biomechanical properties of free tendon allografts

used for ACL reconstruction in an established in vivo
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animal model (Hunt et al. 2005; Allen et al. 1998;

Radford et al. 1996; Seitz et al. 1997).

We hypothesized that Ebeam irradiation of soft-

tissue grafts will not affect early remodeling and will

allow recovery of biomechanical strength to that of

non-sterilized grafts 12 weeks after transplantation.

Materials and methods

The M. flexor digitalis superficialis, a model for

hamstring tendons in humans, was harvested under

aseptic conditions from female, 2.5 year-old sheep,

placed in sterile bags and stored at -80�C. Six grafts

were used as fresh frozen allografts (control) and

eighteen grafts were irradiated with 34 kGy Ebeam.

Before the irradiation, bags were rinsed with CO2

assuring an oxygen content less than 0.1% in the bag.

After this packaging, the grafts were transported on

dry ice to the irradiation facility GSE 80 of Gamma

Product Services GmbH, Radeberg, Germany to be

irradiated with 34 kGy Ebeam maintaining a temper-

ature of approximately -78�C. Afterwards grafts were

stored for at least 10 days at -20�C before being used

for ACL reconstruction.

Eighteen 2.5 year-old female Merino mix sheep

(mean weight 72.7 kg) underwent ACL replacement

surgery using the 34 kGy Ebeam irradiated free

tendon allograft. Six additional sheep received a fresh

frozen allograft. Contra-lateral knees and native

hamstring tendons served also as controls. The data

from previously published experiments with fresh

frozen non-sterilized allo- and autografts from an

identical sheep model (Scheffler et al. 2008b) were

included in the analysis of results.

All animal procedures were conducted according to

the guidelines of the National Institute of Health for

the use of laboratory animals. All animals were

checked for bony maturity by dental status. Normal

health status was confirmed by a veterinarian.

Histological analysis and mechanical testing were

performed after 6 and 12 weeks.

Surgical preparation

On the day of surgery, the grafts were thawed at room

temperature and soaked in sterile isotonic NaCl until

use. Graft length was between 60 and 70 mm. Each

end of the graft was augmented with No. 2 Ethibond

Excel polyester sutures in a baseball stitch technique

as previously described (Scheffler et al. 2008b).

Before the operation, animals received 3.0 g

Unacid (Ampicillin and Sulbactam) intravenously as

antimicrobial prophylaxis. The left hind limb of each

animal was shaved and prepared with a standard sterile

technique.

Anesthesia was initiated with intravenous injection

of 20 mg/kg thiopental-natrium and 5 ml of 0.5 mg

fentanyl. It was continued with endotracheal admin-

istration of isofluran and nitric oxide throughout the

surgical treatment. Every 30 min an intravenous

application of 5 ml 0.5 mg fentanyl was administered

to maintain analgesia. At the end of operation, a

fentanyl patch was attached to the left foreleg.

Furthermore, animals received 1.5 ml finadyne

50 mg/ml i.m. for the first 3 days after surgery for

pain relief.

Surgical procedure

In each animal the flexor tendon was harvested from

the left hind limb under the same conditions as in our

previous study and stored aseptically at -20�C

(Scheffler et al. 2008b).

An open ACL reconstruction was performed on

each left hind limb as previously described (Scheffler

et al. 2008b; Weiler et al. 2002). All surgeries were

performed by the same orthopaedic surgeon. The joint

was opened by a medial arthrotomy. The patella and

the Hoffa fat pad were retracted laterally and the ACL

was excised. In deep flexion, a guide pin was

introduced into the femoral foot print of the ACL

and overdrilled at a length of 20 mm matching the

diameter of the prepared graft. The graft was pulled

into the tunnel and fixed at the femoral cortex with a

fixation button. The tibial tunnel was placed in an

identical fashion into the tibial footprint of the ACL

and drilled through the tibial cortex. The graft was

fixed by placing multiple knots of the augmented graft

sutures onto a bone bridge. Before final fixation, the

knee was moved through several cycles of full flexion

and extension to eliminate slack of the graft sutures

and to pretension the graft. Afterwards, a sequential

closure of the retinaculum, the soft tissue layers and

skin was conducted. Postoperative X-rays were done

to confirm the placement of the bone tunnels and the

graft.
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Postoperative treatment

After the operation full weight bearing was allowed in

all animals. They were housed in an indoor facility and

separated into groups of 2 for the first 3 days. Body

temperature, wound status and gait pattern were

controlled daily. After 2 weeks, stitches were removed

and all animals were released to an outdoor facility

without any restriction of motion.

