Radial Longitudinal Deficiency:

Radius Hypoplasia

Chris Stutz and Scott Oishi

Introduction

Radial longitudinal deficiency (RLD) comprises a spectrum
of clinical manifestations involving phenotypic changes of
the upper extremity that range from underdevelopment to
complete absence of the radial sided structures. The majority
of cases of RLD are sporadic in occurrence, but the defor-
mity can be passed genetically as well. Treatment for this
condition varies depending on the clinical presentation of the
patient as well as any associated anomalies that may exist.
This chapter will attempt to explain the background and eti-
ology of RLD, outline the conditions that have been associ-
ated with the deformity, review the classification of the
various phenotypic presentations, and review current treat-
ment patterns and their associated outcomes.

Background

The first documented case of RLD, then termed “radial club
hand” was reported by Petit in 1733 when he described the
findings in an infant autopsy. The term “radial club hand” has
been largely supplanted in the modern literature with the term
“radial longitudinal deficiency.” In 1894, Sayre published the
first case of RLD treated with centralization to address the
radial deviation deformity associated with the condition by
outlining the steps of centralizing the carpus on the end of the
distal ulna. Since the time of these early publications, there
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have been significant advances in the understanding of the
diagnosis, the deformity, and its associated conditions.
Despite these advances, there remains little consensus in
opinion regarding the best operative or non-operative treat-
ment of the radial deformity in children with RLD.

Etiology

The theories regarding the embryologic basis for RLD con-
tinue to evolve, as the specific mechanisms of limb bud devel-
opment are uncovered. In animal models, the progressive
reduction of apical ectodermal ridge associated fibroblastic
growth factors causes a progressive reduction in the size and
volume of the developing limb bud. These alterations in cel-
lular communication result in deformities that resemble those
seen clinically in RLD [1, 2]. Mutagenic agents given to preg-
nant rats at various time points in gestation resulted in a sub-
stantial portion of littermates exhibiting manifestations
consistent with RLD. The manifestations correlated with the
time of administration and the dose of the mutagenic agent
[3]. The prevalence of RLD has been reported as 1 in 55,000
live births [4], with a male to female ratio of 3:2 [5-8].

Associated Conditions

The association of RLD with certain medical conditions is
well established. Historically, patients diagnosed with RLD
were given a poor general prognosis, likely related to the asso-
ciated morbidity of the related medical conditions [9].
Goldfarb et al. [10] reported on 164 patients with RLD, 67 %
of which had associated medical or musculoskeletal abnor-
malities. The investigators reported the relative incidence of
associated medical conditions was directly related to the
severity of the RLD, with the most common related conditions
being cardiac anomalies (20 %), thrombocytopenia-absent
radius syndrome (15 %), VACTERL association (13 %), Holt-
Oram syndrome (4 %), and Fanconi anemia (1 %).
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Hall et al. defined thrombocytopenia-absent radius as a
syndrome in 1969 [11]. The inheritance pattern was thought
to be autosomal recessive, but reports of parent-to-child
transmission and multiple affected relatives in families sug-
gest either heterogeneity or a different mode of inheritance
[12—14]. Further genetic investigations have found a specific
microdeletion of chromosome 1g21.1, which is necessary,
but in itself insufficient to cause the thrombocytopenia-
absent radius phenotype [15]. The cardinal findings of TAR
syndrome are the absence of radii with the presence of hypo-
plastic thumbs and thrombocytopenia [16]. The presence of
an aberrant muscle, termed the brachiocarpalis, was identi-
fied by Oishi and colleagues in the upper extremities of chil-
dren with TAR syndrome contributing to the radial angulation
deformity of the carpus [17]. Unique to this diagnosis is that
even though the thrombocytopenia can initially be severe, it
usually spontaneously resolves over time without the need
for intervention.

