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Quadriceps Load Aggravates and Roofplasty Mitigates
Active Impingement of Anterior Cruciate Ligament Grafts
Against the Intercondylar Roof
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Summary: Because of the complications of impingement of anterior cruciate ligament grafts on the inlercondylar roof and because current surgical procedures locate the tibial tunnel such that impingcment is avoided
during passive but not active extension, the objectives of this study were to determine if (a) active cxtension
prccipitatcs and aggravates roof impingement, and (b) a roofplasty mitigates the effects of impingemcnt. The
tihial translation. flexion anglc defining the onset of roof impingement. gralt-roof contact pressure, and graft
tension were measured for six cadaveric specimens. In each spccimcn. two tihial tunnel positions were studied: one customized for the slope of the intercondylar roof. and the other translated 6 mm anteriorly from the
customized position. For a quadriceps load of 1,500 N,the flcxion anglc defining the onset of impingement,
the peak contact pressure, and the graft tension increased signiCicantly for both tunnel positions. The increases
occurred because of the anterior tibial translation caused by the active load. Although a roofplasty decrcascd
the onset of the angle of impingement, the graft tcnsion rcmaincd unaffected. Thus. to mitigate the effect of
impingement during active rehabilitative knee extension exercises, the position of the tibial tunnel must be
customized to thc anglc of thc intercondylar roof and a roofplasty must be performed. The extent of bone
removed must be customized as well and can be determined by removing bone from the intercondylar roof
in excess of that required to freely pass a rod, the same diameter of the graft, through the tibial tunnel into
the intercondylar notch with the knee in full passive extension.

Patients with anterior cruciate ligament grafts that
impinge against the intercondylar roof complain of
intermittent effusions, pain, inability to fully extend
the kncc, and instability (3.10,12,15,17,26).These complications occur because the graft impinges (i.e., contacts) and also abrades against the intercondylar roof
before the knce reaches terminal extension (9,lO).
The operative technique of verifying that clearance
exists between the graft and intercondylar roof with
the knee in full passive hyperextension may not be
sufficient to prevent roof impingement during active
kncc extension. Knee extension exercises can produce
quadriceps forces of 1.500 N (20,21), which translate
the tibia antcriorly (7,8,24). Roof impingement may
occur during active knee extension because the tibia
and tunnel move anteriorly with respect to the intercondylar roof.
The objectivcs of this study were 2-fold. The first
objective was to determine if a physiologic quadriceps
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force could precipitate and aggravale roof irnpingement by increasing the flexion angle a1 which impingement occurs, the pressurc between the graft and
intercondylar roof, and the tension in the graft. The
second was to determine if a roofplasty is effective at
mitigating these effects of impingement.

