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Background: Postaxial polydactyly is a common congenital foot anomaly. However,
the severity of the anomaly varies from simple cases with only soft tissue duplication
to complex cases with bone and joint disorders. In our clinical practice, we found a
new morphological anomaly of postaxial polydactyly. We encountered several cases
of postaxial polydactyly with bone fragments located between the fourth and fifth
toes. The bone fragments were independent of the joint cavity. The mechanisms
underlying its development remain unknown because it is a novel disorder. In the
present study, we investigated the characteristics of the excess bone to formulate
an embryological hypothesis.

Methods: We examined the frequency and trends in the occurrence of excess bone
using data from photographs and radiographs of these cases. An example of a
disorder similar to excess bone is mosaic-like alignment, as reported by Iba et al.
We also compared the characteristics of the mosaic-like alignment with those of
the excess bone. Based on these data and existing embryological knowledge, we
hypothesized the origin of the excess bone.

Results: Excess bone and mosaic-like alignments showed different characteristics.
Therefore, both were considered completely different disorders. We hypothesized
that excess bone was caused by damage to the interdigital ectoderm immediately
before interdigital programmed cell death.

Conclusions: We encountered a new form of postaxial polydactyly. This can be a fac-
tor influencing the treatment strategy because it can affect alignment and stability.
(Plast Reconstr Surg Glob Open 2024; 12:¢5717; doi: 10.1097/GOX.0000000000005717;

Published online 5 April 2024.)

Polydactyly is the most common congenital anomaly of
the foot, accounting for 45% of all congenital foot anoma-
lies. The estimated incidence is 1.7 per 1000 live births,’
however, the incidence varies among ethnic groups.
In Japan, the incidence is reported to be 4.7 to 5.1 per
10,000 live births.>* Polydactyly is broadly classified into
three types: preaxial (radial), axial (central), and postax-
ial (ulnar) polydactyly.* Of these, postaxial polydactyly is
the most common, accounting for about 80%"° globally
and 86% in Japan.®
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Polydactyly presents with various deformities ranging
from a single extra toe connected by thin soft tissue to a
complex duplication with bony fusion and deformities of
the bones and joints. In our clinical experience with post-
axial polydactyly of the foot, we have found several cases
of excess bone in the interdigital area. This is fundamen-
tally different from the disturbed alignment of phalanges
reported as mosaic-like alignment™® (Fig. 1). No previous
studies have reported on this excess bone. Although it
has been shown in radiographs and schemas in previous
articles,” it is considered a metaphyseal or basal bone, and
no mention has been made of the excess bone. We inves-
tigated how often excess bone occurs in cases of postaxial
polydactyly in our hospital and its appearance in relation
to the phenotype of postaxial polydactyly. The purpose of
this study was to identify trends in the characteristics of
excess bone development and discuss the embryological
hypotheses that can be derived from these trends.
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A total of 54 patients (65 feet) with postaxial polydac-
tyly underwent surgery at Osaka Medical College Hospital
(now Osaka Medical and Pharmaceutical University
Hospital) between January 2004 and March 2021. In this
retrospective study, we reviewed the patients’ preopera-
tive and postoperative clinical photographs, radiographs,
and medical records. We then extracted data on the
age at the time of surgery, preoperative and intraopera-
tive findings, and surgical technique. The information
obtained from these data was compared and discussed.
First, cases with excess bone and mosaic-like alignment
were selected from among our postaxial polydactyly cases
and classified based on gross and radiographic findings.
Excess bone is a new notion that has not been reported
previously. Therefore, we defined this as an excess num-
ber of phalanges that deviated from the phalangeal axis.
As for mosaic-like alignment, although its existence has
been reported, there was no clear definition. We defined
mosaic-like alignment as the presence of bones deviat-
ing from the phalangeal axis but with a normal number
of phalanges. The axis of the phalanx was defined as a
line passing through the center of the distal phalanx and
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Question: We found a new anomaly of the postaxial poly-
dactyly of the foot. The anomaly is excess bone located in
the interdigital area. The etiology of the excess bone is
not known. Therefore, further investigation is necessary
to determine its frequency and trends.

