
Multiple hereditary exostoses (MHE), also known as multiple osteochondromas (MO), 
is an autosomal dominant skeletal disorder. Approximately 10–20% of individuals are a 
result of a spontaneous mutation while the rest are familial. The prevalence of MHE/MO 
is 1/50 000.

There are two known genes found to cause MHE/MO, EXT1 located on chromosome 
8q23-q24 and EXT2 located on chromosome 11p11-p12. In 10–15% of the patients, no 
mutation can be located by current methods of genetic testing.1–7 These mutations are 
scattered across both genes. EXT1/EXT2 is essential for the biosynthesis of heparan sulfate 
(HS). HS production in patients’ cells is reduced by 50% or more.8–19 MHE/MO is associated 
with characteristic progressive skeletal deformities of the extremities and shortening of one 
or both the sides, leading to limb length discrepancy (LLD) and short stature.20–28 Two bone 
segments, such as the lower leg or forearm, are at greater risk of problems due to either 
osteochondromas (OCs) from one or both bones impinging on or deforming the other bone 
or a primary issue of altered growth causing one bone to grow at a faster or slower rate. OCs 
can also affect joint motion due to impingement of an OC with the opposite side of the joint 
or subluxation/dislocation related to deformity, impingement, and incongruity.20,24,26,29,30

OCs can also cause nerve or vessel entrapment and/or compression, including the spinal 
cord and nerve roots. Tethering of tendons and muscles can lead to locking or restriction 
of range of motion of joints as well as pain. Finally, chronic pain, arthritis, and disability are 
associated conditions.31
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Finally, the risk of malignant degeneration to chondrosarcoma has been reported in 
multiple publications to range between 1 and 5% of patients with MHE.7,8,17,20,26,32–38

  MEDICAL TREATMENT
Since MHE is a single-gene disorder affecting the biosynthesis of a specific molecule, 

HS, medical treatment should be possible. HS impacts many signaling pathways in bone 
and cartilage, including FGF, Wnts, Ihh, BMP, TGFβ, and SH2. Each of these pathways is a 
possible target for drug development. Since BMP signaling is critical for cartilage and bone 
formation, it may be the ideal therapeutic target.12,19,39–49

Palovarotene (PVO) is a retinoic acid receptor γ selective agonist. Its safety profile 
was established in an emphysema trial. PVO was identified as an effective treatment for 
fibrodysplasia ossificans progressiva (FOP) by Pacifici and collaborators. In FOP, PVO acts 
as a suppressor of BMP signaling. Thus, PVO was predicted to be effective in the treatment 
of MHE/MO as well.45,50–54

Animal studies demonstrated reduced OCs in a mouse model.51 In 2018, a Phase 2 
clinical trial was begun on the use of this in humans. This is a multicenter, randomized, 
placebo-controlled company-sponsored study. The results are as yet unknown [An Efficacy 
and Safety Study of Palovarotene for the Treatment of MO (MO-Ped) NCT03442985.].

  LOWER EXTREMITY
MHE can affect any of the bones in the lower extremity (pelvis, femur, tibia, foot bones). 

The indications for surgical treatment are numerous and are related to age, OC size and 
location, effects on joint range of motion, deformity and stability, alignment and length 
discrepancy, and nerve entrapment and pain.20–26,28,31,55,56

Children with MHE will often require numerous OC removal. It is important to limit the 
number of surgeries so as to minimize the interruption of childhood.28,57–60 To this end, the 
indication for removal of OCs may be softened to include ones that are not yet symptomatic 
but are expected to become so. This way, the removal of numerous OCs is often combined 
with other reconstructive procedures, including osteotomies, hemiepiphysiodesis, 
lengthening, and nerve decompression. One should avoid repeated single OC surgery that 
interrupts childhood. When both upper and lower limb problems need to be addressed, 
one should consider doing all of the upper limbs at one time and all of the lower limbs at 
another time.

For the purpose of instruction, specific problems at each area will be discussed separately, 
even though many of these procedures may be combined into one more comprehensive 
surgery.28,57–63

  HIP
MHE affects both sides of the hip joint, although the femur is more often primarily 

affected, which then leads to secondary dysplasia in the acetabulum20,24,64,65 (Figs. 1a,b, 2a-d). 
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Computerized tomography (CT) as well as magnetic resonance imaging (MRI) are useful 
modalities to evaluate the hip. A three-dimensional (3D) CT study is the most helpful in 
understanding the location of the offending OCs.66–70 These are most often located on the 
femoral neck but can also be present on the outside or inside of the acetabulum. OCs in 
this region lead to limitation of joint motion and pain, both due to impingement. They 
can protrude posteriorly and entrap or irritate the sciatic nerve. The femoral neck tends 
to grow into a valgus position. In some cases, the neck shaft angle can reach 180°.68 One 
should look for a break in Shenton’s line as well as an enlargement of the medial joint space, 
both indicators of hip joint subluxation. Subluxation may be related to one or more of the 
following: coxa valga, medial femoral OCs, and intra-acetabular OC.70 A 3D CT will help 

Figure 1a 
AP (right) and frog lateral (left) 
radiographs of right femur 
showing large medial proximal 
femoral osteochondroma in 
an 8 year old boy with marked 
coxa valga. 

Figure 1b
Frog lateral (left) and AP (center) radiographs after osteochonroma excision through lateral 
approach without surgical dislocation combined with varus proximal femoral osteotomy and 
fixation with sliding hip screw device. The final AP radiograph of the hip after hardware removal 
(right) is shown. 
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Figure 2a
AP pelvis radiograph of both hips in a 
30 year old man with MHE. He has large 
osteochondromas emanating from both 
proximal femurs limiting his hip range 
of motion. 

Figure 2b
3D CT scan of pelvis and both hips showing details of the 
three dimensional location of these osteochondromas. 

Figure 2c
Intraoperative photograph of the right hip after safe surgical dislocation (left). Note the cauliflower 
like exostoses emanating from the femoral neck and head. The osteochondromas were resected 
circumferentially around the femoral neck without damaging the retinaculum of the femoral neck 
and the blood supply of the femoral head (right). 

Figure 2d
AP pelvis radiograph showing complete resection of 
the osteochondromas from both femoral necks. The 
femoral necks were protected from stress fracture 
with a screw. The greater trochanters were fixed 
back in place with screws. The range of motion of 
the hips improved bilaterally. The two surgeries 
were performed three months apart. 
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identify which of these is the contributory cause. Associated genu valgus also exacerbates 
the coxa valga and lack of femoral head coverage during stance and gait.

Coxa valga without subluxation can be watched until it exceeds 150°. As the neck 
shaft angle increases beyond this amount, the tendency for the acetabulum to become 
dysplastic increases. It is preferable to treat the hip in MHE before the acetabulum becomes 
dysplastic to avoid the need for a pelvic osteotomy. Coxa valga should be treated by a varus 
intertrochanteric osteotomy at the level of the lesser trochanter to minimize the amount of 
medial translation required.64 The center of rotation of angulation (CORA) of the coxa valga 
is at the level of the base of the lesser trochanter. Therefore, an osteotomy through or above 
the lesser trochanter is almost at the same level as the CORA, while an osteotomy below 
this level requires medial translation to maintain the colinearity of the piriformis fossa with 
the mid-diaphysis of the femur.71 If there are non-impinging OCs of the calcar region, these 
will move away from the pelvis with the varus osteotomy. If there are associated impinging 
OCs of the femoral neck or calcar, a safe surgical dislocation approach combined with the 
varus osteotomy is performed.

Limitation of hip range of motion, femoroacetabular impingement, and associated 
nerve irritation due to posterior OC of the proximal femur are treated by the Ganz safe 
surgical dislocation method. This involves a greater trochanteric osteotomy to flip the 
gluteus medius–minimus and vastus lateralis anteriorly while leaving the piriformis tendon 
behind to protect the ascending branch of the medial femoral circumflex vessels.68,72–75 A 
Z-shaped capsulotomy is performed and the femoral head is dislocated from the joint. The 
acetabular labrum is probed for tears and if present these are debrided and repaired. Any 
intra- or periarticular OCs of the acetabulum are removed. The OCs on the femoral head, 
neck, and calcar are removed with an osteotome. An osteochondroplasty is done to recreate 
the normal anterior superolateral offset of the femoral neck. In distinction from the more 
common cam lesions, the removal of the bone from the neck is much more extensive. One 
has to be careful not to damage the posterior retinaculum to avoid avascular necrosis. A 
prophylactic screw is inserted into the femoral neck to prevent fracture since the femoral 
neck is significantly weakened by this almost circumferential removal of the surrounding 
OCs. The redundant hip capsule is plicated after the femoral head is reduced in joint. The 
greater trochanter is replaced to its original location and fixed with screws. A varus femoral 
osteotomy is performed if the neck shaft angle is 150° or greater. If an intertrochanteric 
osteotomy is performed, it is fixed with a 130° locking plate with screws or with a 130° blade 
plate.

