76 Original article

Difference between affected and unaffected sides of forearm
bone length in children with congenital terminal transverse
deficiencies at the level of carpal bone

Chika Nishizaka® Sayaka Fujiwara? Hiroshi Mano® and Nobuhiko Haga®

The forearm of the affected sideis often shorter than

that of the unaffected side in children with congenital
terminal transverse deficiencies at the level of proximal
or distal carpals. The aim of this study is to clarify the
characteristics of forearm bone length in those children,
especially to quantify the difference in forearm bone
length between affected and unaffected sides. The
subjects were children with carpal partial transverse
deficiencies. The lengths of the radius and the ulna were
measured in the radiographs. The lengths of affected

and unaffected sides (A/U) were compared in order to
quantify the discrepancy. The A/U ratio was defined as
the length of the affected side divided by that of the
unaffected side. The A/U ratios ranged from 77.1 to 99.0%
in the radii and from 74.1 to 99.6% in the ulnae. In both
the radius and ulna, the A/U ratios were significantly
lower than the left/right ratios of normal adults.
Additionally, the A/U ratios of the ulna were significantly
lower than the A/U ratios of the radius. The forearm
bones of affected side are significantly shorter than those

Introduction

Congenital limb defect is a group of congenital anomalies
featuring significant hypoplasia or aplasia of one or more
bones of the limbs [1]. It is a rare disease, and the prev-
alence is reported to be 0.31-0.59 per 1000 live births or
0.56-0.79 per 1000 total births [2-6].

Gold reported that the most common apparent cause of
congenital limb defect is vascular disrupting defects such
as amniotic band-related limb deficiency and there are
more cases where the cause is unknown [7]. Additionally,
Fanconi anemia, chromosomal abnormalities (e.g. trisomy
18), environmental exposures (thalidomide and miso-
prostol), prenatal diagnostic procedures, and fetoscopic
laser therapy for twin-twin transfusion syndrome are also
reported to be associated with congenital limb defect [7—
12]. It is also possible to be a symptom of syndromes such
as Poland syndrome and Holt-Oram syndrome [13,14].

Deficiencies of the upper limbs are twice as common as
those of the lower limbs [15]. In upper limbs, transverse
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of unaffected side. Although the cause remains unclear,
it is possible that not only congenital factors but also
acquired factors such as infrequent use of the affected
upper limb are involved. A future longitudinal study is
necessary to investigate whether length discrepancies
can be reduced by using prostheses to increase the
frequency of use on the affected limb. J Pediatr Orthop B
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deficiencies are the most prevalent [5]. Almost half of the
patients are deficient only in the digits, and their arms and
forearms are normal [7]. Most children with lower limb
deficiencies use prostheses, which enhance their ability
to participate in everyday activities [16]. In contrast, there
is less evidence to indicate that children with upper limb
deficiencies benefit from prosthetics. The demand for
prostheses/orthoses depends on the level of deficiency
and potential functional gain [15, 16]. In pediatric patients,
prostheses are most often prescribed for those with unilat-
eral transversal defects of the forearm, whereas few are pre-
scribed for children with unilateral defects of the upper arm
or the hand. In addition, prosthetics are rarely prescribed
for children with longitudinal forearm defects [17-19].

According to the International Organization for
Standardization (ISO)/the International Society for
Prosthetics and Orthotics (ISPO) classifications, trans-
versal defects involve a limb, which has developed only
to a certain point, beyond which no skeletal elements
exist [20]. For example, in carpal partial transverse defi-
ciencies, the radius and ulna are present in their totality.
The carpal bone is only partially present, and there is no
skeletal element beyond. Clinically, however, it is often
observed that the forearm is shorter on the affected side,
although the shapes of its radius and ulna are preserved.
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Even in normal adults, it is known that the right forearm is
longer than the left forearm due to the difference in the fre-
quency of use between both arms [21]. A study that measured
the lengths of the radii and the ulnae in normal adults reported
that the left radii measure 98.5-99.7% of the right radii and the
left ulnae measure 98.4-99.6% of the right ulnae [22-26].

There has been no report on the length discrepancies
between the affected side and the unaffected side of the
forearms in children with congenital upper limb defects.
The aim of this study is to identify the morphological
features and length of the radius and the ulna in chil-
dren with congenital terminal transverse deficiencies at
the level of proximal or distal carpals to further under-
stand why such limb length discrepancies arise and find a
way to reduce the difference in length between the unaf-
fected side and the affected side.