Findings: Photographs and radiographs were used to
gather information and compare data on excess bone
and mosaic-like alignment. Based on this data and exist-
ing embryological knowledge, we hypothesized the origin
of the excess bone.

Meaning: It should be noted that postaxial polydactyly
may occur with excess bone in the interdigital area.

the midpoint of the basal phalanx (Fig. 2). By applying
these definitions to postaxial polydactyly cases, cases with
excess bone and mosaic-like alignment were selected.
To categorize the gross and radiographic findings, we
used Hirase classification® (Fig. 3). We also examined
the location of excess bone and surgically resected
toes. Based on these data, we compared the trends and

Fig. 1. A, Preoperative photograph and radiograph of excess bone case (Case 3). B, Preoperative photo-
graph and radiograph of mosaic-like alignment case.
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Fig. 2. A, Schema of excess bone definition. B, Schema of mosaic-like alignment definition.

Fig. 3. Hirase classification. A, Type A: each toe is independently separated. B, Type B-1: there is syndac-
tyly between the fifth and sixth toes, but no syndactyly between the fourth and fifth toes. C, Type B-2:
there is syndactyly between the fourth and fifth toes and between the fifth and sixth toes.

differences between excess bone and mosaic-like align-
ment cases. We used three different surgical methods
to manage postaxial polydactyly with excess bone: The
first was to completely remove the excess bone, the sec-
ond was to preserve the excess bone, and the third was
to split the excess bone in half and preserve half of it. If
the medial toe is resected, it is removed entirely along
with the resected toe. If there is an axial deviation of the
fifth toe of more than 20 degrees, all excess bone is to be
removed. Intraoperatively, we check the stability of the
toe after removal of excess bone, and if it is unstable,
half of the excess bone is returned to its original position
(Fig. 4). For mosaic-like alignment cases, we preserve the
dominant toe based on gross and radiographic findings
similar to that of general postaxial polydactyly. This study
was approved by the research ethics committee of Osaka
Medical and Pharmaceutical University (No. 2023-036).

Of the total postaxial polydactyly cases, 22 were male
infants or boys (28 feet) and 32 were female infants or girls
(87 feet). There were 11 bilateral and 438 unilateral cases.

The mean age at surgery was 2.3 years (range, 5 months—12
years). Of the patients, five cases (five feet) met the defini-
tion of excess bone, with an incidence rate of 7.7% (five of
65 feet). Nineteen patients (22 feet) met the definition of
mosaic-like alignment, with an incidence rate of 33.8% (22
of 65 feet). In terms of sex, there were two male and three
female cases of excess bone, and 11 male and eight female
cases of mosaic-like alignment. All five cases of excess bone
were unilateral (Table 1). According to the Hirase classifi-
cation, the distribution of morphological classification of
total postaxial polydactyly cases was that 19 feet (29.2%)
were type A, 17 feet (26.2%) were type B-1, and 29 feet
(44.6%) were type B-2. The morphological classification
of the excess bone showed that the majority of the cases
(four of five, 80.0%) were Hirase type B-1 without web-
bing between the fourth and fifth toes, and only one case
(20.0%) was Hirase type B-2 with webbing between the
fourth and fifth toes. On the other hand, most of the cases
with mosaic-like alignment were classified as Hirase type
B-2 (18 of 22, 81.8%), and only a few (four of 22, 18.2%)
presented with Hirase type B-1 (Fig. 5). Regarding the dis-
tribution of radiographic classification, among all cases of
postaxial polydactyly, nine feet (13.8%) were of metatarsal
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Fig. 4. Excess bone treatment algorithm. The line passing through the center of the fifth distal phalanx
and the midpoint of the phalanx just before bifurcation was defined as the ideal axis of the phalanx.
Axis deviation was defined as an angle of more than 20degrees between the ideal axis and the line
passing through the center of the fifth distal phalanx and that of the middle phalanx.

