Longitudinal limb deficiencies and the

AN ANALYSIS OF 378 DYSMELIC MALFORMATIONS INDUCED
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he pathogenesis of longitudinal reduction

deformities of the limbs, or dysmelia, is still a
matter of debate. Their morphological pattern was
defined from a large collection of radiographs of
children with dysmelia following the thalidomide
disaster.

We compared radiographs of 378 of these limbs
with the sclerotomes which are areas of segmental
sensory innervation of the limb skeleton defined by
the radiation of referred pain. The pattern of dysmelia
matched the sclerotomes closely in 279 limbs (73.5%).

The principles of skeletal reduction in dysmelia are
explained by the arrangement of the sclerotomes. The
congruence between two separate and independent
data sets shows that both patterns are expressions of
the underlying segmental sensory innervation of the
skeleton, and that the sensory nervous system is
involved in the process of limb morphogenesis and
teratogenesis.
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Most human limb deficiencies, whether sporadic or heredi-
tary, have a wide range of dysmorphism. Because they are
rare, individual cases of these malformations have been regar-
ded as curiosities rather than as part of a biological spectrum.
It was not until the thalidomide disaster that the underlying
patterns were recognised. Even so, the wide variety of dys-
morphism in early thalidomide children led to the belief that
the distribution of these malformations was random."

The large number of cases collected at that time has
provided valuable material for analysis of the pattern
underlying the malformations, and for determining how
thalidomide worked. In a study of the nature, aetiology and
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patholoég of what was named ‘dysmelia’,l'4 Willert and
Henkel™ arranged a series of 287 thalidomide cases in
order of increasing severity of limb reduction. Figures 1
and 2 summarise the pattern of the malformations” and the
teratological sequences which emerged from that study.
The defects were longitudinal, not transverse. They ranged
from isolated peripheral hypoplasia to complete absence of
the limb (amelia). The sequential longitudinal reduction of
the limb skeleton obeyed certain principles:

1) Some bones as a whole, as well as defined areas
within one bone, were more vulnerable than others.

2) In each limb the deficiencies occurred in a longitud-
inal axis of reduction.

3) There was a clear interdependence between proximal
and distal parts of the limb.

In thalidomide-induced dysmelia, the deficiencies were
characteristically on the radial side of the upper limb and
the tibial side of the lower. In the upper limb, there was
progressive reduction in, and loss of the bones of the
thumb, radius and humerus which preceded the reduction
of the ulna or the ulnar digits. In the lower limb, reduction
began in the distal tibia or proximal femur, and affected the
fibula and fibular digits last. Willert and Henkel stressed
that there was a common entity, an underlying pattern
which had many different but related manifestations. Since
the old method of classification tended to mask this, a
simpler system was proposed and is now widely accepted
as an international standard.™®

The morphological pattern of longitudinal skeletal reduc-
tion requires explanation. The peripheral skeleton may be
divided longitudinally based on the segmental sensory
nerve supply of the bones and joints. This pattern of
innervation has been the subject of much research since the
end of the last century, culminating in the publication of
'sclerotome maps' by Inman and Saunders in 19447 (Figs 3
and 4). These authors defined a sclerotome as a longitudinal
band of skeletal structures supplied by one spinal segmental
sensory nerve. Their maps were based on clinical and
experimental studies of the radiation of deep referred pain
from skeletal structures. The sclerotomes are the counter-
parts of dermatomes and myotomes and underlie but extend
beyond the latter. Each sclerotome starts at the neuraxis and
extends towards the periphery. Only the sixth, seventh and
eighth cervical sclerotomes reach the hand; the fifth termi-
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nates in the forearm near the elbow. In the leg, only the fifth
lumbar and the first and second sacral sclerotomes reach
the toes, while the fourth lumbar ends on the medial aspect
of the tarsus and the third lumbar at the tibia below the
medial side of the knee. Because of their longitudinal
orientation, the sclerotomes cross joints and subdivide
bones, including the pectoral and pelvic girdles, thus reor-
ientating customary concepts of anatomy.