Methods

"This study was approved by the Ethics Committee of the
Faculty of Medicine, the University of Tokyo (approval
number 2018148NI).

"The subjects were patients classified as carpal partial trans-
verse deficiency, according to ISO/ISPO classification,
who had visited our hospital and had radiographs of both
upper limbs taken. Patients with only one limb defect
were included, and patients with two or more limb defects
were excluded. Patients who were suspected as longitudi-
nal defect from the morphology of the radius and ulna on
the radiograph were excluded. The presence of their carpal
bones and passive movement of the wrist joint was con-
firmed by palpation and inspection by multiple rehabilita-
tion physicians and occupational therapists. In cases where
palpation was uncertain, the presence or absence of carpal
bones was confirmed by an ultrasonic diagnostic device, and
children with congenital terminal transverse deficiencies
absent of carpal bone were excluded. From the latest radio-
graphs prior to prosthesis use, morphology of the radius and
the ulna were confirmed. In addition, measurements were
taken between the midpoint of the proximal epiphyseal line
to the midpoint of the distal epiphyseal line of the radius
and the ulna. To compare the lengths of affected and unaf-
fected sides (A/U), the A/U ratio was defined as the length
of the affected side divided by that of the unaffected side
(Fig. 1). We compared the A/U ratios of the radius with the
A/U ratios of the ulna. We further compared the pediatric
A/U ratios with the left/right ratios of normal adults. Former
research has shown that average /R ratios of normal adults
are 98% or higher; therefore, 98% was adopted as the control
/R ratio in the present study. We also examined the corre-
lation between the radius A/U ratio and the ulna A/U ratio,
as well as the correlation between the age of the subject and
the A/U ratios of the affected bones.

We performed normality tests using the Anderson Darling
statistic prior to the selection of the statistical test. The
A/U ratios of the radius and ulna were compared using

Congenital terminal transverse deficiencies Nishizaka et al. 77

Fig. 1
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Radiographs of the upper limbs of a patients classified as carpal partial
transverse deficiency. (a) Unaffected side (U) and (b) affected side (A).
The radius and the ulna are present in their totality, the carpal bone
is only partially present, and there is no skeletal element beyond. We
measured the length of the radius and ulna from the proximal epiphyseal
line to the distal epiphyseal line on the radiographs and calculated the
ratio of the affected side length to the unaffected side length. A/U ratio
of radius = A-radius/U-radius x 100 (%), A/U ratio of ulna = A-ulna/U-
ulna x 100 (%). A/U, affected and unaffected sides.

the Wilcoxon signed-ranks test to compare the pedi-
atric A/U ratios with the L/R ratio of normal adults, we
performed the Wilcoxon signed-ranks test. Spearman’s
rank correlation coefficient was used to examine the
correlation between radial A/U ratio and ulnar A/U ratio,
and between the subject’s age and the A/U ratio of the
affected bone. We divided the subjects into two groups,
0-2 years and 3-6 years, and tested for differences in
radial and ulnar A/U ratios between the two groups using
the Wilcoxon signed-ranks test. Statistical analysis was
performed with JMP Pro 14.2.0 (SAS Institute, Tokyo,
Japan), and P < 0.05 was considered significant.

Results

‘Table 1 shows the characteristics of the pediatric patients
in this study. Of the 16 subjects (12 male and 4 female),
eight were affected on the right side, and the other eight
were on the left side. The subjects’ ages ranged from 3
to 75 months, with a median of 18.5 months. No child
had any comorbidity other than congenital terminal
transverse deficiency and none had an obvious amniotic
band. Additionally, there was no family history of con-
genital terminal transverse deficiency nor were any of the
mothers taking oral medication during pregnancy. In all
patients, the carpal bones were confirmed by palpation
and the movement of the wrist was possible voluntarily.
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o |8 Furthermore, in all 16 patients, the radius and ulna were
2. g visible on radiographs. When comparing the morphol-
%fc‘} gl X xxxxxo000000 ceo ogy of the respective bones, no clear difference was
s 2 ;‘%’ observed between the affected and the unaffected sides.
T3 Radiographs of the unaffected side confirmed carpal
ié 8 bones in all 16 patients. Of these patients, nine of the
§° .§ older children presented ossification in the distal radial
g g Bl x x x x x X X xOXXxO0O0O0O epiphysis. On radiographs of the affected side, we were
g z able to identify at least one carpal bone in three children,
and ossification in the distal radial epiphysis in six chil-
dren. In three children, the ossification in the distal radial

