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Relationship between quadriceps femoris muscle volume and
muscle torque at least 18 months after anterior cruciate
ligament reconstruction
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The purpose of this study was to evaluate motor unit
recruitment in the quadriceps femoris (QF) after anterior
cruciate ligament (ACL) rupture and repair. Subjects
included 24 patients at ! 18 months after ACL reconstruc-
tion and 22 control subjects with no history of knee injury. A
series of cross-sectional magnetic resonance images were
obtained to compare the QF of patients’ injured side with
that of their uninjured sides and that of uninjured control
subjects.Muscle torque per muscle volume was calculated as
isokinetic peak torque divided by QF muscle volume (cm3).
The mean muscle torque per unit volume of the injured side

of patients was not significantly different from that of the
uninjured side or control subjects (one-way ANOVA) Re-
sults of the present study were contrary to the results of a
previous study that evaluated patients at " 12 months after
ACL reconstruction. The present study found that high-
threshold motor unit recruitment was restored at ! 18
months after ACL reconstruction. Thus, clinicians must
develop techniques that increase the recruitment of high-
thresholdmotor units in theQF from the period immediately
after the injury until approximately 18 months after ACL
reconstruction.

Patients with anterior cruciate ligament (ACL) injury
often experience substantial weakness of the quad-
riceps femoris (QF) (Lorentzon et al., 1989; Young,
1993; Snyder-Mackler et al., 1994; Urbach et al.,
1999; Urbach & Awiszus, 2002; Rice & McNair,
2009). Further, a unilateral ACL rupture can de-
crease the ability to voluntarily activate the QF on
both the injured and the uninjured sides (Urbach
et al., 1999; Urbach & Awiszus, 2002). Neurological
dysfunction is thought to be a major factor respon-
sible for bilateral QF weakness (Lorentzon et al.,
1989; Snyder-Mackler et al., 1994; Urbach et al.,
1999; Urbach & Awiszus, 2002). We previously
demonstrated a bilateral gamma loop dysfunction
in the QF of patients with ACL injury (Appelberg
et al., 1982; Konishi et al., 2007a; Konishi et al.,
2002a, b; Konishi et al., 2003a, b). Based on the
results of these studies, we hypothesized that bilateral
QF weakness from unilateral ACL injury is due to
decreased recruitment of motor units (Fig. 1).
A sufficient number of afferent impulses from the

ACL to gamma motor neurons are needed to recruit
high-threshold motor units (Bongiovanni et al., 1990;
Gandevia, 1998; Avela et al., 1999; Kouzaki et al.,

2000). However, previous studies demonstrating
gamma loop dysfunction in the QF after ACL injury
did not evaluate recruitment of motor units in these
patients (Konishi et al., 2002a, b; Konishi et al.,
2003a). To characterize the mechanism underlying
QF weakness caused by ACL injury, it is essential to
establish whether the loss of afferent feedback from
the ACL is responsible for reduced motor unit
recruitment. If the QF weakness is due to the reduced
high-threshold motor unit recruitment, the torque
per unit QF muscle volume in patients with ACL
injury would be altered, because the lower-maximum
voluntary contraction caused by muscle atrophy does
not reflect the torque per unit volume. We previously
evaluated muscle torque per unit volume of the QF in
the injured side of patients at " 12 months after
ACL reconstruction and ACL rupture with the
uninjured side of the same patients and subjects
with no history of knee injury (Konishi et al.,
2007b; Konishi et al., 2011). In that study, the muscle
torque per unit volume of both the injured and the
uninjured sides were significantly lower than that
of the control group. Because these results were
consistent with a hypothesis proposed previously
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