Postoperatively, an assessment and decision need to be made whether there is sufficient 
coverage of the femoral head. If the acetabulum is too dysplastic, then a periacetabular 
osteotomy should be performed. In children below the age of 8, it is preferable to avoid 
the hip dislocation so as not to disrupt the greater trochanteric apophysis. In most of these 
children, there is marked coxa valga but limited medial OCs. A surgical dislocation can be 
deferred to an older age.68,72–76 Isolated varus osteotomy is performed.
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  KNEE
Frontal plane alignment is the most common problem at the knee (Figs. 3, 4). There is 

a tendency of the tibia to grow into valgus. This is often related to osteochondromatous 
involvement of the upper fibula, suggesting that there is lateral tethering of growth of the 
tibia. The simplest way to treat this problem is using a medial hemiepiphysiodesis plate.62,63,77 
To confirm that the deformity is coming from the tibia and not from the femur, the Paley 
Malalignment test should be performed. This involves measuring the lateral distal femoral 
angle and the medial proximal tibial angle. Based on these, one can determine whether the 
valgus is coming from the femur or tibia or coming from both.78 If there is significant OC 
involvement of the proximal fibula, the peroneal nerve should be decompressed at its two 
tunnels and the OCs of the proximal fibula removed. This includes an anterior and lateral 
compartment transverse fasciotomy.61,79–83

Sagittal plane malalignment is also common but less clinically relevant. Hyperextension 
deformity of the distal femur is often present and rarely needs surgery. In contrast, flexion 
deformity of the distal femur leads to fixed flexion of the knee and requires osteotomy.

OCs of the distal femur and proximal tibia are often large, symptomatic, and prominent. 
Medial tibial OCs can lead to entrapment of the pes anserinus tendon and catching of the 
knee joint during flexion and extension. The femoral vessels are often in contact or displaced 
by medial distal femur OCs. Lateral distal femoral OCs can entrap the iliotibial band. 

Figure 3
Standing long 
radiographs of both 
lower limbs in the 
previous patient showing 
bilateral genu valgum 
in addition to the hip 
osteochondromas (left). 
Standing radiographs 
after bilateral proximal 
tibial and right distal 
femoral ostoeotmy 
for realignment. The 
peroneal nerves were 
decompressed bilaterally 
together with resection 
of osteochondromas. 
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Anterior distal femoral OCs can affect the patella and quadriceps mechanism. Posterior 
distal femur OCs can limit knee flexion range of motion due to impingement with the 
posterior tibia with knee flexion. This will resolve itself in most cases as the OC grows away 
from the joint. Posterior proximal tibial OC can displace the vessels or nerves depending 
on its location. When it is posterolateral, it can collide with the fibula. Kissing tibiofibular 
OCs are common both proximally and distally. Removal of femoral and tibial OCs requires 
careful, extensile anatomic exposure with special attention to the neurovascular structures 
at risk. It is often safer to remove an OC piecemeal rather than try and resect the entire 
exostosis as one piece. The cartilage cap should always be removed in its entirety since it 
contains the growth plate for enlargement of the OC. To prevent bleeding, bone way can be 
pressed onto the base of the resected bone.

Neurovascular structures should be identified proximal and distal to the OC and then 
carefully teased off of the OC to avoid injury. After resection of the OC, there is a soft tissue 
dead space. This space is at risk of hematoma accumulation. A drain should be inserted into 
this dead space just before wound closure. The drain is left in until it is almost dry before 
it is pulled.

  ANKLE
Valgus deformity at the ankle is very common in MHE.20,84–90 This deformity may 

manifest in four stages (Figs. 5a-c, 6a-c,7a-c)).

Figure 4
Preoperative standing 
AP radiographs of 
right genuvalgum in 
an MHE skeletally 
immature patient (left). 
Postopertive standing 
radiograph a year and a 
half later after correction 
of genu valgum with 
hemiepiphysiodesis with 
a screw plate device 
(right). The right lower 
limb has achieved 
normal alignment. 
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Figure 5a
Standing AP radiograph 
showing bilateral ankle 
valgus with fibula at station 
(distal fibular physis at 
level of ankle joint). This is 
classified as Paley-Feldman 
type 1. 

Figure 5b
AP bilateral tibial radiographs showing 
that the valgus of both plafond was 
corrected using hemi-epiphysiodesis 
with screw plate devices. The fibulas 
remain at station. 

Figure 5c
Post correction and post 
removal AP standing 
radiograph of both ankles 
showing maintained 
correction a year later. 

Paley–Feldman Classification of MHE Ankle Valgus (Fig. 8a)

	 Type 1: Valgus plafond (sometimes the distal epiphysis may be wedged), no talar shift, 
fibula at station.

	 Type 2: Valgus plafond, lateral talar shift, fibula migrated proximal.

	 Type 3: V-shaped distal tibial epiphysis, lateral talar shift, fibula migrated proximal.

Modifiers

Interosseous OCs distal tibia and fibula: present versus absent.

Subtalar motion: mobile versus fixed varus.

Ankle degenerative changes: absent versus present.

	 Treatment of Type 1 ankle: These cases can be easily treated by medial distal tibial 
hemiepiphysiodesis in the growing child or by supramalleolar osteotomy of the distal 
tibia and fibula in the skeletally mature individual.91

	 Treatment of Type 2 ankle: This requires a procedure called the shortening osteotomy 
realignment distal tibia (SHORDT).92 The distal fibula is proximally migrated in 
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Figure 6b
Introperative fluoroscopic view of the left ankle showing the 
placement of reference wires used for guiding the resection of the 
trapezoidal segement of tibia. The distal tibiio-fibular ligaments 
and osteochodnromas have already been released and resected 
respectively. 

Figure 6a
Standing AP radiographs 
showing both ankles in 
significant valgus deformity. 
Note the lateral shift of the talus. 
There is a space created between 
the medial malleolus and the 
talus. The fibula is proximally 
migrated (not at station). Note 
that its physis is proximal to the 
ankle joint. The talus always 
follows the fibula. The right side 
had a failed attempt at hemi-
epiphysiodesis with staples. This 
may have contributed to the 
intra-articular V shaped plafond 
on the right side. There are 
interosseous osteochondromas 
present bilaterally between the 
tibia and fibula. 

Figure 6c
Mortis view of the left ankle after varusization and shortening 
of the distal tibia and fixation with an anterior plate. The distal 
tibio-fbular syndesmosis was fixed with a ligament washer 
system. The fibula was brought down to station by shortening 
the tibia relative to the intact fibula. 
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Figure 7a
Intraoperative fluroscopic 
view of the right ankle in 
the previous case, showing 
the pagoda shaped tibial 
plafond (red lines). Two 
K-wires were inserted one 
parallel to the medial and 
one to the lateral part of 
the plafond. 

Figure 7b
Intraoperative fluoroscopic views: A third wire inserted 
perpendicular to the proximal tibia shaft at a distance equal to 
the amount of desired shortening of the tibia to bring the fibula 
to station (left). An intra-articular osteotomy is made after 
first resecting the pentagon shaped bone segment (middle). 
The bone is shortened, the plafond is flattened by opening a 
wedge between the medial and lateral parts of the plafond. The 
intra-articular osteotomy does not penetrate the cartilage. The 
cartilage bends to accommodate the correction. An anterior plate 
is used for fixation (left). 

Figure 7c
Postoperative standing 
AP radiographs showing 
complete realignment of 
both ankles with both fibulas 
at station and both tali 
reduced in the mortis. 
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these cases. This position is referred to as the fibula not at station. To restore the 
fibula to station, the tibia is shortened relative to the fibula. This involves releasing 
the anterior and posterior distal tibiofibular ligaments combined with a varus 
supramalleolar osteotomy with shortening of the tibia by the amount of proximal 
migration of the fibula.

