
2{)2 Electroencephalography and clinical Neurophysiology, 93 (1994) 202-208 
© 1994 Elsevier Science Ireland Ltd. 0924-980X/94/$07.00 

EEM 93632 

Normalization of soleus H-reflex recruitment curves 
in controls and a population of spastic patients 

A.A.J. Hilgevoord *, J.H.T.M. Koelman, L.J. Bour and B.W. Ongerboer de Visser 
Graduate School of Neurosciences Amsterdam, Di~'ision of Clinical Neurophysiology (D2) and Department of Neurolo,~9', 

Academic Medical Center, AZUA, Meibergdreef 9, 1105 AZ Amsterdam (The Netherlands) 

(Accepted for publication: 25 January 1994) 

Summary  We examined soleus H-reflex recruitment in 30 controls and 33 patients with spinal cord lesions and spastic spinal paresis. 
H-reflex gain and threshold were determined from recruitment curves after normalization of stimulus intensity as a multiple of the current for a 
threshold M-response. 

Reflex gain was expressed as the mean slope of the H-reflex recruitment curve up to the half-maximal response size. Up to this point the 
curve follows an almost linear trajectory and will mainly reflect la afferent stimulation. This slope had a large variability but was clearly 
correlated with the H / M  ratio. The mean  gain was equal in controls and patients. 

The relation between H- and M-thresholds was expressed as a ratio which had a lower mean value in the patients. Though both H- and 
M-thresholds may be influenced by peripheral factors, this lower ratio suggests an increase in spinal motoneuron excitability in patients. 
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Spasticity is usually defined as a motor disorder 
characterized by a velocity-dependent increase in mus- 
cle tone with increased tendon jerks resulting from 
hyperexcitability of the stretch reflex (Lance 1980). 
Through neurophysiological methods of investigation a 
hyperexcitability of spinal motoneurons can be demon- 
strated in spasticity (Ashby et al. 1974; Delwaide et al. 
1980). These results do not necessarily reflect a change 
in intrinsic motoneuron characteristics, but may also be 
caused by a change in, or different channeling of, 
synaptic inputs following the appearance of a central 
lesion (Delwaide 1971; Yanagisawa et al. 1976; Burke 
1988). 

One method to assess the excitability of a motoneu- 
ton pool is the H-reflex technique (Hoffmann 1918; 
Magladery et al. 1952; Pierrot-Deseilligny 1966). The 
H-reflex is the EMG response seen when electrical 
stimulation of a peripheral mixed nerve results in exci- 
tation of spinal motoneurons due to activation of affer- 
ent nerve fibers from the muscle. At higher stimulus 
intensities a direct, or M-, response is seen, resulting 
from excitation of motor fibers. Monosynaptic projec- 
tions of Ia afferents onto the motoneurons are the 
main route for the H-reflex, though polysynaptic ef- 
fects cannot totally be discarded (Burke et al. 1984). 

* Corresponding author. Tel.: (0)20-566 2915. 

The excitability level can be quantified in an H / M  
ratio, defined as the size of the maximal H-reflex as a 
percentage of the maximal M-response. Use of the 
H / M  ratio removes much of the variation in absolute 
H-response size due to variation in local anatomy and 
the location of recording electrodes (Dietrichson and 
Sorbye 1971). In a group of spastic patients the mean 
H / M  ratio is significantly higher (Angel and Hofmann 
1963; Bour et al. 1991). However, there is a large 
overlap of values between patients and healthy sub- 
jects. The H / M  ratio was found to be correlated with 
tendon reflexes (Koelman et al. 1993), but it does not 
correlate well with other clinical signs or the response 
to medication (Matthews 1966; Milanov 1992). 