After 6 and 12 weeks after ACL replacement, half

of the animals in both treatment groups were sacrificed

with an overdose of thiopental sodium and potassium

chloride. Before the left knee joint was removed, the

range of motion and swellings or other noticeable

pathological findings were reported. Skin and all soft

tissue structures around the joint were left intact.

During biomechanical testing, each knee was

inspected intraarticulary for inflammation, effusion,

the synovial coverage of the ACL graft, the status of

the cartilage and any degenerative changes.

Biomechanical testing

Biomechanical testing was performed as described

previously (Scheffler et al. 2008b).

Briefly, the femur and tibia were potted in poly-

methylmethacrylate and mounted on aluminium

clamps for fixation in the mechanical testing machine

(model 1455; Zwick; Ulm; Germany). Two loading

conditions were simulated: an anterior-posterior (AP)

drawer test of the femur-tendon-tibia complex and a

load to failure test of the femur-tendon-tibia construct.

AP drawer test was done in 60� of flexion. After

preloading the knee joint with 5 N, an AP load of

±50 N was applied perpendicular to the longitudinal

axis of the tibia for 10 times at a speed of 120 mm/

min. AP laxity was recorded from the tenth cycle for

each specimen.

After excision of the posterior cruciate ligament,

load to failure test was performed at 30� of flexion. The

longitudinal axis of the ACL allograft was aligned

parallel to the loading direction of the testing appara-

tus. After applying a preload of 5 N to the femur-

tendon-tibia complex, the load to failure test was

performed at a cross-head speed of 120 mm/min. The

failure mode and stiffness (in the linear region between

30 and 90% of the maximum load) were analyzed using

in-house software. Native femur-ligament-tibia com-

plexes from the non-operated leg served as controls.

Histological analysis

After biomechanical testing, the allograft was

removed and cross- and longitudinal sections of the

intact midsubstance of the graft were prepared. These

were fixed in formalin 4% for 2–3 days, automatically

dehydrated for 3 days and embedded in Paraffin. 4 lm

thick serial cuts were prepared and mounted on slides

with 3% silane (Sigma Chemical, St. Louis, MO).

For the visualization and histological evaluation, a

high resolution microscope (Leica DMRB, Leica

GmbH, Bensheim, Germany) linked to a digital image

analysis system (KS 400 Imaging System release 3.0.;

Carl Zeiss Vision, Eching, Germany) was used.

Samples were analyzed with 509 and 1009 magni-

fication for overview and identification of the regions

of interest and 2009 magnification for semiquantita-

tive statistical analysis and cell shape evaluation.

For cell density evaluation and descriptive analysis

haematoxylin-eosin (HE) staining was performed.

Quantification of total cell number was conducted on

longitudinal sections, where 10 defined regions of

interest (each 0.364 mm2) were analyzed and cell

number/mm2 was assessed. For descriptive analysis,

cell distribution pattern, cell morphology, inflamma-

tory reactions and the alignment of the collagen fibrils

were assessed.