	 Treatment of Type 3 ankle: These cases require a procedure called the pentagon 
osteotomy (Fig. 8b). The distal fibula is proximally migrated with the talus following 
it and tilting into valgus. This leads to valgus deformation of the lateral distal tibial 
epiphysis. A valgus angle develops between the medial and lateral plafond. The talus 
articulates only with the lateral plafond. There is a space between the talus and the 
medial malleolus. The distal tibiofibular ligaments are released. The supramalleolar 
osteotomy is made in a V-shaped fashion with each limb of the V parallel to its section 
of the tibial plafond. A second osteotomy is made more proximally for shortening 
of the tibia to restore the fibula to station. Finally, an incomplete intra-articular 
osteotomy is added through the apex of the V to level the plafond. In growing children, 
this osteotomy is through the distal tibial physis. Bone wax is inserted in the opening 
wedge space to prevent a physeal bridge in the growing child.93

Figure 8a
Paley-Feldman 
MHE classification 
of the ankle

Figure 8b
Paley’s Intra-
articular Pentagon 
Osteotomy
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Associated with the valgus ankle deformity types, there are often interosseous OCs 
between the distal tibia and fibula coming from one or both bones.20,24,94–96 The anatomy 
of this is best studied using a 3D CT scan. These OCs must be resected at the same time 
as the rest of the treatment. With Types 2 and 3, an anterior incision is made to allow 
such resection and osteotomy of the distal tibia. An anterior plate and screws are used for 
fixation.

In order to correct the valgus of the ankle, the subtalar joint must at least be able to move 
into its neutral position. An examination is done to determine whether the heel can be put 
into the same amount of valgus as the valgus of the tibial plafond. If the heel cannot evert 
enough, then there is a fixed subtalar varus contracture, which will limit how much varus 
correction can be done through the supramalleolar osteotomy. Otherwise, full correction 
will uncover the varus subtalar contracture, leaving the foot stuck in varus.

The presence of ankle degenerative changes is important. If the ankle degeneration is 
significant, then osteotomy surgery may not be indicated. An ankle fusion may need to 
be considered. To avoid degenerative changes, the proximal fibular migration with ankle 
valgus should be treated aggressively.

  LIMB LENGTH DISCREPANCY
LLD24,97 (Fig. 9) is a common problem with MHE. Since growth rate is less predictable 

in MHE, epiphysiodesis is a less reliable option. Furthermore, short stature is a common 

Figure 9
Standing AP radiographs 
showing a 2cm leg 
length discrepancy 
(left). Radiograph of 
the right side showing 
lengthening with 
implantable nail (middle). 
Radiograph after full bone 
consolidation (right). 
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problem since growth inhibition affects both sides, making epiphysiodesis and its associated 
height loss less attractive. LLD is a result of more inhibition on one side than on the 
other. Discrepancy can be due to either or both femur and tibia. The preferred method of 
lengthening now is with an implantable lengthening device. Since the total LLD is usually 5 
cm or less, waiting till closer to skeletal maturity is advisable. In cases where the discrepancy 
is predicted to be much larger and two lengthenings are anticipated, the first lengthening 
can be around age 8 and the second closer to maturity. Epiphysiodesis is also a consideration 
for discrepancies less than 5 cm.

  UPPER EXTREMITY
MHE often involves multiple areas of the upper extremities from the scapulae to the tip 

of the fingers. Specific areas are of concern, may be due to the location consistently causing 
pain or deformity, while others impinge upon nerves and blood vessels. Joint involvement 
of the wrist and elbow is quite common. The upper extremity has many unique features 
in MHE, in that the function of the forearm and wrist is often severely involved. The 
radiocapitellar joint is particularly prone to dislocation.24,29,98–100 

  SCAPULA
The scapula is a common site for OC growth. OC of the posterior (dorsal) aspect of the 

scapula is often not painful but may become quite apparent and can be large and disfiguring. 
They may be excised for relief of discomfort or cosmetic purposes. Dorsal scapular OCs are 
divided into supra- and infraspinous. The supraspinous tumors can entrap or be near the 
nerves to supra- and infraspinatus. Care must be taken to avoid injury to this nerve and 
to decompress the nerve at the scapular notch and from around the tumor if necessary. 
Infraspinous dorsal tumors can be approached directly.66,101–106

Anterior scapula OCs (costal surface) (Fig. 10) are often painful as they contact the ribs 
when the patients raise and lower their arms. They also cause the appearance of winging of 
the scapula when they are large. The approach to the costal side of the scapula for excision 
is determined by location. More medial ones are approached along the vertebral border of 
the scapula, cutting through the trapezial fascia and then detaching the rhomboid major 

Figure 10
3D CT scan views of large right scapular supero-medial osteochrondroma
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and minor and dissecting under the subscapularis muscle to locate and excise the OC. Care 
must be taken since the long thoracic nerve can lie on the surface of large protruding OC 
as you approach the axillary border of the scapula lying on the serratus anterior muscle. 
Through the vertebral border approach, one can reach almost to the axillary border, which 
is where the long thoracic and thoracodorsal nerves are at risk.

Lateral scapular OC can also be excised with a lateral incision. Care to protect the 
thoracodorsal nerve is paramount. The teres major and minor origins on the scapula may 
be detached with care not to injure the more laterally lying axillary and thoracodorsal 
nerves as well as the circumflex artery.

The scapula is one bone that is prone to malignant degeneration of tumors (Fig. 11). The 
vast majority of these are low-grade chondrosarcomas. These require marginal excision of 
the tumor, but in aggressive and locally recurrent cases, partial or complete scapulectomy 
may be required. One of the problems with scapular tumors is that the constant movement 
between the chest cavity and the scapula may break off cartilage rests that form free 
chondrosarcoma loose bodies in the soft tissues between the scapula and the ribs. These 
can be seen only on MRI.33

  HUMERUS
The proximal humerus is a common location for OC growth. While many are 

asymptomatic and can be left in place, medial proximal humeral OCs (Fig. 12) may cause 
nerve and arterial and/or venous compression. Ulnar nerve compression is the most 
common, and in excising these tumors, the nerves and artery exiting the brachial plexus 
must be visualized and protected.20,24,95,107,108

Figure 11
3D CT scan views of costal surface and dorsal surface scapular osteochrondromas. The costal 
surface ones were diagnoses as Grade 2 chondrosarcoma. A scapulectomy preserving the glenoid 
was later performed. 



Multiple Hereditary Exostoses 15

Excision of large humeral OC may weaken the shaft of the humerus. Prophylactic 
fixation of the humerus or excision and grafting may be needed (Fig. 14 a-c).

  FOREARM (FIGS. 13-16)
OCs are particularly problematic when they occur in the forearm. The two-bone 

structure of the forearm makes it prone to problems that do not occur in single-bone 
segments, such as the humerus.

OCs growing between the radius and the ulna cause disturbance and limitation of 
supination and pronation. This is mostly a mechanical problem. This can result from a 
single OC extending from the radius or ulna or kissing OCs extending from both bones 
toward each other. These OCs should be excised early to maintain or restore supination and 
pronation. Ulnar lesions are frequently sessile budding off of the distal ulna. This creates 
the appearance of what is referred to as the candlestick ulna. Pedunculated lesions are 
also common off of both bones. OCs may also interfere with muscle function and may be 
excised to allow for untethered muscle excursion.

MHE is associated with differential growth of one bone versus the other in the forearm. 
This is similar to the relatively short fibula compared to the tibia seen in the leg in these 
patients. Since these two bones normally grow evenly with each other, this differential 
growth between the two bones often leads to secondary deformities. Ulna bowing is one of 
these secondary deformities. The ulna may bow into the anatomic radial bow, narrowing the 

Figure 12
3D CT scan of proximal humerus 
showing medial osteochondroma that 
was irritating the brachial plexus. 

Figure 13
AP radiograph (left) and AP 3D CT (middle) of 
distal radius showing that the distal radius and ulna 
are approximately at the same length (Feldman-Paley 
type 1). There are kissing osteochondromas between 
the two bones. These were resected freeing up forearm 
rotation (right). 
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Figure 14a
AP and lateral radiographs of right forearm 
showing shortening without angulation of 
the ulna. The radial head is well located. 
There are some distal ulnar and radial 
osteochondromas. This is classified as 
Feldman-Paley 2a

Figure 14b
AP radiograph of the forearm showing 
lengthening of the ulna with a monolateral 
external fixator. 

