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Biomechanical Analysis of the

Chiari Pelvic Osteotomy
Preserving Hip Abductor Strength

ScotT L. DELP, M.S.,* EUGENE E. BLECK, M.D.,** FELIX E. ZAJAC, PH.D.*
AND GERARD BOLLINI, M.D.¥

Although the Chiari osteotomy is usually effective
in reducing pain, many patients are left with a
long-term limp. The postoperative limp can at
times be caused by hip abductors that have
strength insufficient to counteract the torque from
body weight during single-leg stance. To study
how the surgical technique affects the hip abduc-
tor muscles, a biomechanical model was developed
that computes the postsurgery pelvic geometry
and the resulting hip abductor torque given three
surgical parameters: angulation of the osteotomy,
distance of medial displacement, and angle of in-
ternal rotation. The computer simulations of the
Chiari osteotomy showed that some sets of surgi-
cal parameters conserve abductor torque while
others greatly reduce it. Simulated surgeries with
high angulation and large medial displacement re-
duce gluteus medius abductor torque by up to 65%.
Therefore, this combination of surgical parame-
ters may account for some instances of the postop-
erative limp. In the model, high angulation re-
duces the length of the gluteus medius and is the
primary cause of reduced abductor strength. Sim-
ulated horizontal osteotomies (0° to 10°) were
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found to best conserve both muscle length and ab-
ductor torque.

Treating subluxation of the hip, whether
from congenital disorders, neuromuscular
problems, or acquired disease, remains a
challenge. Subluxation of the hip with sec-
ondary acetabular dysplasia is particularly
difficult to manage when it becomes irreduc-
ible. To solve this problem, Chiari® devised a
medial displacement osteotomy of the pelvis.
Initially, this procedure was recommended
for all dysplastic hips. However, Chiari'®
later stated that the medial displacement os-
teotomy is indicated only in children older
than four years when Salter®* and Pember-
ton* procedures are contraindicated. Since
its introduction, the Chiari osteotomy has
become widely used to treat pain and insta-
bility of the hip in both children and
adulls."z'?" 1,13.14,18-21,26,35.36

In Chiari’s procedure, the osteotomy starts
from the lateral surface of the ilium at the
level of the superior margin of the acetabu-
lum and is directed medially and superiorly.
Once the osteotomy is complete, the distal
fragment is displaced medially to create a
bony ceiling above the femoral head. In-
creased femoral head coverage improves hip
stability. Medial displacement of the hip also
reduces the body-weight moment arm (the
perpendicular distance between the body-
weight force vector and the hip joint center),
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thereby decreasing the abductor torque re-
quired to counteract gravity.*®

Even though the Chiari osteotomy puta-
tively reduces the gravitational torque that
must be counteracted by the hip abductors,
many patients develop a Trendelenburg gait
after surgery.!?7* The Trendelenburg gait
occurs when the hip abductors are unable to
support the torque from body weight; conse-
quently, the pelvis drops to the contralateral
side during single-leg stance.??3* Patients
with weak abductors also frequently lurch
over the involved hip to compensate for the
weak muscles.>*** The limp from abductor
weakness must be differentiated from an an-
talgic gait that is similarly characterized by
the patient leaning over the involved hip, in
this case, however, to reduce the compressive
joint load.” Although some have reported
very few cases with the postoperative limp
from abductor weakness,'"?*?® others have
reported many.">"3 For example, Schulze
and Kramer® reported that the Chiari oste-
otomy gave unsatisfactory results in 39 of 82
patients, primarily because of decreased ab-
ductor muscle strength. In a long-term fol-
low-up study, Calvert et al.” reported a posi-
tive Trendelenburg sign in 76% and a severe
limp in 56% of 49 cases after surgery. Bailey
and Hall' reported that 14 of 18 patients ex-
hibited a Trendelenburg gait after a Chiari
osteotomy was performed for acetabular
dysplasia. It is puzzling that a procedure that
presumably reduces the abductor torque re-
quired for pelvic stability often leads to a
Trendelenburg gait.