To quantify motoneuron pool excitability two other 
characteristics seem important. Firstly, recruitment 
threshold, i.e., the minimum afferent stimulation which 
activates the most excitable motoneurons. Secondly, 
recruitment gain, i.e., the slope of the curve describing 
motoneuron activation as a function of stimulation 
intensity. Reports on H-reflex recruitment gain and 
threshold in man are scarce. It is difficult to compare 
recruitment curves in individuals, the stimulus intensi- 
ties needed to obtain a certain response are variable 
and strongly influenced by peripheral factors (Mayer 
and Mawdsley 1965; Dietrichson and Sorbye 1971). 

In this study the possibilities for normalization of 
stimulus amplitudes used in registration of the H-reflex 
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recruitment curve in the soleus muscle were investi- 
galed. H-reflex gain and threshold were then deter- 
mined from the normalized recruitment curves in con- 
trol subjects, and in patients with a spastic syndrome. 

Subjects 

The control population consisted of 30 volunteers, 
10 females and 20 males, aged 21-63 years (mean 33), 
without indication of neurological disorder in their 
history or in routine neurological examination. In 20 
subjects a soleus H-reflex recruitment curve was 
recorded from both right and left legs in the same 
session. In 20 subjects registration was repeated in a 
second session. This led to a total of 70 recruitment 
curves, 33 from the left, and 37 from the right leg. 

Patients were selected on the basis of the presence 
of spastic signs in one or both of the lower limbs. This 
could consist of a velocity-dependent hypertonia, hy- 
perreflexia a n d / o r  clonus. We examined 33 patients, 
13 females and 20 males, aged 18-68 years (mean 44). 
Records were obtained from either both, or only the 
clinically most affected, leg. In total 50 registrations 
were thus performed, 26 from the left and 24 from the 
right leg. 

Initially, we made a division of subjects with a 
traumatic spinal cord lesion, a progressive spastic spinal 
paresis and spondylotic cervival myelopathy. Apart 
from the diagnosis these groups were similar in severity 
of symptoms and other subject characteristics. The 
results from these 3 subgroups were not distinctly 
different and were combined. 

The severity of symptoms ranged from slight to 
severe; a moderate spasticity was most often seen. The 
clinical situation had to be stable for at least 1 month 
prior to investigation. None of the patients currently 
used any medication known to influence spasticity. 

The protocol used was approved by the hospital's 
ethical committee. All subjects gave informed consent. 

Methods 

Neurophysiological examination 
Registration was performed according to the method 

outlined by H u g o n  (1973), as described previously 
(Ongerboer de Visser et al. 1989). Subjects were seated 
in a semi-reclining chair with the legs supported, and 
knee and ankle joint immobilized at an angle of 120 
and 100 ° . 

The posterior tibial nerve was stimulated with a 1 
msec constant-current pulse (Grass $88), through a 
surface electrode in the tibial fossa. The anode was a 
20 cm 2 tin plate superior to the patella. The electrode 
was positioned so that the lowest threshold for the 

H-reflex, without M-wave if possible, was obtained. For 
registration, Ag/AgCI  disk electrodes, diameter 8 ram, 
were taped with an interelectrode distance of 3 cm on 
the skin overlying the soleus, below the insertion of the 
gastrocnemius tendon. A band electrode was placed 
just below the knee for grounding. 

Recruitment curves were constructed by gradually 
increasing stimulus intensity from below threshold for 
the H-reflex to supramaximal for the M-response. 
Stimulus increments were small for the first part of the 
curve and gradually were enlarged in the upper part of 
the stimulation range. In this way a variable number of 
15-35 samples were obtained in each subject. The 
amplified EMG signal was filtered (2 Hz-10 kHz), 
digitized (10 kHz) and stored on a PDP 11/73 com- 
puter for off-line analysis. Between stimulations an 
interval of at least 30 sec was observed to exclude 
possible rate sensitive effect. Only registrations without 
noticeable background EMG activity, monitored on a 
visual display, were accepted (Delwaide 1971; Bour et 
al. 1991). 