VACTERL association is a nonrandom association of
birth defects involving vertebral anomalies, anal atresia, car-
diovascular anomalies, trachea-esophageal fistula, renal and/
or radial anomalies, and limb defects. VACTERL association
is likely related to multiple factors, but can be seen with
chromosomal defects such as Trisomy 18 and is encountered
more commonly in children of diabetic mothers [18]. There
has been no specific genetic cause identified in VACTERL
association to date. RLD patients must have at least three,
including RLD, of the possible associations to be considered
a VACTERL patient.

Holt-Oram syndrome is an autosomal dominant condition
hallmarked by cardiac abnormalities and upper limb anoma-
lies involving the radial ray. The genetic abnormality respon-
sible for the syndrome has been identified as a missense
mutation in the TBXS gene [19]. The upper extremity
involvement in Holt-Oram is variable. There is commonly
hypoplasia of the radial elements with or without bizarre
synostoses between the radius and ulna (Fig. 7.1).

Fanconi anemia is the most common inherited cause of
bone marrow failure [20]. The bone marrow failure most
commonly occurs between the ages of 5 and 15. Phenotypic
variations are common in presentation and include short stat-
ure, thumb and radius deformities, hyperpigmentation of
skin, renal, cardiac, and genitourinary abnormalities [21].
The diagnosis can be made using a chromosome breakage
analysis (diepoxybutane analysis). The test is expensive and
its use as a routine screening tool in patients with apparent
isolated RLD continues to be debated. However, the advent
of successful pediatric bone marrow transplantation has led
some authors to feel that diepoxybutane testing is important
in every child with an RLD diagnosis.

Unique to many other conditions treated by the discipline
of hand surgery, RLD often offers the hand surgeon the
opportunity to be the first to make a diagnosis of other asso-

Fig.7.1 Bizarre forearm synostosis in a patient with Holt-Oram syndrome

ciated anomalies. This is related to the fact that the visible
difference in upper extremity development often implores
the parents and pediatrician to pursue evaluation for treat-
ment of the affected limb. Hence, it is imperative that the
hand surgeon be aware of these common associations and
performs a complete evaluation of the child in all cases. This
evaluation should include, at a minimum, a complete muscu-
loskeletal and systemic evaluation, a complete blood count,
echocardiogram, abdominal ultrasound, and subsequent
evaluation for scoliosis.

Classification

The original classification of RLD was described by Bayne
and Klug in 1987 [22]. They based the classification system
on the radiographic appearance of the radius and divided the
phenotype into four categories. Type I was defined as a short
radius with delayed appearance of the distal radial epiphysis.
Type II was defined as a “radius in miniature” with growth of
both proximal and distal radial epiphyses affected. Type III
denoted partial absence of the radius with no distal radial phy-
sis; Type IV was defined as complete absence of the radius.
The original classification of scheme of Bayne and Klug
was modified by James et al. [23] in 1999 to include Types N
and 0 with further delineation of what constituted Type I



7 Radial Longitudinal Deficiency: Radius

87

a

Fig.7.2 (a) Type O/N. (b) Type L. (¢) Type II. (d) Type III. (e) Type IV. (f) Type V

RLD. The classification was further modified by Goldfarb
et al. [24] in 2005 to include more severe proximal manifes-
tations of RLD as Type V. The current state of RLD classifi-
cation is as follows (Fig. 7.2):

Type N—The thumb is hypoplastic or absent in the presence
of a normal carpus or radius. Radial angulation at the
wrist is usually absent or minimal.

Type 0—The radius is of normal length with proximal and
distal physes. The radial carpal bones are hypoplastic or
absent. The degree of radial angulation of the wrist is
variable. The angulatory deformity is owing to the abnor-
mal carpal bones and the presence of tight soft tissue
structures on the radial side of the wrist, including the
wrist capsule and musculotendinous structures.

Type I—The radius is foreshortened by at least 2 mm
compared to the distal ulna. The distal radial physis is
present but its growth is slowed. The proximal radial
physis is present and of normal morphology. Radio-ulnar

synostosis or congenital radial head dislocation is
variably present.

Type II—The radius is hypoplastic in its entirety with proxi-
mal and distal physes present—the so-called radius in
miniature. This can be associated with notable ulnar
bowing.