MATERIALS AND METHODS
Experiments
Six fresh-frozen lower limbs (five of which were used in a previous study [5]), obtained from one fcmalc and five male cadavers
that were 34-82 years old (mean: 61 years old), were tested. Each
knee was aligned, preconditioned, and tested in a six-degree-offreedom, computer-controlled load application system designed
and built in our laboratory (2). The knee was preconditioned by
applying a SO-N, stcp-wise load to 200 N in both the anterior and
posterior directions to the tibia for six cycles at 0, 30, 60, 90; and
120" of flexion. Zero degrees of knee extension was defined as the
position of the knee with an extension moment o f 2.5 Nm (16).
The neutral anterior-posterior position of the tibia relative t o the
femur was the relative position that the bones o f the intact knee
assumed when aligned in the load application system with use of
thc functional axes approach (2). The anterior tibial displacement
of the intact knee was measured from the neutral position at 30"
of flcxion by applying three cycles of antcrior load of 200 N
[1,4,18). TIhc anterior tibial displacement of the intact knce measured during the third cycle was used to match the anterior tibial
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PIG. 1. Schematic diagram showing the anterior cruciate ligament (ACL) pi-aft as it traversed lrom the femoral attachment through the
tunnel positioner in the tibial tunnel and connectcd to the tension load cell. Each tunnel positioner was tapered lo match the slope of
the tibial plateau that had been created from drilling the oversized tunnel. Tunnel poaitioners were intcrchangeable arid could be affixed
within the tibial tunnel. A secure interface with the load cell was accomplished with use of a liquid nitrogen cooled freeze clamp. The
turnhucklc enabled pretensioning of the graft. A miniature pressure transducer measured thc contact pressure between the gral't and the
intercondylar roof. A pneumatic actuator with freeie clamp cnablcd quadriceps loading to 1.500 N.
displacement ot the knee after it was reconstructed The neutral
position of the intact knee a t 10" of flevion s e i ~ c das a conlmon
ietereiice for measuring the anterior displacement ot the tibia lot
both the intact knee nnd the reconctiuctcd knee
Following the procedures de\ciihed iii p e a t c r detail b) Gas\
e t al ( 5 ) . the anterior cruciate ligament reconstruction ma\ perrormed After thc joint was exposed and the anterior irucinte Iig
aincnt was excised. the tihial tunnel ulis placed uith iisc of a guide
(Impingement-Free Tibia1 Guide, Arthrotek \l.aisa\c LN. L S A )
that custorni7ed both the position of the libinl tunnel tor variahilith
111 knee extension and the slope of the intcrcond5lar root (1 1,13)
A n offset drill guide wd\ used to create an obal orersr7ed tlhial
tunnel thdt mri\ l2-mm wide and 23 mni deep i n the anteiiorposterior dimension Two tunnel positionei; made ot polr tetra
fluoroethylene (Teflon F I DuPont. Wilminpton. DE U S A 1 to
minimife Iriction, wcre built to f i t into thc o\eiei7ed tihial tunnel
One positloner cciitcied the gratt i n the custoini7ed location nhile
thc other centered the gratt in the anterior location ( 5 ) Miilh the
aid of a tcmoral drill guide (Endoccopic 'Six Specific Femoial
Aiiiier, Arthiotck), the location of the tcnioral tunnel was deter
mined (5) and the tunnel mas diilled L O mni deep t u the wine
diameter (Y mm) as the retlon bushing Tne femoial tunnel was
completed bt drilling from the anterolatcral feniui with use of a
larger diameter (I2-mm) drill until it met the m a l l e i tunuel Vade
from the Achilles tendon harvected tioin each specimen. t h e 9
nim-diameter graft was iiiser ted into one of the tunuel positioners
selected at random diid the calcaiieal bone plug was pres? f i t and
cemented inside the femoral tunnel 1% ith use oFpol\ methylmeth~iirvlate (G C America, Chicago IL I S A )
Contact betueen the intercondylar roof and grnft and chaugcc
in preswre were measured with n miniature preicuic transducei
(Prcciwm Mca\uienient Ann Arbor M T ti 5 4 ) Placed i n a tunnel l o i ~ i t ~atd the apex ot the notch at the junction of the intcrcondqlai ioof and articular cartilage (53, the tip ot the transdncei
was adjusted until i t \$as flush to the intcicondyldi roof
I he reconstructed knee wac reinstalled in the load application
svstcm. nnd the graft wns attached to <I load cell ( A L Design
Buffalo, NY. U S A ) with use of a freeze clamp attached to a
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turnbuchle (Fig 1) The anterior tibial dicplacetnent of the recon5tructed knee n t 70' of flexion undci SO0 N ot anterior load ma\
matched t o the noimal knee b\ adlusting the pretension in the
graft with u w ot the turnbuckle The giaft wac preconditioned by
pawbelb LvcIing the knee l(1 time? fiom hvperextension (flexion
angle with a 10-Nm cxtensinn moment) to 120" of tiexion and then
applving a i,OOO N quadricepc. load o w i the m n e rdnge { i f Flexion
angle\ The pretension in the grdfl was ieadlucted \o that the
anterior tihial displacemenl o f the reconstructed knee matched
that of the normal knee
The angle at which the grali contacted the interiondtlnr roof,
the anterior po4erior povtion of the tihid the pressure betaeen
thc tiaft and ionf, and the tension in the gratt were mea5ured at
randomlk selected flexion anKles CIclm 120 of llcxion to h\perextension durine pasqixe extension arid 1,500 N of quadriceps load
The tibial tunnel positionei \$a\ changed. and the entire tatin::
protocol was repeated The <interior tibia1 di\pldiemenl of the
knee w d \ remeasured dt the complelion of edch o l two testine
sequewer
\i roofplast\ mas performed to determine if the etfectc of roof
impingement c a w e d bt a I 500 N quadriceps load could h e elim
inated Ten niillimetei5 of bone mas iernoied tioin the apex ot the
intercondvlai notch [he p d t t was positioned with use of the a n t e
1101 tunnel pmitionei uhich w a s choceii instead of thc custoinizcd
position because ioof impingernent uas more seveie for the ante
iior tunnel The tmting protocol includine the adlustmciit of pietenvion to match the anterior tibia1 displaienient, was repeatcd

