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Abstract Tendon-to-bone healing occurs by formation of

a fibrous, scar tissue interface rather than regeneration of a

normal insertion. Because inflammatory cells such as

macrophages lead to formation of fibrous scar tissue, we

hypothesized immobilization would allow resolution of

acute inflammation and result in improved tendon-bone

healing. We reconstructed the ACL of 60 Sprague-Dawley

rats using a tendon autograft. An external fixation device

was used to immobilize the surgically treated knee in 30

rats. We evaluated tendon-bone interface width, collagen

fiber continuity, and new osteoid formation histologically.

Immunohistochemistry was used to localize ED1+ and

ED2+ macrophages at the tendon-bone interface at 2 and

4 weeks. Biomechanical testing was performed at 4 weeks.

Interface width was smaller and collagen fiber continuity

was greater in the immobilized group. Immobilized ani-

mals exhibited fewer ED1+ macrophages at the healing

interface at 2 and 4 weeks. In contrast, there were more

ED2+ macrophages at the interface in the immobilized

group at 2 weeks. Failure load and stiffness were similar

between groups at 4 weeks. The data suggest early

immobilization diminishes macrophage accumulation and

may allow improved tendon-bone integration

Introduction

Despite generally favorable results with ACL reconstruc-

tion, instrumented testing of knee stability shows increased

anterior laxity in 23% to 55% of patients at 3 years, which

may lead to symptomatic instability [4]. Knee instability

may contribute to the development of osteoarthritis in as

many as 43% of patients [1, 6]. Current reconstruction

techniques do not restore normal knee homeostasis and

function. Although many factors determine the outcome of

ACL reconstruction, including graft fixation, initial graft

tension, graft material, and postoperative rehabilitation,

one of the most important factors is graft healing to bone.

The inability of current reconstruction techniques to restore

normal knee function relates to impaired tendon-to-bone

healing, and this presumption has driven our ongoing

studies of tendon-to-bone healing.

The native ligament insertion site is a highly specialized

transition zone that functions in the transmission of

mechanical load from soft tissue to bone [30]. The normal

insertion site consists of four distinct regions: ligament,

unmineralized fibrocartilage, mineralized fibrocartilage,

and bone [23–29]. Many experimental models show the

complex structure and composition of the normal insertion

site is not regenerated after ligament reconstruction [12, 15,

19, 23, 24, 26, 29]. Healing in these models occurs by

formation of a fibrovascular scar tissue interface rather than

reformation of a normal insertion site. This fibrous scar

interface lacks the structural integrity of the native

attachment site.
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We found healing begins with an early influx of

inflammatory cells followed by the formation of fibrovas-

cular interface tissue between the tendon graft and bone

[24–26]. As healing proceeds, there is gradual bone

ingrowth into the tendon [23, 24, 26] and progressive

establishment of collagen fiber continuity between tendon

and bone followed by tissue remodeling and maturation

[15, 17, 19]. We have identified two distinct subpopula-

tions of macrophages that accumulate in the healing

tendon-bone interface [19]. Macrophages expressing the

ED1 antigen are recruited from circulating blood mono-

cytes, accumulate in the first few days after surgery, and

have a phagocytic function in débriding the wound envi-

ronment, whereas macrophages expressing the ED2

antigen are derived from the local tissue environment, have

maximum accumulation by 28 days, and have an anabolic

role in tissue healing [22]. One of the principal functions of

macrophages is secretion of growth factors and cytokines

responsible for fibroblast mitogenesis and proliferation [5,

8, 13, 31], extracellular matrix and collagen synthesis [13,

22], and angiogenesis [8, 11, 13]. However, excessive

levels of cytokines such as transforming growth factor b
may result in excessive scar formation at the healing ten-

don-bone interface.