Figure 14c
AP and lateral radiograph of 
the forearm after removal of 
the external fixator. 
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Figure 15a
AP radiograph of 
the forearm showing 
a large single ulnar 
osteochondroma. 
There is increased 
radial tilt with carpal 
slip greater than 50%. 
The ulnar is short and 
has angulation of its 
diaphysis narrowing 
the interosseous 
space. The radial 
head shows mild 
subluxation. This is 
classified as Feldman-
Paley type 2b. 

Figure 15b
AP and lateral radiographs 
showing lengthening of the ulna 
with a monolateral fixator. The 
distal radius had a closing wedge 
osteotomy fixed with two staples. 

Figure 15c
AP and lateral radiographs of 
the forearm, 2 years after the 
procedure. The length of the two 
bones remains equal and the 
interosseous space is maintained. 
The distal radial tilt remains 
corrected. One of the staples had 
been removed. The radial head 
remains well reduced. 

Figure 15d
Preoperative photographs 
showing full supination and 90° 
loss of pronation of the right 
forearm. 
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Figure 15e
Postoperative 
photographs a 
year after surgery 
showing full 
supination and 
pronation. 

Figure 15f
AP and lateral 
radiographs 5 
years after surgery 
showing that the 
radius and ulna 
maintain normal 
anatomic relations. 

Figure 16a
Photograph and radiograph of right forearm. This shows complete dislocation of the radial head and 
marked deformity and shortening of the ulna. 

Figure 16b
Fluroscopy views in surgery 
showing placement of the half 
pins perpendicular to each 
bone segment. The ulna was 
osteotomized at its apex and 
acutely straightened with a 
monolateral fixator. 
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interosseous space. This alters the normal bucket handle mechanics of the radius rotating 
around the ulna, contributing to loss of supination–pronation. This is often followed by 
gradual radial head subluxation and dislocation in a similar pattern to acute dislocations 
seen with Monteggia fracture–dislocations.109 The radial head dislocates in the direction of 
the ulnar bow. The critical ulnar bowing threshold for subluxation/dislocation of the radial 
head is approximately 15° or greater. The shorter the ulna, the less bowing angulation is 
needed before dislocation of the radial head occurs. If ulnar shortening occurs without 
ulnar bowing, the radial head will not dislocate (unpublished data).24,26,29,98–100,110–125

The ulna shortening also acts as a tether to the distal radial physis. The distal radial tilt 
in the frontal plane is on average 23°. In MHE, the radial tilt increases and is associated with 
ulnar shortening. Correspondingly, without ulnar head support, the increased radial tilt 
leads to ulnar carpal slip. This ulnar subluxation of the carpus weakens grip strength, and 
patients often complain of weakness and pain when gripping. It creates an ulnar deviation 
posture of the hand. It also leads to wrist joint degeneration over time. Carpal slip greater 
than 50% is therefore considered an indication for surgery.

The radial diaphyseal bow may also increase widening the interosseous membrane 
space. This does not usually interfere with forearm rotation unless the ulna also bows in the 
same direction. The increased radial bow does not impact the wrist or elbow and is usually 
not the primary concern.

Shortening of the radius relative to the ulna can also occur. This is less common than 
ulnar shortening. This causes ulnocarpal impingement and loss of forearm rotation. It does 
not cause dislocation of the radial head.

Figure 16c
The ulna was then lengthened 
out to station and the radius 
transported distally. 

Figure 16d
AP and lateral radiographs after removal of the external fixator. 
An open reduction and ligament reconstruction of the radio-
capitellar joint was performed. The radial head is reduced. 
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The commonly used Masada classification divides the types of MHE forearm based on 
the location of the OC and the presence or absence of a radial head dislocation.100,125 This 
classification does not guide treatment. It is also not predictive of radial head subluxation. 
We propose a new classification that is treatment based and takes into account that the ulna 
is the primary problem in radial head subluxation and dislocation.

Feldman–Paley Classification of MHE Forearm(Fig. 17)

	 Type 1: Radius and ulna same length.

	 Type 2: Ulna short relative to radius.

	 Type 2a: Ulnar short with no bowing, radial head located.

	 Type 2b: Ulna bowed with or without radial head subluxation.

	 Type 2c: Ulna bowed with radial head dislocation.

	 Type 3: Radius short relative to ulna.

Modifiers

	 1.	Interosseous OC: absent or present.

	 2.	Distal radial tilt:

		  (a)  normal.

		  (b)  Increased with no carpal slip.

		  (c)  Increased with carpal slip.

	 3.	Proximal radial valgus: absent or present.

Figure 17a
Feldman-Paley MHE classification of the forearm. 
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Treatment for forearm MHE depends on the type. It can be divided into the following 
six surgical options, which are frequently combined:

	 Option 1: Resect OCs.

	 Option 2: Correct ulnar bowing to increase interosseous space and treat or prevent 
radial head subluxation.

	 Option 3: Correct distal radial tilt with hemiepiphysiodesis or closing wedge distal 
radial osteotomy.

	 Option 4: Correct length discrepancy between bones by lengthening or epiphysiodesis.

	 Option 5: Reduce dislocated radial head.

This classification aids in the treatment and prevention of sequela of the MHE forearm. 
Type 1A plus OC would simply have a resection of the OCs that are limiting motion and 
impinging on the other bone. While most such OCs are distal, proximal OC pushing out 
the radial head can also exist (Fig. 18). 

Type 2b with normal radial tilt would have an ulnar osteotomy for straightening with or 
without ulna lengthening. 

Type 2b with increased radial tit with carpal slip would undergo resection of the OC, 
ulna straightening osteotomy, and a distal radial closing wedge osteotomy. If there was no 
carpal slip, the distal radius could be watched or hemiepiphysiodesis could be considered. 
Lengthening of the ulna may be beneficial as well to aid the buttress on the ulna side of the 
wrist. Getting the ulna out to length is known to improve grip strength.

Figure 18a
AP and lateral radiographs of the forearm 
showing a proximal osteochondroma of 
the radial neck causing dislocation of the 
radiocapitellar joint. 

Figure 18b
The ulna was lengthened with a monolateral fixator. 
The radial neck osteochondroma is transported distally 
with the radius. 
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Type 2c needs to undergo an ulnar lengthening while pulling down the radial head to 
station. This reconstruction is a salvage procedure and even with open reduction of the 
radiocapitellar joint and reconstruction of the annular ligament, the patient does not regain 
the loss of supination and pronation. The advantage of reducing the radial head is mostly 
to remove the bothersome prominence at the elbow, which is sometimes tender and is 
prone to be bumped. In some late cases, reduction of the radial head is also performed in 
conjunction with radial heal prosthetic replacement.

The presence of proximal radial neck valgus may be significant when addressing radial 
head dislocation. In some cases, a varus osteotomy of the proximal radius is performed at 
the time of open reduction of the radiocapitellar joint.

The goal of treatment is not to allow the radial head to dislocate. This can be achieved 
by timely treatment of the Type 2b as the ulna bow approaches 15°.

This classification is treatment based and will aid in the decision-making tree in MHE 
forearm deformity.

  HAND AND FINGERS
OCs can grow anywhere within the hand and carpus (Fig. 19). Common problems 

include joint impingement by growth of an OC in the PIP or DIP joints. These often require 
excision with ligament reconstruction at times. Although resection of finger OCs and 

Figure 18c
Intra-operative fluoroscopy of showing 
reduction of the radio-capitellar joint and 
resection of the radial neck obstructing 
osteochondroma. 

Figure 18d
AP and lateral radiographs two years later showing that 
the reduction is maintained. Some residual or recurrent 
exostosis is present but is not causing luxation. 
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osteotomies of the phalanges are not difficult procedures, they are associated with a high 
risk of loss of motion of the PIP joint that is difficult to recover.

Clinodactyly with radial and ulna deviation of the digits is seen and may require 
straightening osteotomies if function is impeded.

Subungual exostoses are also seen and may cause pain as the nail bed is raised. These are 
treated by raising the nail and excision of the OC.126–128

  SPINE
Spinal involvement in MHE has been reported as high as sixty eight percent of 

patients with twenty seven percent of patients having encroachment of the spinal canal.129 
Osteochondomas can grow in any location of the spine from the posterior lamina which are 
often palpable to transverse process and the deep lamina.