The sclerotomes are, like the dermatomes, normally
invisible, but their presence should not be ignored. The
vesicular eruption in herpes zoster, a viral infection of a
segmental sensory nerve, renders the affected dermatome
visible. Similarly, a sclerotome may be revealed by a
disease of its nerve supply. McCredie has suggested the
concept of 'sclerotome subtraction' for the radiological
interpretation of reduction deformities of the limbs.*” For
instance, injury to the sixth cervical nerve in the embryo
could inhibit development of the sixth cervical sclerotome,
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with defects in parts of the thumb, radius, humerus or
scapula. Damage at the level of the fourth lumbar nerve in
the embryo could reduce or subtract the fourth lumbar
sclerotome, sparing the foot but reducing the tibia, femur
and pelvis.

We have compared the sclerotome maps with the pattern
of dysmelia in a large series of cases of thalidomide-
induced limb defects. The skeletal deficiency in each limb
was compared with the sclerotome map to determine
whether or not the missing areas coincided with the sclero-
tomes. An attempt was made to judge if, or to what extent,
these reduction defects could be interpreted by sclerotome
subtraction.

We do not wish to discuss classification. The require-
ments for recording and labelling an individual case in a
clinic differ from those needed to analyse a large series in
search of a pattern of disease and a mechanism of
pathogenesis.

Fig. 1

The pattern of dysmelia in the upper limb showing the different stages.
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Fig. 2

The pattern of dysmelia in the lower limb showing the different stages.
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Fig. 3

Figure 3 — Anterior and posterior views of the sclerotomes of the upper limb (reproduced with
Figure — 4 Anterior and posterior views of the

permission from J Nerv Ment Dis 1944;99:660-7).
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sclerotomes of the lower limb (reproduced with permission from J Nerv Ment Dis 1944;

99:660-7).

Patients and Methods

We analysed the records of 378 limbs from 203 children
with thalidomide embryopathy, collected by Willert and
Henkel.™ All the infants were born between 1958 and
1962 and had the typical signs of thalidomide embryo-
pathy.lo’18 There were cases from several centres in Ger-
many and some from Oxford, UK. Radiographs, or tracings
of radiographs, had been filed with the essential clinical
data including the name, date and place of birth, and the
hospital attended.

In 180 infants we knew both the forenames and sur-
names, but in 23 only the initials were available and their
sex was unknown. In nine the side of the malformation had
not been recorded or marked on the radiograph or
tracing.

In the 180 children in whom the sex was known, the
male:female ratio was equal (91:89).

Isolated defects of the upper limbs predominated, being
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Fig. 4

present in 85% of the children. Combinations of defects of
the upper and lower limbs were seen in 12% and isolated
defects of the lower limb in 3%. The ratio of involvement
of upper:lower:both upper and lower limbs was 172:5:26.
Bilateral limb deficiencies were present in 90% with a
high degree of symmetry within a limited range of mor-
phology. Equal sex incidence, preponderance in the upper
limb, and bilateral symmetry are features which have been
noted in other series of thalidomide embryopathy.lo'18
Henkel and Willert”™ used simple outline diagrams of
the skeleton of the limb to record and analyse the anatom-
ical features. Those bones or parts of bones which were
missing from the radiograph were left out of the diagram. A
working group of the International Society for Prosthetics
and Orthotics agreed on a system of classification based on
the principles outlined by Henkel and Willert,” and advo-
cated that the deficiencies should be named after the skel-
etal elements which were absent. Swanson, Swanson and
Tada'® used a similar system, recording the condition on a
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Table 1.

Results of sclerotome subtraction in 378 limbs with thalidomide-induced

dysmelia. The 27 amelic limbs appear transverse (grade 3), but have been classified by
experts as the final stage of longitudinal deficiency (grades 1 or 2). Therefore they are
placed in each category in turn. Their classification makes no significant difference to
the final result of the study. The pattern of dysmelia is closely matched by the

sclerotomes in 73.5% to 80.8% of the limbs

Number of limbs (%)

Grade Amelia in grade 1 Amelia in grade 2 Amelia in grade 3
1 306 (80.8) 279 (73.5) 279 (73.5)
2 56 (15) 83 (22.3) 56 (15.0)
3 16 (4.2) 16 (4.2) 43 (11.5)

silhouette drawing of the limb and skeletal parts with
“shading out of absent parts” and naming the defect after
them.

In our series of 203 cases there were satisfactory radio-
graphic records of 378 limbs. A line diagram of the skel-
eton was assigned to each of these and the missing parts
were shaded out. The deficiencies in skeletal structure were
compared with the sclerotome maps to determine whether
the morphology of the malformations and the sclerotomes
coincided.