Type III—The distal portion of the radius is absent. There is
no distal radial physis.

Type IV—The radius is absent in its entirety. This is the most
common phenotypic presentation of RLD [22].

Type V—This represents a severe proximal form of RLD
formerly considered phocomelia. Taking into account
principles of developmental biology, the concept of a true
intercalary defect has been challenged by recent authors
[24, 25]. Extremities in this category have an abnormal
glenoid, absence of the proximal portion of the humerus,
articulation of the distal humerus with the ulna, and radial
sided hand abnormalities.
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Clinical Presentation

While the etiology of the condition hinges on the longitudi-
nal dysplasia of the radius, the clinical presentation of
patients with radial longitudinal dysplasia is diverse. Patients
can often present with skeletal abnormalities that extend
beyond the radial deficiency. These include shortening of the
forearm and/or bowing of the ulna, absent or limited elbow
flexion, and absence or hypoplasia of the scaphoid and other
carpal bones. Thumb hypoplasia can be present and consist
of hypoplasia of the thenar intrinsic and/or extrinsic muscu-
lature, hypoplasia of the skeletal elements with or without
associated articular instability, rudimentary presence of the
thumb (“pouce floutant”), or complete absence of the thumb.
The fingers can exhibit limited flexion, with the radial digits
more affected than the ulnar digits. In addition to the mani-
festations of RLD in the hand, the soft tissues on the radial
side of the wrist and forearm are tight contributing to
the radial angulation of the hand plate on the distal ulna.
The extrinsic wrist extensors are often poorly developed,
and the malformed radial soft tissues often form a fibrous
tether to the radial side of the wrist. This combination results
in the classic presentation of a radial deviated wrist held in a
flexed posture.

The abnormalities have both aesthetic and functional
consequences. In severe cases the appearance of the extrem-
ity can be unsightly secondary to the shortened forearm and
the angled, flexed posture of the wrist and hand. On aver-
age, the forearm length is 54 % of normal, ranging from 37
to 67 % [26]. This limits the extremity’s reach and can
make two-handed activities with the normal, opposite
extremity difficult. In patients with bilateral upper extrem-
ity involvement, the functional limitations can be more
severe. James et al. [23] found the incidence of bilateral
involvement to be 65 % in a study of 104 patients. If poorly
functioning digits are present, this can further impede func-
tion. Unfortunately, when present, finger dysfunction is
rarely amenable to surgical correction. This is in contradis-
tinction to thumb limitations, where several options are
available to improve function.

Non-operative Management

The non-operative care of a child with RLD often begins
very early in life. Occupational therapy intervention is com-
monly instituted during the first few weeks of life, especially
if the infant requires hospitalization for associated abnor-
malities. Those children whose health allows them to be dis-
charged from hospital care in the first few days of life are
often referred for outpatient therapy services very early on
by their pediatricians.

Therapeutic intervention at this point includes stretching
exercises aimed at lengthening the contracted tissues on the
radial side of the wrist and improving the hand-forearm
angle. Splinting is often used as an adjunct to stretching in an
effort to maintain the wrist in the corrected position and pro-
vide static resistance to a resting position of radial deviation.
Specific therapeutic protocols for treatment of RLD by non-
operative means vary widely from surgeon to surgeon and
therapist to therapist. There have been no published reports
of therapeutic regimens proven to change the natural history
of RLD, although its effectiveness in teaching children to use
the affected limb in an efficient and useful manner has been
seen clinically by many who care for these patients. Timing
of intervention is also a topic of debate among those who
treat these children. The authors feel that an early stretching
regimen with nap and night splinting can be instituted early
in life, but the parents should be encouraged to remove the
splints for extended periods while the child is awake to allow
him/her to interact appropriately with his/her surroundings
and obtain the sensory interaction with the environment that
is essential for proper development. Two-handed activities
generally begin around the age of 3 months. At this time,
splint wear during awake hours may become beneficial to
place the hand in a less radially deviated position, function-
ally increasing the length of the affected extremity, and
allowing for easier two-handed manipulation of objects.