Statistical Analysis
A twmfrtctoi rcpedted measures analksis of I nrinnce (ANOVA)
i f qundriccps l o a d c a u w d the grdft l o contact the intercondslar ioof earlier in the flexion arc The Iuo lxtor; wctc qundnccp\ load a t two Icbels. 1.500 and 0 N (I e .pn\si\e),
and tihial tunnel piaccnicnt at two levels. customi7ed dnd dnterior
I h c flexion angle at which the pressure incredwd from 0 kPa rids
detincd as the nngle at which the graft first contdited the inter
condylai roof
lhi ee thrcc-factor icpcatcd measures ANOVAs were used to
miis used to dctciminc
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PIG. 2. Tibia1 translations for six specimens with use of the customized tibia1 tunnel with either passive extension or active quadriceps
load of 1;500N. Positive values indicate antcrior tibial translation, and negative values iiidicate posterior tibial translation. The quadriceps
load significantly increased the anterior tibial displacement ( p < 0.001).

RESULTS

determine if quadriceps load increased the pressuic betwccn thc
graft and roof, the graft tension. and the anterior position of the
tibia l’he thrce factors wcrc quadriceps load, tibial tunnel placement, and flcxioii angle with sevcn levels 8.6 4,2,0, -2. dnd -4’
Impingement occurred in a diffcrent motion drc for edch knee To
permit compcirivm\ between specimens, the dndlysis was limited
to the motioii aic whcre impingcmcnt occurred for all specimen\
X of flexion t o 1”of hvpcrextenTion (Fig 2)
A on? factor repeated iiieasures AhOVA was used to detcrniinc if a 10 mm i ootpla eliminated loof impineement during a
1,500 N qnadriceps load ~ i t the
h graft in the anterior tibial tun
nel The tunnel factnr had t w o levels no roofplastj and a 10 mm
rootplastj Three two-factor repeated meawres ANOVAs were
used to determine I t a roofplasty and the angle of knee flexion
affected the pressure between the graft and roof, the graft tension,
and the anterior position ot the tibia