Table 1. Incidence of Excess Bone and Mosaic-like Alignment

Excess Bone

Mosaic-like Alignment

Gross findings e There is almost no syndactyly between the fourth and e Syndactyly between the fourth and fifth toes (Hirase

fifth toes (Hirase type B-1)
e All cases are unilateral polydactyly

type B-2) is common
e Itis seen in both unilateral and bilateral polydactyly

X-ray findings
present

Middle phalangeal type or proximal phalangeal typeis ¢ All are middle phalangeal type

e The excess bone is located near the toe bifurcation

type, 18 feet (27.7%) were of proximal phalangeal type, 31
feet (47.7%) were of middle phalangeal type, three feet
(4.6%) were of distal phalangeal type, and four feet (6.2%)
were unable to be classified. Excess bone cases showed
middle phalangeal type (four of five feet, 80.0%) or proxi-
mal phalangeal type (one of five feet, 20.0%). All cases of
mosaic-like alignment were of the middle phalangeal type
(Fig. 6). Excess bone was observed at the phalangeal bifur-
cation between the fourth and fifth toes.

The operative method for postaxial polydactyly with
excess bone included resection of the fifth toe in one foot
and resection of the sixth toe in four feet. Of these five
cases, the excess bone was removed entirely in two cases,
preserved in two cases, and halved in one case (Table 2).
Long-term postoperative outcomes in cases of excess bone
were satisfactory for all three patterns.

Case 3
The patient was an 11-month-old female infant with
postaxial polydactyly of the left foot. The morphological
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classification was Hirase type B-2, and the radiographic
classification was the middle phalangeal type. Preoperative
radiographs revealed excess bone on the medial side of the
proximal interphalangeal joint of the fifth toe (Fig. 1a).
During the first surgery, the lateral toe was removed,
and during the second surgery, five months later, inter-
digital plasty was performed between the fourth and fifth
toes. Preoperative radiographs from the second surgery
also showed excess bone as independent bone; however,
intraoperative findings showed cartilaginous fusion with
the proximal phalange of the fifth toe. The excess bone
was resected, and cartilaginous fusion with the proximal
phalange was observed. In this case, the toe morphology
was good, and radiographic images showed good align-
ment of the toe axis 6 years postoperatively. (See table,
Supplemental Digital Content 1, which displays the (a)
x-ray image of case 3 just before the second surgery, (b)
intraoperative photograph of case 3, and (c) radiograph
of case 3 at 6 years after the second surgery. http://links.
Iww.com/PRSGO/D134.)
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Table 2. Excess Bone Cases

Characteristic Postaxial Polydactyly (Total) Excess Bone Mosaic-like Alignment
No. cases (cases/foot) 54/65 5/5 19/22
Rate of occurrence (%)* — 7.7 33.8
Unilateral (cases) 43 5 18
Bilateral (cases) 11 0 4
M/F cases 22/32 2/3 11/8
Morphological classification [foot (%)]
Hirase type A 19 (29.2) 0 (0) 0 (0)
Hirase type B-1 17 (26.2) 4 (80.0) 4 (18.2)
Hirase type B-2 29 (44.6) 1 (20.0) 18 (81.8)
X-ray image classification [foot (%)]
Metatarsal type 9 (13.8) 0 (0) 0 (0)
Proximal phalangeal type 18 (27.7) 1 (20.0) 0 (0)
Middle phalangeal type 31 (47.7) 4 (80.0) 22 (100.0)
Distal phalangeal type 3 (4.6) 0 (0) 0 (0)
Unable to classify 4 (6.2) 0 (0) 0 (0)

*Incidence of postaxial polydactyly to total.
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Fig. 7. Excess bone case 4. A, Photograph of the fourth, fifth, and sixth toes. A bulge due to excess bone
is seen on the medial side of the fifth toe. B, Radiograph of the fourth, fifth, and sixth toes. Taken at the
same time as (A). C, Intraoperative photograph. Removed excess bone was a single bone fragment
without joint cavity. The bone was split in half and half put back in place. D, Radiograph on postopera-
tive day 11.The axis of the toe is satisfactory after surgery.