We attempted to grade the quality of fit between the
sclerotomes and the malformations using three grades.
Grade 1. The longitudinal defect clearly coincided with the
sclerotome map.

Grade 2. The longitudinal defect had a less obvious or
ambivalent match with the sclerotomes.

Grade 3. The longitudinal defect coincided poorly or not at
all.

Results

There was congruence of the missing bones with all or part
of the sclerotomes (grade 1) in over 73% of cases (Table I).
The match was less obvious in 15% (grade 2) and difficult
in about 11% (grade 3). All had some evidence of sclero-
tome loss, even those with amelia.

A continuous pattern of deletion was seen in all malfor-
mations which was termed the “reduction tendency” by
Henkel and Willert.* Within a large series, this continuous,
gradual process of reduction is a slope rather than a series
of steps, illustrating a smooth progression from a minimal
distal reduction to total absence of the limb. Figures 1 and
2 show that the greater part of the skeleton is still present
from stages a to f, with sufficient bony landmarks to
identify readily the affected sclerotome or sclerotomes. It
becomes more difficult to discern particular sclerotomes
after stage f as the landmarks disappear.

Sclerotomes are easily identified distally, where the par-
allel digital rays and the paired bones of the forearm and
lower leg provide obvious landmarks for establishing the
identity of particular bones and bony remnants. Difficulties
arise in the humerus and femur posteriorly, because here
the sclerotomes tend to run in narrow parallel bands along
these slender long bones.

Anatomical features allowing identification are absent in

the diaphyses, which make it difficult or sometimes impos-
sible to distinguish which part of the humerus or femur is
missing.

Absence of all or part of a single sclerotome reduces the
mass and shortens the shaft of an affected long bone,
giving hypoplasia or partial aplasia. Subtraction of more
than one sclerotome causes further loss of bone mass,
progressive shortening of long bones and increasingly
severe reduction of the limb. A reduction in mass of the
major long bones brings the hand or foot closer to the
trunk (phocomelia).

Gradually, the amount of skeleton remaining and the loss
of normal landmarks are such that the identity of the
residual sclerotomes becomes uncertain. Amelia is the most
difficult subgroup to classify. At first sight, it appears to be
a transverse rather than a longitudinal deficiency which
would not fit into a system of classification of longitudinal
defects. In the 27 amelic limbs in our series, however, the
pectoral and pelvic girdles were always abnormal, with
different degrees of hypoplasia, partial aplasia or disloca-
tion (see Figs 12 and 16). Hypoplasia of the scapula was
commonly associated with absence or hypoplasia of the
glenoid process and clavicle. Absence of the acetabulum
and incomplete formation of the pelvic bones were seen in
hypoplasia of the pelvis. These girdle reductions indicated
deficiencies in the proximal parts of the sclerotomes (Figs 3
and 4), yet they appeared to be disproportionately mild
compared with the gross peripheral loss.

This apparent ambivalence of amelia has been discussed
previously,S’S’ and all authors have concluded that ame-
lia represents the ultimate stage of longitudinal limb defi-
ciency. According to the Working Group of the
International Society for Prosthetics and Orthotics’ “the
concept of progressive longitudinal reduction can be car-
ried to a point where only a single digital remnant of a limb
remains, and ultimately to the situation in which even this
vestigial peripheral element failed to form — the true ame-
lia. This, therefore, might be considered to be a maximum
longitudinal deficiency, although presenting as a transverse
type of defect”. In order to accommodate the ambivalent
appearance of amelia, we recorded our results as grades 1,
2 or 3 with three options (Table I). In spite of this ambi-
guity, the congruence of the sclerotomes with the pattern of
dysmelia is still strong, between 73% and 80%. There were
no cases which were not explained by the sclerotomes.
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Fig. 5a Fig. 5b

Figure 5a — Radiograph showing radial aplasia and a hypoplastic thumb. Figure 5b — Diagram
showing subtraction of the sixth cervical sclerotome distally.

Fig. 6a Fig. 6b

Figure 6a — Radiograph showing early involvement of the humerus, absence of the radius and a hypoplastic thumb with partial
syndactyly. Figure 6b — Diagram showing subtraction of the proximal as well as the distal sixth cervical sclerotome.
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Fig. 8a

Cs

ce

c7 D Figure 7a — Radiograph showing hypoplasia of the
humerus and radius with proximal radio ulnar synosto-

cs [HH] sis and an absent thumb. Figure 7b — Diagram showing

subtraction of the fifth and sixth cervical sclerotomes.

