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Voluntary muscle strength in hemiparesis: distribution
of weakness at the elbow
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SUMMARY Maximal voluntary strength (torque) of the flexors and extensors of the elbow was
measured in 56 normal subjects and 18 hemiparetic subjects. In normal subjects the ratio of exten-
sion to flexion strength averaged 55% and did not differ significantly between sides or sexes. The
ratio of maximal extensor to flexor strength on the clinically unaffected side of hemiparetic subjects
was the same as that for the normal subjects but it was significantly increased on the affected side.
This increase indicates that the elbow flexors were relatively more weakened than the extensors on

the hemiparetic side, a conclusion contrary to conventional clinical teaching. The increase in the
ratio was not the result of co-contraction of either muscle group. A possible physiological basis for
the observed distribution of weakness is suggested.

The "upper motor neuron" syndrome is believed to
have certain characteristics which are independent of
the exact site or type of lesion responsible. These
include increased muscle tone, hyperreflexia and
weakness. The weakness has long been considered to
have a characteristic distribution (see, for example,
refs 1, 2). In the upper limb, the weakness is currently
considered to involve distal more than proximal mus-
cle groups and to be more marked in extensor mus-
cles. In the lower limb, the flexor muscles are more
severely affected than their antagonists.34 Despite
these clinical observations, there have been no
detailed measurements of the maximal voluntary
strength of different muscle groups in upper motor
neuron lesions.
The distribution of weakness in hemiparesis is

believed to reflect the relative "potency" of the
descending cortical projections to the various muscle
groups, the most severe weakness occurring in those
muscles with the most powerful descending inputs.
Thus, the pattern of muscular weakness is important
not only clinically, but also for understanding the
distribution of descending motor outflow in normal
man. This study was designed to compare the max-
imal voluntary strength of the extensors and flexors at
the elbow, both in subjects with unilateral upper

Address for reprint requests: Dr SC Gandevia, Unit of Clinical
Neurophysiology, The Prince Henry Hospital, PO Box 233,
Matraville, Sydney 2036, Australia.

Received 19 November 1985.
Accepted 5 December 1985

motor neuron weakness and in normal subjects. The
strength of the two muscle groups was measured on
both sides. It was also expressed as a ratio to allow
distinction between weakness which affected both
groups of muscles equally and weakness which
affected one group preferentially.
Some of these results have been reported previously

in brief form.5

Methods

The maximal voluntary strength of elbow flexion and exten-
sion on both the right and left sides was measured in patients
with unilateral weakness of the upper motor neuron type
and in a group of normal subjects. Informed consent was
obtained.
A total of 18 hemiparetic subjects was studied, eight males

and 10 females, aged 22 to 80 years (mean age 59). Eleven
were weak on the right side, the remainder on the left. The
time from the onset of symptoms varied from 1 week to 48
weeks (table 1). Sixteen of the patients had acute onset of
neurological deficit, presumed or proven to be of vascular
origin while two subjects suffered from cerebral tumours
(one primary and one metastatic). They were selected from
outpatients attending the hospital rehabilitation department
and inpatients at the time of study. Each hemiparetic subject
fulfilled four criteria. First, there were typical features of an
upper motor neuron syndrome affecting the upper limb,
including increased tone, hyperreflexia and distal weakness.
Several had a moderate sensory loss and all but two of the 18
had an extensor plantar response. Second, the weakness was
strictly unilateral as assessed both subjectively and clinically.
Third, the subjects had to be co-operative and have sufficient
mobility at the shoulder to position their weak arm in the

1019

P
rotected by copyright.

 on M
ay 22, 2023 by guest.

http://jnnp.bm
j.com

/
J N

eurol N
eurosurg P

sychiatry: first published as 10.1136/jnnp.49.9.1019 on 1 S
eptem

ber 1986. D
ow

nloaded from
 

http://jnnp.bmj.com/


Table I Strength anmd cdurlation oftiveaknessfstr the 18 hemipareti subljects. Results for extension and flexion are shown
uncder 'E'! and "F'' respective/v. The duration of weakness is measured in weeks fronm the onset of the stroke except for two
patients( *) with cerehral tunmours in whom this is taken ftrom the onset of symptoms. The ratio ofextension to.flexion strength
for hoth sides is shown in the final column as a percentage. In 15 of the 18 patients the ratio was increased on the hemiparetic
side inclicating more severe Weakness of the flexors (see text).

