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Introduction

It would be useful to know the loads generated in an anteric
cruciate ligamen{ACL) graft during rehabilitation to design a
rehabilitation program that allows a safe, early return to dai
activities (i.e., walking, stair climbingand exercisdi.e., weight

lifting, bicycling, running, or jumping Since the fixation method
is generally the weakest link in the graft-fixation complex, activi-
ties of daily living and strenuous exercise may cause fixation fai
ure if the tensile loads transmitted by the graft to the fixation a
greater than the strength of the fixatipb—4]. An implantable o
transducer that directly measures the ACL graft loads transmittt?
to the fixation would determine the activities that place the graﬁ-

fixation complex at risk for failure.

A fixation device transduce(FDT) that accurately measures
tension transmitted to the device by an ACL graft in-vits$ and
accompanying telemetry to transmit and record the transducer sig-
nal external to the bod}6,7] have been developed in our labora-
tory. The FDT is a modification of an existing femoral fixatio
device (bone mulch screw, Arthrotek, Inc., Warsaw,)Ibhat se-
cures a double-looped semitendinosus and grad@lisSTG) ham-
string graft. The graft is looped around a beam that extends frdp
the threaded body of the FDT inside the femoral tunnel. The FDICE[|B

In Vivo Calibration of a Femoral
Fixation Device Transducer for
Measuring Anterior Cruciate
Ligament Graft Tension: A Study
in an Ovine Model

Toward developing a transducer for measuring in vivo tension in anterior cruciate liga-
ment grafts in humans, the objectives of this study were to determine the following: (1)
whether the calibration of a previously reported femoral fixation device transducer (FDT)
(Ventura et al., 1998) is affected by the presence of the graft when implanted in the tibial
metaphysis of an ovine model, (2) whether the FDT remains calibrated at 4 weeks post-
operatively, and (3) whether the biological incorporation of the graft occurs prior to a
change in the FDT calibration. The FDT was implanted in the hind limb of five sheep
using an extra-articular procedure. Both the proximal common digital extensor tendon
(i.e., graft) and a Teflon-coated wire were looped around the FDT inside a tunnel in the
tibial metaphysis. The FDT was calibrated on three occasions using the loop of wire: once
intraoperatively before graft insertion, once intraoperatively after graft insertion, and
once postoperatively after the animals had been sacrificed at 4 weeks. Following sacri-
fice, the load transmitted to the FDT by the graft was also determined. The FDT exhibited
linear calibration intraoperatively both before and after graft insertion with an average
error relative to the calibration before insertion of the graft .6 percent of full-scale

load (150 N) and this average relative error was not significantly different from gero
=0.183. After 4 weeks of implantation, the average relative percent error w&<)
percent and was not significantly different from zépo=0.434) indicating that the FDT
remained calibrated in the in vivo environment. Because only 15 percent of the graft
tension was transmitted to the FDT after 4 weeks, biological incorporation of the graft
preceded the loss of calibration. In light of these findings, the FDT offers the capability of
measuring the intra-articular ACL graft tension in vivo in animal models and possibly
humans before the biological bond develops and also of monitoring the formation and
maturation of the biological bond between a graft and bone tunnel.
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is instrumented with two foil-backed strain gages so that shear
|t,rain in the beam can be detected. Because the beam is cantile-
vered, the shear strain measured by the two strain gages is af-
If cted only by the magnitude of the total load applied by the graft
nd not by the position the load is applied along the beamA
microcircuit contained within the body of the FDT converts strain
into a frequency-modulated signal. The telemetry system housed
in the body of the FDT permits signal transmission via skin-
welling electrodes without the use of transcutaneous WG4
y recording the voltage output of the FDT, the total tensile
ds transmitted to the FDT by the graft can be measured
he calibration of the FDT is known and does not change after
implantation.