Mechanical stimulation affects healing of bone, liga-

ment, and tendon [20]. However, whether such stimulation

influences a healing tendon-bone interface is not well

established. Prior study in our laboratory showed graft-

tunnel motion delays tendon-to-bone healing [25]. Our

findings suggest tendon-to-bone healing may be enhanced

by minimizing graft-tunnel motion after tendon transplan-

tation into a bone tunnel. We presume graft-tunnel motion

causes sustained inflammation resulting from repetitive

microinjury at the healing interface, preventing or delaying

tendon-to-bone healing. A period of postoperative immo-

bilization may be required to improve tendon-to-bone

healing.

We therefore tested the following hypotheses: (1)

immobilization after tendon-to-bone repair allows resolu-

tion of acute inflammation with reduced accumulation of

phagocytic (ED1) macrophages; (2) immobilization results

in a narrower scar tissue interface and greater collagen fiber

ingrowth between tendon and bone; and (3) immobilization

provides greater graft failure strength.

Materials and Methods

We reconstructed the ACL of 60 male Sprague-Dawley

rats (weight, 275–300 g) using a flexor digitorum longus

tendon graft. We used a rigid external fixation device to

immobilize the surgically treated knee in 30 rats. The

other 30 rats had normal cage activity postoperatively and

formed the control group. We euthanized 10 animals in

each group 2 and 4 weeks after surgery and prepared

them for histologic analysis. Ten animals in each group

were euthanized 4 weeks postoperatively and were used

for biomechanical testing. Before this study, a power

analysis was performed. The primary outcome was bio-

mechanical testing of failure strength. We considered an

increase in strength of 20% would be clinically important.

Using these estimations, a power of 0.80 is achieved

using 10 specimens per group with a = 0.05 for biome-

chanical testing. The power calculation was performed

using the SigmaStat1 program (Systat Software Inc, San

Jose, CA). The experimental protocol was approved by

the Institutional Animal Care and Use Committee at our

institution.

The rats were kept in soft-bedding cages with free

access to food and water. We anesthetized the animals with

a mixture of 80 mg/kg ketamine hydrochloride and 5 mg/

kg xylazine administered intraperitoneally through a

25-gauge needle. Ampicillin (25 mg/kg subcutaneously)

was used for antibiotic prophylaxis. We made a longitu-

dinal incision on the medial aspect of the distal leg and

ankle. The flexor digitorum longus tendon was identified

and then cut just distal to the ankle. We harvested the full

length of the flexor digitorum longus tendon (average

length, 20 mm). A second incision was made over the knee

and medial parapatellar arthrotomy was performed. We

excised the native ACL. Using an 18-gauge needle (outer

diameter, 1.27 mm), a bone tunnel was made in the prox-

imal tibia and the distal femur entering the joint at the

attachment sties of the ACL. We passed a 4–0 Ethibond1

suture (Ethicon, Inc, Somerville, NJ) through each end of

the previously harvested tendon graft and then the graft

was passed through the bone tunnels to replace the ACL.

The proximal end of the grafted tendon was secured to the

proximal attachment of the lateral collateral ligament on

the femur and the distal end of the grafted tendon was

secured to the distal attachment of the medial collateral

ligament on the tibia using 4–0 Ethibond1 suture. The

wounds were closed in standard fashion. We did not see

any negative effects of the autologous graft harvest other

than the expected swelling, and the animals resumed nor-

mal gait by 2 to 3 days after surgery.

We used an external fixation device in 30 animals to

immobilize the surgically treated knee. Three Kirschner

wires were placed on the operated limb: one at the proxi-

mal femur, one at the proximal tibia, and one at the distal

tibia. We connected these wires together by using the

plastic covers of 18-gauge spinal needles (Fig. 1). Three

plastic covers fixed with bone cement were used to

immobilize the knee at 908 flexion. The remaining 30

animals were allowed ad libitum activity postoperatively.

We sacrificed the animals by carbon dioxide inhalation at 2
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and 4 weeks postoperatively. Their knees were dissected

and used for histologic or biomechanical analysis.

In each group, we used 20 rats for histologic analysis.

Ten of these rats were sacrificed at 2 weeks and the other

10 at 4 weeks postoperatively. At each time, five speci-

mens were decalcified and embedded in paraffin for

hematoxylin and eosin staining or immunohistochemistry.

