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The Meniscus-Deficient Knee
Biomechanics, Evaluation, and Treatment Options
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Meniscal tears are the most common knee injury, and partial meniscectomies are the most common orthopaedic surgical procedure. The injured meniscus has an impaired ability to distribute load and resist tibial translation. Partial or complete loss of the
meniscus promotes early development of chondromalacia and osteoarthritis. The primary goal of treatment for meniscus-deficient
knees is to provide symptomatic relief, ideally to delay advanced joint space narrowing, and ultimately, joint replacement. Surgical
treatments, including meniscal allograft transplantation (MAT), high tibial osteotomy (HTO), and distal femoral osteotomy (DFO), are
options that attempt to decrease the loads on the articular cartilage of the meniscus-deficient compartment by replacing meniscal
tissue or altering joint alignment. Clinical and biomechanical studies have reported promising outcomes for MAT, HTO, and DFO in
the postmeniscectomized knee. These procedures can be performed alone or in conjunction with ligament reconstruction or
chondral procedures (reparative, restorative, or reconstructive) to optimize stability and longevity of the knee. Complications can
include fracture, nonunion, patella baja, compartment syndrome, infection, and deep venous thrombosis. MAT, HTO, and DFO are
effective options for young patients suffering from pain and functional limitations secondary to meniscal deficiency.
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Meniscal tears are the most common knee injury, resulting in
approximately 61 meniscectomies per 100,000 patients annually.63 Every year, approximately 700,000 partial meniscectomies are performed in the United States, which results in
an annual direct medical cost of approximately US$4 billion.17,101 Meniscal tears occur more often in men than
women, with ratios ranging from 2.5:1 to 4:1.35 Approximately
one-third of all tears are associated with an anterior cruciate

ligament (ACL) injury, more commonly in patients aged 11
to 30 years, as a result of a traumatic athletic injury.31,99
Degenerative meniscal tears are more common in patients
aged 40 to 65 years and can occur from gradual loss of inherent
meniscal physiology, chronic wear, activities of daily living,
athletic activities, and sometimes trivial twisting events.35
Clinical symptoms include pain, effusion, locking, catching, and loss of motion. Degenerative meniscal tears are
initially managed conservatively but may require surgical
intervention. Meniscal repairs and partial meniscectomies
attempt to preserve meniscal function; however, patientspecific factors such as age, concomitant injury, location and
size of the tear, degree of injury, recurrent meniscal injury,
and tear pattern frequently require subtotal or total meniscectomy. Although infrequent today, total meniscectomy was
historically a common procedure, and many of these patients
are now presenting with arthritis, pain, and loss of function.
Meniscal deficiency in turn can lead to premature, progressive osteoarthritis of the ipsilateral compartment, with resultant radiographic joint space narrowing.4,48,56,90
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In 1948, Fairbank29 reported radiographic changes, graded 0
through 4, after meniscectomy and stressed the importance of
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the meniscus in protecting the articular cartilage and
joint.119 Load testing by Krause et al53 noted that once the
meniscus is removed, stress acting across the joint significantly increased, confirming its role in hoop stresses, load
transmission, and energy absorption. Baratz et al13 further
confirmed the effect of meniscectomy on load transmission
and found a linear relationship between the amount of
meniscus removed and the increase in contact stresses.
Shelbourne and Dickens96 radiographically evaluated 49
patients 12 years after isolated medial meniscectomy for
a bucket-handle tear. They reported that the mean joint
space decreased 1.2 ± 0.5 mm, with 4 patients showing
decrease over 2 mm compared with 0.2 mm in the unaffected
knee. Evidence regarding the negative long-term effects of
meniscectomies led to research exploring surgical procedures
to prevent or delay these changes, such as meniscal allograft
transplantation (MAT), high tibial osteotomies (HTOs), and
distal femoral osteotomies (DFOs).20,24 In this article, we
examine the current concepts surrounding the options for
treating the meniscus-deficient knee, including the anatomy
and biomechanics of the meniscus, clinical evaluation, conservative and surgical treatment options, and functional
rehabilitation.