Under the application of the 1,500-N quadriceps
force. the anterior tibial translation increased throughout the motion arc (Fig. 2). In the motion arc in which
impingement occurred, t h e anterior tibial translation
increased significantly when the 1,500-N quadriceps
load was applicd (p .c 0.001). With the graft in the
antcrior tibial tunnel. the tibia translated anteriorly
9.6 t 0.6 mm at 8” of flexion (range: 8.3-12.0 mm) and
5.5 ? 0.5 mm with the knee in 4” of hyperextension
(range: 3.8-7.2 mm). The tibia translated anteriorly
10.5 2 0.7 mm with the graft in the customized tibial
tunnel at 8” of flexion (range: 8.7-13.1 mm) and 6.0 %
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FIG. 3. Tension in six anterior cruciate ligament grafts with use of the customized tibial tunnel with passive extension and active quadriceps
load of 1 .SO0 N. The quadriceps load significantly increased the tension in the graft (p < 0.001).
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0.7 mm with the knee in 4" of hyperextension (range:
3.8-8.3 mm).
Because of the increased anterior tibial translation
precipitated by the active quadriceps force, the flexion
angle at which roof impingement occurred increased
significantly as well (p = 0.00s). With the graft in the
anterior tibial tunnel, the onset of impingement occurred at 16 L 3.5" of flexion (range: 7-28") during the
quadriceps load instead of at 3 5 3" during passive
extension (range: -6-12"). With the graft in the customized tibial tunnel, the onset of impingement occurred at 8 ? 4" of flexion (range: -6-22")during the
quadriceps load instead of at -4 2 1" of hyperextension (range: -6- 0") during passive extension. The
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range of motion at which the graft contacted the intercondylar roof during the quadriccps load was 20" for
the anterior tunnel and 12" for the customized tunnel
when a roofplasty was not performed.
The contact pressure bctwecn the anterior cruciate
ligament graft and the intercondylar roof increased
significantly under the application of the 1,500-N
quadriceps load (p < 0.001). The maximum pressure
occurred with the knee in hyperextension. With the
graft in the anterior tunnel, the pressure increased on
average from 433 kPa at 0 N to 1,647 kPa (3.8 times)
when the quadriceps load was applied with the knee
in hyperextension. At this same flexion angle, the pressure increased on average from 90 kPa at 0 N to 1,056
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FIG. 5. Mean tension (51SE) in the anterior cruciate ligament graft with use of the antcrior tibial tunnel, herore a d aller a 10-mm roofplasty, during quadriceps load (n = 6) A l0-mm roofplasty had n o slgn~f~cant
effect on the tension In the graft during active kncc cxtension
(p = 0 388)
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kPa (11.7 times) with the graft in the customized tunnel when the quadriceps load was applied.
Concomitant with the increase in contact pressure,
the tension in the anterior crucjate ligament graft increased significantly for the 1,500-N quadriceps load
(p < 0.001). With the graft in the anterior tibial tunnel, the quadriceps load caused the graft tension to
increase 235 I
37 N when the knee was in 8" of flexion
(range: 107-336 N ) and 152 f- 25 N when it was in 4"
of hyperextension (range: 58-208 N) (Fig. 3). With the
graft in the customized tibial tunnel, the quadriceps
load caused the graft tension to increase 250 ? 32 N
when the knee was in 8" of flexion (rangc: 168-350 N)
and to increase 160 -+ 23 N when it was in 4" of hyperextension (range: 81-222 N).
With the graft in the anterior tunnel and the 1,500-N
quadriceps load applied, the roofplasty allowed the
tibia to translate an average of 1.7 2 0.5 mm (range:
0.1-3.3 mm) more anteriorly with the knee in 4" of
hyperextension (p = 0.021) (Fig. 4). A5 a result. the
roofplasty significantly decreased the angle at which
the graft contacted the intercondylar roof from 16 %
3.5" of flexion (range: 7-28") t o - 1 i 2" of hyperextension (range: 7--6" ) (p < 0.005). Although the
roofplasty did not completely eliminate the prcssure
between the graft and roof. it did decrease the pressure on average from 1,703 to 473 kPa (3.6 times) at
4" of hyperextension (p < 0.005). The roofplasty did
not change the tension in the graft (p = 0.388) (Fig. 5).

DISCUSSION
Because of the complications of roof impingement and because current surgical procedures avoid
impingement for passive but not for active knee cxtension, the objective oi this research was to quantitatively study the effect of quadriceps force on
impingement. For this study, experiments were performed on cadaveric knees. Inherent lo the experiments were several methodological issues that should
be critically examined before the findings are interpreted. Because this examination has been made previously for the graft pretension, the measured graft
tension, and the measured contact pressure ( 5 ) ,only a
summary will be given here. The method of pretensioning was appropriate for this sludy because it was
based on restoring the anterior tibial displacement of
the reconstructed knee to that of the knee with the
normal anterior cruciate ligament. Also, although the
measured tension in the graft may not have been intraarticular (because of friction in the tibial tunnel) or
the same as the tension that occurs m vivo (because
the gralt was not constructed from commonly used
tendons), the interpretation of results is not affected
because the analyses were based on the differences in
tension and not on the absolute tension. Similar reasoning holds for the pressure measurement.
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One issue unique to this study concerned the small
increase in anterior tibial displacement of 0.7 t 0.2
mm following quadriceps loading. This increase indicated that either the joint had not been sufficiently
preconditioned or that the graft had slipped at its
points of fixation. Slippage of the graft inside the
freeze clamp was unlikely. A pilot study demonstrated
that the freez-e-clamp connection did not slip with
graft loads as high as 450 N. Slippage may havc OCcurred within the femoral tunnel where bone cement
was used to fix the bone plug to the osteopenic femur.
Regardless of the source of the increased anterior
tibial displacement, the associated variability was randomly distributed by performing the quadriceps loading tests at randomly selected flexion angles.
Inasmuch as the methodology was appropriate for
the goals of this study, the results can be discussed
meaningfully. The key results were that active translation o f the tibia caused by a 1.500-N quadriceps load
precipitated and aggravated impingement of the graft
bv allowin$ the graft to contact the roof earlier in the
flexion arc, increasing the contact pressure and increasing the tension in the graft relative to the corresponding changes for passive motion. Furthermore.
although a 10-mm roofplasty did not reduce graft tension, it reduced, but did not eliminate, the range of
contact and the contact pressure with the graft in the
anterior tibial tunnel. Finally, placing the graft in a
customized tibial tunnel without performing a roofplasty still resulted in contact between the graft and
roof and increases in pressure.
The increase in the graft tension was caused by the
quadriceps load and not by roof impingement. The
quadriceps load translated the tibia anteriorly, which
strained the anterior cruciate ligament graft (23). The
roofplasty did not decrease the tension in the graft.
because the tibia translated nearly 2 mm more anteriorly after the roofplasty (Fig. 4). This increase in tibial
translation allowed the tension in the graft to remain
equal at the same flexion angle whether or not the
graft was impinged on by the intercondylar roof.
Because roof impingement did not cause an increase
in the tension of the graft, the tension in the graft
cannot be affected by changing the position of the
tibial lunnel or by performing a roofplasty. Tension
increases in the graft can be controlled only by limiting the magnitude of the quadriceps load and applying
the lowest possible pretension to the graft that still
restores normal laxity at a specified flexion angle.
Arthroscopic evaluation of grafts subjected to roof
impingement indicates that abrasion is the principle
mechanism of graft injury (25). Abrasion occurs when
pressure develops between the graft and intercondylar roof and the tibia translates. Our study supports
abrasion as a mechanism for graft injury. As the knee
was extended under the action of the active quadriJ Orthop RPS, Kd. 16, NO, 5, 1998