The five remaining specimens from each time were unde-

calcified and embedded in methacrylate for Goldner’s

staining.

Harvested tissues used for decalcified histology were

fixed for 3 days in 10% neutral buffered formalin at 48C
and then decalcified in 10% ethylenediamine tetraacetic

acid for 24 hours at 48C. We cut perpendicular sec-

tions to the bone tunnels in the tibia and the femur. The

tissues then were dehydrated in serial alcohol concen-

trations (70%–100%) and cleared in three changes of

xylene. We embedded the tissues in paraffin at 608C.

Five-micrometer-thick sections were cut perpendicular to

the bone tunnels and stained with hematoxylin and eosin.

We analyzed sections from the midpoint of the bone

tunnels (midway between the intraarticular entrance and

the extraarticular exit of the tunnels).

We treated alternate sections used for immunohisto-

chemistry with 3% H2O2 to quench endogenous peroxi-

dase activity and nonspecific antibody binding was

blocked with 5% goat serum. Each primary antibody was

applied to separate serial sections for 60 minutes at 378C.

Bound antibodies were observed using a goat avidin-biotin

peroxidase system with 3,30-diaminobenzidine (Dako

Corp, Carpinteria, CA) as a substrate. We used mouse

anti-rat ED1 macrophage and anti-rat ED2 macrophage

antibodies (Serotec Inc, Raleigh, NC). The sections were

counterstained with Mayer’s hematoxylin. We processed

negative controls in an identical manner except for

incubation with bovine serum albumin rather than the

primary antibody.

We dehydrated tissues used for undecalcified histology

in serial alcohol concentrations (70%–100%). Sections

containing the full length of the grafted tendon and bone

tunnel were cut in the coronal plane in the tibia and the

femur and then embedded in methacrylate. Five-microm-

eter-thick sections were cut in the same plane and used for

Goldner’s staining.

Microscope images, captured on a personal computer

using a light microscope (Nikon Optiphot; Nikon USA,

Melville, NY) connected to a CCD camera (Nikon

DXM1200; Nikon USA), were used to evaluate the healing

tendon-bone interface. We analyzed sections from the

midpoint of the bone tunnels from the coronal plane sec-

tions (these sections contained the full length of the grafted

tendon and bone tunnel). We (ED, PLH) used the ImageJ

(NIH, Bethesda, MD) computerized image analysis pro-

gram to measure the following parameters: (1) the tendon-

bone interface width using the hematoxylin and eosin

slides; (2) the ED1+ and ED2+ macrophage count using

immunohistochemistry slides; (3) new osteoid formation at

the interface using the Goldner’s-stained slides; and (4)

collagen fiber continuity between grafted tendon and bone

(measured as birefringent area per high-power field [hpf])

using polarized light microscopy. The widths of the ten-

don-bone interface and new osteoid formation were

measured at 10 randomly selected areas along the tunnel,

and three sequential sections of each specimen were

examined to reduce sampling error. All histomorphometric

measurements were made by consensus of the two viewers

and were performed in a blinded fashion.

To evaluate the organization of collagenous tissue,

picrosirius red-stained sections were illuminated with

monochromatic polarized light at 9320 magnification. To

control for variations in specimen orientation on the slide,

measurements were obtained by rotating the polarization

plane until we observed maximum brightness. To facilitate

comparisons between groups, all tissues were embedded

and cut to a uniform thickness. After the picture of the slide

had been captured, it underwent 8-bit digitization with

ImageJ software with a resolution of 640 (horizontal) by

480 (vertical) pixels. Three or four 50-lm 9 50-lm (2500-

lm2) areas were randomly selected along the tendon-bone

interface of each section. Using the ImageJ software,

individual collagen bundles in these random fields were

free-hand outlined, and the total area was recorded as mm2/

hpf. The slides for all specimens were analyzed during one

sitting under the same light intensity to ensure consistent

analysis conditions.