Fig. 8b

Figure 8a — Radiograph showing partial aplasia of the humerus involving the head and proximal shaft, hypoplasia of the radius, absence of the first ray
of the hand and proximal and distal radio-ulnar synostosis. Figure 8b — Diagram showing total subtraction of fifth and sixth cervical sclerotomes.

UPPER LIMB

Sixth cervical sclerotome. Stages a to d of Figure 1 and
Figure 3 illustrate deletion within the sixth cervical sclero-
tome, distally in the thumb or radius, proximally in the
humerus, or involving all parts of the sclerotome. The
thumb defects comprised absence, hypoplasia and triphal-
angism, and in some cases if the thumb was absent, hypo-
plasia of the index finger. The largest single group, 114 out
of 330 (34.5%) malformations of the upper limb, involved
only the sixth cervical sclerotome. Figures 5 and 6 illustrate
two typical variants of reduction within this sclerotome.

Grade-1 changes were seen in 102 limbs (89%) and grade-2
in 12 (11%); none had grade-3 changes.

Fifth and sixth cervical sclerotomes. The next stage in the
reduction process is when the upper end of the humerus
fails to form and the length of the bone is reduced. This
was seen in 68 out of 330 (20.6%) malformations of the
upper limb. The sclerotome maps show that this is deletion
of the fifth and sixth cervical sclerotomes. The fifth termi-
nates just distal to the elbow (Fig. 3) and does not reach the
hand. Proximal radio-ulnar fusion indicates failure of sepa-
ration of these two bones which lie within the distal part of
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Fig. 9a
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Fig. 9b

Figure 9a — Radiograph showing subtotal aplasia of the humerus and total aplasia of the radius and the first two rays of the hand. Figure 9b — Diagram
showing subtraction of the fifth and sixth cervical sclerotomes and overlap on to part of the seventh. The elbow is present, indicating that the eighth

remains together with the ulnar digits of the seventh and eighth.

Fig. 10a
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Fig. 10b

Figure 10a — Radiograph showing humeroulnar fusion, with three digits and few anatomical landmarks. Figure 10b — Diagram interpreted as
subtraction of the fifth and sixth and part of the seventh and eighth cervical sclerotomes. The residual structures are those of the seventh and

eighth.

the fifth cervical sclerotome. This minor degree of distal
damage to the fifth is combined with reduction in the sixth
cervical sclerotome as illustrated in Figures 7a and 7b.
Further loss in the fifth cervical sclerotome subtracts mass
and therefore length from the upper humerus without
affecting the morphology of the hand. The shape of the fifth
sclerotome is an inverted wedge with the base encompass-
ing the head of the humerus and the apex tapering distally.
Removal of this proximal wedge explains the shape of the
residual distal humerus as shown in Figure 1, stage e and
Figures 8a and 8b, a triangle based at the elbow with the
apex proximal. Subtraction of the fifth as well as the sixth

VOL. 81-B, No. 1, JANUARY 1999

cervical sclerotome is potentially an effective way of reduc-
ing the length of the humerus and of accelerating the
transition towards phocomelia. Grade-1 changes were pres-
ent in 58 limbs (85%), grade-2 in seven (10%) and grade-3
in three (5%).

Fifth, sixth and seventh cervical sclerotomes. In 66
(20%) malformations of the upper limb the pattern was as
shown in stage f of Figure 1. This illustrates deletion of the
fifth, sixth and seventh cervical sclerotomes with some
reduction of the eighth in the most severe examples. We
saw no evidence of deletion of the seventh sclerotome in
isolation, only in combination with the fifth and sixth, and
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Fig. 11b

Figure 11a — Radiograph showing that all long bones and the first and second rays are absent. Figure 11b — Diagram showing that the remaining
digits are probably the distal seventh and eighth sclerotomes. There is subtraction of the fifth, sixth and most of the seventh.

Fig. 12

Radiograph showing right upper amelia. There is hypo-
plasia of the scapula and absence of the glenoid process.

only when these were grossly involved. The remaining
limb appears to be a combination of the eighth and part of
the seventh sclerotome (Fig. 9). It could also, however, be
interpreted as the seventh with part of the eighth since there
is insufficient limb remaining to be certain which sclero-
tome forms the major part, but the elbow is derived from
the eighth. Grade-1 changes were seen in 52 limbs (79%),
grade-2 in 13 (19%) and grade-3 in one (2%).