Data analysis 
A microcomputer program extracted several param- 

eters from the numerical data from each registration. 
Firstly, the maximal M-potential (Mma x) and the H / M  
ratio. Secondly, the threshold stimulus current for the 
H-response (Hth) and M-potential (Mth). To be ac- 
cepted as supra-threshold the M-response size had to 
be larger than 2.5% of Mmax- The relation between 
thresholds was quantified in an H / M  threshold 
(Hth/Mth) ratio. Thirdly, stimulus intensities evoking a 
50% and maximum H- and M-amplitudes (ills0, iHm~× 
and iMs0, iMmax). 

In most registrations the M-recruitment curve has a 
uniform sigmoidal shape but the range of stimulus 
intenstities over which the curve rises to its maximum 
is variable. We examined the relations between stimu- 
lus intensities giving certain percentages of maximum 
response size by linear and logarithmic regression. Sub- 
sequently, stimulus intensities were normalized as a 
multiple of the M-threshold current. This enabled a 
comparison of indvidual stimulus-response relations in 
both populations. 

After normalization recruitment gain was estimated 
as the mean slope of the H-recruitment curve up to the 
half-maximal response size (% of Mmax/% of Mth). 
Taking only the first part of the H-curve insures we 
obtain information about the steepest, approximately 
linearly rising, part, and effects from activation of 
fibers other than Ia afferents are minimized. 

The reproducibility of the H / M  and Hth/Mth ratio 
was examined in the control population. Groups were 
compared with Student's t test. A P value > 0.05 was 
considered non-significant. Results from left and right 
legs were pooled. Results for peak-peak (PP) and area 
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(Ar) values exhibited no clear differences; only PP 
values are given. 

Results 

Stimulus-response relation for H-response and M-wave 
The mean values of the parameters  examined are 

summarized in Table I. The maximal M-magnitude had 
a large variability and did not differ significantly be- 
tween controls and patients. A small but significant 
difference was found for the mean H / M  ratios. 

Mth in the controls had a wide, positively skewed 
distribution with a mean of 9.3 mA. iMso and iMma x 
had increasingly wide distributions but were highly 
correlated, best described by the linear regression 
equations: iMs0 = 1.58 X Mth  + 0.2 mA (r  = 0.96); 
iMma x = 2.2 × Mth + 4.0 mA (r  = 0.86) (for both, P < 
0.001). For all response sizes between 25 and 75% of 
Mrnax , correlations similar to that for iMs0 were found. 
In the equation for iMma x there was a fairly large 
constant, for all other response sizes this was negligi- 
ble. Therefore,  currents were expressed as a simple 
multiple of Mth. In patients the mean Mth was 12.3 
mA, higher than in controls ( P  < 0.05). This difference 
was not due to a systematic shift in the distribution of 
the thresholds. More important was that the Mth distri- 
bution contained a number  of outliers at the highest 
stimulus intensities (Fig. 1). However, the relation be- 
tween Mth and the currents evoking a response size of 
a given fraction of Mma x was similar to that in the 
controls, independent  of Mth. 

Hth in controls had a large variation but was clearly 
correlated with M t h  (r = 0.89, P < 0.001). The H t h / M t h  

ratio had a narrow normal distribution and was corre- 
lated with the H / M  ratio (r  = -0 .4 ,  P < 0.01), but not 
with Mth. In patients the mean Hth was not signifi- 
cantly different from the control group. The Hth/Mth  
ratio, however, was significantly smaller ( P  < 0.01) and 
again, was not correlated with the value of Mth. 

TABLE I 

Overview of the values of the most important variables plus the 
significance of the difference between controls and patients. Stan- 
dard deviations or coefficients of variation are enclosed in parenthe- 
ses. 