To evaluate vascular and myofibroblast density,

established protocols were used (Unterhauser 2004)

with few modifications. For vessel detection, cross

sections were immunostained with rabbit antihuman

von Willebrandt factor (Factor VIII) -antibody which

binds on the endothelial surface of blood vessels and

enables one to detect both large vessels and small

capillaries and to analyze revascularization from an

early capillary phase. The tissue samples were

hydrated and pretreated with 0.1% pronase for

10 min at 37�C. Ten percent normal horse serum

(Vector Laboratories Inc., Burlington, CA, USA) was

applied for 20 min at room temperature to block non-

specific binding sites. The antibody (rabbit anti human

polyclonal antibody, cat. No A0082, Dako, Glostrup,

Denmarc) was diluted 1:150 and incubated with the

tissue samples overnight in a humidity chamber at

4�C. After rinsing the samples with tris-buffered

saline, they were incubated with biotinylated horse

anti-mouse immunoglobulin G secondary antibody

(Vector Lab. Inc., Burlingame; CA; USA) for 30 min.

This was followed by incubation with an avidin biotin
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complex (ABC Kit, Vectors Laboratories, Burlin-

game, CA, USA) linked with alkaline phosphatase as a

reporter enzyme for 50 min. Staining was achieved

with neurofuchsin as a chromogen (Dako ChemMate,

Dako A/S, Denmarc). Tissues where counterstained

with Harris haematoxylin, dehydrated, and mounted in

a xylol-soluble mount (Vitroclud, R Langenbrinck,

Emmendingen, Germany).

Vessels were quantified in 17 representative

regions of interest (each 0.091 mm2) using a digital

video analysis system and vessel density/mm2 was

assessed.

For myofibroblast detection, longitudinal sections

were deparaffinized, hydrated and non-specific anti-

body binding was blocked with 10% normal horse

serum (Vector Laboratories Inc., Burlingame, CA,

USA). Afterwards mouse anti-human ASMA mono-

clonal antibody (mouse anti human monoclonal anti-

body, cat. No M0851, Dako, Glostrup, Denmarc) was

applied in a dilution of 1:100 over night at 4�C in a

humidity chamber. All subsequent steps were identical

to those described above for factor VIII staining.

Quantification was conducted using a digital video

analysis system and the number of myofibroblast/mm2

was assessed in 10 defined regions of interest (each

0.364 mm2).

Statistical analysis

A Shapiro-Wilks Test was performed to evaluate the

distribution of all parameters of interest. Due to non-

parametric distribution, an initial Kruskal Wallice test

for group comparison was performed followed by a

Mann–Whitney U test for pairwise comparisons of

cellularity, myofibroblast density and vascular density

between Ebeam sterilized grafts, fresh frozen allo-

grafts, autografts, native flexor tendons and native

ACL. The analysis of biomechanical parameters was

conducted in the same manner, but without the flexor

tendon control group. Results were corrected with

Bonferroni-Holm correction. Level of significance

was set at P\0.05.

Results

Two animals were lost, one because of complications

during the operation and one because of a cortico-

cerebral necrosis which developed 2 month after the

operation. To maintain the appropriate number of

specimens, two additional sheep were included in the

study. Immediately after surgery, touch loading of the

operated extremity was seen in all animals. Full load

bearing in Ebeam group was seen on average after

19 days whereas in fresh frozen allograft group full

load bearing was seen already 12 days post-surgery. At

time of sacrifice, all animals had free range of motion.

At 6 weeks, three animals of the Ebeam group showed

a moderate effusion. At 12 weeks, two animals of the

Ebeam group and one animal of the fresh frozen

allograft group also had a moderate effusion. Load

bearing was limited in these animals. In one animal in

the Ebeam group, the graft was resorbed and samples

could only be harvested at the tibial insertion for

histological analysis. In the other animals, no signs of

inflammations or fibrotic changes were observed.

Decreased biomechanical properties in Ebeam

treated grafts (Fig. 1)

Compared to the native ACL, failure load (LTF) and

stiffness were significantly decreased in all groups

(LTF: P = 0.014; 0.013; 0.027, stiffness: P = 0.015;

0.03; 0.024) at both time points. AP-laxity was

significantly decreased after 6 weeks in Ebeam treated

group and autograft group compared to native ACL

(P = 0.015, 0.042).