g epiphysis was observed on the unaffected side only.
Ig g 0000000000000 00 "Table 2 shows the lengths and the A/U ratios of each sub-
2|2 ject. Both the radius and ulna were significantly shorter
% 5 on the affected side than on the unaffected side (radius:
S P < 0.0001, ulna: P < 0.0001). The A/U ratios ranged
I from 77.1 to 99.0% (median, 90.1%) in the radius, and
g5 from 74.1 to 99.6% (median, 89.5%) in the ulna. These
é XXX X XX XX XXXXXO00O0 pediatric A/U ratios were significantly lower than the
£ [/R ratios of the radius and the ulna in normal adults

(radius: P = 0.0002; ulna: P < 0.0001). The A/U ratios of
the ulna were significantly lower than the A/U ratio of
the radius (P = 0.0008). There was a positive correlation
between the A/U ratios of the radius and those of the ulna
(p =0.974; P < 0.0001) (Fig. 2). There was a negative cor-
0000000000000 000 relation between the patients’ age and the A/U ratios of
the radius and the ulna: however, this was not found to be
significant (radius: p = -0.454, P = 0.077; ulna: p = —-0.485,
P =0.056). There were no significant differences in both
radial and ulnar A/U ratios between the 0-2 age group
and 3-6 age group (radius: P = 0.254; ulna: P = 0.254).
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found by palpation in all subjects and the movement of
the wrist joint was confirmed.
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@ 2258288828 we confirmed the presence of a distal radial epiphysis by
.L:“;‘ M radiograph on the unaffected side but not on the affected

side. Since it has been confirmed that the radius was
completely present in all subjects of this study, this sug-
gests that the appearance of the distal epiphysis on the
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Table 2 Lengths and A/U ratios of each subject

Ulna length (mm)

Radius length (mm)

A/U ratio of ulna(%)

Unaffected side

Affected side

A/U ratio of radius (%)

Unaffected side

Affected side

Case

99.6
97.4
95.9
92,5
83.1
74.3
86.7
92.4

69.3
69.8
83.9
85.7
84.4
95.3
93.1
114.0

69.0
68.0
80.4
79.3
70.2
70.8
80.7
105.4
95.6
92.8

97.9
99.0
96.6
91.9
85.4
771

89.5
941

62.9
61.9
74.0
75.4
73.8
84.1
84.4
102.4

61.6
61.3
715
69.3
63.0
64.9
75.6
96.5

— AN Mm< O O~

95.3
86.4
92.6
87.2
81.9

100.2
1074
115.0
134.5
136.2
144.3
139.8
155.0

106.5
1173
1115
129.3
126.3
114.9

97.2
88.1
97.0
88.8
84.1

103.0
121.0
1211

88.7
94.9

86.3
83.7
99.9
107.6
101.8

89.6

90.6

131.4

119.1
113.2
116.7

89.5

89.4

126.5
144.9

741

80.4

A/U, affected and unaffected sides.
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affected side is delayed compared with the unaffected
side. However, the possibility of morphological changes
at the distal end of the radius or ulna cannot be ruled out.

This study revealed that the affected forearms of pedi-
atric patients with congenital terminal transverse carpal
deficiency were significantly shorter than the unaffected
ones, and the difference was greater than the L/R dif-
ferences of normal adults. Although all subjects were
classified as having carpal partial transverse deficiency,
there was variation in forearm length (radial A/U ratio:
77.1-99.0%; ulnar A/U ratio: 74.1-99.6%). The classifica-
tion used in this study is based on morphology and not on
cause. It is possible that the variation in length is a result
of individual differences, and it is also undeniable that
the cause of the defect may be related to the cause of the
defect. However, in many cases, it is not possible to iden-
tify the cause, and even among the children in this study,
no one has been able to identify the cause. Regardless of
the cause of the congenital defect, there are two possi-
ble causes of the postnatal difference in forearm length
between the affected and unaffected sides: congenital
and acquired factors.

