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a b s t r a c t

Background: Accelerometer-based computer-assisted navigation systems (ABCANSs) have been shown to
improve alignment accuracy in total knee arthroplasty (TKA) and are effective in treating complex extra-
articular deformity. We present an ABCANS-assisted TKA performed in a 68-year-old male with end-stage
arthritis of the right knee, in the settingof a severevalgusdeformity secondary tomultiplehereditaryexostoses.
Methods: The KneeAlign 2 system (OrthAlign, Inc.; Aliso Viejo, CA) was used to perform the TKA in this
clinical scenario, given its functionality, which allows angular correction to be tailored to a given deformity,
and its reported accuracy in performance of bony resection in TKA. The patient was prospectively followed
up for one year postoperatively. Radiographs, PROMs, and patient satisfaction were reported.
Results: After the ABCANS-assisted TKA, the patient's alignment was improved from 25� to 4� of valgus.
His final range of motion was 0-135� without an instability. In addition, the patient reported excellent
scores on multiple joint-specific outcome measures, including the Knee Injury and Osteoarthritis
Outcome Score for Joint Replacement, the Forgotten Joint Score, and the Oxford Knee Score.
Conclusion: This case report illustrates the rationale, technique, and the excellent clinical outcomes
achieved in a complex patient with extra-articular deformity using an ABCANS-assisted TKA.
© 2020 Published by Elsevier Inc. on behalf of The American Association of Hip and Knee Surgeons. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
Key points
� Multiple hereditary exostoses is a rare, highly variable

genetic disease that commonly presents with lesions of

the knee, often causing valgus deformity.

� Treatment has historically comprised of removal of ex-

ostoses, but, in the setting of arthritis, total knee arthro-

plasty (TKA) is also an excellent option. TKA should only

be undertaken with meticulous preoperative planning

and an experienced surgical team.

� The use of accelerometer-based computer-assisted navi-

gation systems has been shown to be effective in

increasing the accuracy of placementof tibial and femoral-

sided components in TKA to improve limb alignment.

� The use of accelerometer-based computer-assisted navi-
Introduction

Accelerometer-based computer-assisted navigation systems
(ABCANSs) have previously been shown to improve alignment ac-
curacy in total knee arthroplasty (TKA) [1-3] and are safe, effective
surgical tools in complex cases such as in patients with retained
hardware or extra-articular deformity [4-6]. When compared with
traditional extramedullary instrumentation for performance of
tibial resection, OrthAlign has been noted to be within 2� of neutral
coronal alignment in 95.7% of cases, whereas traditional instru-
mentation hits this target in only 68.2% of cases [7]. With respect to
the tibial slope, OrthAlign is able to remain within 2� of target
position in 95% of cases compared with 72.1% using traditional
instrumentation [7]. Distal femoral resection using OrthAlign has
gation systems should be a prominent consideration

when performing TKA for valgus knee deformity in mul-

tiple hereditary exostoses, especially given the narrow

window for accurate tibial and femoral resection to avoid

complications.
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also been shown to be accurate within 2� of 90� relative to the
femoral mechanical axis in 95.8% of cases [3]. The use of OrthAlign
in TKA for cases of multiple hereditary exostoses (MHE), however,
has not been described.

MHE, or hereditary multiple osteochondromas, describes a ge-
netic condition in which patients develop several benign osseo-
cartilaginous lesions, typically characterized as a bony stalk with a
cartilaginous cap, most often located near the metaphyseal regions
of long bones [8]. Although the true incidence of the disease is
unknown because of the number of subclinical cases, MHE has been
estimated to affect up to 1 in 50,000 individuals in Caucasian
populations [8-10]. MHE is inherited in autosomal dominant
fashion, typically with complete penetrance, and sequencing
analysis has implicated the EXT1 or EXT2 genes in 70%-95% of
affected individuals [11]. Mutations in these genes result in altered
regulation of chondrocyte differentiation and maturation, which
subsequently cause abnormal endochondral ossification in the
growing bone [8]. As such, MHE is associated with highly variable
presentations of skeletal abnormalities, including alterations of the
limbs, chest, and spine; limb-length discrepancy; spinal stenosis;
scoliosis; and short stature [12].

