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Though a striking feature of the paralysis that may result from an attack of poliomyelitis is its diversity, the belief that
some order exists in the apparently irregular distribution of the permanent paralysis has been expressed by several authors.
Wickman (1913) stated that "although a great variety of combinations of paralyses are found, certain types appear more
often than others; in the leg the peroneal group and certain muscles of the thigh—in my experience the quadriceps femoris
especially—tend to be implicated." Lovett and Lucas (1908), Lovett (1915, 1917), Jahss (1917), Mitchell (1925) and
Legg (1929, 1937) showed tables indicating the relative frequency of paralysis and paresis in the muscles of the lower
limb. All show a high incidence of paralysis in tibialis anterior, tibialis posterior, the long extensors of the toes and the
peronei. A lower incidence of paralysis but a greater combined total of paralyses and pareses is shown in the quadriceps
and in the gluteal muscles. No satisfactory explanation has yet been offered to account for these findings.
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It is the object of this paper to review the distribution of paresis and paralysis in the muscles of the lower limb, to
account for its disposition in terms of the destruction of motor nerve cells in the lumbo-sacral spinal cord, and to indicate
the practical application of the findings in the management of poliomyelitis.
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THE DISTRIBUTION OF PARESIS AND PARALYSIS IN THE
MUSCLES OF THE LOWER LIMB
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The cases analysed in this paper were those in which a study of muscle recovery was previously reported in this Journal
(Sharrard 1955). In 142 patients there were 203 lower limbs in which, three years after the onset of poliomyelitis, residual
paresis or paralysis could be detected in one or more muscles by clinical examination. The seventeen muscles or muscle
groups that are analysed here are the same as those described in the previous study of muscle recovery.
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Of 2,464 affected muscles, 1,502 were paretic and 962 paralysed; the ratio of paresis to paralysis was 1.56 to 1.0.
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The numbers of pareses and paralyses of individual muscles, and the proportions of paresis to paralysis in them, varied
(Tables I and Il). The main facts are that the quadriceps and the hip abductors (gluteus medius and minimus) lead in
frequency of affection and in numbers of pareses, but the muscles of the leg are those most frequently paralysed. Tibialis
anterior, tibialis posterior and the long flexors and extensors of the toes show low proportions of paresis to paralysis,
while the hip flexors and hip adductors show a high proportion.
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The order of the muscles shown in Table I confirms Lovett's (1915) finding that the muscles nearest the trunk are more

frequently affected than the distal ones. He observes that " the demands on the hip and shoulder muscles are simple and
less continuous than on the muscles of the lower leg and forearm or of the hand and foot.
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TABLE I
THE FREQUENCY OF AFFECTION OF 2,464 MUSCLES IN THE LOWER LIMB

(1 T 2, 464 i DEZBEDEE)

Muscle Number
affected
Quadriceps 184
Hip abductors (gluteus medius and minimus) 178
Inner hamstring muscles 168
Biceps femoris 164
Hip adductors 162
Hip flexors 159
Tibialis anterior 152
Tensor fasciae latae 149
Gluteus maximus 142
Tibialis posterior 140
Flexor hallucis longus 133
Flexor digitorum longus 130
Extensor digitorum longus 130
Calf muscles (triceps surae) 129
Peronei 126
Extensor hallucis longus 125
Intrinsic foot muscles 93
Total 2,464

The latter are continuously active in small fine complicated movements, whereas the large muscles nearest the trunk
deal with coarser and less frequent movements." It is tempting, on this basis, to assume that a causal relationship exists
between differences in the size and function of individual muscles and their frequency of affection by poliomyelitis.
BTN ES < R TR B) & THEAYITTEEN T 208, R IR b IO R & WA EEIORUR THE DR
BE et o, )

ZHUTHEEAD W TE % DFFFEICIIT 5% A X LR, A Y AT L 2 FRIEDBE DEN ORI KRR & 5
ERET D Z L IFHBREN,

When, however, the same muscles are arranged in order of frequency of paralysis (Table II) the picture is completely
different. The largest number of paralyses are found in the distal muscles, which also agrees with Lovett's findings. To
explain them he states that "the severity of the paralysis is proportionate to the weight to be met by the muscles at
different levels, not because this factor influences in any way the original affection of the (nerve) cells but because it
may retard the recovery of those muscles working against the greatest weight." Although this hypothesis may be
attractive, it fails to explain several important discrepancies. There is a very low incidence of paralysis in the intrinsic
foot muscles which, by Lovett's reasoning, should be the most frequently paralysed of all muscles in the lower limb. The
number of paralysed inner hamstring muscles differs from the number of paralysed biceps femoris muscles, though it
should be about the same. Further, the rate of recovery in proximal and distal muscles, instead of showing the
considerable differences needed to account for the complete dissimilarity between the order of the muscles in Tables I
and Il has been shown to be the same for all muscles in the lower limb (Sharrard 1955).
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TABLE 11
THE INCIDENCE OF PARALYSIS AND PARESIS-IN THE MUSCLES OF THELOWER LIMB.
THE MUSCLES ARE SHOWN IN ORDER OF FREQUENCYOF PARALYSIS.
(RO TEOHEICERT 25782 & REREORA S,
AR SE R OMENAIZ R STV D)