Congenital factors may involve embryological abnormal-
ities during the fetal period, such as malformation and
disruption. Malformation is one of the most prevalent
types of limb dysplasia among other subtypes based on
the type of tissue formation [29]. Malformation starts
from specific localized tissue dysplasia that occurs dur-
ing the first 7 weeks after embryonic limb formation. It
is diagnosed by a maternal ultrasonic diagnostic device
with an average gestational age of 20.5 = 5.4 weeks, and
is known to be associated with poor perinatal outcomes,
including high rates of preterm delivery and stillbirth
[30]. It is known that the development of human limbs
during the fetal period starts from proximal and extends
to distal through transmission of numerous gene signals
[31], and the anterior—posterior limb bud axis, such as a
guide to radial/ulnar differentiation, is associated with the
zone of polarization activity and associated cell signaling,
especially sonic hedgehog activity and many others [32].
During the fetal period, the human hand only increases in
size without much morphological change as it completes
most of its morphology during the embryonic period. Any
abnormality that occurs in these gene signals, which grad-
ually affects limb formation from proximal to distal, could
cause malformation. In contrast, disruption is the col-
lapse of the limb tissues after they have been formed by
external mechanical forces, impaired blood flow or infec-
tion. Amniotic band-related limb deficiency is one of the
most prevalent types of disruption. Disruption cannot be
completely denied in these subjects, but at least none
of the children had an obvious amniotic band. If there
are children with amniotic band-related limb deficiency,
they will need to be investigated separately from chil-
dren with malformation because the cause, therefore the
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Fig. 2
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Positive correlation between the A/U ratios of the radius and those of the ulna: The straight line represents A/U ratio of radius (%) = A/U ratio of
ulna (%). The points below the line indicate A/U ratio of radius (%) > A/U ratio of ulna (%), and the points above the line indicate A/U ratio of radius

(%) < A/U ratio of ulna (%). A/U, affected and unaffected sides.

predicted outcome and growth of their affected forearms,
will be different. In the future, advances in embryology
and molecular biology may clarify the causes of dysplasia,
phenotypic differences between individuals, and intrain-
dividual differences such as L/R differences.

Acquired factors may involve infrequent use of the
affected limb, thereby reducing load stimulus and
mechanical stress to the limb. Without using prosthe-
ses, children with congenital terminal transverse car-
pal deficiency compensate for upper limb functions by
using the upper limb on the unaffected side, the stcump
or elbow on the affected side, foot, chin, etc., and can
perform almost all daily activities independently [33].
However, due to the difference in length between the
left and right upper limbs, when the weight is applied,
for example, when the baby crawls on the floor, the
unaffected upper limb first touches the floor and more
weight is applied. Moreover, they cannot hang on a
horizontal bar with both hands. There are reports that
mechanical stimulation such as weight-bearing is crucial
for bone growth [34-36]. When a child with congenital
terminal transverse carpal deficiency uses the affected
limb less frequently, this may, therefore, result in insuf-
ficient forearm growth. In the case of brachial plexus
birth palsy, it has been reported that the paralyzed side
has shorter upper limb length than the nonparalyzed
side, and the degree of growth retardation is related
to the degree, extent and localization of the paralysis
[37-39]. There is no congenital factor in brachial plexus
birth palsy. Whether paralysis itself is a factor or the
paralyzed side is used less frequently is not known,
but it is clear that acquired factors alone can produce
growth retardation of the upper limb. It is possible that
the brain is also associated with growth retardation, but
the size of the hand cortical representation of the brain

in children with congenital upper limb defects and its
effect on growth retardation has not been elucidated.

It is noteworthy that the A/U ratio of the ulna was sig-
nificantly lower than the A/U ratio of the radius, indicat-
ing that the ulna grows even less than the radius on the
affected side. Embryologically, the ulna is formed first,
followed by the radius [40]. If any abnormalities occur
during the embryonic or the fetal period, it is likely that
the radius will be affected more than the ulna, because
it is formed later. Abnormalities during the embryonic or
fetal period should result in a shorter radius, but not a
shorter ulna. Since it is the A/U ratio of the ulna that is
significantly lower in our study, this phenomenon cannot
be explained solely by congenital factors. It is known that
when a distal load is applied to the forearm, about 80%
of the load is distributed to the radius and about 20% to
the ulna [41]. Therefore, children with congenital termi-
nal transverse carpal deficiency have very little chance of
applying load stimulation to the ulna on the affected side.
"This may, therefore, indicate that the slower growth of the
ulna compared with the radius may be caused by reduced
weight-bearing opportunity. However, it cannot be denied
that other potential explanations, such as a component of
longitudinal deficiency, may also be involved. A signifi-
cant positive correlation was found between the A/U ratio
of the radius and that of the ulna. This indicates that the
radius and ulna are balanced. If we consider congenital
factors such as interruptions of cell signaling associated
with anterior—posterior axis of the limb bud, the balance
between the radius and ulna should be different depend-
ing on the child. Since the radius and ulna were balanced
in all the children, we presumed that the development of
the radius and ulna was completed to some extent. The
nonsignificant, negative correlation between children’s
age and the A/U ratios of the radius and the ulna calls for