ANATOMY AND BIOMECHANICS
The medial and lateral menisci are fibrocartilaginous
structures composed of 70% water and 60% to 70% collagen (90% type I) by dry weight, organized primarily circumferentially and radially.35,92 Only the outer 10% to
30% of the meniscus is vascular, supplied primarily by the
perimeniscular capillary plexus from the superior and
inferior branches of the medial and lateral geniculate
arteries.11,54,82,92 The medial meniscus is C-shaped, with
capsular attachments to the femur and tibia via the deep
medial collateral ligament (MCL), to the tibia anterior to
the ACL, to the tibia via the coronary ligament, and to the
lateral meniscus via the intermeniscal ligament.5,35,82 In
contrast, the lateral meniscus is more semicircular and
covers a larger portion of the tibial articular surface. The
anterior horn is attached to the transverse meniscal ligament and to the tibial eminence just posterior to the insertion of the ACL. The posterior horn is attached to the tibia
in the intercondylar region and to the medial femoral condyle via the ligaments of Humphrey (anterior to the posterior cruciate ligament [PCL]) and Wrisberg (posterior
to the PCL) when present.82
Primary functions of the menisci include load distribution and stability. The medial and lateral menisci transmit 50% and 70%, respectively, of their compartmental
loads in extension, increasing to 85% and 90%, respectively,
in knee flexion. After medial meniscectomy, contact stresses increase 100%, whereas after a lateral meniscectomy,
contact stresses increase 200% to 350%.8,12,35,54,63,113,118 A
review of 210 patients 10 to 22 years after meniscectomy
found that those with abnormal leg alignment showed significantly more degenerative changes in the knee.4 Covall
and Wasilewski22 further demonstrated at 5.4 years after
meniscectomy that 50% of patients in varus alignment
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showed grade 1 Fairbank changes, and 43% showed
changes of greater than grade 2.
The menisci also play a key role in joint stability, especially
in the ACL-deficient knee. The medial meniscus acts as a secondary stabilizer to anterior tibial translation and bears
increased loads in the ACL-deficient knee; therefore, a medial
meniscectomy in an ACL-deficient knee can result in
increased anterior tibial translation up to 58% at 90 of flexion.35 Trojani et al112 found that in 121 patients, 70% underwent a meniscectomy either before, during, or after primary
or revision ACL reconstruction; meniscectomy at any point
resulted in significantly reduced subjective knee scores and
pivot shift control, further confirming the role of the meniscus
as a knee stabilizer. Biomechanically, Spang et al106 also
found that meniscal allograft transplantation can restore
tibial displacement. Using a transducer placed in the ACL
of 10 human cadaveric knees, they recorded strain during
anterior-posterior cycles at 30 , 60 , and 90 of knee flexion
in the native knee, after meniscectomy, and after meniscal
transplantation. They found that tibial displacement was significantly increased after meniscectomy at 60 and 90 of flexion but was restored after meniscal transplantation. Finally,
the anterior and posterior horns of the meniscus are innervated with mechanoreceptors that play a role in proprioceptive feedback, especially during the extremes of motion.35
Acute meniscal tears may be radial (transverse), oblique,
horizontal, complex, vertical (longitudinal), or bucket handle (complete vertical longitudinal) or may be complex with
1 or more patterns (Figure 1). Tear morphology can have a
significant effect on contact pressures. Ode et al69 demonstrated in a cadaveric study that complete radial tears significantly increase mean contact pressure and decrease
contact area compared with the intact state. Additionally,
in chronically ACL-deficient knees, the medial meniscus
bears increased loads leading to degenerative tears.57,72
Meniscal tears are often classified according to location of
the tear relative to the blood supply or the location of the
tear, as in the Cooper classification (Figure 2).21,109
Chondral lesions can result after loss of the meniscus or
concomitantly in an acute injury and are graded using the
Outerbridge arthroscopic classification.70 These injuries
occur most commonly on the femoral surface but can also
occur on the tibial surface or patella; adjacent lesions can
occur on the tibia and femur, known as ‘‘kissing lesions.’’
Addressing concomitant chondral injury may be necessary
in the meniscus-deficient knee and can be done in conjunction with procedures to address the affected compartment.
Additionally, in an in vivo model, Szomor et al107 showed
that after a meniscectomy, macroscopic damage to the
articular cartilage was significantly decreased if a meniscal
transplant was performed compared with no treatment.
The size of the area of cartilage damage was reduced by
approximately 50% after a meniscal transplantation compared with meniscectomy alone.
Postmeniscectomy, radiographic and magnetic resonance imaging (MRI) evaluation have also revealed significant wear and degeneration of cartilage, soft tissue, and
subchondral bone.15,19,90,123 In a retrospective analysis of
29 patients who had undergone isolated arthroscopic partial medial or lateral meniscectomy, Williams et al123

The Orthopaedic Journal of Sports Medicine

The Meniscus-Deficient Knee

3

Figure 1. Common patterns of meniscal tears.
40% had radiographic evidence of degeneration, increasing to
89% at 14.5 years; 8% of patients showed definitive osteoarthritis, 46% of athletes had given up or reduced their sporting
activity, and 6.5% had changed their occupation.

CLINICAL EVALUATION
History and Physical Examination

Figure 2. Cooper classification of meniscal tears: Radial
zones are divided into areas A, B, and C for the medial meniscus (from posterior to anterior) into areas D, E, and F for the
lateral meniscus (from anterior to posterior). The 4 circumferential zones are 0 for the meniscocapsular junction, 1 for the
outer third, 2 for the middle third, and 3 for the inner third.
showed that at a minimum of 5 years postoperatively, Outerbridge grades 2 to 4 chondral lesions were noted in 64%
of medial compartments and in 33% of lateral compartments, despite excellent clinical outcomes. By comparison,
Shelbourne and Dickens97 found that only 12% of patients
had radiographic evidence of joint space narrowing >2 mm
at 12-year follow-up. Imaging analysis can help guide
treatment in determining the optimal treatment course
and potential need for concurrent procedures.
Although patients may be able to return to high-level
sports after meniscectomy, long-term results suggest that
meniscectomy significantly reduces the longevity of an athlete’s career. Kim et al51 retrospectively reviewed 56 athletes
who were either elite, competitive, or recreational players
and found that elite and competitive athletes returned to
activity approximately 54 days after meniscectomy, while
recreational athletes returned 88 days after surgery.
Jorgensen et al48 prospectively followed 147 athletes who
had a meniscectomy, looking for joint degeneration and level
of sporting activity. They found that 4.5 years after operation,

Diagnosis of meniscal deficiency can frequently be made
clinically based on careful history, physical examination,
and appropriate diagnostic tests. History taking should
focus on patient age, pain, subsequent pain and swelling,
complaints of locking or catching, and loss of motion. Prior
treatments should be elucidated, which could include injection, therapy, anti-inflammatories, surgeries, and any previous imaging studies. Particular attention should be paid
to the time course of symptoms, relation of symptoms to
surgical intervention, and difference in symptom character.
For example, patients will typically have sharp pain or
mechanical symptoms that lead them to undergo meniscectomy. After a pain-free interval, the patient develops
‘‘toothache’’-type pain that is more dull and nagging. This
is referred to as the postmeniscectomy syndrome. Joint effusions may be present but will often be transient and vary
based on activity level. While injections may not always
provide long-term relief, a transient response may indicate
the likelihood of a positive response after surgery.
Physical examination should begin with having the
patient change into shorts and analyze his or her gait for
decreased stance phase on the affected leg, any dynamic
varus thrust, or limping.95 Lower extremity alignment
should be evaluated with the patient standing facing the
examiner. Subtle thrusts may be accentuated by having the
patient walk faster or walk backward. The knee should be
inspected for surgical scars and assessed for the presence
of a joint effusion, and the quadriceps circumference should
be evaluated bilaterally to determine the chronicity of the
problem and rehabilitation potential. Passive and active
range of motion should be checked bilaterally in the prone
position. The joint-line, femoral condyle, pes anserinus,
Gerdy tubercle, and patella should be palpated to assess for
tenderness. Ligament stability should be assessed, including
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the ACL (Lachman and pivot-shift examinations55), PCL,
medial and lateral collateral ligaments (MCL, LCL), and posterior lateral corner (PLC). If the patient has malalignment, it
should be determined whether this is passively correctable as
these patients may have success with bracing compared with
those with fixed deformities. Compared with an acute meniscal tear, after meniscectomy, specialty examinations such as
the McMurray test, Apley grind test, the Thessaly test, and
others are less commonly present.