The authors hypothesize that surgical
modification of the musculoskeletal geome-
try may substantially reduce hip abductor
strength and thus cause the limp. Because the
distal fragment, with the hip joint and mus-
cle insertions, moves relative to the proximal
fragment, muscle lengths and moment arms
are changed by the surgery. These mechani-
cal changes may hinder the muscles’ capacity
to generate sufficient force and torque to
support the pelvis during walking.

A biomechanical model of the Chian oste-

otomy was developed to study how the sur-
gical parameters affect hip abduction torque.
The objective was to determine whether cer-
tain combinations of the surgical parameters
significantly reduce abductor torque and to
find a surgical technique that conserves ab-
ductor torque. This article first describes
mathematical models of both the surgical
procedure and the hip musculature. The re-
sults of two simulated surgeries are then
shown to illustrate how the surgical parame-
ters combine to affect abductor torque. Fam-
ilies of curves are presented to show the
change in hip abductor torque for each sur-
gical parameter. Finally, the clinical signifi-
cance of these findings is discussed.

MATERIALS AND METHODS

To study how the Chiari osteotomy affects hip
abductor torque, a computer model was devel-
oped to simulate the mechanical effects of the
surgical procedure. The model is composed of two
parts: (1) a surgical model that computes the loca-
tions of the muscle insertions and the hip joint
center given values for the surgical parameters
and (2) a musculoskeletal model that calculates
the hip abductor torque given coordinates for the
muscle attachments and the joint center, and
values for the musculotendon parameters.

SURGICAL MODEL

A preliminary anatomic study was performed
to ascertain how the changes in muscle attach-
ment locations resulting from a Chian osteotomy
could be characterized. On each of three fresh an-
atomic specimens, the most anterior and posterior
points of the gluteus medius origin were first
marked with metal pins. The line connecting
these two points was bisected, and marked with a
pin, to locate a third point representing the medial
origin. The distance from origin to insertion
(musculotendon length) was then measured as the
distance from each of the three metal pins to the
insertion on the greater trochanter. A Chiari oste-
otomy was performed on each anatomic speci-
men with various angulation and displacement.
The musculotendon lengths were again measured
on each anatomic specimen. Measured changes in
musculotendon length showed that it was nearly
impossible to perform the osteotomy with no rela-
tive rotation of the two bone fragments. An inter-
nal rotation angle (representing the relative rota-
tion) was therefore included in the surgical model
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in addition to the angulation and the displace-
ment.

As a result of the anatomic study and the au-
thors’ clinical experience, the Chiari osteotomy
was characterized by three geometric parameters:
angulation of the osteotomy, distance of medial
displacement, and angle of internal rotation (Fig.
1). Angulation and displacement were defined by
their projection in the frontal plane. Relative ro-
tation of the two bone fragments was computed
about a vertical axis passing through the sacroiliac
joint. Even though the proximal fragment of the
innominate bone may rotate about the sacroiliac
joint, it was assumed to remain fixed while the
distal fragment translates and rotates as a rigid
body. The abductor muscle origins are therefore
unchanged in the surgical model, but the joint
center and muscle insertions do change and were
computed with three-dimensional geometric
transformations. The surgical model thus calcu-
lates the postsurgery hip joint center and muscle

Fi1G. 1. Surgical parameters. The Chiari osteot-
omy was characterized by the angulation of the
osteotomy (ang), distance of medial displacement
(dis), and the internal rotation angle (rot).

insertions given values for the surgical parame-
ters.

MUSCULOSKELETAL MODEL

The musculoskeletal model describes not only
the geometric relationships of the muscles and
bones (the musculoskeletal geometry) but also the
musculotendon parameters, so that the maximum
isometric hip abductor torque can be computed at
any hip abduction angle, The musculoskeletal
model thus consists of coordinates for muscle at-
tachments and a model for each musculotendon
compartment.

Presurgery coordinates for the three primary
hip abductors were taken from data reported by
Brand et al.* Two of the hip abductors, the gluteus
minimus and the tensor fasciae latae, were mod-
eled as single lines from origin to insertion. The
third, the gluteus medius, however, was decom-
posed into anterior, medial, and posterior muscu-
lotendon compartments (Fig. 2). From purely
musculoskeletal geometric data, muscle moment
arm and musculotendon length (origin to inser-
tion length) can be computed. However, to find
abductor torque (the product of muscle force and
moment arm), muscle force must also be calcu-
lated.