The limbs used for biomechanical testing were disar-

ticulated at the hip. We removed all the muscles leaving the

Fig. 1 A photograph shows placement of the external fixator on the

immobilized animals.
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joint capsule and the ligaments intact to protect the ACL

graft until testing. The bones were potted in bonding

cement at the proximal femur and the distal tibia to allow

secure fixation in the testing machine, but the graft ends

were left free of cement. We stored the specimens in a

freezer at -80�C until testing. Each limb was defrosted

overnight at 4�C and thawed at room temperature the day

of testing. We removed the joint capsule, patellar tendon,

collateral ligaments, posterior cruciate ligament, and the

suture material at the graft ends just before positioning the

specimen on the testing machine. Nothing but the graft was

left between the femur and the tibia.

We positioned the specimens on a device especially

designed for rat knees. It allows knee flexion of 45� with

the tensile load passing parallel to the ACL graft and the

bone tunnels. The specimens were loaded on a materials

testing machine (MTS Systems Corp, Eden Prairie, MN).

First, we applied a preload of 15 g to the graft for five

cycles and then the tensile load to failure test was per-

formed at a displacement rate of 0.17 mm/second. The

load-deformation curve was recorded on a personal com-

puter. The primary site of failure was recorded as pullout

from the femoral or tibial tunnel or midsubstance graft

rupture. We recorded ultimate load-to-failure (N) and

stiffness (N/mm) was calculated from the linear portion of

the load-deformation curve using SigmaPlot1 8.0 (SPSS

Inc, Chicago, IL).

All data are presented as mean ± standard deviation.

The independent variable was the postoperative treatment

(immobilized or not). We compared the histologic mea-

sures (macrophage numbers, width of fibrous interface

tissue and newly formed osteoid, collagen fiber continuity),

and biomechanical measures (failure strength, stiffness)

between the two groups using Wilcoxon rank sum test with

nonnormally distributed data and Student’s t test with

normally distributed data (SigmaPlot1 8.0).

Results

The external fixator was well tolerated by immobilized

animals. All animals resumed normal cage activity by the

first postoperative day. Careful inspection of the joints at

time of euthanasia showed all grafts were intact. The

articular cartilage surfaces appeared normal with no evi-

dence of advanced joint degeneration.

Compared to control specimens, immobilized animals

exhibited fewer ED1+ macrophages at the tendon-bone

interface at 2 weeks (7.1 ± 2.1 versus 9.9 ± 1.5 m/hpf,

respectively (p = 0.046)) and 4 weeks (4.9 ± 0.9 versus

7.3 ± 0.8 m/hpf, respectively (p = 0.003); Figs. 2, 3). In

contrast, there were more ED2+ macrophages at the

interface (p = 0.033) in the immobilized group 2 weeks

postoperatively compared to controls (1.9 ± 1.1 versus

0.7 ± 0.2 m/hpf, respectively; Fig. 3). There were no dif-

ferences between groups in ED2+ macrophage counts at

4 weeks (2.3 ± 1.8 versus 1.5 ± 0.5 m/hpf, respectively;

Fig. 3).

Fig. 2A–B There were fewer (p \ 0.05) ED1+ macrophages at the

tendon-bone interface in (A) the immobilized specimens compared

with (B) control specimens at 2 and 4 weeks after ACL reconstruction

(Stain, immunostain for ED1 antigen; original magnification, 9160).

T = tendon; I = interface; B = bone.

Fig. 3 Immobilized specimens exhibited fewer (p \ 0.05) ED1+

macrophages than controls at the tendon-bone interface at both 2 weeks

and 4 weeks. In contrast, there were more (p \ 0.05) ED2+ macro-

phages at the interface in the immobilized group 2 weeks post-

operatively, but no differences between groups in ED2+ macrophage

counts at 4 weeks. Data presented as mean ± standard deviation.
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We observed highly cellular fibrovascular granulation