Case 4

The patient was a l-year-old male infant with post-
axial polydactyly of the left foot. The morphological
classification was Hirase type B-1, and the radiographic
classification was the middle phalangeal type. Preoperative
radiographs revealed excess bone on the medial side of
the proximal interphalangeal joint of the fifth toe. In the
present case, the fifth toe was morphologically and skel-
etally more dominant than the sixth toe, and valgus was
observed in the fifth toe. Therefore, the initial plan was
to resect the sixth toe and completely remove the excess
bone through another incision. However, toe stability was
checked intraoperatively after the removal of excess bone
and was found to be unstable. Therefore, the excess bone
was cut in half, one of the bone fragments was returned to
its original position, and stability was achieved. The post-
operative toe shape was good and the postoperative radio-
graph showed favorable alignment of the toe axis. The
long-term outcomes of this case could not be evaluated

6

because the patient stopped visiting the hospital after the
one-month postoperative visit (Fig. 7).

DISCUSSION

We compared the gross findings in cases of excess
bone and mosaic-like alignment. We found that cases with
excess bone rarely showed Hirase type B-2 with syndactyly
between the fourth and fifth toes, and one case showed
only mild syndactyly. In contrast, most mosaic-like align-
ment cases showed Hirase type B-2. Radiographic findings
showed that the excess bone cases had duplication of the
toes at the middle or proximal phalanges, and the excess
bone itself was present on the medial side of the fifth toe at
the level of the bifurcation of the fifth and sixth phalanges
in all cases. In contrast, all patients with mosaic-like align-
ment showed toe duplication in the middle phalange.
The male-to-female ratio in the excess bone cases was 2:3,
which was similar to the ratio in all postaxial polydactyly
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Fig. 8. Schema of the embryological hypothesis of excess bone. A, Just before interdigital PCD occurs,
a small wound is made at the interdigital fate of the foot plate. B, Ectopic mesenchymal aggregation
occurs at the region of the small wound. The rest of the interdigital area develops normal PCD from
the proximal to the distal side. C, Ectopic mesenchymal aggregation becomes cartilage and eventually

ossifies to form excess bone.

cases. In contrast, mosaic-like alignment cases had a male-
to-female ratio of 11:8, which differed from the overall
ratio. (See table, Supplemental Digital Content 2, which
displays the characteristic findings of excess bone and
mosaic-like alignment. http://links.lww.com/PRSGO/
D135.) Findings, such as the high-incidence phenotype
and the presence or absence of syndactyly, were different
in both cases. Therefore, we believe that excess bone and
mosaic-like alignment have completely different patholo-
gies. Considering the incidence of excess bone in total
postaxial polydactyly that we have experienced (7.7%), it
is likely that the occurrence of excess bone is not acciden-
tal but present in a certain number of cases.

Itis known that limb bones develop through endochon-
dral ossification. In the lower limb, the tip of the lower limb
bud becomes the footplate at Carnegie stage 16 (fetal day
38), and mesodermal condensation occurs in the mesoder-
mal tissue of the footplate. Mesodermal condensations in
the foot that occur at Carnegie stage 18 (fetal day 44) are
called toe rays. Within these toe rays, chondrification of
cartilage precursors occurs, followed by ossification of the
cartilage to form phalanges.”'' It has also been reported
that phalanx formation and finger morphogenesis occur
simultaneously. The number of finger rays is believed to
vary according to the size of the limb buds. Three factors
strongly influence the size: the number of progenitors
that start up the bud, the rarity of proliferation, and the
amount of cell death. When these factors are out of con-
trol, it results in a change in the autopodial pattern and
number of fingers. Syndactyly is also caused by incomplete
cell death in the interdigital areas.'""*

We suspect that the development of excess bone in the
interdigital area may result from an abnormality in the tim-
ing of mesodermal condensation in the area of the future
toe. We also noticed that the timing of programmed cell
death (PCD) in the interdigital area coincided with the
appearance of toe rays (mesodermal condensation in the
footplate) and interdigital notches. By observing the mor-
phological localization and sequential changes in PCD in
developing fetal mouse limbs, Kimura et al reported that
programmed cell death in the interdigital region of the
limb begins in the proximal mesenchyme and not in the

