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Summary Central motor  pathways were studied in 
17 normoalbuminuric insulin-dependent diabetic 
( IDDM) patients who had been diabetic for more 
than 20 years, and compared with findings in 17 age-, 
sex-, and height-matched control subjects. The cen- 
tral motor  conduction time was calculated from re- 
cordings of the compound muscle action potentials 
of the abductor pollicis brevis muscle after single 
transcranial and spinal root magnetic stimulation. 
The central motor conduction time from motor cor- 
tex to cervical spinal roots was 9.8 + 1.65 ms in dia- 
betic patients and 10.1 + 1.48 ms in control subjects. 
In diabetic patients with neuropathy the central mo- 
tor conduction time was 9.5 + 1.76 ms vs 10.1 + 1.56 
ms in patients without neuropathy. The excitability 
of the motor pathways was studied by paired trans- 
cranial magnetic stimulation at interstimulation in- 
tervals of 30-1000 ms. In normal control subjects, an 

early facilitation of the amplitude of the compound 
muscle action potential at an interstimulation inter- 
val of 30 ms was found, while no facilitation was pre- 
sent in diabetic patients. In addition the compound 
muscle action potential latencies were prolonged at 
interstimulation intervals of 30-50 ms in diabetic pa- 
tients. The changes of excitability did not correlate 
with the presence of peripheral neuropathy, meta- 
bolic control or diabetes duration. It is concluded 
that long-term normoalbuminuric IDDM patients 
have impaired excitability but normal central con- 
duction time of the motor pathways. [Diabetologia 
(1995) 38: 1191-1196] 

Key words Magnetic stimulation, diabetic neuropa- 
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Motor, sensory and autonomic disturbances are con- 
comitants with diabetic neuropathy. Sensory and auto- 
nomic dysfunctions have been well-studied and a bat- 
tery of cutaneous perception threshold tests and auto- 
nomic function tests to characterize and monitor the 
neuropathy have been developed and validated. 
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In contrast, less is known about motor  function in 
diabetic neuropathy. It has been well-described that 
peripheral motor  nerve function is electrophysiologi- 
cally impaired to the same degree as sensory nerve 
function, but apart from this the motor system from 
the motor  cortex to striated muscle has been studied 
very little in diabetes. An  explanation could be the 
predominance of sensory symptoms and signs in dia- 
betic neuropathy. A recent population-based epide- 
miological study of diabetic neuropathy demon- 
strated, however, that clinical motor weakness is a se- 
vere disturbance in patients with advanced neuropa- 
thy [1]. This observation clearly indicates the need 
for further studies of motor  function in diabetic pa- 
tients. 

With the development of the magnetic stimulation 
technique it has become possible with single transcra- 
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nial s t imuli  of  the  m o t o r  co r t ex  and  the  ne rve  roo ts  to  
assess cen t ra l  conduc t ion  t ime  ( C M C T )  of  the  m o t o r  
pa thways  [2]. Recent ly ,  in a m i x e d  g roup  of  insulin- 
d e p e n d e n t  ( I D D M )  and non - i n s u l i n -dependen t  dia- 
be t ic  ( N I D D M )  pa t i en t s  A b b r u z z e s e  et  al. [3] stud- 
ied C M C T  with  single t ranscran ia l  m a g n e t i c  s t imula-  
tion. T h e y  found  tha t  30 % of  the  d iabe t ic  pa t i en t s  
h a d  p r o l o n g e d  C M C T  f r o m  the  co r t ex  to cervical  
roots.  The  p r o l o n g a t i o n  of  the  conduc t i on  t ime  was 
u n r e l a t e d  to the  p r e s ence  of  p e r i p h e r a l  n e u r o p a t h y  
indicat ing i n d e p e n d e n t  dysfunc t ion  of  cen t ra l  m o t o r  
pa thways .  In  addi t ion  t ranscrania l  m a g n e t i c  s t imula-  
t ion al lows eva lua t ion  of  the  exci tabi l i ty  of  the  m o -  
tor  pa thways  by  pa i red  st imuli  of  the  m o t o r  cortex.  
Wi th  this new t echn ique  the  t ime  d e p e n d e n c y  of  ex- 
ci tabil i ty is s tudied  by  va ry ing  the  in te r s t imula t ion  in- 
te rva l  ( ISI)  b e t w e e n  the  condi t ion ing  s t imulus and  
the  test  s t imulus  [4, 5]. 