Fifth, sixth and eighth cervical sclerotomes. There were
50 limbs (15%) in this category which is shown in Figure 1,
stages g and h, and in Figure 10. The elbow is absent and
the morphology of humeroradial fusion is thought to repre-
sent the residual seventh cervical sclerotome (Fig. 1, stage
g). Further reduction leads to phocomelia (Fig. 11) includ-
ing the single-digit form (Fig. 1, stage h). Here the residual
row of phalanges clearly belongs to a distal sclero-
tome which has disappeared proximally, together with the
fifth, sixth and seventh or eighth, respectively. This digit
may belong to the seventh or eighth, but there is insuffi-
cient data for positive identification. Grade-1 changes were
seen in 37 limbs (74%), grade-2 in ten (20%) and grade-3
in three (6%).

Fifth, sixth, seventh and eighth cervical sclerotomes.
Amelia was seen in 24 (7%) of our upper limbs (Fig. 1,
stage i and Fig. 12). It is the only apparently transverse
deficiency in the typically longitudinal defects of thalido-
midelgorigin. Henkel andlgWillert,M Smithells and New-
man =~ and Swanson et al ~ have all drawn attention to this
apparent oddity pointing out that amelia should only be
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Fig. 13a

L4

N
GQQ$ \%
RS

%

Fig. 13b

Figure 13a — Radiograph showing partial aplasia of the tibia with loss of the distal two-thirds. The foot is inverted. Figure 13b —

Diagram showing subtraction of the fourth lumbar sclerotome.

Fig. 14a

classified as transverse if the pectoral or pelvic girdle is
intact. If any parts of the limb girdles are deficient or
hypoplastic it should be considered as a longitudinal defi-
ciency of the most major degree. All our cases of amelia
were associated with reduction in the limb girdle. In upper
amelia the scapula was uniformly hypoplastic and the
glenoid process absent or hypoplastic. These changes in the

VOL. 81-B, No. 1, JANUARY 1999

Figure 14a — Radiograph showing to-
tal aplasia of the tibia with an inverted
foot. Figure 14b — Diagram showing
subtraction of the distal third lumbar
sclerotome as well as subtraction of
the fourth.

Fig. 14b

pectoral girdle had been emerging at earlier stages in the
reduction as can be seen in Figure 1, stage e. The 24 limbs
with upper amelia were interpreted as showing reduction in
all sclerotomes although an order was less obvious than in
malformations in which more skeletal material was left.

Other sclerotome combinations. The remaining eight
upper limbs (2%) had malformations in which sclerotomes
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Fig. 15a
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Fig. 15b

Figure 15a — Radiograph showing hypoplasia of the pelvis and partial aplasia of both femora. Figure 15b — Diagram interpreted as subtraction of the
third and fourth lumbar sclerotomes proximally. The fifth lumbar and first and second sacral sclerotomes compose the distal femoral fragment and both
the tibia and fibula reading from the posterior aspect of the map. Duplication of the left great toe illustrates irritation within the fifth lumbar

sclerotome.

were difficult to identify. Four showed probable subtraction
of the fifth cervical only; two retained the fifth with subtrac-
tion of the sixth, seventh, and eighth; one had subtraction of
the fifth and eighth; and one limb the eighth only. Two had
grade-1 changes, three grade-2 and three grade-3.

LOWER LIMB

There were 48 defects of the lower limb which followed the
pattern of dysmelia as seen in Figure 2. This diagram can
be compared with the sclerotome map of the lower limb
(Fig. 4), working from left to right.

Fourth lumbar sclerotome. Figure 2, stages a and b,
illustrates reduction in the distal part of the fourth lumbar
sclerotome. The residual triangular fragment of the prox-
imal tibia was a characteristic finding in all thalidomide
series, and has been hitherto unexplained. The sclerotome
maps reveal that it is the distal end of the third lumbar
sclerotome which is made visible by disappearance of the
fourth lumbar. Nine limbs (18%) had this appearance (Figs
13a and 13b), all classified as grade 1.