Although the FDT has been proven to measure intra-articular
graft tension accurately in cadaveric knees, the transducer requires
in vivo testing in an animal model before its use can be justified in
mans. This is because several factors that might affect measure-
ment accuracy are unique to the in vivo environment. One factor
Ns the graft, whose insertion in the bone tunnel could change the

intra-operative calibration. To ensure that the FDT is properly
ositioned and functioning, the FDT must be calibrated intra-
eratively before the graft is inserted. Calibration prior to graft
sertion may be performed by passing a wire Idop., cable
around the beam and measuring the voltage output produced from
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ggraft could cause a change in this calibration if the presence of the
graft changes the boundary conditions of the beam. If insertion of
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H 1 Threaded Porti Welded i i i i
exagona readed Roon Welded llow Cross: Smooth, Solid Pst nologies, Inc., San Bernadino, GAriented at-45 deg relative to

Section Containing Supporting the Graft the long axis of the beam were mounted on two of the internal
l l / the Two Stain surfaces of the hollow rectangular cross section of the beam. A
e / 4 score mark was etched on the hexagonal head of the threaded
lt?‘i;e&i;m/gi CBSO:)*; body and the beam and body were welded together such that the
o e e long axis of the beam’s rectangular cross sectian, the gaged
N sectionsandthe  surface was parallel to the score mark on the threaded body. A 12
et MM (0.D) cap of ultra-high-molecular-weight polyethylene
] |<— 10mm —>| Il (UHMWPE) was constructed to fit over the hexagonal head of the

FDT after implantation. Telemetry was not installed in the trans-
ducer because continuous in-vivo measurements were not needed
for the data collection in this study. A three-pronged miniature
connector (DR-3S-3, Microtech. Inc., Boothwyn, BAwas in-
stalled in the threaded body to allow for signal transmission to a
gages were applied to the larger rectangular section and ori- strain . amplifier (SQ?l Strain . _Gage Amplifier, \/alldyne,
ented at =45 deg relative to the long axis of the beam. The Northridge, CA. M.edlcal grade silicofMED-6015, Nuslll Tech-
threaded body and hexagonal head were hollow to accommos- nology, Carpenteria, CAwas used to create a hermetic seal be-

date the three-pronged socket for data transmission. tween the socket and the threaded body. ) )
Under general anesthesia, the FDT was implanted into the right

hind limb of five skeletally mature black-faced Suffolk sheep. An

the graft changes the initial calibration, then a second calibrati§tra-articular procedure was used so that the biological bond
would be required thus increasing the time and complexity of tif@uld be measured without the graft failing during post mortem
surgery. To determine whether the FDT can be calibrated orf§nsile tests to be described shof@}. The origin of the common
once intra-operatively before insertion of the graft, the first obje€lgital extensor tendon was detached from the lateral femoral
tive was to test the hypothesis that the intra-operative calibratiof@ndyle through an 8 cm vertical incision placed lateral to the
before and after graft insertion were similar in an ovine model.Patellar tendor(Fig. 2. Four centimeters of the free end of the

Three other factors that may cause the intra-operative calibfghdon were sutured with #1 Ethibog@thicon, Inc., Somerville,
tion to change are bone formation, cancellous bone failure, aNd)- The graft was formed by folding the tendon in half to double
rotation of the FDT. The calibration may change either becauseitt thickness and trimming the width until it could be passed
bone formation that limits deflection of the beam, because of cafirough a cylinder 10 mm in diametésizing sleeve, Arthrotek,
cellous bone failure around the body of the transducer resulting'ﬁp)- ]
angulation of the beam in the graft tunnel, or because of FDT The location of the tunnel to house the FDT was selected by
rotation about the axis of the transverse tunnel. Because the FEyiting a guide wire 2.4 mm in diameter from anteromedial to
will not accurately measure transmitted graft tension during either
activities of daily living or intensive exercise unless the calibra-
tion remains unchanged for several weeks after implantation, the
second objective of this study was to test the hypothesis that the
FDT calibration following 4 weeks of implantation in an ovine
model remains similar to the intra-operative FDT calibration.

A final factor that may affect the measurement accuracy of the
FDT is the biological bond that forms between the graft and the
bone tunnel. After implantation, the force transmitted to the FDT
is expected to decrease below the intra-articular graft load. The
decrease may be caused either by a calibration change due to one
of the factors noted above or by load sharing between the biologi-
cal bond of the graft in the bone tunnel and the beam. Depending
on the cause of this decrease, it may be possible to use the FDT to
monitor the development of the biological bond. If the biological
bond develops before the calibration of the FDT changes, then the
growth of the biological bond can be tracked by measuring the
difference between the FDT output for a given activity over time.
To justify using the FDT as a tool to detect the formation and
measure the development of the biological bond, the third objec-
tive was to test the hypothesis that the biological bond forms
before the FDT loses calibration.