Imaging Studies
Radiographs. Radiographic imaging should include a
weightbearing anteroposterior (AP) view in full extension,
posteroanterior (PA) views at 30 or 45 of flexion (Rosenberg views), skyline, lateral, and mechanical axis view.
Fairbank changes may also be seen on radiographs, which
include formation of a ridge on the femoral condyle, joint
space narrowing, and flattening of the femoral condyle.29
Rosenberg views are more sensitive and specific than conventional extension radiographs at detecting narrowing of
the joint space.85 The Kellgren-Lawrence radiographic
scale of joint space narrowing aids in evaluation; however,
Bin Abd Razak et al14 found that correlation between the
Kellgren-Lawrence scale and arthroscopic evidence of
articular cartilage damage was low, at 0.32. Although these
radiographs cannot confirm the diagnosis of a meniscal
tear, they are useful for determining bony pathology and
joint space narrowing. Radiographs should also be evaluated for surgical implants from prior procedures.
Magnetic Resonance Imaging. MRI is the most powerful
tool for evaluating the meniscectomized patient, both to
evaluate the affected compartment as well as to look for
concomitant ligamentous injuries.123 The meniscus normally appears as a uniformly low-signal triangular structure. After a meniscectomy, if greater than 25% to 30% of
the meniscus has been resected, the criteria for assessment
of a new tear changes compared with a native knee.80 T2weighted images should also be used to examine the subchondral bone for the presence of subchondral edema. MRI
can also be used to assess the presence of subchondral
sclerosis, bony edema, condylar squaring, and osteophytes,
which may indicate progression to chondromalacia and
osteoarthritis.123

TREATMENT
The goals of treatment of patients with symptomatic meniscal deficiency are primarily to provide symptomatic relief
during daily activities, as relief with higher level activities
is less predictable. Additionally, treatment aims to improve
patient functioning. Ideally, treatment would prevent further progression of osteoarthritis, although current literature has not reliably proven this.
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intervention. Therefore, nonoperative management should
be thoroughly exhausted in this patient population prior
to proceeding with surgery. Nonsurgical management
includes activity modification, weight loss, nonsteroidal
anti-inflammatory medications (NSAIDs), physical therapy, unloading braces, and injections.28,36,81 Many patients
with postmeniscectomy syndrome can be successfully managed with nonoperative measures.
Corticosteroid injections may provide short-term relief
and facilitate active participation in physical therapy.40
Additionally, use of viscosupplementation via intra-articular
injection of hyaluronic acid (hyaluronan) may provide shortterm relief through its anti-inflammatory, local analgesic, and
chondroprotective effects, although evidence is mixed.122
However, although injections may provide short-term relief
and aid in some meniscal repair, they may also have toxic
effects on chondrocytes. Dragoo et al25 have shown in vitro
that a single dose of corticosteroids results in significant chondrocyte cell death. In a meta-analysis, Watterson and
Esdaile122 reviewed randomized trials comparing use of viscosupplementation to placebo; of the 9 trials comparing hyaluronan to placebo, 6 studies found a significant difference
between treatment and placebo. In 2 of 4 studies comparing
hyaluronan to conservative modalities, there was again a significant clinical difference. Similarly, the evidence for use of
platelet-rich plasma (PRP), bone marrow aspirates (BMAs),
and mesenchymal stem cells (MSCs) in isolation as injections
or in conjunction with surgical repair techniques is still
controversial.10,46,127 MSCs have been shown to enhance
meniscal repair.9,27,41,42,127 In a randomized, controlled,
double-blind study, Vangsness et al114 found that a single
injection of MSCs 7 to 10 days after meniscectomy could result
in up to a 24% increase in meniscal volume on MRI as compared with controls.
Unloading braces can be trialed, with the aim to decrease
compressive forces transmitted to the femoral-tibial joint
surfaces by applying a varus or valgus force.75,78 In a crossover study, Horlick and Loomer43 treated patients with
medial compartment osteoarthritis with 3 conditions (no
brace, brace in neutral alignment, and valgus-producing
brace) for 6 weeks. They found using visual analog scales
of pain that only bracing with valgus alignment resulted
in decreased pain.43 In a randomized controlled trial,
Kirkley et al52 treated patients with either medical treatment
(control group), a neoprene sleeve, or a valgus-alignment
brace. At 6-month follow-up, significant improvement in the
osteoarthritis index was noted with valgus-producing braces.
The use of off-loader braces is important in the meniscectomized patient for therapeutic and diagnostic purposes. As
osteotomies are significant surgical procedures, this is a good
way to have patients understand how their knee might feel
after realignment. However, in the patient with neutral
alignment and postmeniscectomy syndrome, there is minimal role for bracing.

Meniscal Transplantation
Nonsurgical Approaches
In the setting of postmeniscectomy syndrome, there are
essentially no absolute indications for immediate surgical