tissue at the healing tendon-bone interface. The width of this

interface was smaller in the immobilized group when com-

pared with the control group at 2 weeks (0.07 ± 0.02 mm

versus 0.12 ± 0.03 mm, respectively (p = 0.021)) and

4 weeks postoperatively (0.06 ± 0.02 mm versus 0.14 ±

0.02 mm, respectively (p = 0.001); Figs. 4, 5). There were

no differences in new osteoid formation at the tendon-bone

interface between the experimental and control groups (4.1

versus 5.4 lm, respectively, at 2 weeks and 4.0 versus

3.6 lm, respectively, at 4 weeks). Collagen fiber continuity

between grafted tendon and bone increased over time and

was greater among the immobilized groups at 2 and 4 weeks

postoperatively when compared with control specimens

(0.014 ± 0.002 versus 0.005 ± 0.0005 mm2/hpf, respec-

tively (p = 0.0003), at 2 weeks and 0.06 ± 0.009 versus

0.009 ± 0.002 mm2/hpf, respectively (p \ 0.0001), at

4 weeks; Fig. 6).

We observed no difference in failure load or stiffness of

the ACL grafts in the immobilized knees compared with

the controls 4 weeks postoperatively (failure load:

13.7 ± 6.5 versus 11.0 ± 2.4 N, respectively; stiffness:

11.6 ± 5.3 versus 7.9 ± 4.2 N/mm, respectively; Fig. 7).

Discussion

Previous studies have shown graft-tunnel motion delays

tendon-to-bone healing [25, 27, 30]. We therefore tested

the hypothesis that immobilization after tendon-to-bone

repair leads to diminished macrophage accumulation and

improved tendon-to-bone healing based on structural and

biomechanical measures.

Fig. 4A–B Tendon-bone interface width was smaller among (A) immobilized specimens compared with (B) control specimens 2 weeks after

surgery (Stain, hematoxylin and eosin; original magnification, 9160). T = tendon; I = interface; B = bone.

Fig. 5 Tendon-bone interface width was smaller (p \ 0.05) in the

immobilized group when compared with the control group at 2 and

4 weeks postoperatively. Data presented as mean ± standard deviation.

Fig. 6 Collagen fiber continuity between grafted tendon and bone

increased with time and was greater (p \ 0.05) in the immobilized

groups at 2 and 4 weeks postoperatively when compared with the

control group. Data presented as mean ± standard deviation.

Fig. 7 Failure load and stiffness of the femur-ACL graft-tibia

constructs were similar between immobilized specimens and control

specimens at 4 weeks. Data presented as mean ± standard deviation.
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Our study has several limitations. First, we evaluated

animals only to 28 days after surgery. Longer times would

allow evaluation of the histologic and biomechanical dif-

ferences with time. However, our goal was to study the

early inflammatory response. Additional study is required

to examine the influence of prolonged immobilization on

late remodeling. Second, additional histologic analyses

would help better characterize the inflammatory healing

process by localizing other inflammatory cells, including

neutrophils and lymphocytes. Third, although all graft-

tunnel motion was eliminated in our model, there was

likely static tension on the ACL graft, which may induce

different molecular signals from those induced by a com-

pletely unloaded tendon graft. Fourth, the load applied to

the healing tendon-bone interface was uncontrolled in

animals allowed cage activity. We feel these limitations do

not jeopardize our conclusions as the different postopera-

tive regimens (immobilization with the external fixator

versus cage activity) likely resulted in differences in

mechanical load on the healing tendon-bone interface

between groups. Finally, despite our power analysis, our

study may be underpowered to detect a difference in the

biomechanical outcomes.