After 6 weeks, three grafts failed in the Ebeam

group before testing was finished, so total failure load

could not be evaluated. Biomechanical testing showed

decreased failure load, stiffness and AP-laxity, in the

Ebeam group compared to the fresh frozen allograft

group and a significant decreased failure load com-

pared to autograft group (P = 0.024, Table 1; Fig. 1).

In the Ebeam group, stiffness and failure load

decreased from 6 to 12 weeks and AP-laxity

increased. Contrary to this, failure load increased in

fresh frozen allografts (FFA), while stiffness and AP-

laxity stayed nearly constant. In autograft group, all

the aforementioned parameters increased.

After 12 weeks, again three grafts in the Ebeam

group failed before failure load testing could be

completed. Failure mode in these cases was intraten-

dinous rupture during the AP-laxity test.

Stiffness and LTF were significantly lower in the

Ebeam group compared to non-irradiated allograft

group (P = 0.033; 0.036) and autograft group

(P = 0.024; 0.027).
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Increased remodeling activity from 6 to 12 weeks

in Ebeam treated grafts (Figs. 2, 3, 4, 5)

After 6 weeks, necrosis was dominant in both allograft

groups. An initial repopulation in the subsynovial

regions was present. This seemed to be more prominent

in the Ebeam group. Cells were predominantly spindle

shaped with few ovoid cells and collagen orientation

was mainly parallel. In regions that showed greater

repopulation, collagen orientation was more irregular.

Fig. 1 Comparison of failure load, stiffness and ap-laxity values of Ebeam, fresh frozen allograft (FFA), autograft (Auto) and native

ACL (ACL) at 6 and 12 weeks, asterisk on ACL indicates significant difference compared to all other groups

Table 1 Medians, 25 and 75% percentiles of load to failure, stiffness and AP-laxity values for Ebeam, fresh frozen allograft (FFA),

autograft (Auto) and native ACL (ACL) at 6 and 12 weeks

Load to failure (N) Stiffness (N/mm) AP-laxity (mm)

Median 25% 75% Median 25% 75% Median 25% 75%

Ebeam 6 weeks 67.6 53.4 79.6 16.7 12.9 21.2 3.7 2.6 4.7

Ebeam 12 weeks 62.8 40.8 81.6 12.1 10.0 17.8 8.6 3.9 11.4

FFA 6 weeks 180.9 72.9 384.6 69.0 23.1 103.1 4.9 4.2 13.9

FFA 12 weeks 291.2 160.3 386.8 67.1 57.9 70.5 4.8 3.6 6.5

Autograft 6 weeks 222.4 167.3 302.0 61.7 38.7 83.3 4.3 2.7 6.4

Autograft 12 weeks 374.7 246.8 463.6 74.5 65.7 85.1 5.9 4.8 6.6

ACL 1,611.5 1,438.7 1,935.3 161.8 160.3 183.0 9.3 7.6 12.3
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In the autograft group higher cell and vessel density

compared to the Ebeam and non-irradiated allograft

groups were observed. In the periphery of the graft,

intense cell and vessel ingrowth from the synovial

membrane was visible. Cell distribution was non-

uniform and central parts of the grafts showed a

dominating necrosis. Cell shape was mainly ovoid and

collagen alignment was irregular.

After 12 weeks the Ebeam and non-irradiated

allograft groups showed a comparable irregular cell

distribution and cell morphology with mostly spindle

shaped and some ovoid cells, but an increased

repopulation and cell density also in central regions

of the grafts was observed in the Ebeam group. Only

few lymphocytes were visible in Ebeam group,

whereas in the non-treated allograft group, infiltration

with inflammatory cells such lymphocytes and gran-

ulocytes was visible. Collagen orientation was mainly

irregular in all parts of the grafts.

Cell and vessel distribution in the autograft group

were uniform in all parts of the graft with a higher

cellularity and vascularity compared to native con-

trols. Cell shape was mainly ovoid with some spindle

shaped cells. Collagen orientation was regular.