Indications. Meniscal allograft transplantation (MAT)
can help to restore native biomechanics and stability to
the knee in postmeniscectomy patients.45 Improved
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function after MAT is due to an increase in intra-articular
contact area and a decrease in peak contact pressures
across the knee. Indications and contraindications for
MAT are noted in Table 1.92 Contraindications for MAT
include Outerbridge grade 3 or 4 articular damage, diffuse arthritic changes, squaring or flattening of the
femoral condyle or tibial plateau, significant osteophyte
formation, untreated tibiofemoral subluxation, inflammatory arthritis, synovial disease, previous or active joint
infection, or marked obesity.57
Sizing and Allograft Preparation. Success of MAT is
highly dependent on many variables, especially accurate
size matching of the allograft to the native meniscus when
using a bone bridge or plugs. Sizing of meniscal allografts
can be done using radiographs, MRI, or computed tomography (CT) scans. Accurate sizing is critical, as oversized allografts lead to greater forces across the articular cartilage
and may cause extrusion with inadequate transmission of
compressive loads across the knee. Undersized allografts
lead to excessive load and poor congruity with the femoral
condyle. Postmeniscectomy, the contralateral knee can be
used for sizing; however, variability between opposite
knees has been reported.47 Radiographs with a standardized marker can be used to estimate meniscal width,
which has been shown to be the greatest predictor of matching native contact pressures, although MRI is more accurate.44,57,94 Meniscal length may be measured on lateral
radiographs as determined by the AP dimension of the ipsilateral tibial plateau. After correction, these measurements
are then multiplied by 0.8 for the medial and 0.7 for the lateral meniscus.44,57,94
There is a small risk of disease transmission with MAT.
As the cellular component of menisci are believed to be
immunoprivileged, clinical evidence for tissue rejection is
rare.82 Secondary processing of graft tissue after harvest
may include debridement, ultrasonic pulsatile washing,
and use of ethanol to denature proteins, which further
decreases the risk for disease transmission. Chemical or
radiation treatment of grafts is only performed by a small
number of tissue banks given concerns for graft compromise. Four common methods of preservation after graft
harvest are cryopreservation, fresh-frozen, fresh, and
freeze-drying. Additionally, sterilization techniques can
be used, cleansing graft tissue using both mechanical processes through oscillating positive and negative pressure
and chemical processes that remove blood and pathogenic
microorganisms. Fresh-frozen is the most commonly used
preservation technique.59 Fresh allografts are often favored
as they contain the highest number of viable cells, which
may have a beneficial effect in maintaining the extracellular matrix and mechanical integrity of the allograft.82
In an animal model, McNickle et al64 evaluated the tissue
integrity of aseptic grafts compared with sterilized grafts
and native tissue. Four months after implantation, aseptic and sterilized grafts had similar cell viabilities
(approximately 60%) and both had decreased compressive
strength compared with native menisci, confirming that
sterilization provided an additional level of safety without
compromising tissue integrity. However, due to limited
availability, this may not be an option for all patients,
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TABLE 1
Patient Selection for Meniscal Allograft Transplantation
Ideal Candidate

Contraindications

 Age <40 y
 Absent or nonfunctioning
meniscus
 Pain with activity
 Normal mechanical
alignment
 Outerbridge grade <2 articular
changes

 Age >50 y
 Varus/valgus
malalignment
 Knee instability
 Bony architecture
changes
 Inflammatory
arthritis
 Synovial disease
 Obesity

in which case fresh-frozen or cryopreserved grafts are
preferred. Freeze-drying has been shown in follow-up
MRI analysis to be associated with the highest percentage
of graft shrinkage, and on second-look arthroscopy, had
increased degeneration.82,117
Surgical Technique. Surgical technique in MAT continues to evolve and may be performed arthroscopically, open,
or in a combination with a mini-arthrotomy for graft insertion. Along with meniscus transplantation, various bony
and soft tissue attachments can be harvested including separate anterior and posterior bone plugs and bone bridges,
such as key hole, trough, dovetail, and bridge-in-slot variations.57 A bone bridge between the anterior and posterior
horns is almost always used for lateral MAT.67 In medial
MAT, anchoring can be accomplished with bone plugs,
which allows for minor modifications, or a bone bridge.67
Fixation can also be accomplished with soft tissue fixation
alone or with use of suture fixation. Abat et al1 evaluated
88 MAT procedures that obtained fixation with either
suture only technique (n ¼ 33) compared with bone plugs
(n ¼ 55). At 40-month follow-up, MRI evaluation showed
a greater percentage of extruded meniscal body with suture
fixation, with no difference in functional outcome.
To perform MAT, the patient is positioned supine with a
tourniquet placed high on the thigh. Knee arthroscopy
should be performed first to examine for any concomitant
cartilage or ligamentous pathology. The meniscus of the
operative compartment should be debrided to a 1- to
2-mm bleeding peripheral rim. A mini-arthrotomy is then
made adjacent to the patellar tendon on the affected side
in line with the insertion sites of the anterior and posterior
meniscal horns. The incision should be made one-third
above and two-thirds below the joint line. An MCL release
is sometimes performed to reduce pressure and facilitate
passage of the bone plug into a tight knee as it does not alter
contact mechanics.50 An ipsilateral posteromedial incision
(or posterolateral for lateral transplantation) is also made
anterior to the semitendinosus and semimembranosus tendons, creating an interval between the posteromedial
aspect of the capsule anterior to the gastrocnemius and
semitendinosus tendons. The transplantation slot is prepared, with orientation following normal anatomy. A line
is made connecting the center of the anterior and posterior
horn attachments sites, and a 4-mm bur is used along this
line to make a reference slot in the tibial plateau. The slot
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height and width will equal the dimension of the bur, and
the alignment in the sagittal plane should parallel the slope
of the tibial plateau. A guide pin is then placed just distal
and parallel to the reference slot, taking care not to violate
the posterior cortex. The pin is overreamed with a 7- or
8-mm cannulated drill and a box-cutter osteotome is used
to widen the trough to 7 to 8 mm and deepened to 10 mm.
Our preferred technique is to utilize a bone bridge to
secure the meniscal graft to the tibial plateau. The allograft
is debrided, and the meniscal allograft is then prepared to
achieve the desired width and length as determined by the
slot preparation (Figure 3). The bone bridge is then cut to a
width of 7 mm and a height of 10 mm, allowing for bone
extension to the anterior horn to aid in graft insertion. For
meniscal insertion, a single-barrel, zone-specific meniscal
repair cannula should be placed through the contralateral
portal, and a Nitinol suture passing pin is placed through
the capsular attachment site of the posterior and middle
thirds of the meniscus. Through the anterior arthrotomy
site, the proximal end of the Nitinol pin is withdrawn, the
allograft traction sutures are passed through the loop of the
Nitinol pin, and the bundle of pins and traction sutures are
withdrawn through the accessory incision. The meniscal
allograft is then pulled into the joint through the anterior
arthrotomy, and the bone bridge is advanced into the tibial
slot. The meniscus is manually reduced, with varus/valgus
and flexion/extension stresses placed to aid in graft reduction. For fixation, a guide wire is placed between the bone
bridge and medial eminence side of the slot, a tap is
inserted over the guide wire, and a 7  25–mm bioabsorbable cortical interference screw is passed and secured.
Finally, the graft is attached to the capsule using 8 to 10
standard inside-out vertical mattress sutures (Figure 4).
Standard closure is then performed.56,57,67,92
No clear rehabilitation protocol exists; the initiation of
weightbearing and range of motion exercises remains controversial. Patellar mobilization, therapeutic modalities,
and quadriceps/hamstring strengthening can be initiated
immediately as this will not impact the transplanted
meniscus. Bracing, limited weightbearing, and protected
range of motion is often recommended for the first 6 weeks
to allow healing of the meniscus (Table 2).17,82
Results. Graft revascularization and cellular repopulation are essential to optimum graft functioning and restoration of biomechanics. Human retrieval studies have shown
that transplants are partially repopulated by host cells.83,84
Histological evaluation of removed allograft tissue has
shown decreased cellularity and growth factor production,
which may partially account for the high rate of tears in
allografts.79 In a recent systematic review, Verdonk
et al117 reported that 75% to 90% of patients achieve fair
to excellent clinical results after MAT with or without concomitant procedures. In a survivorship analysis of 100
viable meniscal transplants, Verdonk et al115 reported that
mean survival time for medial or lateral transplantation
was 11.6 years, as measured by pain or poor functioning.
Complications can be common and include arthrofibrosis
with possible need for knee manipulation or arthroscopic
debridement, loss of bony fixation, meniscal tears, failure
to heal to the periphery, continued pain, and limited range
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Figure 3. Intraoperative photographs of meniscal allograft
transplantation.