Operative Management

There have been many procedures described for the manage-
ment of the wrist and forearm deformity in RLD. Since the
original description of centralization by Sayre in 1894, sev-
eral authors have published similar techniques with slight
variations to the original procedure [27-30]. In addition,
newer techniques such as radialization, pre-centralization
distraction, and microsurgical transfer of vascularized epiph-
yses have been introduced to treat the deformity [31-34]. No
single procedure has proven superior to another. Hence there
remains vast disparity in treatment recommendations
between surgeons treating the condition. Recurrence of the
radial angulation remains the Achilles heel for procedures
aimed at correcting the deformity [35].

Reports centered on treatment of Types 0, N, I, and II
RLD are sparse.

Type O

Despite the relative frequency of Type 0 RLD reported by
James et al. [23], a small number of these patients require
surgical intervention. In 2004, Mo and Manske [36] reported
on six wrists in five children treated with surgical correction.
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They recommended surgical intervention for radial deviation
deformity greater than 20°. In their subset of patients, the
preoperative hand-forearm angle ranged from 35° to 70°
with all wrists lacking active extension to neutral. The
authors describe a dorsal approach to the wrist with exposure
of the extensor carpi radialis tendon or tendons. The tendon
is released from its distal insertion. Following release, the
dorsal-radial wrist capsule, as well as the volar wrist cap-
sule, is released allowing passive correction of the wrist to
neutral position. The extensor carpi ulnaris tendon is released,
leaving a distal stump for tenoraphy with the radial wrist
extensors, effectively removing the radial deviation force and
realigning it to gain neutral wrist extension. The proximal
stump of the extensor carpi ulnaris tendon is sewn into the
dorsal wrist capsule overlying the third metacarpal to further
augment active wrist extension. Optionally, a pin can be
placed across the carpus into the distal ulna to maintain the
wrist in its corrected position. The patient is then casted in
neutral to slight wrist extension for 6-8 weeks. The cast and
pin, if present, are removed and the patient is allowed to
begin active range-of-motion exercises. At rest the patient is
splinted in the corrected position for an extended duration.
Mo and Manske [36] reported favorable outcomes using
the above surgical technique. They reported an average
improvement of radial deviation at rest from 58° to 12°, with
active wrist extension improving an average of 53° and pas-
sive wrist extension improving and average of 28°. The aver-
age length of follow-up was 19 months (range, 2—38 months).

Typeslandll

There have been few published reports on the treatment of
Types I and II radial longitudinal deficiencies. Often, chil-
dren with these types of RLD do not require surgical inter-
vention. When necessary, the most common form of
treatment is radial lengthening with release of the tight radial
soft tissues and tendon transfer to support the realigned posi-
tion. Lengthening of the radius is most commonly done by
way of osteotomy and lengthening through an external fix-
ator [37-40]. Others have reported on lengthening of the
radius acutely, with gains of up to 1.6 cm [41]. Many authors
have described techniques of lengthening through an exter-
nal fixator with slight variations. Depending on surgeon pref-
erence, the lengthening can be performed with a single plane
fixator [38] or by using a ring-type fixator [40]. When per-
forming acute radius lengthening, Waters et al. [41] described
a technique of using a temporary external fixator intraopera-
tively for distraction of the radius after performing a Z-cut
osteotomy, followed by plate fixation of the bone in its new
lengthened position.

Matsuno et al. [38] reported on two patients with Type II
RLD who underwent radial lengthening with an external fix-

ator. The outcomes demonstrated recurrence of the defor-
mity following fixator removal with and increase the
hand-forearm angle at final follow-up.

Types lll and IV

The treatment of Types III and IV RLD is classically
described as centralization of the carpus on the distal end of
the ulna. Since Sayre first described the original procedure of
centralization in 1894, multiple authors have published their
experience using this technique, as well as several modifica-
tions to the procedure aimed at decreasing the recurrence of
the radial angulation deformity. In addition, many others
have suggested alternative procedures to accomplish the task
of neutralizing the carpus on the end of the forearm. These
procedures include radialization of the carpus, transfer of
vascularized epiphyses to support the radial side of the car-
pus, and ulnocarpal fusion [31, 34, 42, 43].