Muscle Number  Number  Ratio of
paralysed  paretic  paresis to
paralysis
Tibialis anterior. 103 49 0-47
Tibialis posterior 89 51 0-57
Flexor digitorum longus 85 45 0-52
Flexor hallucis longus 84 49 0-58
Extensor hallucis longus 66 59 0-89
Extensor digitorum longus . 63 67 1-06
Peronel 60 66 1-10
Calf muscles (triceps surae)
57 72 1-26
Biceps femoris
) ) o 54 110 2.03
Hip abductors (gluteus medius and minimus)
. 47 131 2-78
Quadriceps
. 46 138 3-00
Inner hamstring muscles
Tensor fasciae latae 43 125 290
Hip adductors 38 111 2-92
Hip flexors . 36 126 3-50
Gluteus maximus . 34 125 3-67
Intrinsic foot muscles . . 33 109 3-30
24 69 2-87
Total 962 1,502
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As Skinhgj (1949) observed in a similar study, there is no quality of the muscle such as size, function, position in the
limb or phylogenetic development that can satisfactorily explain the frequent affection of some muscles and the high
proportion of paralysis in others.
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ASSOCIATED PARALYSES
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That certain muscles appear to be paralysed or weakened together has been noted by several authors (Courtney 1896,
Wickman 1913, Lovett 1915); their observations were, unfortunately, incomplete and relied on clinical impressions rather
than on numerical analyses.
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The muscle charts of the 203 lower limbs in this series were reviewed to find out whether those impressions were
correct, and to reveal associations of paralysis that might otherwise be overlooked. Coincident sparing or absence of
paralysis in muscles, which is equally important and likely to escape clinical observation, was also noted. Each muscle
or muscle group was paired in turn with every other muscle. The number of times that both were paralysed in the same
limb, that both were not paralysed, or that one was paralysed and the other not, was noted. The number of times that
coincidence or contrariety of paralysis could occur purely by chance was also calculated. Differences between the
expected and the observed findings were worked out and submitted to statistical analysis.
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The assessment of statistical significance by the x 2 test gave a strongly positive result for all muscle pairs, the
association factor for the most strongly associated pairs being more than two hundred times the minimum figure for
statistical significance. A muscle pair was considered to be very strongly associated if the association factor was more
than one hundred and fifty times the minimum.
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TABLE III
ASSOCIATED PARALYSES IN THE LOWER LIMB

Muscles in heavy type are very strongly associated: those in normal type are strongly associated

(RIT THROBE L7258 2R
HEZA TORITIEFICTRBEFHE L - EFOXA TOENHIE, R BEHE L)

Muscle Associated muscles

Hip flexors (psoas) Quadriceps, adductors
Adductors Quadriceps, inner hamstring muscles, hip flexors

Quadriceps Hip flexors, adductors, inner hamstring muscles

i Adductors, quadriceps, hip abductors
Inner hamstring muscles

. . .. Gluteus maximus, biceps femoris, tensor fasciae latae
Hip abductors (gluteus medius and minimus) P

Tensor fasciae latac Hip abductors, gluteus maximus

. Hip abductors, biceps femoris, tensor fasciae latae
Gluteus maximus

. . Gluteus maximus, hip abductors, calf muscles
Biceps femoris

Calf muscles (triceps surac) Biceps femoris, flexor digitorum longus

Flexor hallucis longus Flexor digitorum longus, extensor hallucis longus

Flexor digitorum longus Flexor hallucis longus, extensor hallucis longus

Extensor hallucis longus Extensor digitorum longus, peronei, flexor hallucis longus
Extensor digitorum longus Extensor hallucis longus, peronei

Peronei Extensor digitorum longus, extensor hallucis longus

Tibialis anterior Tibialis posterior

— . Tibialis anterior, extensor hallucis longus
Tibialis posterior .

Intrinsic foot muscles Calf muscles, peronei

The results are given in Table III. Some associated paralyses—for instance between the long toe extensors and the
peronei or between the hip abductors (gluteus medius and minimus) and the gluteus maximus—might be explained by
the closely allied functions of the muscles, as had been suggested by Lovett (1915). Other associations, such as those
between the calf muscles (triceps surae) and the biceps femoris (first described by Bennett in 1952) or between the
quadriceps, the hip adductors and the hip flexors cannot be accounted for so easily.
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The absence of a strong association between the inner hamstring muscles and the biceps femoris or between the long
toe flexors and the intrinsic foot muscles provides further evidence against the theory that associated function leads to
associated paralysis of muscles.
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SEGMENTAL INNERVATION IN RELATION TO AFFECTION OR PARALYSIS OF MUSCLES
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If the paralysis in a muscle is not related to any feature of the muscle itself, there remains the possibility that it may be
related to its innervation, or, more precisely to the site and extent of changes in the motor cells of the anterior horn of the
spinal cord.
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Evidence of such a relationship is given an enquiry into the segmental incidence of muscle affection. For each spinal
segment, the total number of affected muscles that receive a supply from the segment were noted; thus, in the third lumbar
segment, the muscles were the hip flexors (159), the hip adductors (162) and quadriceps (184). The mean—in this
segment 168—was calculated and used to plot a curve (Fig. 1), which thus represents the segmental incidence of muscle
affection. The highest incidence is found in the second and third lumbar segments; below this level, there is a uniform
decrease in the numbers of affected muscles that successive spinal segments supply.
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.The segmental incidence of affection of muscles in the lower limb.
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FIG. 2
The segmental incidence of paralysis of muscles in the lower limb.
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The segmental incidence of Paralysis (Fig. 2), derived in the same way from the data in Table II, is altogether different.
It is included for comparison with an almost identical curve obtained in the same way by Seddon et al. (1945) in an
analysis of a large number of cases of poliomyelitis in the Malta epidemic of 1942-43. A high incidence is found in all
spinal segments between the fourth lumbar and the second sacral segments; the curve, unlike that in Figure I, is irregular
and does not indicate that there is any direct relationship between segmental innervation and frequency of paralysis.
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Attempts by earlier authors (Lovett 1915, Skinhgj 1949) to explain similar findings in terms of spinal cord lesions
were hampered by the paucity of information concerning the localisation of function in the motor cells in man and by
the incomplete accounts of the sites of destruction of these cells in poliomyelitis.
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Five years ago a study of normal and poliomyelitic spinal cords was begun; the results, a summary of which will be
given here, account for all the clinical phenomena of muscle affect, paralysis and association of paralysis described above.
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THE SPINAL CORD IN THE NORMAL AND IN POLIOMYELITIS
EFEBLUORY FOFH
METHOD OF STUDY
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The principles underlying the study of the spinal cord in poliomyelitis are simple. Spinal cords were obtained from
seven patients who had died at intervals varying between three months and eight years after the onset of the disease. The
level of paralysis in the muscles of their lower limbs had been estimated by clinical examination and, whenever possible,
confirmed at autopsy. The position and number of residual motor nerve cells in the lumbosacral spinal cord was
determined and compared with the corresponding cells in the normal.
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THE MOTOR CELL COLUMNS OF THE LUMBO-SACRAL SPINAL CORD
FEAL A B O E B AE