[ ¢——— 15 mmBody -——-p|g¢———— [9mmBeam —»

>l

< 34 mm >

Fig. 1 Diagram showing the threaded body and hexagonal
head welded to the instrumented beam of the FDT. The strain

Methods and Materials

Experiments. To accommodate the bond structure of the
ovine model, the FDT was designed 5 mm shorter than the trans-
ducer used in vitro in human cadaveric kn¢bs/]. Each trans-
ducer was comprised of two titanium pieces; one was a 19 mm
long beam with a hollow rectangular cross section merged with a
smaller solid rectangular cross section measuring 3.8 xn&\5
mm and the other was a hollow cylindrical body that measured 15
mm in length and 8 mm in outside diameter. Twelve millimeters
of the body were threaded to purchase in the bgtg. 1). The
remaining 3 mm length of the body was machined to a hexagorg}. 2 piagram showing the detachment of the common digi-
head that fia 9 mmsocket to facilitate insertion into the bone.tal extensor tendon from its origin on the lateral femoral
Two foil-backed strain gage€A05-062RB-350 LEN, JP Tech- condyle
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posterolateral across the proximal tibial metaphysis 10 mm distalThe initial intra-operative calibratiofi.e., before insertion of
and parallel to the tibial articular surface. A tunnel 12 mm ithe grafi was performed by crimping the two ends of the cable
diameter was drilled through the anteromedial cortex to a depthwith an aluminum cable sleeve and hooking the cable to a sterile
5 mm using a cannulated reamer. The 12 mm tunnel was needeohd-held load celSSM-AJ-100, Interface, Inc., Scottsdale,)AZ
to allow the FDT to be fully seated using a hex screwdriver and that was connected to a strain gage amplifier. A sterile wire was
allow the UHMWPE cap to be countersunk. The tunnel for thesed to connect the three-pronged connector in the FDT to the
FDT was completed by drilling a 37 mm in length 8 mm in strain amplifier. Manual tension was applied to the FDT through
diameter closed-end tunnel using a cannulated reamer from the load cell and cable in line with the alignment tool and tunnel
anteromedial surface of the tibia over the same 2.4 mm guittea load of 150 N at an approximate rate of 25 N/s, and data were
wire. The tunnel was drilled 3 mm longer than the transducer twllected using a data acquisition cgAT-MIO-16E-2, National
ensure that the tip of the beam would not contact bone when thmstruments, Austin, TXand a personal computer. Eight calibra-
FDT was inserted. A modified guidéJ-guide, Arthrotek was tion curves were obtained.
used to drill a graft tunnel 10 mm in diameter from the anterolat- A second intra-operative calibration was performed using the
eral surface of the tibia that intersected the FDT tunnel 8 mm froeame loop of cable after the graft was inserted. The graft was
the lateral end. This create 3 mm inlength X 8 mm in diameter passed up the tunnel, looped around the post of the FDT, passed
recess in the lateral wall of the graft tunnel to ensure that the tip lback out the tunnel and sewn to itself with #1 EthibdRthicon,
the FDT did not contact bone when fully inserted. Inc., Somerville, NJ (Fig. 4). Using the cable, the calibration
To calibrate the transducer, a 0.5 m long loop of Teflon-coatguocedure was performed a second time with the graft in place.
stainless steel cable 0.91 mm in diameter was inserted up tiace the alignment tool was not used with the graft in the tunnel,
graft tunnel and the FDT was advanced so that the beam pastezidirection of pull was approximated to be along the axis of the
through the loop of cable. The transducer was advanced until tpaft tunnel. The cable was left in place around the beam with the
hexagonal head of the threaded body was level with the medisde ends protruding from the tunnel and the wound was closed in
tibial cortex and the tip was not touching any surrounding bonthyers.
The FDT was aligned rotationally using an alignment tool with a Following surgery, the animals were cared for up until the time
hollow cylindrical portion 10 mm in outer diameter and a forkedhat they were sacrificed. The operated leg was placed in a modi-
end that was wider than the beam of the FFig. 3). The two fied Robert—Jones pressure bandage for 24 hours postoperatively.
free ends of the cable were threaded through the hollow centerTaf prevent infection, peri/post-operative broad-spectrum antibi-
the alignment tool and the forked end of the tool was advancetic (Naxcel, 2 mg/kg, SmithKlein Beecham, Philadelphia,) PA
into the graft tunnel such that the fork fit around, but did not touclvas administered every 24 hours 1 day prior to and 7 days post-
the FDT. AnL-shaped wrench was fit over the head of the FDSurgery. Each animal received oral analgesisprenex, Reckitt
such that the wrench handle was parallel to the score mark on th&Coleman Pharmaceuticals, Richmond, VA, 0.0075 my/g-
hexagonal head. The FDT was rotated using the wrench until tey 12 hours for at least 48 hours postoperatively. Each animal
wrench handle was parallel to the cylindrical tool protruding fronvas confined to its own cage that measured 3.661r22 m and
the graft tunnel. This ensured that the gaged surfaces were aligtieely were allowed to ambulate ad libitum. Because a study in a
parallel to the long axis of the graft tunnel, which minimized theanine model showed that biological bonding begins as early as 2
calibration error of the FDT5]. The UHMWPE cap was fit over weeks and is fairly well developed by 4 weeks postoperatively
the hexagonal head of the FDT to allow the cortical bone to pro-
vide additional support to the transducer.