Parameter Controls Patients Significance 
of difference 

H / M  ratio 59% (S.D. 23%) 70% (S.D. 21%) P < 0.05 
Mth 9.3 mA (CV 45%) 12.3 mA (CV 48%) P < 0.05 

iMs0/Mth 1.63 (CV 12%) 1.65 (CV 14%) NS 
iMma x/Mth 2.89 (CV 24%) 2.81 (CV 24%) NS 

Hth 6.5 mA (CV 55%) 7.4 mA (CV 58%) NS 
iHso /H th 1.20 (CV 10%) 1.27 (CV 10%) P < 0.01 
iHrn~x/Hth 1.69 (CV 16%) 1.84 (CV 18%) P < 0.05 

Hth /Mth  68% (S.D. 13%) 58% (S.D. 14%) P < 0.01 
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Fig. 1. Histograms displaying the distribution of the M- and H- 
thresholds in controls and patients. The higher m e a n  Mth in the 
patients is due to a number of subjects with an M-threshold higher 

than 20 mA. 

iHma x in the controls had a skewed distribution with 
a mean of 10.1 mA (S.D. 4.8), and was correlated with 
Mth (r  = 0.89, P < 0.001). Expressed as a multiple of 
Mth , iHma x had a mean of 1.12 (S.D. 0.23) times Mth. 
In patients iH max had a non-significantly different mean 
of 1.05 (S.D. 0.24) times Mth. 

Though the H-reflex threshold will be determined 
by both peripheral factors and central excitability, we 
also expressed the stimulation range between threshold 
and maximum H-response as a multiple of H-threshold. 
In the controls only for iHmax/Hth a correlation (r  = 
-0 .49 ,  P <  0.01) was found with Hth/Mth  ratio. No 
correlation with the H / M  ratio was observed. In the 
patients, every percentage of Hma x was reached at a 
higher stimulus intensity relative to Hth. 

In 20 controls there was a corresponding registra- 
tion from the same leg, obtained in a second session. 
The mean absolute difference between the Hth /Mth  
ratios was 8.0% (range 0-18%),  that between the H / M  
ratios 6% (range 0-14%).  There  was a significant (r  = 
-0 .47 ,  P < 0.01) correlation between the change in 
Htn /Mth  ratio and H / M  ratio between registrations. 

Normalization of recruitment curves 
The stimulus intensity at which an M-wave with a 

magnitude of a certain percentage of Mma x was evoked 
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Fig. 2. Normalized HM-recuitment curve for the control and patient population. The normalized M-recruitment curves are similar in controls 
and patients. The mean H-reflex response in the patients rises at lower stimulus intensities relative to M-threshold and reaches a higher 

maximum. 

was found  to be  desc r ibed  very well  as a funct ion of  
Mth. Based  on this, we no rma l i zed  s t imula t ion  cur ren t s  
as a mul t ip le  of  Mth. The  resul t ing  M-curves  for bo th  
popu la t ions  do not  d i f fer  (Fig.  2). PP and A R  based  
curves are  equal  and  similar ,  i n d e p e n d e n t  of  the  value  

of  Mth, Mma x or  H / M  rat ios.  
Since Hth is l ikely to be af fec ted  by cent ra l  exci tabi l-  

ity, H- re f lex  r ec ru i tmen t  was p lo t t ed  on the same st im- 
u la t ion  axis as the  M-curve.  In this way we display 
m e a n  H- and M - a m p l i t u d e s  at every s t imulus  intensi ty  

re la t ive  to Mth for the  whole  popu la t ion .  The  objec t ion  
can be m a d e  tha t  the  mean  M- th reho lds  were  not  
equal  in cont ro ls  and  pat ients .  This  is t r e a t ed  sepa-  
ra te ly  in the  Discussion;  at  this po in t  we only s ta te  tha t  
this had  no inf luence  on the  results.  

The  m e a n  no rma l i zed  H - r e c r u i t m e n t  curve has a 
s igmoidal  shape  since in some subjects  r ec ru i tmen t  
s tar ts  at  lower s t imulus  intensi t ies ,  whereas  in o the r s  
this occurs  with h igher  cu r ren t s  re la t ive  to Mth. In 
cont ras t  to the  s imilar i ty  of  the  no rma l i zed  M-curves,  

100 
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[] mean H-response 
• HIM 75-100 % 

o.0  ' o'.z o'.4 ' o'.6 
Stimulus intensity above H-threshold (times M-threshold current) 

Fig. 3. Curves displaying the increase in H-reflex response with increase of stimulus intensity above H-threshold. The mean slope of the initial 
part of the curve is not steeper in the patients but the response size rises over a longer stimulus interval, even if H/M ratios are comparable. 
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the H-curve in the patients seems shifted to the left on 
the stimulation axis and reaches a higher maximum 
(Fig. 2). 