Age (Yrl Diralu)liofiwfieakness Stretngthi ( Nmn Raltio ( %
(weeks Ulia/f'leled Heiniparelic Ulnaleit'e( Weak

E F E F

Males: 47 5 19 39 11 17 49 65
48 18 27 67 10 26 41 40
53 > 4* 14 33 15 22 41 69
63 61 22 45 21 26 49 82
71 7 16 46 16 29 35 56
72 4 '4 52 23 28 47 83
78 II 22 43 13 17 51 76
80 1 22 45 19 27 48 70

Females: 22 3 9.1 19 9.1 16 48 56
36 > 26* 15 30 14 24 49 60
45 2 14 28 10 20 5I 55
56 26 27 40 4 4 8X3 68 58
63 26 18 31 20 18 59 111
66 2 85 25 3.8 1() 34 38
66 7 2 26 9 1 3 86 69
66 6 17 27 17 21 63 81
68 28 II 8 1 3 1 3 6(0 97
69 48 6.3 17 1 7 3 4 31 49

recording apparatus as well as some residual strength in
both muscle groups acting about the elbow. Fourth, there
was objective evidence of weakness on the clinically affected
side, as defined by a measured reduction in strength of at
least 10% compared with the unaffected side in one of the
muscle groups acting at the elbow. Adoption of this last
criterion led to the exclusion of some patients with otherwise
typical hemiplegic features but with only distal weakness.
A group of normal volunteers was also studied to define

the normal ratio of elbow extensor to flexor torque on each
side and to test the assumption that this ratio was, on aver-
age, the same on both sides. The group consisted of 32 males
(mean age 44 years, range 21-102) and 24 females (mean age
40 years, range 18-85). None had any history of neu-
rological or other relevant illness.
The subjects were seated with the arm flexed at the shoul-

der and elbow with the forearm supinated and attached to
an isometric myograph at the wrist. The angle at the elbow
Ioint was 90". This angle was selected because it represented
the midrange of joint movement and was close to the angle
at which strength is usually tested clinically. It is also a
favourable angle in terms of the length-tension relationship
for both muscle groups.6 Strain gauges connected to the
base of the bar provided an output of torque (see also ref 7).
The subjects were either instructed to flex or to extend their
arms at the elbow maximally for a period of about 5 sec-
onds. Each measurement was repeated at least three times
with a rest period of 30 to 60 seconds between each obser-
vation. Measurements were then repeated on the other side.
The largest peak during the series of contractions was.taken
to be the maximal strength. Flexion was usually tested
before extension and, for the normal subjects, the first side to
be tested was chosen randomly while for the patients the
stronger tunaffected) side was studied first. All participants
were encouraged throughout their efforts and usually had
access to visual feedback. Under these conditions there is
evidence that maximal voluntary activation of limb' t and

respiratory muscles"0 can be achieved during maximal
"efforts" in normal subjects. Surface or needle electro-
myograms (EMG) were made in four of the patients using
standard techniques. Interelectrode distance for surface
EMG was 2-3 cm.
The ratio of the maximum extensor strength to the max-

imum flexor strength on each side was calculated and
expressed as a percentage. An equal ratio on the two sides in
a subject with hemiparesis would imply that both muscle
groups had been affected to the same relative degree. A
reduction in the ratio on the hemiparetic side would imply a
greater weakness of extensors while an increase in the ratio
would mean a greater relative weakness of flexors.