Lateral AR Medial

Common Digital
Extensor Tendon

Tunnel
Entrance

Graft sewn to
itself outside
of tunnel

Fig. 3 Diagram showing alignment of the L-shaped wrench to
the hollow cylindrical alignment tool. The alignment tool was
inserted into the graft tunnel with the cable passing through
the center. The L-shaped wrench fit over the hexagonal head of

the FDT such that the rod pointed in the direction of the long- Fig. 4 Diagram of the completed FDT surgery. The common
axis of the cross section of the FDT beam. When the rod of the digital extensor graft was looped around the post of the FDT
L-shaped wrench was parallel to the hollow alignment tool, the and passed back out of the graft tunnel where it was sewn to
FDT was oriented correctly. itself.
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[8], euthanasia was performed by intravenous injectirEutha- To determine the percentage of graft load transmitted to the
nasia, Chering-Tlough Animal Health Organization, KenilworthiDT, a load was applied to the graft and the FDT output was
NJ, 20—30 ct 4 weeks postoperatively. The operated limb wasecorded. A custom-designed freeze clamp was attached to the
removed from each animal and anteroposterior and lateral roeatesshead of the materials testing machine and the tendon was
genograms of the proximal tibia were obtained to determine tigeipped with the clamp approximately 10 mm from the tunnel
cable’s position relative to the beam. entrance. The crosshead displaced the tendon at 20 mm/min until
The limb was prepared for testing in a materials testing maither 150 N had been applied to the graft or the graft ruptured.
chine (Instron 5566 Materials Testing Machine, Instron CorpFollowing this test, the FDT was removed from the tibia and
Canton, MA by disarticulating the tibia from the knee, and retecalibrated on the bench to insure that the in vivo environment
moving all soft tissue except the graft and the common digitaid not alter calibration. The recalibrations confirmed that the in
extensor muscle. To ensure that all of the loads applied to the graifto environment did not affect the calibration of the FDTs.
would be transmitted either to the FDT or to the biological bond
between the graft and bone tunnel, the gi@k., tendon and

common digital extensor muscle were freed from the cortical s libration trials f h - bi ;
face of the tibia. The cable was also freed from any surroundiff@liPration trials for each specimen were combini@gbproxi-

; i ; : : tely 800 data pointsand a least-squares linear regression was
tissue by gently sliding it over the beam. The diaphysis of the tib a R f

was potted into an aluminum cylinder using polymethylmethacrerformed. The calibration factéNewtons/Volt was defined as
late (PMMA) so that it could be mounted in a custom-designeti® reciprocal of the sensitivityi.e., slope of the voltage-load
four-degree-of-freedom fixture that was attached to the materi&fél ded the f ) d by the FDT
testing machine. To ensure that all applied loads were along #ig!ded the force registered by the FDT.