The distribution of H-thresholds has a major influ- 
ence on the shape of the population H-recruitment 
curve as depicted. Therefore,  inferences about H-reflex 
recruitment gain cannot be made based on Fig. 2. To 
visualize the H-reflex recruitment slope, the normal- 
ized H-recruitment curves were shifted along the stim- 
ulation axis to put Hth at the origin of the graph. In 
this normalized H-recruitment curve the difference in 
ultimately reached H / M  ratio between populations 
seems to be based mainly on the fact that H-recruit- 
ment continues over a longer stimulus interval in the 
patients, while initial H-recruitment slopes are equal. 
When patients and controls are matched by selecting 
only subjects with an H / M  ratio between 75 and 
100%, the gain in the patients is even somewhat lower 
(Fig. 3). 

The gain of the H-reflex recruitment curve as de- 
fined in Methods in the control group had a skewed 
distribution with a mean of 3 . 1 % / %  (S.D. 2.1). Loga- 
rithmic transformation normalizes this distribution, the 
geometric mean is 2 .38%/%.  The logarithm of the 
gain value had a clear correlation with H / M  ratio 
( r =  0.80, P < 0.001), but not with Mth or the Hth/Mth 
ratio. The H-recruitment gain in the patients had a 
mean of 3.0 % / % ,  and a geometric mean of 2.39 
%/%, not different from the values in the controls. 

Discussion 

The H / M  ratio has become a standard used to 
diminish the effects of peripheral conditions on re- 
sponse sizes. The mean H / M  ratio in our controls is 
quite high compared to values in the literature. A 
relatively low average age could account for this; the 
H / M  ratio is known to decrease with age (Delwaide 
1971; Ongerboer  de Visser et al. 1989). The mean 
H / M  ratio in the controls was significantly lower than 
that in the somewhat older patient group. 

To date, no single standard has emerged to normal- 
ize stimulus intensities in clinical H-reflex testing. In 
general a more or less linear stimulus-effect relation is 
assumed (Fukushima et al. 1982). The use of dorsal 
root potentials to detect threshold and maximal affer- 
ent activation (Rail 1955) is not easily applicable. In 
H-reflex research in man, Hugon (1973) used the stim- 
ulus current giving a half-maximal M-wave as unity. A 
similar method using the half-maximal nerve potential 
was used to quantify sural nerve stimulation (Kukulka 
et al. 1991). 

The present study resulted in the use of the M- 
threshold current as unity for quantification of stimulus 
intensity. Three questions will be addressed: (1) Is Mth 

a suitable parameter  to characterize M-recruitment? 
(2) Can Mth be used as a reference point to quantify 
afferent stimulation? (3) Is M,h a comparable point in 
the controls and patients? 

Firstly, a high, linear correlation was observed be- 
tween Mth and every M-response amplitude between 
25 and 75% of Mm~,x. An exact quantification of iM ...... 
is difficult since the M-wave amplitude reaches a 
plateau at higher stimulus intensities. This explains the 
lower correlation coefficient for the relation between 
Mth and iM ..... . 

The stimulus-response relation found is comparablc 
to that reported by Hugon (1973). The high correla- 
tions can be explained by the relationship between 
fiber diameter  and the threshold for electrical activa- 
tion (McNeal 1976). The value of Mth will be influ- 
enced both by the fraction of the current which actu- 
ally flows through the nerve when using surface stimu- 
lating electrodes and by the diameter  of the thickest 
fibers. 