To compute maximum isometric muscle force
as a function of musculotendon length, a model
was formulated for each of the five musculoten-
don compartments (one for the gluteus minimus,
one for the tensor fasciae latae, and three for the
gluteus medius). Each musculotendon model,
which accounts for the static properties of both
muscle'® and tendon® of that compartment, was
formed from a generic model.’* When the generic
model is scaled by a muscle’s physiologic cross-
sectional area, optimal muscle fiber length, and
tendon slack length, the force-length relation of a
specific musculotendon compartment can be
computed.’® Nominal values for physiologic
cross-sectional area were taken from Brand et al.®
Although data for muscle fiber lengths have been
published for many muscles in the lower extrem-
ity,”” none has been published for the hip abduc-
tors. However, J. A. Friederich and R. A. Brand
have measured muscle fiber lengths for the hip
abductors; their unpublished data were used in
this study. When muscle attachments are speci-
fied, as above, tendon slack length (tendon’s
length at which force begins to develop on elonga-
tion of a musculotendon unit) determines the
joint angles where a musculotendon compart-
ment develops torque.*® Tendon slack length was
specified so that the abductor torque computed
with the musculoskeletal model matched the
torque measured during maximum voluntary
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F1G. 2. Musculoskeletal coordinates for the glu-
teus medius. O, Onm, and Op represent anterior,
medial, and posterior muscle origins, respectively.
I represents the muscle insertion. H is the hip joint
center. The musculotendon length (solid line) and
muscle moment arm (dashed line) can be com-
puted from these coordinates.

contraction of the hip abductors under isometric
conditions®' (Fig. 3). Passive muscle force was not
included; hence, the musculotendon model com-
putes maximum active muscle force (the force de-
veloped by a fully excited muscle after the passive
force is subtracted) at any musculotendon length.

Once muscle attachment sites and musculoten-
don parameters were specified, maximum isomet-
ric hip abductor torque was computed as follows.
First, at each joint angle, the length of each mus-
culotendon compartment was calculated as the
magnitude of the vector from its origin to its in-
sertion. The musculotendon model was then used
to find the muscle force at the computed length.
Abductor torque for each muscle compartment

was computed as the moment of muscle force
about the hip joint center. Individual muscle
torques from the gluteus medius (three compo-
nents), the gluteus minimus, and the tensor fas-
ciae latae were summed to find the total abduc-
tion torque.

SIMULATIONS OF SURGERY

The surgical and musculoskeletal models were
combined to simulate the effect of a Chiari osteot-
omy on abductor torque. To initiate a surgery
simulation, a value for each surgical parameter
was specified. The surgical model then computed
the postsurgery muscle insertions and the joint
center. These intermediate results were subse-
quently used in the musculoskeletal model to

Hip Moment Arm (cm)

Hip Abductor Torque (N-m)

S
4
FiG. 3. Comparison of computed and experi-
mental hip abductor torques. Computed torques
of the tensor fasciae latae (dotted line), the gluteus
minimus (dashed line), and the three compart-
ments of the gluteus medius (thin solid line) were
summed to produce the total computed torque
(thick solid line), which compares well with ab-
ductor torque measurements®' (large dots). The
average gluteus medius moment arm is the gray
line. The vertical shaded area represents the range
of hip abduction used in walking (—5° to +7°).

10 0 10 20 30
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compute postsurgery gluteus medius abductor
torque for joint angles ranging from —15° to 45°
abduction. Both presurgery and postsurgery
torques were then plotted against joint angle.

RESULTS

Figure 3 compares the computed presur-
gery hip abductor torque to torque measured
during maximum voluntary isometric con-
traction of the hip abductor muscles.’' No-
tice the close correspondence between com-
puted and measured hip abductor torque
(compare the thick solid line and the large
dots). The peak torque and the shape of the
curve (decreasing torque with abduction)
generated by the model also correspond with
other measurements of hip abductor
strength.z""”

Torque decreases as the hip abducts be-
cause the muscles develop less force as their
fibers shorten with abduction. The model
shows that the gluteus medius moment arm
does not decrease with abduction (gray line,
Fig. 3). Moment arms of similar magnitude
have also been measured roentgenographi-
cally.?' Since abductor torque is the product
of muscle force and moment arm, and since
moment arm does not decrease, the decrease
in abductor torque with increasing abduc-
tion must result from decreased muscle
force. It is also clear that abducting the hip
brings the muscle origins and insertions
closer together, thus shortening the muscle.
As the muscle gets shorter with abduction,
there is a decrease in muscle force. It can be
concluded, therefore, that the hip abductors
normally operate on the ascending region of
their force-length curve.