The knee is the most common site of lesions in MHE, and valgus
deformity is a well-known phenotypical manifestation [8]. Although
data remain sparse, a few recent case reports have examined the role
of TKA as a treatment option in instances of MHE affecting the knee.
Figure 1. Preoperative AP (a), lateral (b), and sunrise (c) radiographs of the right knee dem
sclerosis, and osteophyte formation. AP, anteroposterior; KL, Kellgren-Lawrence.
Although results have been acceptable, these cases continue to
present significant technical challenges to surgeons, and the
importance of preoperative templating has been highlighted [13-15].

Case history

Preoperative evaluation

A 68-year-old male with a known history of MHE and hyper-
tension presented for evaluation of worsening right knee pain for a
6-month duration. He noted a painful grinding sensation in his
right knee that restricted his walking distance to 2 blocks, and he
had difficulty going up and down stairs. His pain was not well
controlled despite daily use of naproxen, aspirin, and hydrocodone-
acetaminophen of 10-325 mg 4 times daily. The patient had pre-
viously undergone multiple surgeries of the right knee for excision
of exostoses, starting at the age of 2 years and most recently at the
age of 19 years.

On physical examination, inspection of the right lower ex-
tremity revealed multiple well-healed surgical scars on the medial
and lateral aspects of the knee, as well as a pronounced valgus
deformity. The patient was tender to palpation over the medial and
lateral joint lines and was found to havemild medial-sided opening
with valgus stress. Evaluation of the patellofemoral compartment
was remarkable for positive patellar grind and inhibition
onstrating KL grade 4 osteoarthritis with severe joint space narrowing, subchondral



Figure 2. Preoperative full-length standing radiographs demonstrating the 25-degree
valgus deformity of the right knee.
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examinations. The range of motion of the right knee was 10�-110�

with crepitus. Strength of the bilateral lower extremities was 5 of 5
in all muscle groups, as evaluated by the Oxford muscle grading
scale. The patient was able to ambulate without an assistive device
but with an antalgic gait of the right leg. There were no abnor-
malities noted on the remainder of the neurovascular assessment.
Provocative examinations of the right hip and ankle were devoid of
pain.

Radiographic evaluation using three views of the right knee
revealed chronic deformative changes of the distal femur and
proximal tibia and fibula, characteristic of MHE, and status after
multiple prior osteotomies. End-stage osteoarthritis most severe in
the lateral and patellofemoral compartments was also identified.
This was classified as Kellgren-Lawrence grade 4, with severe joint
space narrowing, peripheral osteophyte formation, and sub-
chondral sclerosis [16] (Fig. 1). Full-length views of the lower ex-
tremities were also obtained to better characterize the valgus
deformity, which was measured as 25 degrees (Fig. 2).

Surgical technique

The surgery was performed by the senior authors with use of a
tourniquet. An anterior midline incision and medial parapatellar
arthrotomy were used for exposure. Severe tricompartmental
osteoarthritic changes were noted on entrance of the joint space. A
limited medial release of the soft tissues from the proximal tibia
was performed at the joint line to the midcoronal plane, and the
anterior cruciate ligament (ACL), posterior cruciate ligament (PCL),
and meniscal remnants were excised.

Attentionwas then directed to the distal femur. The KneeAlign 2
distal femoral microblock was placed using a guide pin directed at
the center of the femoral head, secured with 2 additional headed
pins, and the hip center of rotationwas registered. Our preoperative
plan dictated the need to make our tibial cut in slight valgus
orientation to accommodate the tibial component, given the
severity of the valgus tibial bow. To counteract this, and in an effort
to generate an overall orthogonal alignment to the limb, we set our
distal femoral cut in 2� of varus alignment. We also set our distal
femoral resection in 3� of flexion to match the femoral component
selected. For most TKA procedures using this particular implant, it
is the senior author’s standard practice to resect 9 mm of the distal
femur. Given this patient’s flexion contracture, the distal resection
depth was increased to 11 mm.