axis of the graft tunnel, the potted tibia and fixture were adjusted 0 dgtermti)ne Whethher the gr?g changed the cal!brgticl)qn, the
until the long axis of the graft tunnel was concentric with the axig?MpParison between the two calibration curves required that one

of the materials testing machin@ig. 5. The cable was closed e chosen as the standard. The calibration before the graft was
gy inserted was used as the standard because this calibration must

into a continuous loop and hooked to the crosshead of the ma ; . S
P ;}S ays be performed to verify that the FDT is functioning. For

rials testing machine. Because the roentgenograms of sev . . . )
specimens showed that the cable was not fully resting on tﬁQCh specimen, the relative percent error from inserting the graft

beam, a 150 N load was applied to ensure that the cable contadi@$ calculated by multiplying the voltage difference between the
the beam and was then removed. To determine whether the F ‘?ndard callbratloml.e.,. before graft insertignand the cgllbra-
remained calibrated in the ovine, eight calibrations were pefon after the graft was inserted at 150 N by the calibration factor
formed by moving the crosshead of the materials testing machi tet_he standard calibration. .Th's yielded a load d_|fference_that was
at a rate of 20 mm/min until a total of 150 N had been applied t8vided by 150 N and multiplied by 100 to obtain a relative per-
the cable. The rate of movement of the crosshead applied the 1G5t error. The relative percent error was then tested statistically

to the cable at a rate similar to that when the load was appligd'n9 at-test t.(;. detelrrrgii.rf]fe whe;[her the average relative percent
manually to the cable intraoperatively. error was significantly different from zero. . .
y P Y To determine whether the FDT remained calibrated after im-

plantation, the post-mortem calibration data were reduced as pre-
viously described to determine the regression coefficient and cali-
bration factor. Preliminary analysis was done on specimens to
determine whether they hagsquared values greater than 0.990
for both the post-mortem calibration and the intra-operative cali-
bration before graft insertion, and whether they had less than a 20
percent difference in voltage output between the standard and
post-mortem calibration at 150 N. For these specimens, the rela-
tive percent error of the post-mortem calibration compared to the
standard calibratiofi.e., before graft insertionwas calculated by
multiplying the voltage difference between the standard calibra-
tion and the post-mortem calibration at 150 N by the calibration
factor of the standard calibration. This yielded a load difference
that was divided by 150 N and multiplied by 100 to obtain a
relative percent error. The relative percent error was then tested
statistically using a-test to determine whether the average rela-
tive percent error was significantly different from zero.

To determine whether the FDT remained calibrated after forma-
tion of the biological bond, the development of the biological
bond at 4 weeks was quantified. For each specimen that main-
tained an unchanged post-mortem calibration, the percentage of
graft load transmitted to the FDT was computed. The voltage
output of the transducer for a 150 N load applied to the graft was
multiplied by the calibration factor of the post-mortem calibration,
divided by 150 N, and multiplied by 100 to report the value as a
percent. Because some tendons ruptured before 150 N was
reached, the development of the biological bond for these speci-
mens was measured at the highest load applied to the tendon
before rupture. The relative percent change in load was then tested
statistically using a-test to determine whether the average rela-
tive percent change was significantly different from zero.

Data Analysis. To determine the FDT calibration before the
Lg_raft was inserted, all the voltage versus load values for the eight

rve. The voltage output multiplied by the calibration factor

Results
Fig. 5 Diagram of the testing setup showing the alignment of The intra-operative calibrations both before and after the graft
the bone tunnel with the axis of the materials testing machine was inserted compared favorably. The averBggquared values
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Table 1 Calibration factors in Newtons /Volts (R?-values) and the relative errors. The calibra-
tion factors are the inverse of the sensitivity coefficients determined by linear regression. Both
errors are relative to the before-graft insertion case.