Figure 3 also shows that the gluteus
medius (thin solid line) contributes about
70% and the gluteus minimus (dashed line)
contributes about 20% to the total hip ab-
ductor torque (thick solid line) near ana-
tomic position (shaded region). Since these
two muscles provide such a large proportion
of the total torque, it is necessary that each
muscle operates on the ascending region of
its force-length curve (i.e., force decreases as

the muscle shortens) in order to match ex-
perimental data.?”*%3! The gluteus medius
and minimus have similar paths from the
lateral surface of the ilium to the greater tro-
chanter and were therefore affected similarly
in the simulations of surgery. Because the
gluteus medius is more than twice as strong
as the gluteus minimus,*'? and since the hip
operates between —5° and 7° of abduction
during gait,?* the surgical simulation results
focus on torque produced by the gluteus
medius in that region.

Surgical simulation showed that some sets
of surgical parameters conserve the gluteus
medius abductor torque while others reduce
it significantly. For example, with —5° angu-
lation, 10° external rotation, and 15 mm me-
dial displacement (Technique 1), postsurgery
abductor torque is reduced by only 10% at
anatomic position (Fig. 4A). In contrast, 30°
angulation, 10° internal rotation, and 30
mm medial displacement (Technique 2) re-
duce postsurgery abductor torque by 65% at
anatomic position (Fig. 4B).

Table 1 shows moment arm, muscle force,
musculotendon length, change in musculo-
tendon length, and abductor torque com-
puted in the two simulated surgeries. With
Technique 1, the average muscle moment
arm is the same as before surgery; the mus-
culotendon length is decreased by only | cm,
and consequently the muscle force, which
depends on muscle length,'® is reduced by
only 15%. Since both moment arm and
muscle force are altered very slightly, Tech-
nique 1 preserves abductor torque. Even
though Technique 2 increases the muscle
moment arm, there is a decrease in abductor
torque because of reduced muscle force. The
muscle is able to develop much less force
because the high angulation, combined with
the large medial displacement, brings the
gluteus medius insertion closer to the origin,
reducing the musculotendon length by 2.6
cm. Because the muscle fibers of the gluteus
medius are short (5-8 cm), the 2.6-cm
change represents a large decrease in length
(52%-32%). This large decrease in muscle
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FiIGs. 4A AND 4B. Results of two surgery simulations. Presurgery gluteus medius abductor torque
(upper curve) is compared with postsurgery gluteus medius torque (lower curve). The darkly shaded area
highlights the difference between presurgery and postsurgery curves in the range of hip abduction used in
walking (entire shaded area). (A) Technique 1, a nearly horizontal osteotomy, conserves abductor torque.

(B) Technique 2, with high angulation, reduces abductor torque significantly.

fiber length causes a 68% reduction in mus-
cle force in Technique 2.

Figures SA-5D show how each surgical
parameter affects the postsurgery abductor
torque. Postsurgery abductor torque de-
creases as the angulation of the osteotomy
increases (Fig. 5A), suggesting that angula-
tion should be kept near the horizontal to
preserve gluteus medius strength. The inter-
nal rotation angle has little effect on the
postsurgery abductor torque (Fig. 5B). The
effect of medial displacement depends on the

angulation. Figure 5C shows that increasing
displacement significantly reduces abductor
torque when angulation is above the hori-
zontal. With a flat osteotomy (Fig. 5D), in-
creasing the length of medial displacement
has a small effect on abductor torque. A
nearly horizontal osteotomy therefore allows
large displacement without a significant de-
crease in abductor torque.