In practice, the analysis of spinal cords proved to be a formidable task. Previous descriptions of the topography of the
motor nerve cells in the anterior horn of the grey matter proved, with few exceptions (van Gehuchten and de Neeff 1900,
Bruce 1901, Romanes 1941, Elliott 1942), to be quite inadequate and a separate study of three normal spinal cords had
to be made.
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A method of reconstruction, by projection microscopy, of the nerve cell content of the lumbo-sacral spinal cord was
devised (Sharrard 1953) ; serial sections were cut from the upper end of the twelfth thoracic spinal segment to the filum
terminale, stained with eosin-azure, and the position, size and number of nerve cells in each successive series of twenty-
five carefully superimposed sections plotted by drawing to produce a series of "cell charts." Each cell chart represents
the nerve cell content of a 0.5 millimetre length of spinal cord. Examples taken from the third and fifth lumbar segments
are shown in Figures 3 and 4.
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The large motor nerve cells are arranged in columns whose disposition is remarkably constant at any given segmental
level; the arrangement of the columns as seen in three dimensions is complex, and difficult to describe or illustrate. It
would be inappropriate, in this article, to show the complete series of normal cell charts that were used as controls for
the study of poliomyelitic cases; the detailed results that might be of value to other workers in this field will, it is hoped,
be published later.
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THE REPRESENTATION OF THE MUSCLES OF THE LOWER LIMB IN THE MOTOR CELL COLUMNS
EEMIIAEIC BT 5 TRBHEOHME

Although previous work in experimental animals and in man suggested that the motor cell columns supply particular
muscles or muscle groups, relatively little precise information was available about the representation of muscles in them
in man. The sum of existing knowledge was well reviewed by Bok (1928). By comparing the presence or absence of cells
in poliomyelitic spinal cords with the known activity in the muscles of the fourteen lower limbs concerned, much new
information was obtained. The centres of innervation of all the main muscle groups in the lower limb have been identified;
in Figure 5 an attempt has been made to record the muscle representation in the cell columns at each segmental level.

548 THE JOURNAL OF BONE AND JOINT SURGERY



W.J. W. SHARRARD

FERE-C e N TOLRTONIEIL., EEVIRAELS 23R E O RE £ I3 IC B2 52 5 2 L 2R L
2, b N TOEEBRAICET DB ORBUIOW T IEM 2 HFERAFIH TE 2o T,

PEAFO MR OERHT, Bok (1928) IZX > THAIT LV Ea—ahT,

RNUAOHFHHMEPEE TODEIFLATND Z L2, BRT D 14 O TROMHEFOBEROTES) & i
HZEICTED . ZLOFHLWERBE LT,

TROFT N TOFEERHREOMRLZELOFOBRRE SN D, 5 M 5 TiX, K08 L L OMIRSNT fh DFRBL
ZRlik T DR T bV,

In general, cell columns lying ventrally in the anterior horn supply the muscles in the proximal part of the lower limb,
whereas those lying dorsally supply the more distal muscles of the leg and foot.
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FIG. 3
Cell chart of the nerve cells in the grey matter of the third lumb
segment of a normal spinal cord.
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FIG. 4
Cell chart of the nerve cells in the grey matter of the fifth lumbar segment of
a normal spinal cord.

(X4 : IEFZ2FHEOR 5 O IK AEIZI 1T 2 fhiaiia o)

Flexor muscles are supplied by columns situated medial and caudal to those supplying the corresponding extensor
muscles. Some muscles, such as the hip flexors, the hip adductors and quadriceps are supplied by long cell columns;
others, such as tibialis anterior, tibialis posterior, flexor digitorum longus and flexor hallucis longus are supplied by short
columns.
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e BRI e . IXBAEIPNESARRE. KERMUEHG 72 & O —EBOfHIT. BV LG CGid) S b, Hl
JEE i, RIS, REER., RREEVERHZR oMo boid, Uyl Gl b,
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RIGHT SIDE

LEFT SIDE

ERECTOR SPINAE ABDOMINAL
& PERINEAL MUSCLES.

PSOAS.

HIP ADDUCTORS.

QUADRICEPS.

SARTORIUS.

HAMSTRING MUSCLES.

TIBIALIS ANTERIOR.

TIBIALIS POSTERIOR.

TENSOR FASCIAE LATAE.

A CALF MUSCLES, [TRICEPS SURAE.

PERONEI.

LONG TOE EXTENSORS.
GLUTEUS MEDIUS
HIP ABDUCTORS| & MINIMUS .

\\\\“ LONG TOE FLEXORS.

INTRINSIC FOOT MUSCLES

HIP ROTATORS.

GLUTEUS MAXIMUS .

FIG 5
The representation of the lower limb muscles in the motor cell columns of the lumbo-sacral spinal cord.
The groupings of the columns are those that are the most characteristic in each spinal segment.
Areas shown in black are those most liable to be affected by poliomyelitis.

551
VOL. 37 B, NO. 4, NOVEMBER 1955



(4 5 : BELFTHE OEBNHIIIATIC I T 5 PO FHREOI G, FI0 77—, B8 Tho b R
MRbDTHD, BETRINHEEIL, N AOXELRLZTPTWVHEETHD,)

It is important to note that, for two reasons, the root innervation of a muscle or muscle group does not bear an absolute
relation to the length of its cell column. Firstly, a muscle may receive its supply from two spinal segments (for example,
tibialis anterior— L.4, 5), but its cell column does not necessarily extend through the whole length of either segment.
Secondly, lumbar segments are almost twice as long as their numerical counterparts in the sacral segments. Thus the cell
column that supplies a muscle innervated by the first and second sacral segments is much shorter than one that supplies
a muscle innervated by the first and second lumbar segments.

ZHUL, 2 DOEBENG ., T EIIHEEOROMRE BT, FOMEEDOE & it BN &
BETHZENEETH S,

B2, T 2 DOFRSE (28 20X, BISEH-L 4, 5) O GAR) %052 ERH DI, £
OFFAEIILT LY EB LD NEOERIZHOT- > THOCW D b Tl ey,

BT, EHEENIALE B ORI T D EMEDOIZIE 2 FEOR S TH D,

L7=MoT, FH1IBLOE2OMECEHICE » THREEL SN D 26T 2. B1R8X0E2
DIEERSCHENC &> THRZEL S 2 B2 46 Gid) T 2MafE L 0 S5 02,

THE SITES OF MOTOR CELL DESTRUCTION IN POLIOMYELITIS
R Y AT i) % EERIREE DERAL
The general distribution of motor cell destruction in the anterior horns of poliomyelitic spinal cords, as distinct from
the loss of cells in individual cell columns mentioned above, showed several constant features.
FREOME &2 OFIRRAEIZI T DI OR L L TR | R Y AHFMORTAIZIS T D EEM RO —i i 7
AT WS DD —EDRHEE R LT,

Regions shown in black contain residual motor cells. Note
the complete absence of cells in the upper lumbar spinal

< segments and the focal loss in the lower lumbar spinal
S segments and the focal loss in the lower lumbar and sacral
—_— I — segments.