Third and fourth lumbar sclerotomes. Stages c, d and e
of Figure 2 illustrate increasing degrees of reduction of the
third and fourth lumbar sclerotomes. In the malformation
shown in Figure 2, stage c, the distal part of the fourth
lumbar sclerotome has disappeared together with the lower
end of the third (Fig. 14). In stage d of Figure 2 the
proximal part of the fourth lumbar sclerotome has also
failed to form, leaving a quadrant of femoral head within a
hypoplastic acetabulum. A long triangular remnant of the
distal femur remains (Fig. 15). Both residual femoral frag-
ments correspond to the proximal part of the third lumbar
sclerotome anteriorly. The fifth lumbar and the first sacral
sclerotomes are also incorporated into this triangular frag-
ment posteriorly. When even more of the third lumbar
sclerotome is subtracted the appearance is as shown in
stage e of Figure 2 and Figure 15.

The acetabulum and the head and neck of the femur lie
in the third and fourth lumbar sclerotomes. The distal
triangular stump of the femur represents the fifth lumbar
and first sacral components. The mass of the fibula is
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Fig. 16a Fig. 16b
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Fig. 16¢

Figures 16a and 16b — Radiographs showing a) left lower amelia with defects and hypoplasia in the left pelvic girdle, no
acetabulum on either side and no bone visible between the right fibula and the pelvis, and b) the complete bones of the inverted
foot. Figure 16¢ — Diagram showing subtraction of the third, fourth and fifth lumbar sclerotomes. The remaining structures are
distal parts of the first and second sacral sclerotomes. These seem to be the most resistant in the leg.
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increased by incorporation of the fifth lumbar and first
sacral sclerotomes from the posterior aspect of the tibia.
The distal end of this composite bone carries a hypoplastic
mortise joint for the ankle which was called the 'tibula' by
orthopaedic surgeons at the time of the thalidomide dis-
aster. In some cases, fusion of the tibial and fibular compo-
nents did not occur, and the two bones remained separate,
despite total reduction of the femur. This longitudinal
proximal defect represents survival of the posterior sclero-
tomes, with loss of major parts of the anterior elements.
The sclerotome map of the back of the leg shows that the
fifth lumbar and first and second sacral can compose a tibia
and fibula without the anterior third and fourth lumbar
sclerotomes.

The commonest defect of the lower limb seen in 21

limbs (44%) in our series was deletion of the third and
fourth lumbar sclerotomes to varying degrees as shown in
stages ¢, d and e of Figure 2. Grade-1 changes were seen in
16 limbs (76%), grade-2 in two (10%) and grade-3 in three
(14%).
Third, fourth and fifth lumbar sclerotomes. In 15 limbs
(32%) the third, fourth and fifth lumbar sclerotomes were
involved. These malformations are illustrated by stages f
and g of Figure 2 with variations between them. There was
no bone visible between the pelvis and the fibula (Fig. 16).
The involvement of the fifth lumbar sclerotome sometimes
included absence, hypoplasia, triphalangism or duplication
of the hallux (Fig. 15). Deletion of other bones within the
foot was not observed and the main structure was preserved
until the last stage of reduction, when the sacral sclero-
tomes became involved in the reduction process. In one
case there were three great toes.

Because the structure of the foot is little affected, diffi-

culty in identification of individual digits does not occur in
the lower limb. Limb reduction takes place within the
major long bones and involves the deletion of the third and
fourth lumbar sclerotomes which do not extend to the foot.
Difficulties in interpretation can occur because of the
inter-relationship of different sclerotomes on the anterior
and posterior surfaces of the long bones. Six limbs (40%)
had grade-1 changes, four grade-2 (26%) and five (33%)
grade-3.
Third, fourth and fifth lumbar and first and second
sacral sclerotomes. Three cases of amelia of the lower
limb (6%) showed loss of all the sclerotomes in the leg
(Fig. 2, stage h). In all cases there were hypoplastic malfor-
mations of the bony pelvis (Fig. 16).

The classification within each of the subgroups is shown
in Figure 17.

Discussion

The patterns of dysmelia matched the sclerotomes exactly
in approximately 75% of our cases. There was evidence of
sclerotome subtraction in the remainder, but the congruence
of the patterns was less exact (Table I). Our findings show

H-G. WILLERT

that the absence of certain bones or areas within a bone can
be explained by the sclerotomes. Some sclerotomes
appeared to be more vulnerable than others, but within each
subgroup of defects, there was a high correlation with the
anatomy.