Centralization

The centralization procedure is based on four surgical steps:
(1) initial stretching of soft tissues +pre-centralization dis-
traction, (2) surgical alignment of the carpus on the ulna, (3)
balancing of the deforming forces, and (4) maintenance of
the corrected position.

Historically, stretching of the radial tissues was accom-
plished by serial cast application prior to surgical centraliza-
tion, often carried out within the first several months of life.
This technique fails to adequately distract the tight radial soft
tissues or translate the carpus distally over the end of the
ulna; instead it simply aligns the carpus alongside the distal
ulna. In addition, the early application of casts precludes the
use of the extremity by the child during the formative time of
“learning” single and two-handed object manipulation. As a
result, the use of external fixation to accomplish soft tissue
distraction has been advocated in recent years by some sur-
geons. The application of uniplanar [44], biplanar [32, 45],
and ring [33, 46, 47] external fixators have been described.
The use of external fixation allows for the correction of the
radial deviation deformity through distraction of the radial
soft tissues and correction of the volar subluxation of the car-
pus in relation to the distal ulna. Distraction of the deformity
is begun 3-5 days following the application of the fixator.
The distraction is carried out at a rate of 0.5-1 mm per day
until the desired position of the carpus is accomplished. The
extremity is then maintained in the fixator for a period of 3 to
4 weeks prior to surgical stabilization of the carpus in its
centralized position to allow the soft tissues to equilibrate.

Originally, the centralization procedure was performed
through a longitudinal dorsal incision. Since that time,
there have been multiple incisional techniques described to
accomplish surgical centralization of the carpus [27, 28, 48].
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The pre-centralization distraction of the soft tissues allows
for ease in accomplishing surgical centralization while often
obviating the need for transposition flaps for soft tissue cov-
erage. Regardless of the incision used, the hypoplastic exten-
sor tendons are carefully identified and retracted. The tight
dorsal, radial, and volar wrist capsule and soft tissues are
released to allow for a tension-free placement of the carpus
onto the distal ulna aligned on the axis of the third metacar-
pal. Buck-Gramcko described “radialization” of the carpus
in which he aligned the carpus on the axis of the second
metacarpal in an effort to decrease the tendency towards
recurrence of the deformity [31]. With the use of preopera-
tive distraction, the need for “notching” [49] of the carpus to
decrease soft tissue tension is usually unnecessary. The
importance of obtaining a tension-free centralization has
been reinforced by Sestero and Van Heest [50], who demon-
strated that ulna in non-centralized radial longitudinal defi-
cient extremities attained 64 % of normal length while the
ulnar length in centralized extremities was 58 % of normal
compared to 48 % of normal when notching of the carpus
was performed. They postulated that the decrease in longitu-
dinal growth capacity of the ulna was secondary to increased
pressure applied to the distal ulnar physis by the centralized
carpus. Once an appropriate centralized position is obtained,
carpus is pinned to the ulna with longitudinal Kirschner
wires (K-wires) taking care to avoid the distal ulnar physis.
The pins are cut beneath the skin and often remain in place
for up to 6 months postoperatively to maintain the corrected
position. Soft tissue rebalancing procedures are then per-
formed to redirect the forces across the centralized carpus.
The extensor carpi ulnaris tendon is advanced to improve the
ulnar and dorsal vector of pull to the wrist and hand [22, 30,
31]. If present, the radial wrist extensors are transferred
ulnarly to alleviate the deforming force caused by their func-
tion. The digital extensors are translated in an ulnar direction
using a sling of extensor retinaculum to align them along the
longitudinal axis of the ulna, hence eliminating another
deforming force.