(K 6 : TR %R O iRl R 2 £ 5 AR Y
Z OIEBNZ I3 17 2 BEALHE o JE B e O EE D
— RT3 M, BCORSN TV A MERICIE, 7
L2 T o EESAE TN WD, EERIEEE
I AR DS SERITHAE LW 2 & TR B
WIRJFPER LR H 0 . FEIERE R X OMUEEE
WZIRBMHREN D D Z L ICEET 5,)

TABLE IV

THE RELATIONSHIP BETWEEN MUSCLE POWER AND
RESIDUAL MOTOR CELLS IN THE SPINAL CORD

L!

— Muscle power Percentage of
(M.R.C. scale) residual motor cells

| 0 T 02 o
1 2-3
2 35
3 5-10
4 10-20
4 20-40
5 over 40

N
FIG. 6 (£ 4 FHEIZIR T D5 & RAFERh e &
A longitudinal analysis of the destruction D EIR)

of motor cells in the lumbo-sacral cord in a
case of poliomyelitis with a moderate
bilateral paralysis of the lower limbs.
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The second and third lumbar spinal segments were the most frequently and extensively attacked in all the cords. Segments
caudal to this were less often affected, the third and fourth sacral segments being especially likely to be spared. A similar
segmental incidence of motor cell destruction has been noted by others (Horanyi-Hechst 1935, Peers 1943, Elliott 1945,
1947).

B2, 05 3 NEREENIT. TN TORRE TR GHENOLFHICRESN T, ZUTK L TRAlOSEITZ L
EEBBITB 2T T, H 3 L4 OMBEEIIRH TSN D FIREMEN D D, EBENIAAREE D [RIAR D 43 itk
DIERIT, D AT L > THEM SN TV 5D (Horanyi-Hechst 1935, Peers 1943, Elliott 1945, 1947),

Destruction was found not to be diffuse but localised in discrete foci of varying length and width with interposed lengths

of grey matter of more normal cell content. An example of this is shown in Figure 6, which represents the longitudinal
distribution of the lesions in one of the spinal cords, reconstructed from more than three hundred cell charts.
M TILBETIE RS, SESERR S LIBOSBELIREICKAEL, L0 IEF2MEAEOKAED
EIWNETDHZ Enbnrol,
ZOFIEK 6 1R T, ZhUE, 300 A DA DRI, FO 1 DI T DIREDOHET MO
iKY,

In the transverse plane the centre of the anterior horn appeared to be the most vulnerable area at most segmental levels.
The fifth lumbar segment, in which the anterior horn has its greatest transverse area, demonstrated this central loss very
clearly; the example shown in Figure 7 was typical of that found in many cell charts in the poliomyelitic cords at this
level.

FRWTIE 2330 DR O H T8 L~V Tl b a8k o L 2 IR 2 7=,
AT IZ W Tl b 2 S WM 2 F5 058 5 B EIE, KR Z o Lo EEZ R L, ; X712
TRENFNL, ZO L~V TR Y ATHRE L2 FHEOZ < OMREXIZB W TERD b5 A2 5 7o
BN OBHEIT TR L TV X 0 HFIIE D0 Th o 7,

Motor cell destruction was always much more severe than would have been expected. One case in which there had

never been any demonstrable weakness in any muscle in the lower limbs had suffered losses of up to 40 per cent of
the normal number of cells in some cell columns.

TROETORBIZEBWTH L THENE L T oo = 1 SOJERFI. Mlakcis T 5 Ef 2 ao
D 0% FOBEEZZ T, (40%LL FEOBENH > THERITMEE TX TW5 : 60% KT ThivE
MMT5 T& %)
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FIG.7
Cell chart of the fifth lumbar segment of a poliomyelitic spinal cord. The
centrally situated motor cell columns have been severely affected on both
sides. (Compare with the normal in Fig. 4.)

(B 7 : K Y AOFBEOH 5 BEREHOMIAR WS L s+ 2 MBI, B L 25137
575) (40T &Rt 2)

Far from there being any evidence that residual motor cells were functionally inactive, it was surprising to discover
how small a proportion of cells had been required to produce a useful contraction in the muscle they supplied. The
residual power of a muscle was found to be closely related to the proportion of remaining motor cells that supplied it
(Table IV).

FRATEE N IR REMI S RIRENC 2 5 L WO FFHILIZ 22 5 6 D13 L S EER T, B EN-HicBIT5H
FRRINHE AL 2972012, HERHMOEIE NV RN ER R LI LITEBE RE L Tho T,
5 DFRATS B INTFRAFNE G 72 TR S CERBICEE LT s Z e aniz, (F&IV)

THE RELATIONSHIP BETWEEN THE DISTRIBUTION OF THE PARALYSIS AND
THE DESTRUCTION OF MOTOR NERVE CELLS

SEERRE D 53T & EB AR & o BIfRM:

AFFECTION OF MUSCLES

FREDIRIE

The segmental incidence of muscle affection (Fig. 1) derived from the analysis of the clinical material agrees exactly
with the general distribution of motor cell destruction described above. Since the upper lumbar spinal segments supply
muscles in the region of the hip and thigh, while the lower lumbar and sacral segments generally supply the muscles of
the leg and foot, it is easy to see why there is, apparently, a greater incidence of affection in proximal than in distal
muscles in the limb. It is interesting to note that the hip muscle that derives its main supply from the sacral segments—
that is, the gluteus maximus—is less frequently affected than other hip muscles (Table I). This is also true of the small
external rotator muscles of the hip, though they are not shown in this Table.