C M C T  and  exci tabi l i ty  of  the  m o t o r  pa thways  
f r o m  m o t o r  co r t ex  to s t r ia ted  musc le  we re  s tudied  in 
n o r m o a l b u m i n u r i c  I D D M  pa t i en t s  wi th  single and  
pa i r ed  t ranscrania l  m agne t i c  s t imula t ion .  To secure  a 
high p r e v a l e n c e  of  n e u r o p a t h y  in the  d iabet ic  g roup  
pa t i en t s  wi th  m o r e  t han  20 years  of  d iabe tes  dura-  
t ion were  studied.  On ly  pa t i en t s  wi th  n o r m o a l b u m i n -  
ur ia  were  inc luded  in o rde r  to avo id  the inf luence  of  
any  n e p h r o p a t h i c  compl i ca t ion  on  the  m o t o r  pa th -  
ways. 

Subjects and methods 

Patients and control subjects. Nineteen normoalbuminuric 
IDDM patients from the out-patient clinic, 6 females and 13 
males, aged 43 years (range: 31-58) with a height of 174 cm 
(range: 165-185) and a median diabetes duration of 28 years 
(range: 20-37) were included in the study. Seventeen sex-, 
age-, and height-matched control subjects had a mean age of 
44 years (range: 31-60), and a height of 174 cm (range: 163- 
194 ). None of the patients or control subjects had a history of 
any central nervous system disorder. The patients gave in- 
formed consent to the study and the protocol was approved 
by the local ethical committee. 

Clinical and electrophysiological evaluation. All patients were 
examined by a trained neurologist and evaluated with a neu- 
ropathy symptom score and a- neurological disability score [6, 
7]. HbAlc, blood glucose and serum creatinine were measured 
at the time of the study. Urinary albumin excretion was deter- 
mined by radioimmunoassay and normoalbuminuria was de- 
fined as an albumin excretion rate of less than 20 ~g/min [8]. 
Nerve conduction studies were performed with standard sur- 
face stimulation and recording techniques using an elec- 
tromyograph (DANTEC Counterpoint, Skovlunde, Den- 
mark) with filter settings of 20 Hz to 10 kHz for motor nerve 
studies and 20 Hz to 2 kHz for sensory nerve studies. 

Motor nerve conduction velocity (MNCV) was measured 
in the dominant forearm segment of the median (elbow - 
wrist) nerve and in the non-dominant leg segment of the pero- 
neal (below capitulum fibulae - ankle) nerve. Sensory nerve 
conduction velocity (SNCV) was measured in the non-domi- 
nant sural nerve with orthodromic activation and with antidro- 
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mic activation of the dominant median nerve (wrist - finger II 
and III). For MNCV Z-scores were calculated from values of 
healthy volunteers obtained with similar techniques [9]. For 
SNCV normal values previously determined in age-matched 
normal control subjects were adopted. Cutaneous sensation 
was evaluated quantitatively by measuring vibratory percep- 
tion threshold at dominant index fingerpulp and non-domi- 
nant dorsum of the great toe using forced choice techniques us- 
ing a CASE IV (WR Medical Electronics Co., Stillwater, 
Minn., USA). Prior to the examination patients were given 
written instructions and a demonstration of the technique. 
The threshold was determined with the 4, 2, and 1 stepping al- 
gorithm [10]. The minimal criteria for diabetic neuropathy 
were adopted in a slightly modified form [11, 12]. Patients 
with at least two abnormal findings of the following four were 
defined as neuropathic: (a) neuropathy symptom score _> 1; 
(b) neurological disability score >_ 2; (c) abnormal nerve con- 
duction velocity in at least two out of four nerves; (d) abnor- 
mal vibratory perception threshold at both sites: 

Magnetic stimulation and recording. Compound muscle action 
potentials (CMAPs) were recorded from the abductor pollicis 
brevis (APB) on the dominant side with Ag/AgC1 electrodes 
placed in a belly-tendon montage. To ensure absolute muscle 
relaxation during stimulation a modified myometer gave an 
on-line audio/visual-monitoring of muscle activity at maxi- 
mum gain with subjects awake in a comfortable supine posi- 
tion [13]. During transcranial stimulation the coil was cen- 
tered at the vertex. The CMAPs were recorded with the DAN- 
TEC Counterpoint with filter settings of 20 Hz to 2 kHz. To 
avoid any post-stimulation effect the interval between stimuli 
was at least 5 s. 

Single and paired magnetic cortical pulses were given by a 
magnetic stimulator constructed in our laboratory. It renders 
a biphasic pulse with a current rise time of 200 ~s in a 13-cm di- 
ameter coil with a maximal magnetic field of 2.2 Tesla. The 
output was adjustable between 0 and 1200 V. For determina- 
tion of the threshold stimulation intensity was increased by 
50-V steps and defined as the intensity at which three of four 
stimuli evoked well-defined CMAPs at a gain of 100 [~V. For 
paired stimuli the intensity of the test and the conditioning 
stimulus were constant at all ISis being 110 and 152 % of 
threshold intensity, respectively. 