The tibial jig for the KneeAlign 2 system was then pinned into
position, referencing the medial third of the tibial tubercle and the
ACL footprint. A significant rotational deformity of the tibia was
noted, in addition to the angular deformity, excessive native pos-
terior slope, and a large posterolateral defect. We registered the
offset of the tibial jig relative to the ACL footprint as well as the
medial and lateral malleoli of the ankle to establish the mechanical
axis of the tibia. We set our tibial resection in 3� of valgus relative to
the mechanical axis of the tibia to avoid over-resection of the
medial plateau, which could have otherwise compromised the
medial collateral ligament (MCL) insertion. In addition, based on
preoperative templating, we aimed to ensure a resection angle such
that the orthogonal trajectory of the tibial stemwould not perforate
the lateral tibial cortex. Subsequently, the posterior slope was set to
4� with a resection depth of 8 mm off the medial side, and the
resection was performed.

A complete lateral release of soft tissues from the lateral epi-
condyle of the femur and release of the popliteus tendon were
necessary to equalize the medial and lateral extension gaps.
Femoral rotation was then verified using the transepicondylar axis.
The femur was sized, and the femoral cuts were performed. The
flexion gap was checked with the knee in 90� of flexion and was
found to be well balanced relative to the extension gap.

The femoral box cut was performed, and the tibia was drilled
and punched in proper rotation. The patella was resurfaced using
measured resection. Trial components (PFC TC3 size 5, posterior-
stabilized femoral component with a 13-mm stem, size 4 MBT
tibial baseplate, 10-mm polyethylene insert, size 38 patellar button;



Figure 3. AP (a) and lateral (b) intraoperative fluoroscopic images of the right knee with the implants placed, demonstrating significant improvement in alignment compared with
the preoperative state.
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DePuy Synthes, Raynham, MA) were then placed. The range of
motion and stability were assessed: the knee achieved full exten-
sion and flexion to 120� with excellent patellar tracking, and the
construct was stable to varus and valgus stress in full extension and
at 30� and 90� of flexion. Intraoperative fluoroscopic images
demonstrated an overall mild valgus alignment, although the result
was a significant improvement when compared with the preoper-
ative state (Fig. 3). Owing to the abutment of the tip of the tibial
keel with the lateral cortex and the associated risk of cortical
perforation, the implantation of a longer stemmed tibial compo-
nent was precluded. However, given the overall improvement in
alignment, mechanical stability, and intact nature of the femoral
and tibial cortices, we accepted the construct and proceeded with
cementation and closure. Given the patient’s history of multiple
prior surgeries, 10 mL of absorbable calcium sulfate beads (STIM-
ULAN, Biocomposites Ltd, Keele, United Kingdom) impregnated
with 1 g of powdered vancomycin and 1.2 g of powdered tobra-
mycin were placed in the joint space before closure. The use of
absorbable calcium sulfate beads has been shown to be effective as
a prophylactic measure for decreasing the risk of periprosthetic
joint infection (PJI) in primary hip and knee replacement surgery in
high-risk patients [17,18].

Postoperative neurovascular check demonstrated no abnor-
malities. The patient was able to ambulate 350 feet on post-
operative day 1 and was discharged home on postoperative day 2
with no activity restrictions.
Postoperative evaluation

At 1 week postoperatively, the patient was progressing well and
was ambulating without any assistive device. By 6 weeks post-
operatively, he was not requiring any medications for pain, and
range of motion of the right knee was 0�-135� with no varus or
valgus instability. At the most recent follow-up of 14 months post-
operatively, radiographs demonstrated acceptable alignment of the
right lower extremity and no evidence of implant loosening (Fig. 4).
Standing, full-length, limb alignment viewswere obtained at the 14-
month follow-up visit which demonstrated the mechanical limb
alignment to be 4� of valgus; this represented a 21� correction from
preoperative alignment (Fig. 5). In addition, the patient reported
excellent scores on multiple joint-specific outcome measures,
including theKnee Injury andOsteoarthritis Outcome Score for Joint
Replacement, the Forgotten Joint Score, and the Oxford Knee Score
(Table 1). His University of California activity score indicated that he
“sometimes participated in moderate activities or could do unlim-
ited housework or shopping.”On assessment of his overall status via
the Patient-Reported Outcome Measurement Information System
Global Health form, he indicated his physical health as “good” and
his quality of life as “very good” and described his average level of
pain as “no pain.” He did not experience any postoperative com-
plications. The patient provided our teamwith informed consent to
publish his case in the orthopaedic literature.
Discussion