We have reviewed our series of 64 consecutive patients treated for MHE and found only 
3 percent with spinal involvement and one percent with spinal encroachment. While OC 
can grow anywhere on the spine it is likely to be an uncommon clinical problem. We still 
recommend all patients with MHE undergo a spinal MRI by age 8 as undetected spinal 
encroachment can be clinically dangerous (Fig 20a,b).

Figure 19
Volar view of 3D CT of 
left hand (left) and AP 
radiograph left hand 
(right) showing multiple 
osteochondromas affecting 
volar distal radius, volar 
base of second metacarpal 
and multiple phalanges. The 
middle finger has an intra-
articular osteochondroma 
affecting motion. 
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Figure 20a
MRI T2 weighted sagittal image in a twelve 
year old boy demonstrating a thecal sac 
compression (large arrow) with a more distal 
resultant syringomyelia (small arrow).

Figure 20b
MRI T2 weighted axial image demonstrating a 
ventral laminar osteochondroma compressing 
the thecal sac.

KEY LEARNING POINTS

¡ �The Hip in MHE may be impacted by both OC and coxa valga. Both are correctable.

¡ �Nerve compression by OC is common in MHE and should be treated by excision of 
the offending OCand nerve decompression.

¡ �A short fibula in the ankle of MHE patients may cause disruption of the ankle 
mortise and can be treated by the SHORDT operation.

¡ �Dislocation of the radial head can be prevented by straightening the ulna bow.

¡ �Spinal involvement in MHE is possible and may cause spinal cord compression.

REFERENCES

	 1.	 Jennes I, Entius MM, Van Hul E, Parra A, Sangiorgi L, Wuyts W. Mutation screening of EXT1 
and EXT2 by denaturing high-performance liquid chromatography, direct sequencing analysis, 
fluorescence in situ hybridization, and a new multiplex ligation-dependent probe amplification 
probe set in patients with multiple osteochondromas. J Mol Diagn. 2008; 10:85–92.

	 2.	 Stickens D, Clines G, Burbee D, Ramos P, Thomas S, Hogue D, et al. The EXT2 multiple exostoses 
gene defines a family of putative tumour suppressor genes. Nat Genet. 1996; 14:25–32.

	 3.	 Vanhoenacker FM, Van Hul W, Wuyts W, Willems PJ, and De Schepper AM. Hereditary multiple 
exostoses: from genetics to clinical syndrome and complications. Eur J Radiol. 2001; 40:208–17.

	 4.	 Vink GR, White SJ, Gabelic S, Hogendoorn PC, Breuning MH, and Bakker E. Mutation 
screening of EXT1 and EXT2 by direct sequence analysis and MLPA in patients with multiple 



Multiple Hereditary Exostoses 25

osteochondromas: splice site mutations and exonic deletions account for more than half of the 
mutations. Eur J Hum Genet. 2005; 13:470–4.	

	 5.	 Wuyts W, Radersma R, Storm K, and Vits L. An optimized DHPLC protocol for molecular 
testing of the EXT1 and EXT2 genes in hereditary multiple osteochondromas. Clin Genet. 2005; 
68:542–7.

	 6.	 Wuyts W, Ramlakhan S, Van Hul W, Hecht JT, van den Ouweland AM, Raskind WH, et al. 
Refinement of the multiple exostoses locus (EXT2) to a 3-cM interval on chromosome 11. Am J 
Hum Genet. 1995; 57:382–7.

	 7.	 Wuyts W, Van Hul W, De Boulle K, Hendrickx J, Bakker E, Vanhoenacker F, et al. Mutations in 
the EXT1 and EXT2 genes in hereditary multiple exostoses. Am J Hum Genet. 1998; 62:346–54.

	 8.	 Bovee JV, Cleton-Jansen AM, Wuyts W, Caethoven G, Taminiau AH, Bakker E, et al. EXT-
mutation analysis and loss of heterozygosity in sporadic and hereditary osteochondromas and 
secondary chondrosarcomas. Am J Hum Genet 1999; 65:689–98.

	 9.	 Hecht JT, Hall CR, Snuggs M, Hayes E, Haynes R, and Cole WG. Heparan sulfate abnormalities 
in exostosis growth plates. Bone, 2002; 31:199–204.

	10.	 Hecht JT, Hayes E, Haynes R, Cole WG, Long RJ, Farach-Carson MC et al. Differentiation-
induced loss of heparan sulfate in human exostosis derived chondrocytes. Differentiation. 2005; 
73:212–21.

	11.	 Huegel J, Sgariglia F, Enomoto-Iwamoto M, Koyama E, Dormans JP, and Pacifici M. Heparan 
sulfate in skeletal development, growth, and pathology: the case of hereditary multiple exostoses. 
Dev Dyn. 2013; 242:1021–32.

	12.	 Jones KB, Pacifici M, and Hilton MJ. Multiple hereditary exostoses (MHE): elucidating the 
pathogenesis of a rare skeletal disorder through interdisciplinary research. Connective tissue 
research. 2014; 55:80–88.

	13.	 Lind T, Tufaro F, McCormick C, Lindahl U, and Lidholt K. The putative tumor suppressors 
EXT1 and EXT2 are glycosyltransferases required for the biosynthesis of heparan sulfate. J Biol 
Chem. 1998; 273:26265–8.

	14.	 McCormick C, Duncan G, Goutsos KT, Tufaro F. The putative tumor suppressors EXT1 and 
EXT2 form a stable complex that accumulates in the Golgi apparatus and catalyzes the synthesis 
of heparan sulfate. Proc Natl Acad Sci USA. 2000; 97:668–73.

	15.	 Mundy C, Yang E, Takano H, Billings PC, and Pacifici M. Heparan sulfate antagonism alters 
bone morphogenetic protein signaling and receptor dynamics, suggesting a mechanism in 
hereditary multiple exostoses. J Biol Chem. 2018; 293:7703–7716.

	16.	 Pacifici M. The pathogenic roles of heparan sulfate deficiency in hereditary multiple exostoses. 
Matrix Biol, 2018; 71-72:28-39.

	17.	 Roehl HH and Pacifici M. Shop talk: Sugars, bones, and a disease called multiple hereditary 
exostoses. Dev Dyn. 2010; 239:1901–4.

	18.	 Simmons AD, Musy MM, Lopes CS, Hwang LY, Yang YP, and Lovett M. A direct interaction 
between EXT proteins and glycosyltransferases is defective in hereditary multiple exostoses. 
Hum Mol Genet. 1999; 8:2155–64.

	19.	 Zak BM, Crawford BE, and Esko JD. Hereditary multiple exostoses and heparan sulfate 
polymerization. Biochim Biophys Acta. 2002; 1573:346–55.

	20.	 Bovée JV. Multiple osteochondromas. Orphanet J Rare Dis. 2008; 3:3.



D. Paley and D. Feldman26

	21.	 Clement, N.D, Duckworth AD, Baker AD, and Porter DE. Skeletal growth patterns in hereditary 
multiple exostoses: a natural history. J Pediatr Orthop B. 2012; 21:150–4.

	22.	 Pedrini E, Jennes I, Tremosini M, Milanesi A, Mordenti M, Parra A, et al. Genotype-phenotype 
correlation study in 529 patients with multiple hereditary exostoses: identification of “protective” 
and “risk” factors. J Bone Joint Surg Am. 2011; 93:2294–302.

	23.	 Schmale GA, EU Conrad 3rd, and WH Raskind, The natural history of hereditary multiple 
exostoses. J Bone Joint Surg Am. 1994; 76:986–992.

	24.	 Stieber JR and JP Dormans. Manifestations of hereditary multiple exostoses. J Am Acad Ortho 
Surg. 2005; 13:110–120.

	25.	 Wicklund CL, Pauli RM, Johnston D, Hecht JT et al. Natural history study of hereditary multiple 
exostoses. Am J Med Genet. 1995; 55:43–6.

	26.	 Wuyts W, Schmale GA, Chansky HA, and Raskind WH. Hereditary multiple osteochondromas. 
In:  Adam MP, Ardinger HH, Pagon RA, et.al. (eds.) GeneReviews®[Internet]. Seattle (WA): 
University of Washington, Seattle, 2013.