distal region, progressing from the proximal to the distal
region."” In addition, Hurle and Ganan observed chick leg
buds and found that ectopic chondrogenesis occurs when
part of the interdigital ectoderm is removed just before
interdigital PCD occurs, whereas interdigital formation
occurs as usual. Because part of it later takes the form of a
finger, they suspected that the removal of the interdigital
ectoderm changes the morphogenetic fate of the inter-
digital tissues from the interdigital to the finger. They also
reported that ectopic cartilage ossification occurred at the
base of the interdigital region when the interdigital ecto-
derm of the dorsal leg bud was excised.'*'> We believe that
this experimental model is the best to explain the etiology
of excess bone. We hypothesized that if the same phenom-
enon occurred in humans, it would seem as excess bone.
In our cases, all the excess bone was at the bifurcation site.
They rarely experience syndactyly, and even if it does, it
is mild. This suggests that a small wound produced by a
stimulus or trauma in the interdigital ectoderm just before
PCD causes ectopic interdigital mesodermal condensa-
tions at the base of the interdigital region even in our
cases. Then, it is possible that PCD developed from the
interdigital base after ectopic mesodermal condensations,
resulting in normal interdigital PCD in the area where the
excess bone occurred (Fig. 8). Based on our hypothesis,
we determined that it is appropriate to refer to this bone
as excess bone.

In addition, we believe that excess bone is different
from a mere disorder of the phalanx alignment, such
as mosaic-like alignment. Both excess bone and mosaic-
like alignment are factors that make the treatment plan
difficult; however, if the causes are different, a surgical
plan should be considered for each. The goal of polydac-
tyly surgery is to reconstruct a toe with joint stability and
appearance equivalent to a normal toe that allows the
patient to wear normal footwear and walk without pain.
Although polydactyly is one of the most common con-
genital anomalies, there are no standardized, evidence-
based classification or treatment guidelines for it. There
is a great deal of discussion as to whether the medial or
lateral toes should be removed, but this issue remains
unresolved. We chose to resect the less dominant toe in
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all cases of postaxial polydactyly, considering the phalanx
alignment and contour. However, it is difficult to choose
a surgical method for complex polydactyly cases, such as
those with excess bone and mosaic-like alignment. For
mosaic-like alignment cases, we apply the same strategy as
for common postaxial polydactyly. In another approach,
Iba et al reported a method in which the excision of the
toe and protruding bone was performed without con-
sidering the alignment of the middle phalanx, and joint
stability was reconstructed using the proximally based
ligament and periosteal sleeve from the resected toe.”" To
deal with excess bone, we took three approaches based on
our original algorithm. Because there are various forms
of polydactyly, it is difficult to determine which surgical
method is the best. In the future, we need to increase the
number of cases and evaluate the postoperative results of
each surgical method to determine the best approach for
such patients.

Our hypothesis regarding excess bone has some
limitations that should be considered in the future. We
performed surgery for postaxial polydactyly at the age
of 1 year. Radiographs of the toes at this time show that
a part of the phalanx has just appeared, and it is some-
times difficult to predict the entire phalanx form from
radiographs in all cases. Nakamura et al compared the
skeletal form directly observed during surgery with that
obtained immediately before surgery. Subsequently, they
reported that the bone that exists close to the medial or
lateral side of the proximal phalange is often a branch
of the proximal phalange rather than the middle pha-
lange.'® The cases we identified under direct observa-
tion were different. However, we cannot rule out the
possibility that other cases identified as having excess
bone or a mosaic-like alignment based on preoperative
radiographic findings alone may have been included.
Additionally, we did not investigate the occurrence of
excess bone in the normal toes in this study. Accessory
bone, a common skeletal variant, is observed in the foot
and around the ankle joint. It is usually asymptomatic
but can be painful due to a variety of causes, including
irritation of adjacent soft tissues and bone fractures.'” If
a certain number of bone fragments are identified in the
interdigital spaces, not only in cases of polydactyly but
also in cases with normal toes, it is possible that there is
a parallel development of accessory bone, apart from the
development of excess toes.

CONCLUSIONS

We have encountered several cases of postaxial poly-
dactyly with excess bone tissue. Excess bone can cause
alignment abnormalities and instability and can be a
factor influencing the treatment strategy. In this study,
we used three methods to treat the excess bone. We
plan to continue our study with additional cases in the
future.
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