Our previous work with this rat model of ACL recon-

struction characterized the inflammatory cell infiltrate

present during the early healing period and suggested an

important role of macrophages in the early healing process

between tendon and bone [19]. Because studies by us [17,

19, 24–26] and others [15, 23] have shown a scar tissue

interface forms between tendon and bone rather than

reformation of a normal insertion site, we therefore

hypothesized the presence of abundant macrophages plays

an important role in this scar formation. In other experi-

mental models, the presence of macrophages and

overexpression of transforming growth factor-b has been

linked to states of chronic inflammation and tissue fibrosis

[5, 7, 8, 16, 18, 21, 28]. In contrast, embryonic wounds heal

in the absence of an inflammatory cell infiltrate with reca-

pitulation of normal, scar-less tissue morphology. Studies of

macrophage depletion have shown major reductions in the

degree of fibrosis, and accelerated tissue healing [7, 9, 10,

31]. Hays et al. recently reported macrophage depletion

resulted in less fibrous tissue formation and accelerated

reestablishment of collagen fiber continuity, new bone

formation, and improved biomechanical properties in the

same ACL reconstruction model [17]. The results of our

current study confirm those in macrophage-depleted rats

[17] and support the suggestion that reducing excessive

inflammation may result in more effective healing.

In this study, the independent variable was mechanical

load on the healing tendon-bone interface attributable to

knee motion. Few studies have examined the effect of

mechanical stimulation on tendon-to-bone healing and

there is little evidence to guide postoperative rehabilitation

recommendations after knee ligament reconstruction.

Immobilization reduces the ultimate load and energy-

absorbing capabilities of the native bone-ligament complex

with concomitant bone resorption at the ligament insertion

site [2]. In contrast, rotator cuff tendon healing to bone was

impaired by early exercise and the best healing occurred in

rats immobilized postoperatively [30]. Similarly, postop-

erative immobilization of the limb in a rabbit model of

ACL reconstruction resulted in improved healing and graft

attachment strength compared with animals allowed nor-

mal cage activity postoperatively [27]. Prior work from our

laboratory found graft-tunnel motion seems to impair early

graft incorporation [25]; ingrowth of new bone around the

tendon graft was inversely proportional to the magnitude of

graft-tunnel motion with slower ingrowth and a wider

tendon-bone interface at the tunnel aperture where graft-

tunnel motion is highest. Our finding of improved collagen

fiber ingrowth in the immobilized animals is consistent

with these prior studies.

We evaluated the effect of mechanical load on accu-

mulation of macrophages. ED1+ and ED2+ macrophages

were quantified because they play a major role in early

healing and reflect the inflammatory healing process.

ED1+ macrophages are derived from circulation and play

a phagocytic role after tissue injury [9], whereas

ED2+ macrophages are derived from resident cells and

reportedly have an anabolic role in tendon healing [22].

Although both are macrophage subtypes, they have dispa-

rate functions owing to differences in cytokine signaling

and responsiveness to cytokines and other factors in the

local wound environment, among other differences [9, 10].

Our findings support our hypothesis that immobilization

leads to reduced macrophage accumulation and improved

healing at the tendon-bone interface. These results confirm

those in macrophage-depleted rats [17] and support the

hypothesis that reducing excessive inflammation may

result in more effective healing.

Despite improved collagen fiber continuity in the

immobilization group, the mechanical properties of the

grafted ACL were not improved 4 weeks postoperatively.

Similar findings were reported in a rotator cuff repair

model in which immobilization improved the collagen

organization at 4 weeks, but 16 weeks was necessary to

improve the mechanical properties [14]. Although a longer

period of immobilization may be required to improve

the failure strength, the structural properties of the bone-

graft-bone construct are determined by a complex inter-

action between the strength of the graft-bone interface and

the graft. Stress deprivation secondary to prolonged

immobilization may result in weakening of the intraartic-

ular part of the graft [3] and also can result in stiffness and

detrimental effects on bone and articular cartilage.
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Our data suggest early postoperative immobilization

diminishes macrophage accumulation and may allow res-

olution of acute inflammation. These findings were

associated with decreased fibrous scar tissue in the healing

tendon-bone interface and improved collagen fiber

ingrowth into the tendon graft. Despite improved collagen

fiber continuity in the immobilization group, the mechan-

ical properties of the grafted ACL were not improved.

These findings suggest immobilization alone does not

provide the appropriate signals to improve the structural

properties of the healing graft-bone interface. These find-

ings have generated the hypothesis that healing can be

improved by controlled mechanical loading after an initial

period of immobilization (delayed mobilization) to allow

resolution of acute inflammation.
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