616

B. C. GOSS E T A L .

CePs force, the graft contacted the intercondylar roof
well before the knee was fully extended, the contact
pressure increased. and the tibia translated.
Damage to an anterior cruciate ligament graft from
roof impingement is more likely to occur during knee
extension exercises than during passive motion. For
the customized tibial tunnel, impingement does not
occur during passive motion until the knee is hypcrextended ( 5 ) .However, studies have shown that quadriceps loads of 1.500 N occur during active knee
extension exercises (6,21,22). Co-contraction of the
hamstring muscles, which can reduce anterior tibial
translation with the knee in flexion, does not limit
anterior translation from 22" of flexion to hyperextension (19) at which roof impingement during
quadriceps loading occurs. Avoiding knee extension
exercises from hyperextension to 28" of flexion can
eliminate active impingement, but this will compromise rapid rehabilitation of the reconstructed knee.
Proper placement of the tibial tunnel and a roofplasty have the potential to eliminate active roof impingement while allowing knee extension exercises.
Although a 10-mm roofplasty was effective at reducing the effects of roof impingement when the graft was
routed through an antcrior tibial tunnel. the effects
were not eliminated. Also, a customized tibial tunnel
without a roofplasty did not prevent active impingement. Therefore. a roofplasty is required even for the
more posterior, customized tibial tunnel. However, the
amount of bone removed from the intercondylar roof
will have to be individualized for each patient. Variability in notch geometry, graft dimensions, stiffness of
the graft and its fixation, tunnel placement, knee hyperextension, and joint laxity between patients precludes a standard-sized roofplasty for all knee<.
To customize the amount of bone removed from the
intercondylar roof, a technique that has been shown
to be effective is to remove bone from the intercondylar roof in excess of that required to freely pass a rod,
the same diameter of the graft, through the tibial tunnel and into the intercondylar notch with the knee in
full passive extension (12,14). With use of this technique, conlact between the graft and root can be
shifted into the range of hyperextension. olfering the
possibility of avoiding impingement during active extension exercises. Although this technique will consistently retard the onset ol impingement. it has not yet
been demonstrated to avoid impingement.
The requirement that a roofplasty prevent active
impingement of a graft, when not necessary for preventing abrasion of the normal anterior cruciate ligament, may be explained by the difference in shape
between the distal half of the normal anterior cruciate
ligament and a graft. The normal anterior cruciate
ligament has a broad anterior flare that contours to
the distal outlet of the intercondylar notch, increasing

the contact area and lowering the pressure betweell
the graft and roof. The anterior fibers of the normal
anterior cruciate ligament also relax with knee extension. which lowers the tension in the graft. This
anterior flare of the normal ligament cannot be replicated by either a cylindrical or a rectangular graft.
Contact between the graft and intercondylar roof
inay occur over a snialler surface area, increasing
pressure, and either nonisonietric graft placement or
excessive pretensioning may allow the tension in the
anterior fibers in the graft lo remain high with the
knee fully extended; this provides ideal conditions for
graft abrasion.
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