Figure 4. Placement of bone block in meniscal allograft transplantation.
TABLE 2
Functional Rehabilitation for
Meniscal Allograft Transplantation
Phase 1. Weeks 0-2: Protected weightbearing, hinged knee brace
locked at 0 -90 of flexion
 Goal is to full extension
Phase 2. Weeks 2-6: Progression to full weightbearing
 Allowed full range of motion, strengthening, and closedchain strengthening
Phase 3. Weeks 6-16
 Progression to low-impact activities at 3 months
 Return to full activities at 4 months

of motion.59 In a retrospective review of 172 patients who
underwent MAT, McCormick et al61 reported a 32% reoperation rate, with 59% of these being a simple arthroscopic
debridement, and a 95% allograft survival rate at a mean of
5 years. Noyes et al66 found that 29 of 96 transplanted
menisci had to be removed less than 2 years after transplantation. Cameron and Saha20 and Rath et al79 also found that
6 of 67 and 8 of 22 implants, respectively, required reoperation for symptomatic tears. Shelton and Dukes100 found
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that loss of bone plug fixation occurred in 1 of 15 patients 6
days after implantation.

High Tibial Osteotomy
Indications. HTO also presents as an option for patients
suffering from unicompartmental arthrosis postmeniscectomy. Indications for HTO are noted in Table 3.7,86,124,125
Unicompartmental knee arthroplasty (UKA) is an alternative to HTO for the patient with unicompartmental tibiofemoral disease, and total knee arthroplasty (TKA) is an
option for older patients and for those with global arthritis.
Surgical Techniques. Surgical techniques include
closing-wedge osteotomy, opening-wedge osteotomy, dome
osteotomy, progressive callus distraction, and chevron
osteotomy; the most common are the closing- and openingwedge osteotomies. In preoperative planning, the angular
degree of deformity can be calculated according to the
technique described by Dugdale et al.26 The weightbearing
method is performed using standing, mechanical axis,
weightbearing films. The tibial plateau is divided into percentages (0% to 100%, with 0% as the medial side and
100% as the lateral side), and a line is drawn from the center
of the femoral head to the center of the talar dome, which
normally passes through a point located at 62.5% of the tibial
width and equates to 3 to 5 of mechanical valgus (Figure 5,
line c). In planning for an open-wedge HTO, a line is drawn
from this point to the center of the femoral head, and
another line from this point to the center of the ankle joint
(Figure 5).8,32,34,124 The angle between the 2 lines represents
the angle of correction (Figure 5). A second measurement
that can be used to template for HTO uses a full-length
standing mechanical axis (with markers to correct for view
magnification) radiograph to determine the wedge height
using trigonometric principles to place the mechanical axis
at the desired location within the joint.
The osteotomy line is measured from medial (about 4 cm
below the joint line) to lateral (tip of the fibular head). This
measurement is transferred to both rays of the angle of
correction from the vertex (equal to the osteotomy length),
which are then connected by another line, which corresponds to the opening that should be achieved medially at
the osteotomy site.86 Planning is similar in closing-wedge
osteotomy, as the angle of deformity is calculated in the
same manner, but the osteotomy itself consists of 2 cuts.
Intra-articular fractures are a risk of all HTO techniques
and can impair stability as well as articular surface congruency. Pearls for HTO are listed in Table 4.
Medial Opening-Wedge Osteotomy. In the varus postmeniscectomized knee, HTO aims to produce valgus realignment of the proximal tibial articular surface. The patient is
positioned supine on a radiolucent operating table with a
tourniquet placed high around the thigh. Knee arthroscopy
is performed to assess for any associated chondral and ligamentous pathology. Once arthroscopy is completed, a 5-cm
longitudinal incision is made extending from 1 cm below the
medial joint line between the medial border of the tibial
tubercle and the posteromedial border of the tibia. Sharp dissection is performed down to the sartorius fascia, and the pes
anserinus is retracted distally with a blunt retractor,
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TABLE 3
Patient Selection for High Tibial Osteotomy
Ideal Candidate

Contraindications






 Severe articular damage
 Tricompartmental
arthrosis
 Patellofemoral arthrosis
 Decreased range of
motion

Age <60 y
Good range of motion
No ligamentous instability
Isolated medial compartment
arthrosis
 Varus alignment