Epiphyseal Transfer

The concept of supporting the hand and carpus by transfer-
ring bony elements to the radial side of the wrist to augment
the support provided by the distal ulna was introduced in
1928 by Albee [51] and attempted by several subsequent
authors [6, 8, 29]. Unfortunately, these early attempts were
hindered by the limited growth potential possessed by the
transferred nonvascularized tissue. With the advent and
refinement of microsurgical techniques, the concept of vas-
cularized epiphyseal transfer with retained growth potential
[52-54] rejuvenated the interest in supporting the radial side
of the carpus using a structural graft. In 1998, Vilkki [34]
reported on the use of the second metatarsophalangeal joint
to support the radial side of the carpus.

In contrast to the centralization procedure, the epiphyseal
transfer is generally performed at an age of 4-5 years. Prior
to embarking on the microsurgical portion of the reconstruc-
tion, the child often undergoes a soft tissue release with de-
tethering of the radial side of the carpus with concomitant
volar bilobed flap, transposing the excess ulnar sided soft tis-
sue to the deficient radial side [55]. This early intervention
(done at approximately 12—18 months of age) has the advan-
tage of maintaining wrist motion while minimizing risk to
the distal ulnar physis. Following release and soft tissue
transfer, a protocol of stretching and splinting is maintained
through the early childhood years in an effort to preserve the
increase in motion.

At an age of 5-6 years, the child is evaluated for the
possibility of microsurgical epiphyseal transfer. Often the
child and his family decline additional surgery because
very few functional limitations exist and cosmesis would
be the primary indication for surgery. That said, if further
surgical reconstruction is warranted, the microsurgical
epiphyseal transfer is preceded by soft tissue distraction
using an external fixator as described earlier in the chapter.
The frame is applied and the carpus is slowly distracted
(0.5-1 mm per day) until the desired anatomic position of
the hand is accomplished over the distal ulnar. This can
take 6-8 weeks to accomplish. The second toe metatar-
sophalangeal joint is harvested from the ipsilateral limb
maintaining two arterial sources—first and second dorsal
metatarsal artery and second and third plantar metatarsal
artery [56]. Flexor and extensor tendons are preserved and
sutured to the remaining proximal phalanx. The dorsal
cutaneous nerves are also preserved to the dorsal skin
paddle. The middle and distal phalanges of the toe are
excised. Exquisite care must be taken to preserve the
vessels to the epiphysis of the proximal phalanx and meta-
tarsal during harvest.

The metatarsophalangeal joint is transferred to the wrist
through a dorsal + volar incision. The metatarsal is anchored
to the ulna using K-wires, which are cut and bent beneath the
skin. The proximal phalanx is anchored to the base of the
second metacarpal, or against the scaphoid if present, in a
position of 15-20° of flexion to increase stability. The pre-
served tendons of the toe are then sutured to the radial flexor
and extensor tendons or muscle bellies to confer additional
stability. After securing the bony construct, the metatarso-
phalangeal joint is revascularized.

Oftentimes the radial artery is absent in limbs affected by
RLD:; hence, the arterial supply for the epiphyseal transfer is
provided by a persistent median artery or the ulnar artery. If
present, the median artery or radial artery is anastomosed to
the dominant vessel of the metatarsophalangeal joint in end-
to-end fashion. In those cases where the median and radial
artery is absent, the dominant vessel of the metatarsophalan-
geal joint is anastomosed to the ulnar artery in end-to-side
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fashion. Following acquisition of arterial inflow, the venous
drainage is accomplished by anastomosis of dorsal veins.

The distraction device and K-wires are removed after
radiographs have confirmed bony consolidation, usually 6—8
weeks. The arm is then casted for an additional month to
protect the maturing transfer.