The longitudinal axis of reduction in each limb is very
clearly explained by the sclerotomes. In the upper limb the
sixth cervical sclerotome was involved in 98% (324/330) of
cases, either alone or in combination with adjacent levels
and is the axis of reduction in the arm. Thus, the sixth
cervical is obviously most sensitive to thalidomide while
the seventh cervical is the most resistant. All malformations
of the lower limb showed subtraction of the fourth lumbar
sclerotome. It was always the first to disappear, sometimes
alone, but more often in combination with reduction in the
adjacent third and fifth sclerotomes. It is the most sensitive
to thalidomide and forms the axis of reduction in the leg.
The sacral sclerotomes are the most resistant.

We do not know why the structures supplied by the sixth
cervical and fourth lumbar nerves should be more sensitive
to reduction by thalidomide than other segments. We have
previously noted parallels in experimental teratology and
phylogenesis3’20 which suggest that younger phylogenetic
acquisitions are more vulnerable. Thumb-finger opposition
depends upon the sixth cervical nerve, and standing erect
involves musculoskeletal structures supplied by the third

Upper limbs
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Lower limbs
2]
£
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)
o
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£
=]
Z |
L4 L34 L 3,4,5 Amelia
Sclerotomes subtracted
Fig. 17

Summary of the distribution and grades of fit of sclerotomes in 378 limbs
with thalidomide-induced dysmelia. The scale of the diagram for upper
limbs is reduced to accommodate the large number of cases. The 27
amelic limbs have not been committed to any one grade, but are incorpo-
rated into each in turn in Table I.
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and fourth lumbar nerves. Both functions have been
acquired relatively recently in evolution. Bretscher and
Tschumi®' have suggested that in the competition for
expression between different structures in morphogenesis,
success goes to those which have been established longest
in evolution. Interdependence between the proximal and
distal parts of the limb in dysmelia can be explained as
progression within a sclerotome. It is possible to have
proximal, distal or total lesions within one band of nerve
supply, simulating the neurological distribution of segmen-
tal sensory neuropathies. Since the pattern of dysmelia
coincides so well with the sclerotomes, both appear to be
expressions of the underlying sensory segmental innerva-
tion of the skeleton. The action of thalidomide in the
embryo reveals the existence of the sclerotomes which are
otherwise invisible and indicates the involvement of the
sensory  nervous system in  morphogenesis and
teratogenesis.

The explanation as to how dysfunction of sensory nerves
can disturb morphogenesis depends on the fact that sensory
nerves have a trophic or growth-stimulating function which
is separate from sensation.”””’ In amphibia, sensory dener-
vation prevents limb regeneration and thalidomide causes
malformation in amphibian limb regenerates. While nerve
impulses carrying sensation are electrical and centripetal,
neurotrophism is believed to act centrifugally through axo-
plasmic flow.”® It is not known whether neurotrophism is
an additional property of nerves which transmit other sen-
sory modalities, or whether there are dedicated trophic
nerves within the sensory nervous system.

Thalidomide damages sensory nerves. It was recognised
as a sensory neurotoxin in adults”>’ before it was mar-
keted as an antiemetic for early pregnancy. In adult patients
with thalidomide neuropathy the symptoms of paraesthesia
and anaesthesia were seen to persist for many years after
medication had been stopped, the hallmark of a strong
neurotoxin. The results of electrophysiological studies and
sural nerve biopsies carried out during long-term follow-up
showed that axonal degeneration occurs in thalidomide
neuropathy.30’31 Quantitative changes have been found in
the peri§)2h3e3ral nerves of the fetuses of thalidomide-exposed
rabbits,” "~ most marked in those with limb deformities.
Neurotoxic injury to the neural crest or its derivatives could
interfere with the trophic action on limb development,
causing failure of 4growth in the structures supplied by the
injured nerves.”?*%

The preservation of the whole foot until the end of the
reduction sequence warrants further comment. We are not
convinced that the apical ectodermal ridge of the limb
bud®®?’ plays a significant role in thalidomide embryo-
pathy,38 since if it did, the structures of the foot should be
damaged from the early stages of the sequence. The resist-
ance of the sacral sclerotomes to thalidomide explains the
preservation of the foot. Interference with the function of
the apical ectodermal ridge could not induce precise focal
reduction of the radial digits and duplication of the great
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toe in radial and tibial dysmelias without damage to the
other digits.