Results

Normal subjects
The elbow flexors were invariably stronger than the
elbow extensors and males were stronger than females
(table 2). The reduction of strength with age was
modest. The subjects were grouped depending upon
whether they were less than or greater than 60 years
of age. Results for the elbow flexors and extensors of
both sides have been combined for simplicity. (Paired
t tests indicated that there was no significant
difference between the flexor and extensor strength on
either side for any of the age groups except for the
elbow flexors of females less than the age of 60 years).
The ratio of extensor to flexor strength did not vary

significantly between sides nor, unlike absolute
strength, between sexes (analysis of variance). The
overall ratio of extensor to flexor strength for the nor-
mal subjects was 54-9 + 8 9% (mean +SD) with a
significant correlation between the ratio on the right
and left sides (T = 0 57). Linear regression of the ratio
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Voluntary muscle strength in hemiparesis: distribution of weakness at the elbow

Table 2 Maximal strength (in Nm) ofelbow extension and
flexion strengthfor 56 normal subjects. Mean values with the
standard deviations (in brackets) are given. The resultsfor
males andfemales, depending upon age, are shown
separately. The valuesfor the right and left sides have been
combined. The right column shows the mean and standard
deviation ofthe ratio ofextensor toflexor strength expressed
as a percentagefor each group. This ratio did not differ
significantly between any of thefour groups

Extension Flexion Ratio (%)

Males <60 (n = 22) 34-3 (6-6) 63-8 (11-4) 54-1 (8 1)
Males >60 (n = 10) 34-6 (10 3) 61 2 (14 7) 56-6 (10-2)
All males 34-4 (7 9) 62.1 (14-1) 54 9 (8-8)
Females < 60 (n = 17) 19 9 (4-0) 36 2 (5 6) 55 3 (9 1)
Females >60(n = 7) 16 7(4-7) 32-1 (10-8) 54-1 (8-9)
All females 19.0 (4 4) 35.0 (7-6) 54 9 (9-0)
All subjects: 54.9 (8-9)

against age showed no significant alteration with age.
Measurements in four subjects on four separate occa-
sions revealed no significant change in the ratio (or
absolute strength) on repeated testing to suggest a
learning effect. The coefficient of variation for the
measurements in these four subjects was 4% for
flexor strength and 12% for extensor strength and the
ratio of extensor to flexor strength.

Hemiparetic subjects
On the hemiparetic side the ratio of extensor to flexor
strength was increased compared with the clinically
unaffected side in 15 of the 18 patients (figs I and 2).
In two the ratio was reduced and in one it was
unchanged (table 1). The mean increase in the ratio

Left

Extensors

Flexors

Right

5s

I50 Nm

I1.

Fig 1 Measurements ofmaximal strength (torque) at the
elbow,flexed to 900,from a male subject with a right
hemiparesis. Elbow extensor strength (above),flexion
strength (below) measured in Newton-metres (Nm). The
ratio ofextensor toflexor torque was increased on the weak
side, which indicated that the elbowflexors were relatively
more affected than the extensors. This data isfrom one of
seven subjects in whom the extensor strength was well
preserved on the hemiparetic side.
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Fig 2 Ratios ofextensor toflexor strength at the elbow on
the normal and weak sidesfor all the hemiparetic subjects.
The dotted line is the line ofidentity. All but three ofthe
points lie above the line ofidentity. The ratio on the weak side
was significantly increasedfor the group (paired t test,
p < 0 01).