Sheep Before graft After graft After graft Post-mortem Post-mortem
Number insertion insertion insertion relative error
relative error
S198 37.4 (0.998) 40.6 (0.996) -7.9% 44.6 (0.999) -16.7%
S199 35.5 (0.995) 40.1 (0.995) -11.3% 40.6 (0.999) -12.6%
S$202 40.7 (0.997) 43.1 (0.990) -54% 39.2 (0.999) +43%
S218 44.2 (0.991) 41.9 (0.997) +56% 591 (0.703)* N/A
S219 39.0 (0.995) 40.5 (0.995) -38% 37.2 (0.999) +48%
Avg =394 Avg =412 Avg=-46% | Avg=40.4 Avg=-50%
SD=33 SD=1.2 SD= 64% SD=3.1 SD=112%
*Indicates device did not recalibrate and hence the corresponding value was not included in the mean and standard
deviation.
4.5
41 — — Before Graft Insertion
a5 - - - - After Graft Insertion
' Post-mortem
—_ 3 *  Graft i
P
5 25
s
>
o 21
|_
2 15
1 4
XX}
05 | R o
- n—*.,lo..loofou'too'oﬁcco-oo enee
0 sadmempy WPV T ; , l ‘ ;
0 20 40 60 80 100 120 140 160
Load [N]

Fig. 6 Calibration regressions and graft loads for animal S202. The after-graft insertion cali-
bration was nearly identical to the before-graft insertion calibration. The post-mortem calibra-
tion matched the before-graft insertion calibration well with a relative percent error of only 4.3
percent using before-graft insertion calibration as the standard. The voltages caused by load-
ing of the graft were very low compared to those in the post-mortem calibration indicating that
only a small fraction of the load applied to the graft was actually transmitted to the FDT. The
majority of the load was supported by the biological bond between the graft and bone tunnel.

for the five specimens was 0.995 both before and after the grpétrcent error of the post-mortem calibration compared to the stan-
was insertedTable 1. The average relative percent error of thelard (i.e., before graft insertionfor these four specimens was
intra-operative calibration after the graft was passed compared-t&.0 percent and this average relative percent error was not sig-
the standard was-4.6 percen{Table 1, Fig. 6 and this average nificantly different from zero |§=0.434).
relative percent error was not significantly different from zero The FDT output from loads applied to the graft at 4 weeks
(p=0.183). Because the two intra-operative calibrations conmdicated that only a small fraction of the load was transmitted to
pared favorably, the only calibration necessary is the one befdre FDT. Of the four specimens that maintained calibration at 4
the graft is inserted. weeks, only an average of 15.1 percent of the graft load was
The FDT remained calibrated after 4 weeks of implantation imansmitted to the transducéfable 2, Fig. 6 and this average
four out of the five specimenéTable 1. The average relative represented a significant reduction in logk(0.002). The small
proportion of graft load transmitted to the transducer at 4 weeks
indicated that the biological bond between the graft and bone
Table 2 Percent of graft load transmitted to the FDT 4 weeks tunnel developed before the FDT changed calibration.
following surgery for the four animals whose FDTs recalibrated

post-mortem

Discussion

The key findings from this study were as follow4) The FDT
can be calibrated intra-operatively using the cable to apply loads

Sheep | Maximum graft | Load measured | Percent of graft load
load (N) by the FDT (N) transmitted
$198 147 16.5 11.3
S199 149 349 23.4
$202 148 274 18.5
S219 89 6.4 7.1
Avg =133 Avg=213 Avg =151

before the graft is inserted because the average relative percent
error between the two intra-operative cable calibrations both with-
out and with the graft inserted was less than 5 perc@tthe

FDT has the potential to measure graft forces transmitted to the

transducer in vivo for 4 weeks after implantation because four out

Journal of Biomechanical Engineering
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of five FDTs recalibrated with an average relative percent errarized friction as a source of error as mentioned earlier, any dif-
equal to 5 percent, an@) the FDT can be used to track theference between the intra-operative calibrations can be attributed
biological incorporation of the graft in the tunnel because the grastimarily to changes in the direction of the applied load, which
begins to bond to the tunnel before the transducer loses calibveas not controlled during the intra-operative calibration after the
tion. Before interpreting the findings of this study several metlyraft was inserted. Hence, if the FDT is used in either animal
odological issues should be discussed. models or humans, then the surgical procedure can be simplified
. S . by avoiding the second calibration and also the time that the sub-
oy s o mcarin bttt g 4 Under anesietocan be reduced accordngly
effect, it was assumed that the load transmitted to the FDT wou {The FDT wil acgurately measure the tr_ansmltted graft load for
be thé same whether the calibration load was applied to either quekS and possibly longer in most subjects. For the four out of
e animals in which the FDT remained calibrated for 4 weeks