MHE, although a rare condition, can present in a variety of
phenotypic manifestations. Among these, valgus knee deformity is
one well-known presentation. This deformity is usually secondary
to lesions of the distal femur or proximal tibia, which are present in
70% to 98% of MHE cases [8,14] or the result of a shortened fibula
causing valgus tibial angulation [19]. Several surgical treatment
options have been used for correction of the valgus knee deformity
in MHE, depending on the cause. In cases of valgus-causing femoral
lesions, opening-wedge osteotomy and blade-plate fixation have
shown acceptable results, while hemiepiphysiodesis or high tibial
osteotomy has been successfully used for lesions involving the
proximal tibia [20]. If present intra-articularly, osteochondromas
can also be effectively removed via arthroscopic resection [21]. Ul-
timately, these treatment strategies aim to anatomically realign the
limb, correct limb-length discrepancies, and restore patients’ func-
tion while minimizing pain. At the time of our patient’s presenta-
tion, he had undergone several attempts at surgical resection of
exostoses but continued to struggle with malalignment, pain, and
severely impaired functionality secondary to end-stage arthritis.

TKA for treatment of valgus knee deformity in MHE has been
described, although the literature on this topic remains sparse. Kim
et al. [22] used TKA in 12 patients with various types of skeletal
dysplasia, including 5 knees in patients with MHE and a



Figure 4. Postoperative AP (a), lateral (b), and sunrise (c) radiographs of the right knee at the final follow-up of 14 months, demonstrating acceptable limb alignment and no
evidence of implant loosening.
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preoperative valgus deformity ranging from 11� to 45�. At a mini-
mum follow-up of 3 years among the patients with MHE, the
postoperative limb alignment was only 4� to 5� of valgus, post-
operative Knee Society Score was 87/100 or greater, and all patients
were pain free. Mesfin et al. [14] have also described a case of
posterior-stabilized TKA for valgus knee deformity secondary to
MHE, demonstrating excellent limb alignment and complete res-
olution of pain at 39-month follow-up. Finally, Fernandez-Perez
et al. [13] recently described their use of TKA with metaphyseal
sleeves for this indication at 6-month postoperative evaluation, the
limb was anatomically aligned, range of motion was 10� to 105�,
Knee Society Score was 82, and the Western Ontario McMaster
score was 90.2. In the majority of previous cases, at least some
degree of lateral-sided release (lateral epicondylar osteotomy,
release of the iliotibial band, release of the popliteus tendon, etc.)
was necessary to achieve adequate gap balancing. In our case, we
used a complete release of all structures from the lateral femoral
epicondyle and release of the popliteus tendon with excellent re-
sults. Given the complexity of these cases, it is advised that
surgeons be intimately familiar withmultiple techniques to achieve
adequate gap balancing.

Notably, the only literature support of accelerometry-based
navigation to treat arthritis in patients with skeletal dysplasia
comes from Kim et al. [22], who used these systems in 2 patients,
both of whom had a varus deformity and considerable femoral
bowing secondary to achondroplasia. As such, to our knowledge,
this is the first report detailing the use of ABCANSs in the setting
of TKA for valgus knee deformity secondary to MHE. ABCANSs in
TKA have been the subject of several investigations in recent years,
and results have been overwhelmingly positive with respect to
their effectiveness. In a series of 42 knee replacements using such
a system, Nam et al. demonstrated that 97.6% of tibial components
were placed within 2� perpendicular to the mechanical axis in the
coronal plane, and 96.2% of tibial components were placed within
3� ± 2� to the mechanical axis in the sagittal plane [2]. In a series
of 48 TKAs using the same system, the same authors demon-
strated similarly impressive accuracy with regard to placement of
the femoral components [3]. In addition, ABCANSs have been



Figure 5. Full-length standing radiographs at 14-month follow-up demonstrated 4� of
valgus alignment, representing a 21� correction when compared with the preoperative
state.