between the two sides was 17% and was highly
significant (p < 0-01, paired t test). This indicates that
the reduction in strength in hemiparetic patients
affected the elbow flexors to a relatively greater extent
than the extensors. Surprisingly, in view of common
clinical descriptions (see above), seven patients with
otherwise typical upper motor neuron lesions had no
weakness of the extensors of the elbow on the hemi-
paretic side, while the power of the flexors was
reduced. No significant correlation was found
between the difference in the ratio on the two sides
and either the duration of the weakness or the degree
of weakness (defined as the reduction in strength of
the flexors). The ratio of the extensor to flexor
strength on the clinically unaffected side did not differ
from the results for the normal subjects
(0 1 > p > 0 05, unpaired t test). There was some
reduction of strength in both muscle groups when
compared with the results for the healthy control sub-
jects. However, in only four hemiplegic subjects was
strength more than two standard deviations from the
mean (see Discussion).
Of the two patients with a reduction in the ratio of

extensor to flexor strength on the weak side compared
with the unaffected side, one had an unusually high
ratio, 86%, on the unaffected side. The other devel-
oped co-contraction of biceps brachii during
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Fig 3 Length-tension relationships for the elbow extensors
andflexors on the weak side offour hemiparetic subjects
(each shown with a different symbol). Maximal torque is
plotted as a percentage of that recorded at the usual test
position (90°). Observations ofboth extensor andflexor
maximal strength were repeated with the elbow moreflexed
and more extended (positive angles indicate extension). The
onlY consistentfinding was that extensor strength increased
with greater degrees ofelbow extension.

attempted extension on the affected side, but no co-
contraction of triceps during flexion. This pattern of
co-contraction would lead to underestimation of
maximal extensor strength and therefore under-
estimation of the real ratio on the weak side. No other
patient tested showed evidence of co-contraction of
either muscle group during the maximal voluntary
efforts.
The length-tension relationships of both flexors

and extensors on the two sides were studied in a sepa-
rate session in four patients using repeated maximal
voluntary contractions. This required at least two
maximal contractions in each of three positions for all
four muscle groups and could only be undertaken in
highly co-operative patients. In no patient could the
difference in ratio on the two sides be explained by
changes in the length-tension properties of the two
muscle groups (fig 3). The only finding common to the
weak side of all four patients was that the elbow
extensors developed more torque (average increase
12%) when more extended than when in the test
position. In addition, these observations confirmed
that the increase in the ratio of extensor to flexor
strength in hemiparesis was reproducible.

Discussion

The distribution of weakness at the elbow joint was
similar in 15 of the 18 patients with unilateral upper
motor neuron lesions (hemiparesis). This supports the
concept of a relatively uniform upper motor neuron

Colebatch, Gandevia, Spira
syndrome. However, the data indicate that the con-
ventional view of the distribution of weakness at the
elbow is not correct as the flexor muscles were rela-
tively more affected than the extensors in nearly all
hemiparetic subjects. This conclusion applied both to
hemiparetic subjects with recovering lesions (simple
"strokes") and to those with progressive lesions such
as cerebral tumours. It applied also to those hemi-
paretic subjects with the shortest duration of weak-
ness (table 1).
The results obtained in normal subjects supported

the approach adopted for the hemiparetic subjects.
namely comparison of the ratio of the strength of the
two muscle groups on the clinically affected and
unaffected sides. This ratio was the same on each side
in normal subjects and was independent of age or
gender. The average value for elbow flexion torque,
62 Nm for males and 35 Nm for females, was almost
twice the corresponding value for elbow extension
torque in both sexes. The values reported here for
maximal torque of elbow extensors and flexors. the
ratio between them, and the relative strength of males
and females are similar to previous reports.61 - 1 5
Control studies in the normal subjects showed that
the maximal voluntary torques had an acceptable
intra-subject variability and that they were not sub-
ject to any significant learning effect. The increase in
the ratio of extensor to flexor torque was confirmed in
four hemiparetic subjects in whom more extensive
studies were conducted.
We attempted to exclude several patho-