exposing the superficial MCL. The MCL is retracted posteromedially, thereby exposing the tibial cortex. Alternatively,
it can be transected and later repaired. The posterior neurovascular structures are now at risk and should be protected
by passing a blunt retractor on bone deep to the MCL. Next,
the patellar tendon is retracted laterally. A guide wire is
then inserted under fluoroscopic guidance. The wire should
enter approximately 4 cm distal to the joint line, passing
from the anteromedial tibia aiming for 1 cm below the tip
of the fibular head on the coronal view. On the sagittal view,
the slope of the osteotomy should mimic the proximal tibial
joint slope.
The tibial osteotomy is performed using a small oscillating saw, beginning just distal to the guide pin to avoid
extension of the osteotomy into the joint and taking care
to not cut past the medial and posteromedial cortices. The
surgeon must remember the natural triangular shape of
the tibia when making the bone cuts with the saw, as it
comes to a point anteriorly and has much more bone posteriorly to avoid perforating the anterolateral cortex. Graduated thin flexible osteotomes are then used to advance the
osteotomy to within 1 cm of the lateral tibial cortex using
fluoroscopic guidance. A gentle valgus force can be applied
to the leg to check the mobility of the osteotomy. If there is
insufficient opening with valgus stress, 2 or 3 osteotomes
can be stacked on one another at the osteotomy site to
achieve the desired opening and minimize the risk of
intra-articular fractures. A calibrated osteotome is then
used to open the osteotomy to the desired opening. A long
alignment rod can be used to assess the accuracy of the calculated preoperative wedge size, and when centered over
the hip and ankle joints, should lie at approximately
62.5% of the tibial width at the level of the knee.86 Once the
desired correction is obtained, plating is performed and the
wedges are removed. Plating options include short or long,
locked or unlocked, and with or without a spacer. The size of
the metal block should be selected to match the opening created with the calibrated wedges. The defect is then grafted
using bone graft of choice; iliac crest autograft or allograft
are recommended for opening measuring >10 mm and bone
substitutes for smaller corrections.34,86,124 Typically,
patients with ACL-deficient knees undergo ACL reconstruction months prior to the osteotomy.
The advantages of a medial opening-wedge osteotomy
include stable fixation, relative surgical ease in obtaining
the desired amount of angular correction, and less extensive surgical dissection adding leg length. Furthermore,
there is no need for mobilization of the proximal fibula
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Figure 5. Angle of correction for a high tibial osteotomy, a. (A) To determine the angle of correction for an opening wedge osteotomy, a line was first drawn from a point located at 62.5% of the width of the tibial plateau to the center of the femoral head (line a0 c).
A second line was drawn from this point to the center of the ankle. The angle formed by the intersection of these line is the correction angle (a). An osteotomy line was then defined from 4 cm below the medial joint line to the tip of the fibular head (line ab). This
line segment (ab) was then transferred to the rays of the angle a to obtain a0 b0 and a0 c, with the distance between (line b0 c) corresponding to the opening that should be achieved medially at the osteotomy site. (B) Using the same principles in (A), the angle of
correction a was measured. In contrast to an opening wedge osteotomy, the osteotomy site and angle of correction were transferred to the proximal tibia to form a triangle with a lateral base.

TABLE 4
Pearls for High Tibial Osteotomya
 To minimize the risk of fracture, carry the apex of the osteotomy
cut to within 10 mm of the far cortex. Leave the proximal
fragment at least 15 mm thick.
 If medial or lateral hinge fractures or intra-articular fractures
occur, achieve stable fixation with a locked plate, additional
screws, or a plate to reduce the risk of loss of correction and
nonunion.
 Use a drain at the incision site to minimize the risk of
compartment syndrome.
 Deep venous thrombosis prophylaxis is recommended after HTO.
 Distal fibular osteotomy (15 cm distal to fibular head) decreases
the risk of peroneal nerve injury.
 During LCW osteotomy, use rigid internal fixation and
aggressive postoperative mobilization to help prevent patellar
tendon contracture and patella baja.
a

HTO, high tibial osteotomy; LCW, lateral closing-wedge.

and less operative risk to the peroneal nerve. Disadvantages of medial opening-wedge HTO include intraoperative fracture, loss of fixation, nonunion, delayed union
leading to instability, and delayed weightbearing up to 6
to 8 weeks.34 Additionally, if distraction plate fixation is
used with autograft, there will be morbidity from the

autograft harvest site. To reduce the chance of morbidity
from autologous bone marrow harvest, other options to fill
the osseous gap can include synthetic bone substitutes
(hydroxyapatite, b-tricalcium phosphate, bone cement)
with or without PRP, growth factors, and bone marrow
stromal cells.7 If an external fixator is used, potential for
pin site infection is introduced, which could jeopardize
subsequent TKA.125
Lateral Closing-Wedge Osteotomy. Historically, lateral
closing-wedge osteotomy was common in treatment of
varus malalignment but has fallen out of favor recently due
to the higher risk for complications and imprecision in
achieving the desired angle of correction. However, newer
calibration methods and cutting guides still make this
technique a viable option. In comparison with medial
opening-wedge osteotomy, the initial incision for a lateral
closing-wedge osteotomy is L-shaped, with the vertical limb
along the lateral edge of the tibial tubercle and the horizontal limb parallel and 1 cm distal to the lateral joint line.
After blunt dissection, either a fibular osteotomy distal to
the fibular head or complete excision of the fibular head
is performed, disrupting the proximal tibiofibular joint.
Next, a laterally based wedge is removed, with saw cuts
to within 1 cm of the medial cortex. After fluoroscopic confirmation, fixation of the osteotomy is achieved with staples
driven from lateral to medial just anterior to the fibula, or
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for more rigid fixation, a laterally applied contoured locking
plate or T-plate can be used.6,86
After both opening- and closing-wedge HTO, the knee is
usually placed into a range of motion brace set at 0 to 90 ,
and the patient is restricted to touch weightbearing for 6
weeks. Weightbearing and range of motion are gradually
increased from 6 to 12 weeks to allow for healing of the
osteotomy (Table 5).86
The advantage of lateral closing-wedge osteotomy is
that it produces apposition of 2 broad native metaphyseal
surfaces, increasing healing potential and stability.125 In
early practice, lateral closing-wedge osteotomy was performed with freehand cuts and stabilized with bone staples
or cylinder casts, leading to imprecision in the amount of
correction and potential patella baja. More recently, integration of calibrated cutting guides and rigid internal fixation
devices have improved results and precision.86 Intraoperative fracture is similarly risky in lateral closing-wedge
osteotomy as opening-wedge osteotomy. Disadvantages of
lateral closing-wedge HTO include proximal tibiofibular
joint disruption, peroneal nerve injury, difficulty with subsequent total knee arthroplasty, loss of bone stock, leg-length
discrepancy, and patellar baja.
Other Osteotomies. The dome osteotomy is not commonly performed, as it is more technically demanding to
create a curved osteotomy and avoid injury to the patellar
tendon. It is indicated for a larger correction (>18-20 mm
of opening or closing or angle of correction >20 ).86 A
major advantage of the dome osteotomy is it allows for
concomitant anteriorization of the tibial tuberosity, alleviating specific types of patellofemoral disease. In the
chevron osteotomy, a wedge is removed medially and
added laterally followed by rigid plate fixation. This technique is less often used as it is more invasive and technically challenging. In the callus distraction technique, an
opening-wedge osteotomy is created and progressively distracted with an external fixator (Ilizarov technique).86
Results. Clinical success of HTO slowly deteriorates with
time; however, the mean range of effectiveness is typically
more than 7 to 10 years, which, in select candidates, can
provide valuable time before a UKA or TKA.7,39 Imprecise
correction of preoperative angular deformity is the biggest
contributor to HTO failure; overcorrection is more desirable
than undercorrection.18,103 In a systematic review of HTO,
Harris et al39 identified 57 studies (4344 knees) of isolated
HTO. They found that across the studies, survival of isolated HTO gradually decreased over time up to a 20-year
follow-up. Survival of isolated HTO was 92.4%, 84.5%,
77.3%, and 72.3% at 5, 10, 15, and 20 years of follow-up,
respectively. Harris et al39 also found 4 studies that directly
compared medial opening-wedge osteotomy with lateral
closing-wedge osteotomy, with no difference in survivorship or clinical outcomes in long-term follow-up after
more than 2 years. In a randomized clinical trial, Luites
et al60 compared 42 patients treated with either a medial
opening-wedge or lateral closing-wedge osteotomy and
found no difference in time to regain knee function and full
weightbearing and no related translation of bone based on
radiostereometry. Song et al104 similarly retrospectively
compared outcomes of both medial opening and lateral
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TABLE 5
Functional Rehabilitation for Distal Femoral
Osteotomy/High Tibial Osteotomya
Phase 1. Immediate in-hospital and home convalescence care for
0-2 weeks
 HKB locked in extension except when using CPM
 Goal is 90 of flexion and full extension by second
postoperative week
Phase 2. Nonweightbearing while the osteotomy site heals for 2-6
weeks
 Hip girdle strengthening (straight leg raises)
Phase 3. Gradual and progressive weightbearing and
strengthening after bone healing for 6-12 weeks
Phase 4. Return to full activities at 3-9 months
 Begin with low-impact activities (bicycle, elliptical)
 Progress to high-impact activities at 6 months
a