FEIE D IR (K1) 1%, BRI O 28 ERE Tt~ 7o EBME O EE O — ki 72 4040 & IEfEIC—
HLTWDZ LicHkRL TV D,

LR & AUBE S B T —ARADIT TRR & R DR A AT 2 — 07T, B i 23 R B R & KRBROERAL D
e a BLT 2 DT, I HNTIEN L D SO MRS OFEIERD @B 2 BE 2 DIHETH D,
iz BRI SR O D 32 7 SCEIINBE ST i 0> B AF B AL, KRG O R BAEI &l ~HEICHIES D 2 L3
SATEDMIN T Z ST FRR Y, (R 1)

TN ESWIERBIEISMEFREIIC S EAD 2 LEN, DI LITHONTUIZDORTIIRINTNZRL,

The findings in the spinal cord also account for the large number of paralyses found in muscles such as tibialis anterior,
tibialis posterior and the long flexor and extensor muscles of the toes. In Table V, the ratios of paresis to paralysis in
individual muscles are compared with the lengths of the motor cell columns that supply them. Muscles supplied by short
columns of cells are the most frequently paralysed, those supplied by long columns are more likely to be paretic.
TSR 28R b £, TRMEOZENDHIIEE H-CRIEE . REEG, Mo X5 2 TRO 5
NoHENH ZEDHMHITR D,

KVIZBWTHFICB T 2 N ERE OSBRI S HRIT, ZAba2XR L Th o MldiEoRk & T
BTN,

FODHIRAEIC SR STV DRI, & o & S HEITERMEICR D . RV KR S TW 2 iR
IIRERHNZ 2D ZH\NE D Th D,

Figure 8 illustrates the probable mechanism responsible for this finding. A focus of motor cell destruction that severely
affects the fourth and the upper part of the fifth lumbar spinal segment destroys almost all of the motor nerve cells that
supply the tibialis anterior and most of those that supply the tibialis posterior. All other muscles are left with a proportion
of residual motor cells sufficient to maintain normal power as judged by clinical examination.

X 81X Z D ADIFFIZHONWT, THINDIAD=ALEZXRL TS,
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B4 LE 5 R oS E TIAE LT S EB I ME O BITRISE RSB A TR L TWHITE ALY
AT OEHPRHIEZE L T D,

ZOMOETOREEL, BERRE CTHE S D IEF 2T — &2 R 5 O+ A E S oF &0
FELTWD,

TABLE V

Tue Revationsuip BETWEEN LENGTH oF CeLL COLUMN AND THE
RATIO OF PARESIS TO PARALYSIS IN MUuscLES IN THE Lower Livs

Rado of Approximate length
Muscle paresis to  of motor cell column
paralysis | (millimetres)

Tibialis anterior . — 0-47 8 o
Flexor digitorum longus . 0-52 8
Tibialis posterior . . 0-57 8

Flexor hallucis longus . 0-58 8 "

Extensor hallucis longus . 0-89 9 |
Extensor digitorum longus 1-06 10
Peronei . . ‘ . 1-10 10
Calf muscles (triceps surae) 126 14
Biceps femoris . . . 2:03 14
Hip abductors . . . 278 16
Intrinsic foot muscles . 287 15
Inner hamstring muscles 2:90 20
Tensor fasicae latae . . 292 16

Quadriceps . ‘ . 3-00 22 ‘

Gluteus maximus . . 330 17 I'
Hip adductors . . , 3-50 i 22
Hip flexors . . . 367 23

(X5 MIEEOR & & FRANIZIT D 58 BRI 3 5 R B O R & D RIfRME)

The shape of the curve in Figure 2 can now be explained. The high incidence of paralysis in muscles supplied by the
lower lumbar and upper sacral segments is due to the fact that most of them—tibialis anterior, tibialis posterior, peronei
and the long muscles of the toes— are supplied by short columns.

ZNT, M2 OFROIZIRBHATE 2,
TAZMERE & EALALREIC & 2 SR O FE R O EWIRAERIT, b (FiEER. RIEEH. Vg,
BILOEMGR) OIFEAERBVEICE S TEHRINTNDEENIEEDTDTH D,

All the features of the distribution of paresis and paralysis are satisfactorily explained in terms of lesions in the spinal
cord. All the evidence is against a primary cause in the muscles themselves. If it were true that the distribution of paralysis
was related to factors peculiar to certain muscles, movements or activities, evidence of it would be found in the
disposition of cell destruction in the spinal cord. In fact, the focal loss of cells is completely independent of the boundaries
of any one cell column; parts of cell columns are frequently obliterated in vertical or transverse planes. For the same
reasons, the implication of higher centres as primary factors in the localisation of the paralysis is inadmissible.
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R & SERFRBLO AT O TORIL, FHICHT 2RACHL THoIcBHEh T D, 9
TORHUT, HBAEOELRFERICK L TWD,  SERMEOSMAREDH, B, EIXHEHICRA DR
KICBH L TWD Z EAEETH L2 51F, TROGHUIFHOMBEDOREIC AN THA D, 5
B, AR RETIRKIE, WTNOMBEDOSE RN 5 b ERTMIL L T D, Mgt —fit, EEEE
(IR THEICIHE SN TWD, R CEH T, MO RFHMEICE T 2 FEARER E LT, & (K
bi7e &) & DEEERBERPH DD T LB Z B,

There is, as yet, no adequate explanation for the greater incidence of motor cell destruction in the upper lumbar
segments, and the progressively smaller incidence more caudally. In the transverse plane, the central sites of cell loss
also found Elliott (1945, 1947) in the anterior horn resemble those found Krogh (1945) in experimental hyp-oxaemia of
the spinal cord, and it is possible that vascular factors are partly responsible for them.

TN TH XL, LAERE COBEBMAMED L 0 K& 25 ARLE | BANCWD UE ERAERPKF IS
782% Z EIZHOWT OB,

AW T, RIAICEB W TElliott (1945,1947) (2 X - TR RS- HIIRESRO FULENLITX £ 72, FHEO IR
AR SR MJE 235U C Krogh (1945) 12X > CREINZOLOIZELIL TR Y, mATHERT R Z1 512555
HINCEAED O D FREMEDR & 5,
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FIG. 8
A reconstruction of the cell columns of the third, fourth and fifth lumbar segments of the spinal
cord. Above the normal motor cell columns are shown: the two columns shown in colour are
columns representing the tibialis anterior (blue) and tibialis posterior (yellow). The visible cut end
of the cord is the caudal end. Below all the motor cell columns in the lower part of the fourth and
the upper part of the fifth lumber segments have been obliterated by poliomyelitis. Only the
short columns for the tibialis anterior (blue) and tibialis posterior (yellow) have been almost
completely destroyed; only these two muscles will be paretic on clinical examination.