Ulnocarpal Arthrodesis

Ulnocarpal arthrodesis [43], or epiphyseal ulnocarpal
arthrodesis [42] for the skeletally immature, is the procedure
that most effectively stabilizes the wrist and improves the
appearance of the radial angulation deformity. Despite the
improvement in appearance, some have questioned the ben-
efit of arthrodesis citing the maintenance of wrist motion as
a substantial benefit in the function of the radial deficient
limb [7]. Hence, the procedure is often thought of as a sal-
vage procedure for severe, recurrent deformity. Rayan
reported on two cases of recurrent deformity in skeletally
mature patients who underwent ulnocarpal arthrodesis with
improvement in both appearance and function [43]. Pike
et al. [42] reported on 12 post-centralization wrists treated
with ulnocarpal epiphyseal arthrodesis for recurrent radial
angulation >45° and/or inability to extend the wrist beyond
25°. Post-operatively, the wrists were stable at an average of
20° radial angulation and 11° of flexion. All reported
improvement in appearance and function post-operatively. A
trial of ulnocarpal pinning can be considered for patients/
parents who have concern regarding postoperative function
prior to performing definitive arthrodesis procedure.

Distraction-Lengthening of the Ulna

In order to address the functional limitation of impaired
“reach” of the affected extremity, authors have reported
lengthening of the ulna using a ring or uniplanar external
fixator in several small series ranging from 4 to 9 patients
[39, 57-59]. The distraction time ranged from 11 to 15
weeks, followed by a 23-32-week consolidation period.
Average length gained in each extremity was 4.4—6 cm (46—
54 % of total length). Complications of lengthening included
callus fracture, delayed union, digital and wrist stiffness,
pain, pin tract infection, and recurrence of radial angulation.
There were no rigid outcomes reported documenting
improvement in function of the lengthened extremity.

Outcomes/Complications

Regardless of the type of surgery utilized, the common
denominator in the outcomes of the surgical management of
RLD is the recurrence of the radial angulation deformity.
Multiple studies have documented the recurrence of radial
angulation deformity following centralization [26, 35, 60].

An average radial-forearm angle of 21-26° immediately
after centralization has been noted in these studies, with an
additional 9- to 38-degree increase in radial angulation
occurring over time. The avoidance of recurrent deformity
has not been alleviated by the use of pre-centralization dis-
traction as shown by Dana et al. [61]. In 2008, Vilkki [62]
presented the long-term study of 19 wrists treated with
microsurgical epiphyseal transfer with an average of 11
years follow-up. The average hand-forearm angle was 28° of
radial deviation with mean total active wrist motion of 83°.
Of the nine wrists included in his original report [34], seven
were noted to have increased radial angulation (mean of 12°)
over a follow-up period of 15.2 years. Goldfarb et al. [26]
reported significant functional limitations of the post-
centralized hand, noting a 62 % increase in the Jebsen-Taylor
timed activity tests compared to normal. Interestingly, the
DASH scores showed only mild functional limitation.
Buffart et al. [63] observed grip and pinch strength values of
36 % and 30 %, respectively, when compared to normal con-
trols. Both of the previous studies represent post-
centralization scores compared to normal controls. There are
no comparisons to pre-centralization function, thus making it
impossible to determine the effects of surgical deformity
correction.

Complications of the surgical treatment of radial deficient
limbs are both all inclusive and dependent of the surgical
technique used. Recurrence of deformity is a complication
that is ubiquitous despite the treatment modality. Pin tract
infections, callus fracture, delayed union, and stiffness are
common to all techniques utilizing external fixation. Damage
to the distal ulnar physis, further impairing its ability to
accomplish longitudinal growth, is the most feared compli-
cation of centralization. Hence, the concept of carpal notch-
ing has been largely supplanted by newer techniques of
pre-distraction centralization, in an effort to diminish the
forces exerted across the distal ulnar physis.

Future Directions

The best treatment of RLD and its multiple phenotypes
remains a popular topic among surgeons commonly treating
the condition. To date, treatment algorithms have encom-
passed the full circle of management strategies, from non-
operative to operative care at various stages of life for various
clinical presentations utilizing a vast array of surgical proce-
dures. Certainly, the definitive “best” treatment has yet to be
determined, and likely is not the same for every patient.
Future comparisons of those treated for RLD with surgical
intervention versus those treated by nonoperative means may
shed the most meaningful light on what interventions benefit
these children the most.
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