&%?J% %retgieggﬂf.riiligzeal a;f)f/egtlgetrﬁigcgs?umetigr?nvigttigti!‘?e able 1, the average relative percent error was 5 percent for the
' P ) -week post-mortem calibration using the intra-operative calibra-

because the surgical procedure either minimized or eliminat . X T
sources of friction. Specifically, the graft tunnel was overdrilled. n before Inserting the graft as the standard. Although the |nd|_-
by 1 mm, thus minimizing friction between the graft and tunne\f'dual relative percent errors exceeded 10 percent for two ani-

and the graft did not wrap around the corner of the tunnel asrﬂals’ only oné of thesg error_valué.’ls6.7 percer)texceedeq 10.
exits from the bonéFig. 4), thus eliminating friction. Moreover, a percent by a wide margin. Again the error between the calibrations

previous study demonstrated that calibrations performed wi‘f\’{"s.pmb‘"1ny due to either §ma|l differences in the direction of the
plied load or to some minor support to the beam provided by

loads applied to a cable and with loads applied to a graft wh p i £ a fibrin clot. | ; 3 out oft®
both of the above-described frictional effects were present yieldé‘ﬂy ormation ot a Tibrin Clot. In any case, since 5 out ofb
percent of the devices yielded post-mortem calibrations with rela-

n istical differen inm remen r . .
o statistical differences easurement eff five percent errors bounded approximately by 10 percent, the FDT

A rationale for determining an acceptable in vivo relative per-. . ’ .
cent error for the FDT is required to interpret differences in call- il measure _the trans_mltted graft load with the desired accuracy
{_the majority of subjects.

bration curves. A 10 percent relative percent error seems acc 8 . . .

able in light of the usefulness of graft tension measurementsB0Ne formation was the most likely cause for the failure of the
bounded by this relative error value. It is estimated that the ma{n€ FDT not to recalibrate post mortem. To determine whether the
mum daily load in the intact ACL is less than 500[811], and DT remained calibrated at 4 weeks, it was assumed that the
that these loads may be lower in the first few weeks %ollowin(gflon'coa.ted cable would not become biologically bonded to sur-
reconstruction because of post-surgical discomfort. A 10 perc yndmﬁ t'sstlﬁe' How_ever, fth's ﬁssﬁﬁpt'g%_‘évz.s anttva“dl.'B “:e
error for a measured 400 N load would give an 80 N range for ttﬁ’ﬁse where the specimen for which the Id not recalibrate.

actual load, which would be useful for comparing the effective. hile the cable was free to slide around the post of the FDT in all
ness of different tibial and femoral fixations. Inasmuch as tﬁ@’le _;s_pscl;mensr,] thﬁ gable Io%p was |sr?lat)ed fromdthebllinT bz
failure loads for many common tibial and femoral fixations var alcified bone that had grown between the beam and cable Tor the

by hundreds of Newtons between methddsl2,13 knowing ne specimen that did not recalibrate. For this specimen, the loads
peak graft loads bounded by only a 10 percent error would aIIo@\Pp“ed rfo ::hg_rcable t\;ve_re n?]t_ flrgetljyftransrr?ltt:ed (;O the lFDdT Beh-
clinicians to determine if some fixations are not strong enough tguse the I was being shielded from the loads applied to the
support graft loads generated by certain exercises cable, it was impossible to determine if the FDT was not cali-
Because the study was performed in ovine knees, the resu.g@ted because of either changing boundary_ conditions on the
from this study may not be directly applicable to humans. The ra gam of the transdu_cer or th_e lack of transmitted load from the
of bone formation and remodeling in animals may be faster th &ble. If the change in calibration was _caused by the lack of trans-
that in the human§14], which makes translating time period re-mitted load from the cable, then all five of the FDTs remained

sults affected by bone growth from ovine to humans difficuIf.:a‘"brat.(':‘d for at least 4_yveeks. . .
However, because the rate of bone remodeling is faster in th Confidence in the ability of the FDT to monitor the formation

ovine, the number of weeks that the FDT remains calibrated in t@ thed bliologicalhbondh hir;)gels on \lNT)ethsrbthe FDT rﬁmainsf cali-d
ovine is probably a lower bound in the human. raied longer than the biological bond between the graft an