Hip abductor torque may decrease from a
reduction in either muscle force or muscle
moment arm. Because muscle force is a

TABLE 1. Gluteus Medius Parameters at Anatomic Position
Change in
Moment Arm Muscle Force Musculotendon Musculotendon Abductor Torgue
Variable (cm)* (N) Length (cm)* Length (cm) (Nm**
Presurgery 4.5 1300 12.5 n/a 59
Technique 1
(Fig. 4A) 4.5 1100 11.5 -1.0 53
Technique 2
(Fig. 4B) 5.0 410 9.9 -2.6 21

* Average of the three gluteus medius components weighted by physiologic cross-sectional area.
** Abductor torque was computed as the sum of the individual torques from the three components of the gluteus
medius, which does not necessarily equal average muscle moment arm times muscle force.
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FiGs. 5A-5D. The effect of each surgical parameter on gluteus medius abductor torque. The shaded
area represents the range of hip abduction used in walking. (A) Effect of angulation. Torque decreases as
angulation increases, suggesting that the angulation should be kept as small as possible to preserve
abductor torque. (B) Effect of internal rotation angle. Postsurgery gluteus medius abductor torque is
higher with 20° internal rotation (dots) than with 20° of external rotation (dashes) because the maximum
moment arm occurs at 15° internal rotation. The presurgery curve is the solid line. (C) Effect of medial
displacement with large angulation. Abductor torque decreases as displacement increases when angula-
tion is above the horizontal. (D) Effect of medial displacement with a flat osteotomy. Abductor torque is
preserved, even with large displacement, when the osteotomy is horizontal.

function of its length,'® it is essential to con-
sider the effect of surgery on musculotendon
length. As the angle of the osteotomy is in-
creased cephalad, the gluteus medius length
is decreased. Also, when the angulation is
above the horizontal plane, increasing the

length of medial displacement further re-
duces musculotendon length. Surgical simu-
lations with both large angulation and dis-
placement greatly reduce muscle length,
leaving the muscle almost fully shortened at
anatomic position. A reduction in muscle
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length reduces muscle force, causing a large
decrease in abductor torque. Internal rota-
tion lengthens the posterior aspect of the glu-
teus medius and shortens the anterior aspect.
External rotation has the opposite effect. In
the model, the maximum frontal plane mo-
ment arm occurs at about 15° internal rota-
tion. The reduction in abductor torque due
to change in muscle moment arm was much
less significant than the reduction caused by
decreased muscle length.

DISCUSSION

The computer simulations of Chiari oste-
otomy mechanics show that certain sets of
surgical parameters (i.e., surgical techniques)
cause a dramatic reduction (e.g., 65%) in
gluteus medius abduction torque. Is this
enough to cause a limp? It has been esti-
mated that the abductors must generate a
force of approximately 1.5 times body weight
for normal walking.?® Under this assump-
tion, a person weighing 78 kg must generate
about 1200 N of abductor force to support
the pelvis during gait. In a study of abductor
muscle strength,*' 30 male subjects with an
average weight of 78 kg produced an average
abductor force of 2100 N at anatomic posi-
tion. In this case, a 45% decrease in abductor
strength would leave about 1200 N, the
amount required for normal walking. There-
fore, a decrease in force (torque) greater than
45% would presumably cause a limp. These
experimental results agree with the clinical
finding that near full strength of the hip ab-
ductors, unlike other muscle groups, is re-
quired for normal walking,*

Because the changes in abductor torque
due to moment arm effects are small com-
pared to those caused by reduced muscle
length, the limp from abductor weakness
after the Chiari osteotomy is more likely
caused by shortening the muscle than by re-
ducing its moment arm. Bailey and Hall'
suggested that shortening the gluteus medius
caused the Trendelenburg gait. However,
these authors explained the limp in terms of
reduced muscle moment arm instead of re-
duced muscle force, stating that the Chiari

osteotomy “brings the insertion of the glu-
teus medius closer to its origin and destroys
the fulcrum around which it functions, thus
the often persistent Trendelenburg gait.”!
The computer model, which isolated the ef-
fects of muscle length and muscle moment
arm, clearly showed that changing muscle
length is more important than muscle mo-
ment arm.