CPM, continuous passive motion; HKB, hinged knee brace.

closing osteotomy techniques at 3-year follow-up and found
no significant difference in anterior knee pain, patellar
alignment, or patellofemoral arthritis. Preston et al76
compared outcomes of TKA in 275 patients after medial
opening- versus lateral closing-wedge osteotomy and found
no significant difference in survivorship, pain, or functional
outcomes between techniques. Overall, HTO is an effective
procedure for the physiologically young patient allowing for
return to impact activities and decreased pain, with no significant differences seen between medial opening-wedge
and lateral closing-wedge osteotomies. In a case series of
65 patients with a mean 3-year follow-up after HTO,
Salzmann et al91 found that 90% of patients were engaged
in sports at the same frequency and duration as preoperatively. However, it should be noted that as patients age,
many go on to require total knee arthroplasty, the results
of which are affected by previous high tibial osteotomy.
Parvizi et al73 found a very high rate of radiographic
evidence of loosening in patients with total knee arthroplasties after high tibial osteotomy.

Distal Femoral Osteotomy
Indications. Although less common, isolated lateral
compartment osteoarthritis can occur after meniscectomy.
In these cases, HTO and MAT are less commonly described.
However, distal femoral varus osteotomy (DFO) is an
option for select patients, with the goal of correcting the
mechanical axis of the lower limb to 0 to 3 .108 The
indications for DFO are seen in Table 6.3,23,120,121 Preoperative radiographic assessment is similar to that described by
Dugdale et al26 for HTO. Using AP radiographs, the weightbearing line is placed at a selected position 48% to 50%
across the width of the tibial plateau from medial to lateral.
The desired correction angle is formed by the angle between
a line from the center of the femoral head to 50% of the
width of the tibia and a line from the center of the talus
to the 50% coordinate.77
Surgical Technique. DFO can be approached using
either a medial closing osteotomy or, more commonly, a
lateral opening-wedge osteotomy.2,77,120 The patient is
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TABLE 6
Patient Selection for Distal Femoral Osteotomy
Ideal Candidate
 Physiologically young
 Valgus deformity of >12 -15
 Joint-line obliquity >10
 Flexion of at least 90
 <15 flexion contracture

Contraindications
 Severe articular damage
 Tricompartmental arthrosis
 Inflammatory arthritis
 Decreased range of motion

positioned supine on the table with the knee flexed to 30 .
After diagnostic arthroscopy, a 15-cm longitudinal lateral
incision is made starting 2 cm distal to the lateral epicondyle, approximately at the Gerdy tubercle, and extending
proximally. The vastus lateralis is reflected laterally, and
a guide wire is inserted on the lateral aspect of the femur
3 to 4 cm proximal to the epicondyle, directed to a point just
proximal to the medial epicondyle. An oscillating saw is
used for the osteotomy and extended using an osteotome
to ensure a hinge of at least 1 cm of medial cortex. The
osteotomy is opened to obtain the planned correction, and
a plate is then used with 2 distal and 4 proximal screws
to secure the osteotomy.62,77,89,110 The gap created can be
similarly filled with autografts or allografts as described for
medial opening-wedge osteotomy. Rehabilitation protocol is
similar to high tibial osteotomy, with limited range of
motion for the first 6 weeks. Complications of DFO are similar to HTO and include delayed union or nonunion, fracture, rotational deformity, infection, vascular injury, and
deep venous thrombosis.87,88 DFO has been established for
treatment of isolated lateral compartment arthritis in
select patients, with a mean survivorship of 80% at
10-year follow-up30,33,120 In addition, the Ilizarov method
can be used in which a distracting external fixator is
applied after osteotomy formation, with adjustments made
to distract callus formation.37