With respect to the second question, relative fiber 
diameters will also determine thc relation between the 
excitation thresholds of motor and afferent fibers. The 
location of the stimulating electrodes could affect this 
relation in an individual. The H-recruitment curve in 
subjects with high Hth/Md,  ratios rose less steeply and 
to a smaller maximum, reached at a relatively high 
stimulus amplitude relative to M m. The Hth/Mth ratio 
could have a certain variability caused by peripheral 
factors; this was considered before as a reason for 
caution in the use of the H / M  ratio for estimating 
motoneuron excitability (Ashby et al. 1974). On a pop- 
ulation level, however, the relation between H,h and 
M~h will mainly reflect the relative diameters of affer- 
ents and motor fibers plus central excitability. 

With a stimulus duration of 1 msec, the threshold 
for activation of afferents is lower than that for motor 
axons (Panizza et al. 1992). The stimulus current for a 
threshold H-reflex is higher than that at which the 
most excitable afferent fiber is activated (Fukushima et 
al. 1982). In subjects with higher motoneuron excitabil- 
ity one can expect that a smaller fraction of affercnts 
needs to be activated to obtain a threshold H-reflex. A 
last factor in favor of Mth as a reference point is that 
this also allows a more specific examination of H-reflex 
extinction, which is thought to be linked to the excita- 
tion of motor fibers at higher stimulus intensities. 

Lastly, the mean Mth was significantly higher in the 
patients. If this resulted from some systematic change 
in peripheral factors, Mth could not be regarded as an 
unbiassed reference point. Mth could be influenced by 
a change in the shape of the M-recruitment curve 
caused by muscular atrophy. However, no correlation 
existed between Mth and clinical characteristics. The 
shape of the curve and the relation between Mth and 
other points on the M-curve were essentially equal in 
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controls and patients. In addition, we found no reports 
in the literature indicating that posterior tibial nerve 
fibers undergo major degenerative changes in spastic- 
ity. Fig. 1 shows that the difference in mean Mth was 
mainly due to a number  of high outliers in the patient 
population. During testing we experienced that in some 
subjects it was sometimes difficult to obtain the opti- 
mal electrode position. We thus assume that the differ- 
ence in mean M-threshold between patients and con- 
trois was mainly caused by a less optimal placement of 
the stimulating electrode in the proximity of the poste- 
rior tibial nerve. 

Even if in some patients there was a totally different 
placement of the stimulating electrodes this does not 
explain the altered relationship between Mth and Hth. 
Considering the large variability of both Mtt , and Hth 
the relation between the two is very consistent. The 
H~, /Mth  ratio was correlated with the H / M  ratio but 
did not depend on the value of Mth. 

With the values found for Mth and Hth , normaliza- 
tion based on Mth would increase the steepness of the 
H-reflex curve relatively more in patients. That is, if we 
compare this normalization to displaying the H-reflex 
magnitude as a function of the stimulus amplitude 
using milli-amperes or the H-threshold as unity. How- 
ever, this applies only to the transformation of the 
curves of those patients with relatively high M- 
thresholds. After normalization the mean recruitment 
slopes were equal in controls and patients. If we ex- 
clude every registration with an M-threshold higher 
than 20 mA, then the mean steepness of the recruit- 
merit slopes still does not differ. This indicates that the 
normalization method used is relatively insensitive to a 
distortion of the results by a difference in the distribu- 
tion of the M-thresholds. None of the parameters  
crucial for our inferences showed any dependence on 
the value of the M-threshold. 

We thus assume that the difference between the 
mean Hth/Mth ratios in controls and patients reflects 
an increased motoneuron excitability in patients. A 
higher H / M  ratio in patients seems to be reached 
because I t-recrui tment  has the opportunity to rise over 
a longer stimulus interval  

These results indicate that the H-reflex threshold, 
relative to the M-wave threshold, is a more important 
factor, distinguishing spastic patients from controls un- 
der resting conditions, than H-reflex gain. Quantifica- 
tion of H-reflex gain and threshold in the future might 
provide a more reliable assessment of motoneuron 
excitability than the sole use of the classical H / M  
ratio. 
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