Increased repopulation and myofibroblast activity

after 12 weeks in Ebeam treated grafts

Semiquantitative investigations after 6 weeks showed

decreased cell and myofibroblast (Table 2; Figs. 2a, b, 3,

4) density in both allograft groups in comparison to those

in the autograft group, the hamstring tendon control

group (HAT) and the intact ACL group. When compared

with the non-irradiated allograft group, myofibroblast

density in the Ebeam group was nearly twice as high, but

was half of that found in the autograft group.

In the non-irradiated allograft group, cell density

was significantly decreased compared with intact

Fig. 2 Comparison of cell, myofibroblast and vessel density results of Ebeam, fresh frozen allograft (FFA), autograft (Auto), native

ACL (ACL) and hamstring tendons (HAT) at 6 and 12 weeks
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ACLs (P = 0.007). From 6 to 12 weeks, cell density

increased significantly in all groups (P = 0.01;

0.036). Myofibroblast density also increased in all

groups with a significant increase in the Ebeam treated

group (P \ 0.001).

After 12 weeks, cell density in the Ebeam treated

group was higher compared to all other groups and

controls although no significance was found.

Myofibroblast density was significantly increased

in the Ebeam treated group compared to non-irradiated

allograft group (P = 0.01) and HAT (P = 0.02)

and nearly twice as high compared to the autograft

group.

Increased revascularization in Ebeam treated

grafts compared to fresh frozen allografts

Vessel density (Table 2; Fig. 2c, 5) was substantially

elevated in Ebeam treated group at both time points

compared to non-irradiated allograft group and the

control groups. Compared to autograft group, vessel

density was lower in Ebeam treated grafts at 6 weeks

but increased after 12 weeks.

From 6 to 12 weeks vessel density increased in both

allograft groups with a significant increase in the non-

irradiated allograft group (P \ 0.001) but decreased in

the autograft group.

Fig. 3 Histologies of the H&E staining of Autograft, FFA and

Ebeam group, original magnification 9100. 6 weeks (a–c):

cellularity was highest in the autograft group (a). In Ebeam

group a beginning repopulation was visible in the subsynovial

parts of the graft (c) whereas necrosis was dominant in fresh

frozen allografts (b). 12 weeks (d–f): Ebeam treated grafts

(f) showed an increased cellularity compared to both other

groups. Collagen orientation was more irregular in Ebeam group

treated compared to autograft group (d). (Color figure online)
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After 12 weeks, vessel density was significantly

increased in Ebeam treated group compared to native

controls (P \ 0.001; 0.019) and nearly twice as high

as that in the non-irradiated allograft and autograft

group although no significance was found.

Discussion

The use of allograft tissue for ACL reconstruction has

substantially increased during recent years. However,

although donor screening and blood testing has

reduced the risk of disease transmission from

non-sterilized allograft tissue, the risk has not been

eliminated (Buck et al. 1989; Simonds et al. 1992;

Kainer et al. 2004; Kainer and Jarvis 2004; Update

2002).

For this reason many suppliers of allograft tissue

transplants employ validated sterilization methods

(Cohen and Sekiya 2007; McAllister et al. 2007).

Indeed, in some countries, for certain classes of

transplants including tendons and ligaments, this is

mandated by law. Gamma irradiation is perhaps the

most widely applied method of sterilizing tissue

transplants. However, at the dose required for suffi-

cient pathogen inactivation ([30 kGy) (Pruss et al.

Fig. 4 Histologies of the alpha-smooth-muscle-actin staining,

original magnification 9200, 6 weeks (top): autografts showed

highest myofibroblast density (a) followed by Ebeam group

(c) and FFA group (b) 12 weeks: 8 (down): myofibroblast

density was significantly increased in Ebeam group (f) compared

to FFA group (e) and increased compared to autograft group (d).

(Color figure online)
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Fig. 5 Histologies of the

vascularity of FFA and

Ebeam group during the

early remodeling, von-

willebrandt-factor staining,

original magnification

9100. 6 weeks (top): in

some Ebeam treated grafts

(b) vessel ingrowth up to

intermediate regions of the

graft was visible whereas in

FFA group (a), only few

vessels were visible

subsynovial. From 6 to

12 weeks vascularity

increased in both groups.