	27.	 Staal HM, Goud AL, van der Woude HJ, Witlox MA, Ham SJ, Robben SG et al, Skeletal maturity 
of children with multiple osteochondromas: is diminished stature due to a systemic influence? J 
Child Orthop. 2015; 9:397–402.

	28.	 Pierz KA, Stieber JR, Kusumi K, and Dormans JP. Hereditary multiple exostoses: one center’s 
experience and review of etiology. Clin Orthop Relat Res. 2002; 401:49–59.

	29.	 Pritchett JW. Lengthening the ulna in patients with hereditary multiple exostoses. J Bone Joint 
Surg Br. 1986; 68:561–5.

	30.	 Sauer S and Rösler H, [Disturbed growth in height in multiple cartilaginous exostoses (author’s 
transl)]. Z Orthop Ihre Grenzgeb. 1979; 117:309–14.

	31.	 Darilek S,  Wicklund C, Novy D, Scott A, Gambello M, Johnston D et al. Hereditary multiple 
exostosis and pain. J Pediatr Orthop. 2005; 25:369–76.

	32.	 Beltrami G, Ristori G, Scoccianti G, Tamburini A, and Capanna R. Hereditary Multiple 
Exostoses: a review of clinical appearance and metabolic pattern. Clin Cases Miner Bone Metab. 
2016; 13:110–118.

	33.	 Czajka CM and DiCaprio MR. What is the Proportion of Patients With Multiple Hereditary 
Exostoses Who Undergo Malignant Degeneration? Clin Orthop Relat Res. 2015; 473:2355–61.

	34.	 Fan XL, Han ZJ, Gong XY, Xiang JJ, Zhu LL, and Chen WH. Morphological classification for 
prediction of malignant transformation in multiple exostoses. Eur Rev Med Pharmacol Sci. 2014; 
18:840–5.

	35.	 Fei L, Ngoh C, and Porter DE. Chondrosarcoma transformation in hereditary multiple exostoses: 
A systematic review and clinical and cost-effectiveness of a proposed screening model. J Bone 
Oncol. 2018; 13:114–122.

	36.	 Hecht JT, Hogue D, Strong LC, Hansen MF, Blanton SH, and Wagner M. Hereditary multiple 
exostosis and chondrosarcoma: linkage to chromosome II and loss of heterozygosity for EXT-
linked markers on chromosomes II and 8. Am J Hum Genet. 1995; 56:1125–31.

	37.	 Hecht JT,  Hogue D, Wang Y, Blanton SH, Wagner M, Strong LC, Raskind W, et al. Hereditary 
multiple exostoses (EXT): mutational studies of familial EXT1 cases and EXT-associated 
malignancies. Am J Hum Genet. 1997; 60:80–6.



Multiple Hereditary Exostoses 27

	38.	 Sonne-Holm E, Wong C, and Sonne-Holm S, Multiple cartilaginous exostoses and development 
of chondrosarcomas—a systematic review. Dan Med J. 2014; 61:A4895.

	39.	 Ryckx A, JF Somers, and L Allaert. Hereditary multiple exostosis. Acta Orthop Belg. 2013; 
79:597–607.

	40.	 Sgariglia F, Candela ME, Huegel J, Jacenko O, Koyama E, Yamaguchi Y, et al. Epiphyseal 
abnormalities, trabecular bone loss and articular chondrocyte hypertrophy develop in the long 
bones of postnatal Ext1-deficient mice. Bone. 2013; 57:220–31.

	41.	 Huegel J,  Mundy C, Sgariglia F, Nygren P, Billings PC, Yamaguchi Y, et al. Perichondrium 
phenotype and border function are regulated by Ext1 and heparan sulfate in developing 
long bones: a mechanism likely deranged in Hereditary Multiple Exostoses. Dev Biol. 2013; 
377:100–12.

	42.	 Inubushi T, Nozawa S, Matsumoto K, Irie F, Yamaguchi Y. Aberrant perichondrial BMP 
signaling mediates multiple osteochondromagenesis in mice. JCI Insight. 2017; 2:90049.

	43.	 Nozawa S, Inubushi T, Irie F, Takigami I, Matsumoto K, Shimizu K, et al. Osteoblastic heparan 
sulfate regulates osteoprotegerin function and bone mass. JCI Insight. 2018; 3:89624.

	44.	 Pacifici M. Hereditary Multiple Exostoses: New Insights into Pathogenesis, Clinical 
Complications, and Potential Treatments. Curr Osteoporos Rep. 2017; 15:142–152.

	45.	 Pacifici M. Retinoid roles and action in skeletal development and growth provide the rationale 
for an ongoing heterotopic ossification prevention trial. Bone. 2018; 109:267–275.

	46.	 Phan AQ, Pacifici M. and Esko JD. Advances in the pathogenesis and possible treatments for 
multiple hereditary exostoses from the 2016 international MHE conference. Connect Tissue Res. 
2018; 59:85–98.

	47.	 Sinha S, Mundy C, Bechtold T, Sgariglia F, Ibrahim MM, Billings PC, et al. Unsuspected 
osteochondroma-like outgrowths in the cranial base of Hereditary Multiple Exostoses patients 
and modeling and treatment with a BMP antagonist in mice. PLoS Genet. 2017; 13:e1006742.

	48.	 Jones KB. Glycobiology and the growth plate: current concepts in multiple hereditary exostoses. 
J Pediatr Orthop. 2011; 31:577–86.

	49.	 Matsumoto Y, Matsumoto K, Irie F, Fukushi J, Stallcup WB, Yamaguchi Y et al. Conditional 
ablation of the heparan sulfate-synthesizing enzyme Ext1 leads to dysregulation of bone 
morphogenic protein signaling and severe skeletal defects. J Biol Chem. 2010; 285:19227–34.

	50.	 Hsiao EC, Di Rocco M, Cali A, Zasloff M, Al Mukaddam M, Pignolo RJ et al. Special 
considerations for clinical trials in fibrodysplasia ossificans progressiva (FOP). Br J Clin 
Pharmacol. 2019; 85:1199–1207.

	51.	 Inubushi T, Lemire I, Irie F, Yamaguchi Y. Palovarotene Inhibits Osteochondroma Formation in 
a Mouse Model of Multiple Hereditary Exostoses. J Bone Miner Res. 2018; 33:658–666.

	52.	 Lindborg CM,  Brennan TA, Wang H, Kaplan FS, Pignolo RJ. Cartilage-derived retinoic 
acid-sensitive protein (CD-RAP): A stage-specific biomarker of heterotopic endochondral 
ossification (HEO) in fibrodysplasia ossificans progressiva (FOP). Bone. 2018; 109:153–157.

	53.	 Shimono K, Tung WE, Macolino C, Chi AH, Didizian JH, Mundy C, et al. Potent inhibition of 
heterotopic ossification by nuclear retinoic acid receptor-γ agonists. Nat Med. 2011; 17:454–60.

	54.	 Sinha S, Uchibe K, Usami Y, Pacifici M, Iwamoto M. Effectiveness and mode of action of 
a combination therapy for heterotopic ossification with a retinoid agonist and an anti-
inflammatory agent. Bone. 2016; 90:59–68.



D. Paley and D. Feldman28

	55.	 Gocmen S,  Topuz AK, Atabey C, Şimşek H, Keklikçi K, Rodop O. Peripheral nerve injuries 
due to osteochondromas: analysis of 20 cases and review of the literature. J Neurosurg. 2014; 
120:1105–12.

	56.	 Paley D. Growth Plate Considerations, in Principles of deformity correction, J. Herzenberg and 
D. Paley, Editors. New York: Springer-Verlag, Berlin Heidelberg; 2002. pp. 695–716.

	57.	 Arkader A. Multiple hereditary exostoses: its burden on childhood and beyond: commentary 
on an article by A.L. Goud, MD, et al.: “Pain, physical and social functioning, and quality of life 
in individuals with multiple hereditary exostoses in The Netherlands. A national cohort study”. 
J Bone Joint Surg Am. 2012: 94:e81.

	58.	 Chhina H, Davis JC, and Alvarez CM. Health-related quality of life in people with hereditary 
multiple exostoses. J Pediatr Orthop. 2012; 32:210–4.