To check the validity of the statistical findings that neither th moral tunnel takes to d_evelop. Because the FDT remained cali-
intra-operative calibration after graft insertion nor the pos Drated for 4 weeks following surgery and because only an average

mortem calibration was significantly different from the intra—Of 15 percent of the graft load was transmitted to the transducer

operative calibration with the cable, the powers of the statisticg'l-?tz)le ad thefFDTbremainedhcaIibr?;[ed :jor;)g enough florlfa ﬁubstan-
tests were computed to determine the probability of a Type Il errJf! Pond to form between the graft and bone tunnel. If the same
(i.e., accepting the null hypothesis when it should be rej€)Ctedelatlonshlp between the rate of biological bond maturation and

Using A/ o ratios as determined from the values indicated in Tabf@.e_ time untl th? FDT loses calibration holds in humans,_then
1, whereA is the average percent difference ands the corre- Initial decreases in the voltage output of the FDT can be attributed

sponding standard deviation, the powers were less than 0.5 ﬁ%rﬁhe development of the biological bond and not to changing

ot o bration. Since the biological bond was well developed before
both statistical tests. Consequently the probability of a Type tbration. .
error is relatively high so that the null hypothesi®., no differ- the calibration of the FDTs changed, the transducer may be a

ence in the calibrationgannot be accepted with confidence. Nevl-JserI tool f(_)r trac_king the g_royvth of the' biological_bond in hu
%’)@ns. Tracking this growth is important in aggressive rehabilita-
8

ertheless, since the approximately 5 percent difference for b b the bond i in st o t loads will
calibrations is substantially lower than the acceptable percent 2N because as the bond Increases In strength, 1€ss graft loads wi
transmitted to the mechanical fixations and the patient can

ference of 10 percent determined above, even if the aIternatIncrease weight bearing and exercises with confidgake
hypothesis(i.e., 5 percent differengewere accepted, then this 2 ; .
b (e, 5 p ¢ pted, For the FDT to realize its potential as a tool for tracking the

would still be an acceptable result growth of the biological bond in humans, a means of checking the
Interepretation of Results. Because the average relative perealibration in vivo is necessary. This can be accomplished via a

cent error between the intra-operative calibrations was less tham&nual maximum test using a knee arthrometer. The arthometer

percent and because only one of the individual relative percesmables the application of a controlled anterior load to the tibia.

errors exceeded 10 percent by a small maf@able 1, the FDT Because the tension developed in an ACL graft equilibrates almost

needs to be calibrated only once intra-operatively before the graft of this load at 30 degrees of flexion with little contribution

is inserted. Considering that overdrilling of the tibial tunnel minifrom other knee structurg45], the use of the arthrometer would
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enable a repeatable tension to be developed in the graft providednans(1) to measure intra-articular graft loads until the biologi-

that the joint is stable. If the joint is unstable, however, then otheal bond begins to develog?) to determine the onset of the

structures may play a role in supporting the anterior tibial loddiological bond between the graft and bone tunnel by periodically

with the result that the tension transmitted to the FDT would kepplying a calibration load using an arthromter, d8dto track

decreased. If the transmitted tension was decreased, then the ¢hé-maturation of the bond by monitoring the decrease in trans-

bration could not be checked. Because the arthromter also mdaeer output as the calibration load is applied over time. If the

sures the stability of the joint, however, any decrease in stabiliBDT can be used for these purposes in humans, then in the context

and hence potential change in tension transmitted to the graftaggressive rehabilitation, these purposes will enable the follow-

could be detected. ing: (1) measurement of representative graft loads for specific
Because nonlinear intra-operative calibrations were obtainedérercises to identify exercises that might pose a risk of fixation

preliminary experiments, the extra-articular procedure used to ifi&ilure, and(2) the time in an aggressive rehabilitation program at

plant the FDT required some refinement so that linear calibratiomich the patient can safely tolerate exercises that load the graft

could be obtained. Bone sectioning revealed that the cause of Heyond the strength of the fixation metligid

nonlinear intra-operative calibrations was the nonhomogeneity of

the metaphyseal bone in the location where the FDT was im-

planted. Because fat in the medullary canal extended into the

metaphyseal bone of the proximal tibia and the tunnel for the FDJ
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