a longitudinal survey to clarify whether insufficient use
of the affected forearm results in its shortness. Evaluation
of the two groups, 0-2 and 3-6 years of age, also showed
no significant differences in radial A/U ratio or ulnar A/U
ratio between the two groups. Further studies with larger
numbers of subjects are needed. There is a debate about
the length of the affected side. In the case of a lower limb
defect, the balance between the length of the prosthesis
side and the unaffected side of the foot is very important
because legs serve a major purpose in standing and walk-
ing. Also, if the lower limb stump is too long, it is difficult
to use more advanced prosthetic parts [42]. In the case
of the upper limbs, there are aesthetic problems, but an
exact balance in length is not as important as in the lower
limbs. In addition, since many activities of daily living
can be undertaken without an upper limb prosthesis, the
total time dependent on a prosthesis is relatively limited.
Considering the difference in weight between the left
and the right because the prosthesis is mostly not used
and the balance of muscles in the entire body, it would
be more favorable to focus on the deficient limb itself and
promote the growth of children. Separation movements
of fingers develop at the age of 1-2 years, and simultane-
ous use of both hands begins in a complementary man-
ner. By the age of two, the fingers and arms will become
more and more separated in various functional skills, con-
trolling the stability and motility of the arms and hands at
the same time, and being able to perform a series of two-
handed movements [43,44]. By introducing upper limb
prostheses before the time to acquire two-handed move-
ments, it is expected that children will naturally acquire
two-handed movements using upper limb prostheses,
and it is expected that this will lead to an increase in the
frequency of use on the affected side. Further study is
recommended to corroborate this. There is also a report
that the first prosthesis should be introduced between 6
and 24 months from the viewpoint of reducing the rejec-
tion of the prosthesis and improving the skill [45]. We
hope that issues related to extrancous lengthening of
the affected side with the prosthesis attachment due to
growth of the limb with the prosthesis attachment can be
managed through innovations of the prosthesis parts and
improved technology of their mechanism.

As a limitation, this study was a cross-sectional sin-
gle-center study at a single point in time before
the subjects were started on upper limb prostheses.
Furthermore, the number of participants in this study
was small due to the rarity of this disease. We have not
yet followed the subjects until they reach a sufficient age
in bone growth. To investigate how the use or nonuse
of prosthesis will impact the growth difference between
the affected side and the unaffected side, longitudinal
research will be desired in future. It was a comparison
between the subject and a normal adult, and it was not
possible to compare it with the right/left ratio of a normal
child. This is because it was not recommended to take
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radiographs of healthy children for the sake of compari-
son from the viewpoint of radiation exposure. As for the
effect of weight-bearing, we would like to investigate the
growth of the lower limb length in children with lower
limb deficiencies who walk using prostheses. More thor-
ough discussion is needed on the possibility of patients
with transverse limb deficiencies having components of
longitudinal deficiencies.

In conclusion, our study has revealed that children
with congenital terminal transverse carpal deficiency
develop forearm bones that exist fully to the distal side,
although are shorter on the affected side. Moreover, the
length discrepancy between the unaffected side and the
affected side is larger in the ulna than in the radius. The
causes of these length discrepancies remain unclear,
although congenital and acquired factors seem to be
involved. Intervention is difficult if only congenital fac-
tors are involved, but if acquired factors are involved,
rehabilitation intervention may be possible for that
part. We hypothesize that using upper limb prosthe-
ses during the growth period and, thereby, increasing
weight-bearing opportunity for the affected limb may
potentially reduce the length discrepancy. Further com-
parative prospective studies are needed to examine this
hypothesis.
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