12 weeks (down): Vessel

density was clearly

increased in Ebeam treated

grafts (d) compared to fresh

frozen allografts (c)

Table 2 Medians, 25 and 75% percentiles of cell, vessel and myofibroblast density for Ebeam, fresh frozen allograft (FFA),

autograft (Auto), native ACL (ACL) and hamstring tendon (HAT) at 6 and 12 weeks

Cell density/mm2 Myofibroblast density/mm2 Vessel density/mm2

Median 25% 75% Median 25% 75% Median 25% 75%

Ebeam 6 weeks 128 68 184 34 15 84 494 109 1,181

Ebeam 12 weeks 1,211 488 1,514 331 221 553 1,087 450 2,065

FFA 6 weeks 135 60 200 23 6 57 77 0 145

FFA 12 weeks 578 408 803 68 59 135 498 184 1,259

Auto 6 weeks 236 170 311 64 24 72 663 114 877

Auto 12 weeks 684 407 1,218 170 28 188 620 488 754

ACL 586 444 628 64 36 274 150 79 190

HAT 242 201 376 112 40 127 206 141 277
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2002; Fideler et al. 1994), it is known to have

inacceptable adverse effects (McGilvray et al. 2010;

Rappe et al. 2007; Gibbons et al. 1991; Fideler et al.

1995; Salehpour et al. 1995; Sun et al. 2009; Curran

et al. 2004).

Electron Beam irradiation is a promising alternative

to gamma irradiation since it can be operated as a fast

throughput system (Seto et al. 2008) with better

control of the sterilization environment and better

control of dosage than is possible with conventional

gamma sterilization plants. Ebeam sterilization

showed promising results in our in vitro biomechan-

ical analyses (Hoburg et al. 2010). Moreover, we were

able to optimize the radiation process by performing it

under low oxygen conditions and at low temperature.

This should reduce undesirable oxygen radical

induced secondary reactions and therefore mitigate

some of the damaging effects of irradiation on material

properties (Dziedzic-Goclawska et al. 2005).

Based on these findings and the lack of in vivo

studies on the effect of Ebeam irradiation, we planned

this study to investigate the biological remodeling of

Ebeam irradiated allografts under the hypothesis that

Ebeam treated allografts would show comparable

remodeling and revascularization and uncompromised

biomechanical properties compared to fresh frozen

allografts and autografts.

The results of this study suggest that our hypothesis

must be rejected. Ebeam sterilization significantly

altered allograft remodeling. Ebeam treated grafts

showed an increased cellular repopulation and neo-

vascularization, which was most pronounced at

12 weeks. This resulted in a significant reduction of

the graft’s biomechanical strength up to 12 weeks.

There was no recovery of biomechanical function

during the early remodeling from 6 to 12 weeks of

healing. Other authors analyzing the influence of

gamma irradiation made similar observations. They

also found an initial loss of biomechanical strength,

paralleled by severe vascular budding. With ensuing

time, differences disappeared at 52 weeks between

gamma irradiated and fresh frozen allografts (Goert-

zen et al. 1995).

However, since no time points later than 12 weeks

were assessed in this study, no conclusions can be

drawn about whether recovery of mechanical and

biological function might have occurred with longer

time points. The lack of biological and mechanical

recovery of Ebeam irradiated allografts from 6 to

12 weeks is a major concern, since it has been shown

that auto- as well as allografts follow a similar path of

morphological and functional recovery from 6 to 12

and to 52 weeks. Today’s rehabilitation programs aim

to increase loading at 6 weeks after ACL reconstruc-

tion to restore normal lower extremity function.

A decrease in graft strength during this time period

would possibly lead to graft elongation or even early

graft failure, therefore posing an unacceptable risk for

safe functional recovery of patients.

In a previous in vivo animal study in rats (Mae et al.