(M8 : %3, H4. 5B 5 EFMIEH oML, EITIER OB RS TV D,
BOOW 2 SOMEITFARIEE . HENRIEEH 2 AT 5, FHOREZ WA D8R 13RO AR b
TD, FIXITEE A MBSO T &5 5 R E O L) 24 TOEBMIIEILAR Y 412 K> THdE
ENTVDZEEZRLTND, BNFEOHIEEH & BADRICHH T MITERRTHES N TN D, ;

NG 2 ODFHFIET BERIIBREICE O TAREMIEIC R 57125 9,

ASSOCIATED PARALYSES
BEE U 7= SR

When the whole of the motor column that supplied a muscle has been destroyed, it is likely that one or more adjacent
motor columns that occupy the same length of spinal cord will be completely destroyed or severely affected. This is
reflected in the clinical distribution of muscle paralysis. For instance, the columns that supply extensor hallucis longus,
extensor digitorum longus and peronei lie next to each other and occupy approximately the same length of spinal cord
(Fig. 5). Paralysis of one of these muscles is, therefore, frequently associated with paralysis of the other two (Table
III). Conversely absence of paralysis in one muscle is likely to be associated with absence of paralysis in the others.
HOHMHE XL L TV D EIMEEE RSN L L. RULERSOFHE ED D 1 DEITEROBE T 5E
DS, ERICHIER SN D 2, RARB AT D TREMED 6 5,
T, B OFERFRE D ERKAI 23ISR S TV D,
7ol X, RS, RRELAS. BREBREAL SR T 2 EEII AW L TR BIERLEIOF
iz 5o Tnsd (1K5),
L72i3o T, ZTNHDOFHD 1 DWRFERMET 2 &, oD 2 DOFMRERMEI /D2 NI HD (R,
W, 1 DORIZTERRRE 2N T &1, MO ERRRE N 2N & EBE L TV D AT & 5,

Unusual associations, like that between the calf muscles (triceps surae) and the biceps femoris, can be accounted
for in the same way, and would, indeed, be expected to occur, since their motor cell columns are so closely associated.
The factor common to all strongly associated pairs of muscles is that their motor cell columns lie adjacent to one
another and their segmental levels of supply correspond or overlap.

S BIEXomEE (FREFED) & KBRTHEGOMO LI RB LWEEELFE L L IciATtE, #nb
OIEEFMIFENFEFIEBECBEE L T D E WO BT, EBRICRAET S ETFHREND,

5 < BIE T 2 T R COMHBEOMAS DI HET 2 EANL, T 0 OFEEFIHE S B VI L TR0,
FNOLDOXLT DL N—HTHFERFEEL WD ETHD,

ASSOCIATED PARALYSIS AND THE PROGNOSIS FOR PARALYSED MUSCLES
B U 72 SEARRRELIS X OS2 L 72O T4

In a previous paper (Sharrard 1955) the prognosis for a paralysed muscle was shown to be related to the degree of
paralysis in muscles supplied by the same spinal segment. Associated paralysis between muscles may also be applied to
determine prognosis. Ten muscles were chosen in which it may be important to know the prognosis for recovery. The
probability of recovery to a functional power (M.R.C. grade 2, or greater) was worked out for each muscle 1) when both
of its most strongly associated muscles were paralysed, 2) when one associated muscle was paretic or normal and the
other paralysed, and 3) when both associated muscles were paretic or normal. The results are given in Table VL.

(Sharrard 1955) DO LIRIDFG LT, TR O T&IX, [F UHFEINC K o TS /5 DO 52 2 RRH.O
EAEBEAMITOND Z EIREN TV,

O OBE L7528 G, TRERET SO biEf IG5,
FMEOTHREMD Z ENEELE BbLD, 10 Offovi®IZiT-,
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BRE72 ) (MR.C2LLE) DRIEOHERIL, TRENOMHICBWTREIN, 1) O HHE 2B
L7 D7 8 e 2R U CUNziE, 2) — OB L72fin, R E/ZIZIER TH Y | hofHase
BRI T o T2hF, BLON3) W5 DORES 2 i S AN BRI F 7T IEH ThH o 7oy,

ZORERIT, RVITRES TV 5,

When both associated muscles were paralysed, the prognosis was very bad, particularly for the quadriceps, the hip
abductors, tibialis anterior, tibialis posterior and the long toe extensors. When both associated muscles were paretic or
normal there was an excellent prognosis for all muscles except tibialis anterior.

W7 OB U7 i 08 e LT o 7o 56 FRICRBRIUERS . IXBAISMSARRE, AICE 5. HISE i & Rk
MRED THITE THEN T,
W7 DENES 5 H SRR £ 72 ITIER OBE . FiEEH 2R 2TOMHOTRIZRERK TH -T2,

These results have lately been applied to the prognosis in individual patients and have been found to be valuable in
making decisions about the management of the paralysis. A patient with paralysis of the quadriceps, hip adductors and
hip flexors can be supplied, where it would be appropriate, with a caliper at an early date during the convalescent stage.
The fear that the supply of an expensive instrument may be rendered invalid by recovery of the quadriceps will never be
realised.

INDORERIT, Bl TlIflx DBRFOTZICEH SN TEY | EEMEOEFEEIZOWTRET S LT
2385 Z &nbhnoTETND,
RBRVUSHRS . e B P RA R & % B A 2N e 4B L T 2 (813, IR R o0 RN @ B0 72 35 i
AIAREERE T (Frv U N) 2R L8 TED,
i Ze s ORI, KBRS OBEIEIZ K-> THER L 25 b Livn e o Znid, IRLTHERSL
RNTHS 9,

PATTERNS OF PARALYSIS IN THE LOWER LIMB

TRIZE T 2 ZEMED /N F—

With the knowledge of the localisation of function in the motor cell columns that has been established above, it should
be possible to deduce from the level of the paralysis in the muscles of any lower limb the approximate site and extent of
lesions in the spinal cord, though not with such ease as in the diagnosis of a lesion in a peripheral nerve. Difficulties arise
because, as Table IV indicates, a muscle is not paralysed unless the whole of its motor cell column has been affected.
Even a residue of 10 per cent of intact motor cells may permit substantial activity in a muscle, and these intact cells may
lie at the upper end, in the middle or at the lower end of the cell column.