Gougeon et al.'® suggested performing the
Chiari osteotomy as vertically as possible
(i.e., with high angulation) to ease medial
displacement and improve femoral head
coverage. However, the computer simula-
tions indicate that high angulation shortens
the gluteus medius, causing a reduction in
abductor torque, thus increasing the risk of a
persistent limp. These results suggest that the
angulation should be kept less than 10°
above the horizontal to prevent excessive
shortening of the gluteus medius and to pre-
serve abductor strength. If a horizontal oste-
otomy is not possible, musculoskeletal ge-
ometry should still be adjusted to preserve
the length of the gluteus medius.

Maintaining the length of the hip abduc-
tors is also important in other operative pro-
cedures. For example, trochanteric osteot-
omy has been proposed as a method for in-
creasing the length of the hip abductor
muscles to preserve abductor torque in pa-
tients being treated with total hip arthro-
plasty.® While some have seen good results
with this technique,®!3-** others have re-
ported little or no evidence of improved ab-
ductor strength with increasing length.'”* A
recent study of 53 patients, however, showed
that the best torque values were achieved by
keeping the gluteus medius within 1 cm of its
original length.? This clinical finding is in
agreement with the model presented here, in
which the gluteus medius operates near opti-
mal length (producing maximum force) at
anatomic position. In this case, both dra-
matic lengthening or shortening would result
in decreased active muscle force at anatomic
position. In Chiari’s procedure, it is usually
possible to maintain gluteus medius length
without a trochanteric osteotomy.
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It is important to discuss the assumptions
and limitations of this type of study. First,
with regard to the musculoskeletal model, it
was assumed that the musculotendon pa-
rameters (physiologic cross-sectional area,
optimal muscle fiber length, and tendon
slack length) were not affected by the sur-
gery. Only the effect of musculoskeletal ge-
ometry on abductor torque was considered,
even though muscle atrophy or nerve dam-
age could certainly cause abductor weakness.
In fact, a wide variety of biologic and psycho-
logic factors that could lead to the Trendel-
enburg limp were neglected because they are
very difficult to model. For example, a post-
operative patient apprehensive of pain may
instinctively lean over the involved hip to
decrease the compressive joint load by re-
ducing the tension in the hip abductors. If
this pattern of walking should become habit-
ual, it could lead to disuse atrophy of the hip
abductors and a chronic Trendelenburg
limp. The causes of a limp after surgery are
multifarious, and it was not the authors’ in-
tention to account for all of them. Rather,
the objective was to determine whether there
could be a biomechanical basis for the de-
crease in abductor strength after the Chiari
osteotomy. For this purpose, analysis of a
computer model that isolates the effects of
each surgical parameter on abductor torque
and leaves muscle physiologic properties
constant, as performed here, seems to be a
reasonable approach.

Second, the contribution of the gluteus
maximus to abductor torque was not in-
cluded. Although the anterior fibers of the
gluteus maximus can contribute to abductor
torque, modeling showed that they only be-
come significant at high angles of abduction.
Near the anatomic position (i.e., near 0° of
abduction), the gluteus maximus contrib-
uted very little to abductor torque. Because
the hip operates near 0° abduction during
walking,?* this study focused on the gluteus
medius since it provides such a large propor-
tion of the total abduction torque in that re-
gion. Considering the gluteus medius alone is
further justified by its similarity to the glu-

teus minimus since they were affected simi-
larly in the surgery simulations and, together,
contribute more than 80% of the total ab-
ductor torque near anatomic position.

Finally, the Chiari osteotomy was mod-
eled with only three geometric parameters.
Although the geometry of an osteotomy is
certainly more complex (e.g., there may be
rotation about an anteroposterior axis),
many clinically reasonable configurations of
pelvic geometry may be approximated with
these three parameters. The geometric
changes calculated with the surgical model
make intuitive sense (e.g., high angulation
combined with displacement shortens the
gluteus medius) and are in accord with both
the authors’ anatomic study and geometric
models of proximal femoral osteotomies.’

In summary, the conclusion that a nearly
horizontal osteotomy preserves abductor
torque 1s not sensitive to the details of the
model, but is based only on the following
general observations: (1) High angulation re-
duces the distance between origin and inser-
tion of the gluteus medius. A more horizon-
tal osteotomy preserves gluteus medius
length. (2) Decreasing the length of the glu-
teus medius reduces the force it can develop,
whereas maintaining its length preserves ab-
ductor muscle force and torque.
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