physiological abnormalities on the hemiparetic side
which could have contributed to the results. Co-
contraction of flexors and extensors occurred in only
one of the hemiparetic subjects in whom electro-
myograms were recorded. During attempted flexion
of the elbow by hemiparetic subjects Tang and
Rymer'6 found no evidence of sustained triceps co-
contraction. In the patient in whom co-contraction
occurred in the present study it was present only dur-
ing attempted extension and not during flexion. Thus.
in this patient co-contraction would have tended to
obscure the general trend observed for the ratio of
extensor to flexor strength. The chronic change in
resting muscle length which may result from assump
tion of the hemiplegic posture could have affected our
results by resetting the iength-tension properties of
the muscle (for example, ref 17). Direct measurements
of the voluntary length-tension relationship of both
muscle groups suggested that any change in these
properties was not responsible for the relative weak-
ness of the flexor group. Histochemical and electro-
physiological changes occur in motor units in hemi-
plegic patients,18 - 20 but the contraction properties of
the whole muscle appear to be little affected.2' In
addition, there was no correlation between the degree
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Voluntary muscle strength in hemiparesis: distribution of weakness at the elbow

of selective weakness of the elbow flexors and the
duration of the lesion. Such a correlation might have
been expected if changes in motor unit properties
were responsible.

Like many previous investigators, we have assumed
that the clinically unaffected side in hemiparetic sub-
jects was indeed normal. Contrary to this assumption,
clinical observation22 and electrophysiological
evidence23 supports the presence of an ipsilateral cor-
ticospinal projection to muscles of the arm in man.
The patients as a group were weaker in absolute terms
on their clinically unaffected side than comparable
normal subjects. The weakness was mild and only
four patients had values more than two standard
deviations from the mean for either of the muscles.
The patients all stated that the clinically unaffected
side seemed to have normal strength (a necessary con-
dition for inclusion in this study). While the mild
reduction in average strength could be taken as evi-
dence of an ipsilateral effect, it could also reflect loss
of power consequent upon reduced usage, particu-
larly as the ratio of extensor to flexor strength was
unaltered.
The basis for the clinical impression of predom-

inant weakness of elbow extensors is not explained by
this study. In clinical testing a mild reduction in flexor
power may not be appreciated because it may still not
be possible to "overcome" the flexor. Similarly, if the
normal flexor power is underestimated then the flexor
on the weak side will appear less severely affected.
Inclusion of the elbow extensors in the groups of mus-
cles said to be preferentially affected in hemiparesis
may have occurred by default, simply because of the
marked weakness of the extensors of the wrist and
fingers in patients recovering from hemiplegia. These
results also appear to contradict the clinical obser-
vation that elbow flexors recover from total paralysis
before extensors.24 However, we did not study sub-
jects in the earliest stages of recovery from hemiplegia
as residual strength was required in both muscle
groups for the test procedures. Our conclusions
apply, however, to hemiparetic subjects with as much
as 90% reduction in strength at the elbow compared
to their normal side. The hemiplegic posture of
flexion at the elbow is not contrary to the results
presented here as this posture is not due simply to the
strength of the muscles acting at the elbow, but to the
effects of neck and labyrinthine reflexes.25
The reason that the weakness in hemiparesis occurs

predominantly in the flexors rather than the extensors
of the elbow is not clear. The finding is consistent with
the observation that, in the baboon, motoneurons of
elbow flexors receive more monosynaptic pyramidal
excitation than do the extensors26 cf ref 27. Even if
this is so, a lesion removing the same proportion of
fibres innervating each motoneuron pool would be

expected to leave the ratio of residual power
unaltered. The corticospinal fibres which innervate
antagonist muscle groups are probably intermingled
and thus equally likely to be affected by pressure,
oedema or ischaemia. However, if the corticospinal
fibres for the elbow flexors were larger (on average)
than the extensor fibres, then they may be more
susceptible to a variety of pathological processes.28
Differences in average conduction time of
corticospinal fibres to the flexor and extensor
motoneurons of the forearm have been demon-
strated,29 presumably confirming differences in mean
fibre diameter.
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