2003), mechanical function of gamma irradiated grafts

returned to that of non-irradiated allograft after

6 months of healing, even though substantial differ-

ences existed during the early healing process. They

found an initial decrease of tensile strength up to

4 weeks but contrary to our study this was followed by

a gradual increase in tensile strength in the irradiated

allograft group. In the current study, biomechanical

strength decreased from 6 to 12 weeks in Ebeam

treated grafts. The deviating results might be a

consequence of the different animal and surgical

models used in these studies and the irradiation dose.

There are differences in mechanical loading and

remodeling depending on the animal model. Further-

more, grafts in their study were treated with 25 kGy

gamma.

A secondary aim of our study was to indentify

reasons for biomechanical failure of irradiated grafts.

It is known that two main mechanisms are involved

in irradiation associated pathogen inactivation. First,

energy from ionizing radiation is directly transferred

to the pathogen and second, ionizing radiation leads to

the generation of free radicals as a result of water

radiolysis. Both effects cause damage of the patho-

gen’s DNA/RNA including single and double-strand

breaks, intra-strand cross-links and damage to other

parts of the nucleic acids (Dziedzic-Goclawska et al.

2005). Based on this information, one theory assumes

that the impairment of the biomechanical properties of

soft-tissue tendons is caused by collagen cross-link

breaks, which weakens the collagen network (Gouk

et al. 2008; Seto et al. 2008; Salehpour et al. 1995;

Cheung et al. 1990).

Since we did not find significant differences in the

ratio of non- reducible collagen crosslinks nor in

crimp-pattern between Ebeam irradiated and fresh

frozen allografts (unpublished data), we postulate that

the increased remodeling and revascularization may
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have produced structural changes that provoked

biomechanical failure.

It has been shown in other studies that an increased

vessel density leads to a reduction of biomechanical

strength in soft-tissue grafts (Weiler et al. 2001;

Yoshikawa et al. 2006).

This confirms the results of other researchers, who

also found decreased mechanical properties accom-

panied with increased remodeling activity after

gamma irradiation in vitro (Gouk et al. 2008) and in

vivo (Gorschewsky et al. 2002). Gorschewsky et al.

found significantly higher failure rates in his clinical

trial comparing autografts and gamma irradiated

allografts. They concluded, that an ongoing hypervas-

cularization accompanied with an irregular collagen

orientation decreased the mechanical function of

allografts.

In the current study and in a previous in vivo study

that we conducted using an identical animal model,

non-irradiated fresh-frozen allografts showed an

increased vessel density and biomechanical strength

from 6 to 12 weeks (Scheffler et al. 2008b). This was

in contrast to the current results of the Ebeam

irradiated grafts showing an increase in vascularity

and cellularity and a loss of mechanical strength from

6 to 12 weeks of healing. Compared to non-irradiated

allograft the increase in vessel and cell density was

markedly pronounced, and both values were increased

in Ebeam treated grafts after 6 and 12 weeks. We

assume that the overshooting revascularization and

repopulation in Ebeam treated grafts might be one

explanation for the different biomechanical results.

However, we suspect that the irradiation procedure

must have caused other adverse effects. Further

studies are necessary to clarify these effects. Further-

more, this study was only able to report on differences

between irradiated and non-irradiated allografts.

It was not possible to provide details on the actual

pathomechanisms that trigger the changes observed in

this study. Further analyses are necessary to examine

and clarify the mechanisms that caused the increased

remodeling. We found neither inflammatory reactions

nor infections in our Ebeam irradiated allografts.

However, we have only analyzed the grafts using H&E

staining and this does not allow for differentiation

between inflammatory cell types, cytokines and other

factors. An improved understanding of the direct

consequences of soft-tissue irradiation might allow for

the development of protective measures to allow safe

irradiation without biomechanical and biological

disadvantages.

In summary, even though Ebeam irradiation

showed promising results in vitro, it cannot be

recommended in its current form for terminal soft-

tissue graft sterilization, due to its adverse effects on

early biological healing and subsequent impairment

of biomechanical function, when used in ACL

reconstruction.
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