	59.	 D’Ambrosi R, Ragone V, Caldarini C, Serra N, Usuelli FG, Facchini RM. The impact of 
hereditary multiple exostoses on quality of life, satisfaction, global health status, and pain. Arch 
Orthop Trauma Surg. 2017; 137:209–215.

	60.	 Goud AL,  de Lange J, Scholtes VA, Bulstra SK, Ham SJ. Pain, physical and social functioning, 
and quality of life in individuals with multiple hereditary exostoses in The Netherlands: a 
national cohort study. J Bone Joint Surg Am. 2012; 94:1013–20.

	61.	 Bottner F, Rodl R, Kordish I, Winklemann W, Gosheger G, and Lindner N. Surgical treatment 
of symptomatic osteochondroma. A three- to eight-year follow-up study. J Bone Joint Surg Br. 
2003; 85:1161–5.

	62.	 Kang S, Kim JY, and Park SS. Outcomes of hemiepiphyseal stapling for genu valgum deformities 
in patients with multiple hereditary exostoses: a comparative study of patients with deformities 
of idiopathic cause. J Pediatr Orthop. 2017; 37:265–271.

	63.	 van Oosterbos M, van der Zwan AL, van der Woude HJ, and Ham SJ. Correction of ankle valgus 
by hemiepiphysiodesis using the tension band principle in patients with multiple hereditary 
exostosis. J Child Orthop. 2016; 10:267–73.

	64.	 Felix NA, Mazur JM, and Loveless EA. Acetabular dysplasia associated with hereditary multiple 
exostoses. A case report. J Bone Joint Surg Br. 2000; 82:555–7.

	65.	 Paley, D., Hip Joint Considerations, in Principles of deformity correction, J. Herzenberg and D. 
Paley, Editors. New York: Springer-Verlag, Berlin Heidelberg; 2002. pp. 695–716.

	66.	 Gavanier M and Blum A. Imaging of benign complications of exostoses of the shoulder, pelvic 
girdles and appendicular skeleton. Diagn Interv Imaging. 2017; 98:21–28.

	67.	 Kwee RM, Fayad LM, Fishman EK, Fritz J. Multidetector computed tomography in the 
evaluation of hereditary multiple exostoses. Eur J Radiol. 2016; 85:383–91.

	68.	 Duque Orozco M, Abousamra O, Rogers KJ, Thacker MM. Radiographic analysis of the pediatric 
hip patients with hereditary multiple exostoses (HME). J Pediatr Orthop. 2018; 38:305–311.	

	69.	 Tam MD,  Laycock SD, Bell D, Chojnowski A. 3-D printout of a DICOM file to aid surgical 
planning in a 6 year old patient with a large scapular osteochondroma complicating congenital 
diaphyseal aclasia. J Radiol Case Rep. 2012; 6:31–7.

	70.	 Duque Orozco M, Abousamra O, Rogers KJ, Thacker MM. Magnetic Resonance Imaging in 
Symptomatic Children With Hereditary Multiple Exostoses of the Hip. J Pediatr Orthop. 2018; 
38:116–121.



Multiple Hereditary Exostoses 29

	71.	 Paley, D., Frontal Plane Mechanical and Anatomic Axis Planning, in Principles of deformity 
correction, J. Herzenberg and D. Paley, Editors. New York: Springer-Verlag, Berlin Heidelberg; 
2002. pp. 695–716.

	72.	 Guindani N,  Eberhardt O, Wirth T, Surace MF, Fernandez FF. Surgical dislocation for pediatric 
and adolescent hip deformity: clinical and radiographical results at 3 years follow-up. Arch 
orthop trauma surg. 2017; 137:471– 479.

	73.	 Shin SJ, Kwak HS, Cho TJ, Park MS, Yoo WJ, Chung CY et al. Application of Ganz surgical hip 
dislocation approach in pediatric hip diseases. Clin orthop surg. 2009; 1:132–137.

	74.	 Siebenrock, KA and R Ganz. Osteochondroma of the femoral neck. Clin Orthop Relat Res. 2002; 
(394):211–8.

	75.	 Sorel JC,  Façee Schaeffer M, Homan AS, Scholtes VA, Kempen DH, Ham SJ. Surgical hip 
dislocation according to Ganz for excision of osteochondromas in patients with multiple 
hereditary exostoses. Bone Joint J. 2016; :260–5.

	76.	 Nisar A, Gulhane S, Mahendra A, Meek RM, Patil S. Surgical dislocation of the hip for excision 
of benign tumours. J Orthop. 2014; 11:28–36.

	77.	 Nawata K, Teshima R, Minamizaki T, Yamamoto K. Knee deformities in multiple hereditary 
exostoses. A longitudinal radiographic study. Clin Orthop Relat Res. 1995:194–9.

	78.	 Paley, D., Normal Lower Limb Alignment and Joint Orientation, in Principles of deformity 
correction, J. Herzenberg and D. Paley, Editors. New York: Springer-Verlag, Berlin Heidelberg; 
2002. pp. 695–716.

	79.	 Cardelia, JM,  Dormans JP, Drummond DS, Davidson RS, Duhaime C, Sutton L. Proximal 
fibular osteochondroma with associated peroneal nerve palsy: a review of six cases. J Pediatr 
Orthop. 1995; 15:574–7.

	80.	 Matsumoto K, Sumi H, and Shimizu K. Tibial osteochondroma causing foot pain mimicking 
tarsal tunnel syndrome: a case report. J Foot Ankle Surg. 2005; 44:159–62.

	81.	 Nogueira, M.P. and Paley D. Prophylactic and therapeutic peroneal nerve decompression for 
deformity correction and lengthening. Operative Techniques in Orthopaedics. 2011; 21:180–183.

	82.	 Poage C, C Roth, and B Scott. Peroneal Nerve Palsy: Evaluation and Management. J Am Acad 
Orthop Surg. 2016; 24:1–10.

	83.	 Feldman, D.S., et al., Indication and Outcomes of Peroneal Nerve Decompression in Patients 
with Multiple Hereditary Exostoses. 2019: In Prep.

	84.	 Bessler W, Eich G, Stuckmann G, Zollikofer C. Kissing osteochondromata leading to synostoses. 
Eur Radiol. 1997; 7:480–5.

	85.	 Dias LS. Valgus deformity of the ankle joint: pathogenesis of fibular shortening. J Pediatr Orthop. 
1985; 5:176–80.

	86.	 Driscoll M, Linton J, Sullivan E, Scott A. Correction and recurrence of ankle valgus in skeletally 
immature patients with multiple hereditary exostoses. Foot Ankle Int. 2013; 34: 1267–73.

	87.	 Jang WY, Park MS, Yoo WJ, Chung CY, Choi IH, Cho TJ. Beam Projection Effect in the 
Radiographic Evaluation of Ankle Valgus Deformity Associated With Fibular Shortening. J 
Pediatr Orthop, 2016; 36:e101–e105.

	88.	 Tompkins M, Eberson C, and Ehrlich M. Hemiepiphyseal stapling for ankle valgus in multiple 
hereditary exostoses. Am J Orthop (Belle Mead NJ). 2012; 41:E23–6.



D. Paley and D. Feldman30

	89.	 Chu A, Ong C, Henderson ER, Van Bosse HJ, and Feldman DS. Distraction Osteogenesis of the 
Fibula to Correct Ankle Valgus in Multiple Hereditary Exostoses. Bull Hosp Jt Dis (2013). 2016; 
74:249–253.

	90.	 Lee DY,  Kim JI, Song MH, Choi ES, Park MS, Yoo WJ, Chung CY et al. Fibular lengthening 
for the management of translational talus instability in hereditary multiple exostoses patients. J 
Pediatr Orthop. 2014; 34:726–32.

	91.	 Rupprecht M, Spiro AS, Schlickewei C, Breyer S, Ridderbusch K, Stücker R. Rebound of ankle 
valgus deformity in patients with hereditary multiple exostosis. J Pediatr Orthop. 2015; 35:94–9.

	92.	 Paley D. Surgical reconstruction for fibular hemimelia. J Child Orthop. 2016; 10:557–583.

	      93.	 �Paley D. Intra-articular osteotomies of the hip, knee, and ankle. Operative Techniques in 
Orthopaedics. 2011; 21:184–196.