RO CHESE S VT EEBRRIE AT OBERE D RITEAL DR T KRR ORE OZMNE EME TIT VWA, B
DFEDBE L2 O & fIRE FREOTFRICIT B L UL BHERIT 5 = & WARETH 13T
oY

RIVIVRT L DI, EEHIIOA RN B LT ROIRY | FRAERE L R W2 DRIEN R AT 5,
HEOEEMILD 10%23F%F L Th, N TIEEENRESZATRRICL. b oBEOMIZIT, Miat:
O kg, PR RZFTEmRICHDAEMEN D D, (1063, Grade3d)

There is another important difference between the analysis of peripheral nerve lesions and poliomyelitic lesions.
Whereas lesions in peripheral nerves are much more often complete than partial in the transverse plane, lesions in the
spinal cord frequently only involve part of the width of the grey matter at any given segmental level.

SRR & K Y AEONH ORI, b ) 1 SO EEARILED 5 5.,
RAHHRRE DIFRZE L, BEBTE OB RIRE LD XD NCERTH D CERME) T ENZVDITH L,
FREOIRE X, TEOGE L~V TIKEEDOED—H LG LR (R ZENE<H D,

The distribution of muscle paralysis that might be expected to result from the existence of total or partial lesions of
varying longitudinal extent in the grey matter of the lumbo-sacral spinal cord can nevertheless be worked out, and,
conversely, all the common combinations or patterns of paralysis in poliomyelitic lower limbs can be explained in terms
of one or more foci of motor cell destruction.

HEALFERE DK BRI DREOFRH N, LT 5 2R E 72T R EOHFEN LA LD L TS
DR DA R T 5 Z LR TEHICHLEDLLT, 72, I, N FO FEOREO T X TO—f%
M7 S, F3 3% — I TEEIREED 1 >, F I3 EEORBEOBLENBHAT A2 LR T
x5,
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Figure 5 shows the position and size of cell columns for the lower limb muscles in the lumbo-sacral cord. The
regions of the anterior horn that are shown in black in each segment are those most likely to be affected in partial lesions
in the transverse plane.

51, BEMUBEIC R 5 PGB D MIEAEDALE & K& S 2R LTWD,
FREERIC BV TR TR SIS ATA OFEIE, W O R HI 720W L TR 2T 2 WTREVEDS fi b VO I
T2,
If all the cells in the second, third and fourth lumbar segments are destroyed, only the quadriceps, hip adductors, sartorius
and tibialis anterior will be paralysed; the psoas and tensor fasciae latae will be paretic, but other muscles will be normal
(Fig. 9, right side). Should the destruction involve the fifth lumbar segment as well, the tibialis posterior will also be
paralysed, the hip abductors and semimembranosus will be severely paretic and the long toe extensors and peronei
mildly paretic (Fig. 9, left side).
H2. % 3. B4 OMMEOT X TOMBNMEES NS & KIRUEAR, KEIFNERE, # LR, RisE
i D Fr DN TEAIBRIE & 72 0 | RIERS & RBRAFIEORA T AR & 72 228, MOBITIER Th 5, (X 9. A1)
ZOL, ZOWBIIE SO ZENLHE. BIEEHS 1 0ERE L7220 | IXBIESMRR & IR 1
HEDOANEME L 72D | REAPFHEE L BEE IR O R ERE L 225, (K9, £/

TABLE VI

THE PERCENTAGE PROBABILITY OF RECOVERY IN MUSCLES IN RELATION TO AFFECTION

OF THEIR ASSOCIATED MUSCLES

(26 : HOEEDOFREMEOEIE & 25 ORE U7~ D22 L ORIR)

One associated muscle .
Muscle Associated Both associated | paretic or normal, Bot}:“:smated
: muscles muscles paralysed (h:‘:;c}::rmrxd paretic or normal
Quadriceps
Hip flexors 216 68-1 987
Adductors |
Hip flexors
Quadriceps Nil 10 78-9
Adductors
Gluteus maximus
Hip . '
abductors Tensor Nil 15 89-4
fasciae latae
. Hip abductors
Gluteus 12:8 828 100
maximus Biceps femoris
Tibialis posterior
Tibialis v
anterior Extensor Nit 62 531
hallucis longus
Tibialis anterior
Tibialis
posterior Extensor 2 fa-1 889
hallucis longus
 Extensor L -
Extensor -
hallucis ~ Jigitorum longus Nil 399 95
longus Peronei
. Extensor
Extensor "
digitorum hallucis longus 38 516 100
longus Peronci
Biceps femoris
Triceps o e ! ’ .
surae Flexor &6 73-4 938
digitorum longus '\
Extensor
digitorum longus
Peroner 14 786 93-4
Extensor
hallucis longus
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The common isolated paresis of the tibialis anterior results from a partial lesion in the lower part of the fourth and the
upper part of the fifth lumbar segments (Fig. 8). When the tibialis anterior and tibialis posterior are both paralysed, there
is a partial lesion extending throughout both segments (Fig. 10, right side).

—AREIZR NS U T RIS 5 ORI, 5 4 HERE T 0 & 5 6 NERE LBt D ER Ay B 7 AR ISR 5, (1X48)
RIS & RIS i O 7 23 2 BRRE L TV D356, W17 QBRI IR 280 7WE R 5, (K 10,
)

An extensive lesion that destroys all the motor cells in the lumbo-sacral segments gives rise to a flail lower limb in
which only the intrinsic muscles of the foot and the peroneal muscles are active (Fig. 10, left side).

FEALBET 0D 9~~~ T OEENHINE A T 2 IR R, R OWNIER EFEFHOZEE L TWD 7 LA L
ThzACsED, (K10, ZM) (7 LA @il = 2 —n UFEFEIC X SREN 722559318 Weakness)

These few examples demonstrate how, by various combinations of destructive lesions in the grey matter of the spinal
cord, the distinctive patterns of paralysis in poliomyelitis may be explained.

INHDW SO, FHIKAEICEB T DIERRE D SRR EDEIC L - T, R Y FOEAHE
BLORFEAI R A Z = N ED LS ITHH SN D E R LT D,
RIGHT SIDE LEFT SIDE

L.
L2.
L3.
L4,
ERECTOR SPINAE ABDOMINAL
4 & PERINEAL MUSCLES.
B rsoas
LS. m HIP ADDUCTORS.
m QUADRICEPS
SARTORIUS
MAMSTRING MUSCLES,
S, TIBIALIS ANTERIOR
TIBIALIS POSTERIOR,
TENSOR FASCIAE LATAL
CALF MUSCLES, [TRICEPS SURA
§2. .. peRONEI
LONG TOE EXTENSOAS
s[cwuus MED!
. HIP ABDUCTORS{ L MINIMUS .
\\\\\\ LONG TOE FLEXORS.
$3. INTRINSIC FOOT MUSCLES

HIP ROTATORS.