Staged Versus Concomitant Procedures
MAT and HTO. Postmeniscectomized patients with
malalignment may not achieve optimum results with cartilage salvage procedures alone.38 An HTO performed concomitantly with meniscal transplantation may both unload
the affected compartment and improve outcomes of the
transplant.71,113 Concomitant MAT and HTO can be considered if there are no architectural changes in the femoral
condyle or areas of full-thickness cartilage loss >10 mm
on the weightbearing zone.71 The MAT is performed first,
as the varus and valgus stresses needed during implantation could jeopardize the osteotomy. If an opening-wedge
osteotomy is performed, it should be done as distally as possible, at least 1.5 cm below the bottom of the tibial slot.57
Amendola5 and Bonasia and Amendola16 have further delineated the technique for concomitant meniscal transplant
and high tibial osteotomy. Verdonk et al115,116 reported on
the 10-year survivorship of patients who underwent isolated medial meniscal transplantation (MMT) compared
with MMT and HTO. They found that the survivorship was
83.3% for MMT þ HTO compared with 74.2% for MMT

alone; however, it is unclear which factor led to the
increased survivorship. In a systematic review, Harris
et al39 found 3 studies that examined the outcomes of combined HTO and MAT. They found 91% survival at 5-year
follow-up in 113 knees.
ACL Reconstruction and Meniscal Treatment. In the
young, active patient, concomitant injury to the meniscus
and ACL is common. There are an estimated 200,000 ACL
injuries yearly, and approximately 40% to 60% of these
cases involve concomitant meniscal tears.68 Meniscal transplantation can be combined with ACL reconstruction in
symptomatically painful and unstable knees. The ACL
tibial tunnel is first drilled as vertically and obliquely as
possible, followed by the femoral tunnel. The meniscal slot
is prepared, and femoral fixation of the ACL graft is completed. Then, the meniscal transplantation is performed followed finally by the tibial fixation of the ACL graft.57
Success of ACL reconstruction is affected by the status of
the meniscus. In a retrospective study of 235 patients at
8-year follow-up, the International Knee Documentation
Committee (IKDC) rating was normal for 87% of patients
with both menisci present, 70% in patients with partial or
total lateral meniscectomies, 63% for those with partial or
total medial meniscectomies, and 50% for patients with
both menisci removed.98 Addressing meniscal injury and
ACL deficiency concurrently can lead to optimal outcomes
in select patients. A retrospective review of 28 patients who
underwent concomitant meniscal transplantation and ACL
reconstruction showed the combined procedure was beneficial for patients with chronic ACL deficiency or failed reconstruction, with 85% having normal subjective assessments
and 90% having normal Lachman and pivot-shift tests at a
mean of 2.8 years of follow-up.93
In cases of subacute or chronic ACL deficiency with
varus malalignment, HTO can be combined with ACL
reconstruction in a single-stage operation.65,74 When performing a combined HTO and ACL reconstruction, the
osteotomy should be performed first and the tibial slope
should be reduced, as an increase in posterior tibial slope
has been associated with an increase in ACL reconstruction failure.58,105 Posterior plate positioning during the
osteotomy is preferred to reduce tibial slope and avoid
interference between the proximal screws and tibial tunnel. In a retrospective review of 29 patients with chronic
knee instability and medial compartmental arthritis,
Trojani et al111 found that at 6-year follow-up, 70% of
patients had relief of pain and 80% had restored knee stability, enabling return to sports. Similarly, Zaffagnini
et al126 retrospectively reported on 32 patients who underwent concurrent ACL reconstruction and closing-wedge
lateral HTO. At a mean of 6.5 years of follow-up, 2 patients
were considered failures, osteoarthritis progression was
recorded as severe in 22% of patients, and no patients
underwent revision osteotomy, ACL revision, UKA, or
TKA.
Cartilage Restoration and Meniscal Treatment. Cartilage reparative procedures should also be considered if Outerbridge grade 3 or 4 lesions are present. Cartilage lesions
in the meniscal weightbearing zones can predispose to
meniscal allograft failure, and cartilage restoration should
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therefore be performed concurrently. Restorative procedures such as autologous chondrocyte implantation (ACI),
reparative procedures such as microfracture, or reconstructive procedures such as osteochondral auto- or allograft can
augment meniscal transplantation to optimize results. All
steps of the meniscal transplantation should be performed
first; however, care should be taken to avoid damage to the
anterior horn of the transplanted meniscus during osteochondral grafting. In a systematic review, Harris et al38
found 6 studies that examined concurrent MAT and cartilage restoration with either ACI (n ¼ 73), osteochondral
allograft (n ¼ 20), osteochondral autograft transfer system
(OATS; n ¼ 17), or microfracture (n ¼ 3). In 4 of 6 studies,
overall outcomes from combined surgeries were the same as
either procedure performed alone; in 2 studies, outcomes
were inferior to either procedure performed alone. Also,
12% of patients required revision surgery, most commonly
due to failure of the MAT. Similarly, a systematic review
of 9 studies analyzed concurrent HTO and articular cartilage surgery. There was a 98% survival at 5-year followup, with no significant difference between opening- and
closing-wedge HTO when combined with articular cartilage
surgery.39

Meniscal Replacement
Although not approved for use in the United States, other
options for the meniscectomized knee exist in Europe,
including collagen meniscal implants, polymers, hydrogels,
and stem cells. Collagen meniscal implants are enriched
with hyaluronic acid, chondroitin sulfate, and glycosaminoglycans to mimic the properties of the native meniscus.17,49
Early clinical studies have shown these implants to be safe
and improve patient activity. Synthetic polymers, another
form of meniscal scaffolds, use polyurethane to give biomechanical strength as well as polycaprolactone to allow for
tissue integration.102 Hydrogels have also been suggested
as a solution to meniscal replacement; however, in animal
studies, their wear properties have questioned safety and
reliability in a clinical trial.17

CONCLUSION
The meniscus plays an important role in maintaining knee
stability and slowing the development of osteoarthritis.
Unfortunately, a large portion of meniscal tears are irreparable, leading to partial or total meniscectomy. A
meniscus-deficient knee leads to pain and decreased activity, which can be debilitating for young, active patients.
Correction of limb alignment and preserving cartilage by
restoring joint mechanics can help to slow the progression
to osteoarthritis. High tibial osteotomy, meniscal allograft
transplantation, and distal femoral osteotomy are viable
options for select patients after meniscectomy. With appropriate patient selection and meticulous surgical technique,
excellent outcomes with infrequent complications have
been described. Future work and clinical trials should
explore the use of concomitant high tibial osteotomy and
meniscal allograft transplant in the postmeniscectomized
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knee and further elucidate the long-term outcomes of these
procedures.
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