Many experiments have been carried out involving
mechanical manipulation of limb buds, especially in the
chick, but none has been able to model thalidomide
embryopathy. The limb buds of the victims of thalidomide
did not suffer surgical damage. Their maldevelopment was
due to a toxic effect on a normal embryo, often inflicted at
a stage before the appearance of the limb.

Malformation in the arm was seen after ingestion of
thalidomide from the 24th day of g:{estation,11 but in man
the upper limb bud first arises from the trunk on the 28th
day (Nishimura, 1972, personal communication), indicating
that the pattern of morphogenesis of the limb is determined
before the limb bud emerges from the trunk. This correlates
with experimental findings which suggest that the posi-
tional specification of neural-crest cells occurs before they
leave the neuroepithelium;39 this has been established for
the cranial neural crest, but not for the trunk or limbs. It is
not known whether neuronal derivatives of the crest, such
as sensory neurones, are similarly specified, nor is the role
of HOX genes yet defined in the positional specification of
neural-crest cells.39 Trunk neural-crest cells, however, have
been shown experimentally to be highly sensitive to envir-
onmental changes. This can restrict their ability to complete
their differentiation into neurones, and influence the devel-
opment of nerve-dependant derivatives such as skeletal
structures.

Genetic research has defined gene (homeobox) com-
plexes related to particular segments of the central and
peripheral nervous sglstems, common to several phyla, and
including mammals. ' The mechanism whereby homeobox
genes pass morphogenetic messages to undifferentiated
mesenchymal cells in the limb bud is not yet certain. One
hypothesis proposes that undifferentiated cells in the
embryonic limb buds communicate ‘positional information’
to one another. Even the proponents of this concept admit
that “there is not a single case in all of vertebrate develop-
ment where an intercellular signal has been unequivocally
identified”.*” The hypothesis of positional information has
been coupled with that of a diffusable morphogen emitted
from the zone of polarising activity (ZPA) of the ecto-
dermal ridge of the limb bud. It is proposed that the genes
in the mesoderm are switched on by a gradient of diminish-
ing concentration of this morphogen as the cells are dis-
placed proximally away from the ZPA by cell division.
Evidence for the diffusable morphogen is “indirect”,” and
evidence for ZPA as its source is “putative”.44 “Little is
known about the signalling mechanisms involved in such
morphogenetic events”.

The sensory nervous system is designed, in both struc-
ture and function, to transmit information in both directions
between the central nervous system and the periphery.
Proprioception is a sensory modality, not a property of
mesoderm. In the human embryo the neural crest is present
from the 18th day, ten days before the first appearance of
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the upper limb bud, but during the sensitive period for
thalidomide (days 21 to 42). Thus a mechanism which is
known to be sensitive to thalidomide is present at an
appropriate stage in morphogenesis for transmitting signals
between the homeobox genes in the nervous system and the
periphery. There is clear evidence that the neural crest plays
an important role in limb morphogenesis.

The question arises as to why the possible role of
sclerotomes in dysmelia was not considered at the time of
the thalidomide disaster and its aftermath. There are at least
two historical reasons for this.

First, sclerotome maps had been included in anatomy
textbooks for only ten years (Inman, 1978, personal com-
munication) and were not freely accessible at the time of
the thalidomide tragedy. Secondly, after the work of
Bardeen and Lewis in 1901,45’46 there was a widespread
belief that the limb bud of the embryo did not contain
nerves and hence that the nervous system played no part in
limb morphogenesis or teratogenesis. These authors report-
ed that they did not observe axons in the limb buds of
formalin-fixed embryos which had been embedded in par-
affin and examined by light microscopy. These techniques
are now known to destroy non-myelinated axons. They did
not say that no nerves were present, although they are
quoted as so doing.47 This critical misquotation has been
repeated in textbooks of embryology and in review arti-
cles,*>” and has diverted attention away from the periph-
eral nervous system in embryogenesis. The presence of
nerves in the limb buds has subsequently been demonstrat-
ed wusing modern neurohistological techniques.SI’52
Unmyelinated axons have been shown by electron micro-
scopy to ramify into the undifferentiated limb bud before
any condensation of mesenchyme.

The sclerotome pattern is not confined to thalidomide-
induced dysmelia. Other reduction deformities of the upper
and lower limbs also follow the pattern of sclerotome
subtraction.
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