GLUTEUS MAXIMUS
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FIG. 9
A representation of motor cell loss in the lumbo-sacral spinal cord in poliomyelitis. On the right side, all the cells in the second, third and
fourth lumbar segments have been destroyed. Cell columns for the quadriceps, hip adductors, sartorius and tibialis anterior have disappeared;
these muscles will be paralysed. The psoas and tensor fasciae latae retain a portion of their cell columns and will be paretic. On the left side,
the second, third, fourth and fifth lumbar segments have been destroyed. The cell columns for the quadriceps, hip adductors, sartorius, tibialis
anterior and tibialis posterior have disappeared; these muscles will be paralysed. The hip abductors, semimembranosus, long toe extensors
and peronei retain a portion of their cell columns and will be paretic.
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FIG. 10

A representation of motor cell loss in the lumbo-sacral spinal cord in poliomyelitis. On the right side, a partial lesion in the fourth and fifth
lumbar segments has destroyed the cell columns for the tibialis anterior and tibialis posterior. other muscles have retained a high proportion
of their cells and the muscles concerned will not be clinically affected. On the lefi side, all the cell columns except those in part of the third
sacral segment have been destroyed. Only a portion of the column for the intrinsic muscles of the foot remains. The clinical result will be
a flail lower limb in which only the intrinsic muscles of the foot are active.
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THE PRACTICAL APPLICATION OF THESE FINDINGS
Th o DRERRDOERE

Holdsworth and Hardy (1953) emphasised the importance of precise knowledge of the pathological lesion in the
diagnosis, in the planning of treatment and in the assessment of the prognosis of traumatic paraplegia. In poliomyelitis
the position is somewhat similar.

Holdsworth & Hardy (1953) (%, 2ZWr. 1RFEFHAL 3 L OGMENERHFREL O T OFEMIZ BV T, B
P EMEIZE D 2 & OEEME A TR L7,
RYFTBNTH, ZOSLFHIFTE TN D, (BVERIEN TREDILN YD 2 D)

In the diagnosis of poliomyelitis at an interval after the acute stage, or when no febrile illness has been observed, the
distribution of the paralysis alone may differentiate it from other lower motor neurone diseases. The paralysis in
poliomyelitis is rarely precisely symmetrical. So frequently are the hip abductors, quadriceps or tibialis anterior affected
that absence of paresis or paralysis in any of them in the presence of paralysis of other muscles in the lower limb makes
a diagnosis of poliomyelitis unlikely. By contrast, in peroneal muscular atrophy the muscles most frequently affected in
the early stages of the disease are the intrinsic muscles of the feet and peronei, a combination of paralysis rarely seen in
poliomyelitis. Incidental to the comparison between the paralysis in these two diseases is the finding that the common
bilateral symmetrical pes cavus, sometimes attributed to unrecognised paresis of the intrinsic muscles of the foot, is
rarely the result of poliomyelitis. Even unilateral pes cavus, provided it is not a medial cavus (Pilcher 1955) or a
calcaneo-cavus, is more often associated with spina bifida than with poliomyelitis.
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The quantitative relationship between the loss of motor nerve cells and the residual power in muscles is particularly
important in cases regarded as aparalytic in the acute stage of poliomyelitis. Although there may never have been any
clinical paralysis, a considerable proportion of motor cells may have been damaged or destroyed. The nerve supply to
some muscles, especially those supplied by short cell columns, may have been diminished by up to 60 per cent. Patients
without paralysis are frequently allowed to walk within two or three weeks of the onset of the major illness. It is known
that overstretching or over-fatigue can occur in muscles such as the hip abductors or tibialis anterior and may result in
deterioration in power (Lovett 1915, 1917, Sharrard 1955). Paresis, previously undetectable, may be revealed later by
the development of a limp or a valgus foot. It is probably wise, therefore, not to allow the resumption of full activity in
an aparalytic case at too early a date, and to continue to look for evidence of paresis over a period of not less than six
months.
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In the management of the later stages—that is, after the first six weeks—the importance of accurate muscle testing
has been stressed by Seddon (1955) and has been found to be of value in the prognosis of recovery in paretic muscles
(Sharrard 1955). If the results of muscle testing are also used to reconstruct the probable site of major cell destruction
in the spinal cord, the clinician will have a much clearer idea of what he is trying to treat, and what the chances are of
recovery in paralysed muscles. The presence of associated paralyses (Table VI) may also help to define the prognosis
for recovery of a paralysed muscle. Recovery can be expected in some muscles but the prolonged and uneconomic
treatment of those that are beyond all hope can be avoided.
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SUMMARY

B

1. The distribution of the permanent paresis and paralysis in the muscles of 203 lower limbs affected by poliomyelitis
is analysed and related to the destruction of motor nerve cells in the grey matter of the lumbo-sacral cord.

LR U AR LTz 203 OO FIGH D KGRI 72 AN ERRIL & SE R o0 A 25 . EILEE DK 3B O E B
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2. The tibialis anterior and tibialis posterior and the long muscles of the toes are more often paralysed than paretic;
these muscles are innervated by short motor cell columns. Muscles such as the hip flexors and hip adductors that are
more often paretic than paralysed are innervated by long cell columns.
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3. Muscles innervated by the upper lumbar spinal segments are more frequently affected than those innervated by
the sacral segments. This agrees with the segmental incidence of motor cell destruction found in poliomyelitic spinal
cords.
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4. Each muscle or muscle group is associated in paralysis with other specific muscles. For instance, the long toe
extensors with the peronei and the calf muscles (triceps surae) with the biceps femoris. Associated muscles are innervated
by adjacent motor cell columns. The probability of recovery in a paralysed muscle can be determined by reference to
the degree of involvement in its associated muscles.
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5. The distribution of the paralysis in an individual lower limb is determined by the site and size of foci of motor
cell destruction. The cell loss in certain common patterns of paralysis is described.
5. il 2 D T D TR D434, EEFINAREEDOFTROK E S LEMLIZ K> TRES LD,
FrE D — RN 7287 — 2 OFERRFFICEIT MO BERIZ OV TERSR TN D,
6. The practical application of these findings is discussed.
6. ZOFTROEMIZONTHRRS N TV D,
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