Table 1
Patient-reported outcome measures at the final follow-up.

Outcome measure Raw score (% of max.)

KOOS, JRa 100 (100)
FJS-12a 98 (98)
OKSa 48 (100)
UCLA 5 (50)
PROMIS GH
Physical 17 (85)
Mental 15 (75)

KOOS, JR, Knee Injury and Osteoarthritis Outcome Score for Joint Replacement; FJS-
12, Forgotten Joint Score, 12 items; OKS, Oxford Knee Score; UCLA, University of
California, Los Angeles Activity Scale; PROMIS GH, Patient-Reported Outcome
Measurement Information System Global Health Assessment.

a Joint-specific outcome measures.
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shown to be as accurate as large-console, imageless computer-
assisted surgery systems in producing anatomic limb alignment
[1]. Still, perhaps the most compelling evidence in support of
ABCANSs comes from a 2014 randomized controlled trial, also
conducted by Nam et al [7]. The authors compared postoperative
tibial alignment in knees replaced with ABCANSs with those
replaced with extramedullary tibial guides and found that
ABCANSs were significantly superior with regard to the percentage
of tibial components fixed within 2� perpendicular to the tibial
mechanical axis (95.7% vs 68.1%, P < .001) and with regard to the
percentage of tibial components within 2� of a 3� posterior slope
(95.0% vs 72.1%, P ¼ .007).

In the present report, our use of ABCANSs allowed us to execute
a preoperatively templated plan of a femoral cut in 2� of varus and a
tibial cut in 3� of valgus, each cut relative to the mechanical axis of
each bone. This ultimately allowed us to achieve overall near-
anatomic alignment of the lower extremity, while concurrently
preserving the integrity of the femoral and tibial cortices. Without
the use of ABCANSs, it is plausible that less accurate distal femoral
and proximal tibial cuts could have resulted in malalignment or
perforation of the lateral tibial cortex. Although such cortical per-
forations are rare, they may occur more often in patients who have
previously undergone a high tibial osteotomy, a documented
treatment for valgus knee deformity in MHE [20,23]. In addition,
despite our effective use of ABCANSs, the positioning of our im-
plants resulted in abutment of the tibial component on the lateral
tibial cortex. This finding underscores the extremely narrow win-
dow for proper implant placement and highlights the necessity for
precise resection in these difficult cases. For these reasons, we
recommend that TKA in cases of valgus knee deformity secondary
to MHE be performed by surgeons with considerable experience in
surgical correction of knee deformity.

Current controversies and future considerations

The management of valgus knee deformity with end-stage
arthritis in MHE represents a complicated surgical problem. TKA
is an effective treatment, particularly for those with profound
malalignment in the setting of arthritis. These surgeries, although
complex and difficult, can be successfully performed with use of
meticulous preoperative planning including radiographic tem-
plating. As demonstrated in the current report, the use of handheld
ABCANSs can be an extremely useful tool to ensure accuracy of
distal femoral and proximal tibial resections. The use of this navi-
gation tool can help prevent inadvertent cortical perforation or
malalignment, either of which is potentially more likely in the
presence of bony deformity such as that seen in patients with
skeletal dysplasias such as MHE. Currently, the literature on the use
ABCANSs in cases of knee deformity is quite limiteddlarger-scale,
long-term investigations are necessary to validate the use of these
navigation systems in cases of knee deformity secondary to skeletal
dysplasias such as MHE.

Summary

MHE is a genetic disorder that typically affects the metaphyseal
regions of long bones. Although it is a rare condition, it canmanifest
in several phenotypes, one of which is valgus knee deformity. These
cases have previously been managed with surgical excision of ex-
ostoses, but TKA for this indication can be a viable option. ABCANSs
can be particularly useful in these difficult cases, as they allow for
precise, patient-specific measurements to determine appropriate
femoral and tibial cuts during surgery. This approach can aid the
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surgeon in anatomic realignment and appropriate implant posi-
tioning to help ensure proper function and longevity of the
arthroplasty.
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