	      94.	 �Chin KR, Kharrazi FD, Miller BS, Mankin HJ, Gebhardt MC. Osteochondromas of the 
distal aspect of the tibia or fibula. Natural history and treatment. J Bone Joint Surg Am. 2000; 
82:1269–78.

      	95.	 �Matsumoto Y,  Matsuda S, Matono K, Oda Y, Tsuneyoshi M, Iwamoto Y. Intra-articular 
osteochondroma of the knee joint in a patient with hereditary multiple osteochondromatosis. 
Fukuoka Igaku Zasshi. 2007; 98:425–30.

	      96.	 �Noonan KJ, Feinberg JR, Levenda A, Snead J, Wurtz LD. Natural history of multiple hereditary 
osteochondromatosis of the lower extremity and ankle. J Pediatr Orthop. 2002; 22:120–4.

	      97.	 �Clement ND. and Porter DE. Can deformity of the knee and longitudinal growth of the leg be 
predicted in patients with hereditary multiple exostoses? A cross-sectional study. Knee. 2014; 
21:299–303.

	      98.	 �Arms DM, Strecker WB, Manske PR, Schoenecker PL. Management of forearm deformity in 
multiple hereditary osteochondromatosis. J Pediatr Orthop. 1997; 17:450–4.

	      99.	 �Tetsworth K, Krome J, and Paley D. Lengthening and deformity correction of the upper 
extremity by the Ilizarov technique. Orthop Clin North Am. 1991; 22:689–713.

	100.		� Masada K, Tsuyuguchi Y, Kawai H, Kawabata H, Noguchi K, Ono K. Operations for forearm 
deformity caused by multiple osteochondromas. J Bone Joint Surg Br. 1989; 71:24–9.

	101.		� Bartonicek J, Řiha M, and Tuček M. Osteochondroma of scapular body-trans-scapular 
technique of resection: a case report. J Shoulder Elbow Surg. 2018; 27:e348–e353.

	102.		� Bloch AM, Nevo Y, Ben-Sira L, Harel S, Shahar E. Winging of the scapula in a child with 
hereditary multiple exostoses. Pediatr Neurol. 2002; 26:74–6.

	103.		� Ceberut K, Korkmaz M, Ergin I, Müslehiddinoglu A. Bursa formation with scapular 
osteochondroma in hereditary multiple exostosis. J Coll Physicians Surg Pak. 2013; 23:512–4.

	104.		� Clement ND, Ng CE, and Porter DE. Shoulder exostoses in hereditary multiple exostoses: 
probability of surgery and malignant change. J Shoulder Elbow Surg. 2011; 20:290–4.

	105.		� Fageir MM, Edwards MR, and Addison AK. The surgical management of osteochondroma on 
the ventral surface of the scapula. J Pediatr Orthop B. 2009; 18:304–7.

	106.		� Nercessian O and Denton JR. Cartilaginous exostosis arising from the ventral surface of the 
scapula. A case report. Clin Orthop Relat Res. 1988; 236:145–7.

	107.		� Medek K,  Zeman J, Honzík T, Hansíková H, Švecová Š, Beránková K et al. Hereditary Multiple 
Exostoses: Clinical, Molecular and Radiologic Survey in 9 Families. Prague Med Rep. 2017; 
118:87–94.



Multiple Hereditary Exostoses 31

	108.		� Clement ND and Porter DE. Hereditary multiple exostoses: anatomical distribution and 
burden of exostoses is dependent upon genotype and gender. Scot Med J. 2014; 59:35–44.

	109.		� Bado JL. The Monteggia lesion. Clin Orthop Relat Res. 1967; 50:71–86.

	110.		� Akita S, Murase T, Yonenobu K, Shimada K, Masada K, Yoshikawa H. Long-term results of 
surgery for forearm deformities in patients with multiple cartilaginous exostoses. J Bone Joint 
Surg Am. 2007; 89:1993–9.

	111.		� Clement ND. Letter regarding “Effect of osteochondroma location on forearm deformity in 
patients with multiple hereditary osteochondromatosis”. J Hand Surg Am. 2013; 38:1447–8.

	112.		� Clement ND and Porter DE. Forearm deformity in patients with hereditary multiple exostoses: 
factors associated with range of motion and radial head dislocation. J Bone Joint Surg Am. 
2013; 95:1586–92.

	113.		� D’Ambrosi R,  Barbato A, Caldarini C, Biancardi E, Facchini RM. Gradual ulnar lengthening 
in children with multiple exostoses and radial head dislocation: results at skeletal maturity. J 
Child Orthop. 2016; 10:127–33.

	114.		� Gottschalk HP,  Kanauchi Y, Bednar MS, Light TR. Effect of osteochondroma location on 
forearm deformity in patients with multiple hereditary osteochondromatosis. J Hand Surg Am. 
2012; 37:2286–93.

	115.		� Leube B, Hardt K, Portier S, Westhoff B, Jäger M, Krauspe R et al. Ulna/height ratio as clinical 
parameter separating EXT1 from EXT2 families? Genet Test. 2008; 12:129–33.

	116.		� Li Y,  Han B, Tang J, Chen M, Wang Z. Identification of risk factors affecting bone formation 
in gradual ulnar lengthening in children with hereditary multiple exostoses: A retrospective 
study. Medicine (Baltimore). 2019; 98:e14280.

	117.		� Litzelmann E, Mazda K, Jehanno P, Brasher C, Penneçot GF, Ilharreborde B. Forearm 
deformities in hereditary multiple exostosis: clinical and functional results at maturity. J 
Pediatr Orthop. 2012; 32:835–41.

	118.		� Refsland S, Kozin SH, and Zlotolow DA. Ulnar Distraction Osteogenesis in the Treatment of 
Forearm Deformities in Children With Multiple Hereditary Exostoses. J Hand Surg Am. 2016; 
41:888–95.

	119.		� Shin EK, Jones NF, and Lawrence JF. Treatment of multiple hereditary osteochondromas of the 
forearm in children: a study of surgical procedures. J Bone Joint Surg Br. 2006; 88:255–60.

	120.		� Song SH, Lee H, Youssef H, Oh SM, Park JH, Song HR. Modified Ilizarov technique for the 
treatment of forearm deformities in multiple cartilaginous exostoses: case series and literature 
review. J Hand Surg Eur Vol. 2013; 38:288–96.

	121.		� Tang ZW,  Cao YL, Liu T, Chen T, Zhang XS. Management of forearm deformities with ulnar 
shortening more than 15 mm caused by hereditary multiple osteochondromas. Eur J Orthop 
Surg Traumatol. 2013; 23:611–8.

	122.		� Watts AC,  Ballantyne JA, Fraser M, Simpson AH, Porter DE. The association between ulnar 
length and forearm movement in patients with multiple osteochondromas. J Hand Surg Am. 
2007; 32:667–73.

	123.		� Hill RA, Ibrahim T, Mann HA, Siapkara A. Forearm lengthening by distraction osteogenesis 
in children: a report of 22 cases. J Bone Joint Surg Br. 2011; 93:1550–5.

	124.		� Jo AR, Jung ST, Kim MS, Oh CS, Min BJ. An Evaluation of Forearm Deformities in Hereditary 
Multiple Exostoses: Factors Associated With Radial Head Dislocation and Comprehensive 
Classification. J Hand Surg Am. 2017; 42:292.e1–292.e8.



D. Paley and D. Feldman32

	125.		� Villa A, Paley D, Catagni MA, Bell D, Cattaneo R. Lengthening of the forearm by the Ilizarov 
technique. Clin Orthop and Relat Res. 1990; 250:125–137.

	126.		� Hazen PG and Smith DE. Hereditary multiple exostoses: report of a case presenting with 
proximal nail fold and nail swelling. J Am Acad of Dermatol. 1990; 22:132–4.

	127.		� Karr MA, Aulicino PL, DuPuy TE, Gwathmey FW. Osteochondromas of the hand in hereditary 
multiple exostosis: report of a case presenting as a blocked proximal interphalangeal joint. J 
Hand Surg Am. 1984; 9:264–268.

	128.		� Woodside JC, Ganey T, and Gaston RG. Multiple osteochondroma of the hand: initial and 
long-term follow-up study. Hand(N Y). 2015; 10:616–620.

	129.	�	� Roach JW, Klatt JW, Faulkner ND. Involvement of the spine in patients with multiple 
hereditary exostoses. J Bone Joint Surg Am. 2009; 91:1942-1948.