The following magnetic studies were conducted: (A) 
CMCT was calculated by subtraction of the spinal latency (C- 
7 to APB) from the cortical latency (cortex to APB). The corti- 
cal latency was determined by single transcranial magnetic 
stimuli at 120 % of threshold intensity. In order to excite the 
spinal nerves close to the exit foramina the magnetic coil was 
positioned over the spinous process of C-7 and the edge of the 
coil 3 cm lateral to the process. The cortical and spinal latency 
were determined as the shortest latency of the four CMAPs. 
(B) Four paired magnetic stimuli were randomly given at ISis 
of 30, 40, 50, 75, 100, 150, 200, 250, 300, 500, and 1000 ms and 
recorded from the APB at rest. As control values four single 
stimuli were given at a stimulation intensity of 110 % of thresh- 
old. 

Statistical analysis 

For data analysis, take-off latency and baseline-to-peak ampli- 
tude were determined at maximum gain. In case no response 
was obtained following the conditioned stimulus a zero value 
was included for the arithmetic median calculation of ampli- 
tudes. 
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Table 1. Take-off latencies, CMCT and baseline-to-peak am- 
plitudes of single cortical and spinal evoked CMAPs of the ab- 
ductor pollicis brevis muscle in diabetic patients and normal 
control subjects 

IDDM patients Control subjects 
(n = 17) (n = 17) 

Latency (ms) 
cortical 24.1 + 2.06 23.3 + 1.42 
spinal 14.3 + 1.90 13.2 + 1.83 
CMCT(ms) 9.8 + 1.65 10.1 + 1.48 
Amplitude (#V) 
cortical 164 (77.270) 226 (170.322) 
spinal 199 (109.415) 338 (220.840) 

Data given as mean + SD for latencies and CMCT and median 
and 25 th, 75 th percentiles for baseline-to-peak amplitudes 

For statistical analysis Systat (Version 5.0, Systat, Evanston, 
Ill., USA) was applied. Latency data were analysed with two- 
tailed Students t-test for paired and unpaired data, whereas 
two-sided Mann-Whitney and Wilcoxon signed rank tests 
were employed for amplitude data using a 5 % limit of statisti- 
cal significance. 

Results 

In patients HbAI~ was 9.0 % (range 7.2-10.9), serum 
creatinine 81.5 ~mol/1 (range 61-108) and blood glu- 
cose level 10.5 mmol/1 (range 2.1-19.9). The neuropa- 
thy symptom score assessment revealed 13 asymp- 
tomatic and 4 symptomatic patients. The neurologi- 
cal disability score was 6 (range 0,36). MNCV and 
the corresponding Z-score for the median and pero- 
neal nerves were 53.4 m/s (range 41.0-56.6), 1.13 
(range 0.11-4.39) and 40.4 m/s (range 37.4-48.9), 
2.03 (range 0.07-3.01), respectively. SNCV for the 
median and sural nerve were 48.2 m/s (range 39.7- 
48.9) and 46.3 m/s (range 40.5-55.8), respectively. In 
three patients no action potentials of the median and 
sural nerves could be detected, one patient refused 
further examination after median nerve examination 
and in one patient conduction velocity of the pero- 
neal nerve could not be determined. According to 
the minimal criteria for diabetic neuropathy nine pa- 
tients were classified as "neuropathic" and eight pa- 
tients as "non-neuropathic".  

Magnetic stimulation studies. Two patients were ex- 
cluded from all magnetic stimulation studies because 
threshold values exceeded 1000 V and one patient 
was excluded from paired magnetic stimulation stud- 
ies because the threshold exceeded 875 V. 

No difference in the CMCT following single mag- 
netic stimulation in diabetic patients and control sub- 
jects was found (Table 1). Neither was there any dif- 
ference between the neuropathic (9.5 + 1.76 ms) 
(n = 9) and non-neuropathic (10.1+ 1.56 ms) pa- 
tients (n = 8). The amplitude following single corti- 
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cal and spinal stimulation was unchanged in diabetic 
patients as compared to control subjects (Table 1). 
The amplitude following single cortical stimulation 
was unchanged in neuropathic as compared to non- 
neuropathic patients, 266 ~tV (range 18-2554) and 
131 pV (range 28-1285), respectively. Following sin- 
gle spinal stimulation the amplitude was unchanged 
in neuropathic as compared to non-neuropathic pa- 
tients, 199 ~tV (range 37-2006) and 214 9V (range 
84-1275), respectively. There was no correlation be- 
tween CMCT and either HbAlc (r = -0.51, p > 0.07), 
MNCV of the median nerve (r = -0.07, p > 0.83) or 
duration of diabetes (r = -0.27, p > 0.38). 

Paired magnetic stimulation resulted in a facilita- 
tion of the amplitude of the CMAPs at an ISI of 30 
ms in control subjects and subsequently a depression 
was seen for the ISis of 75-200 ms with no CMAPs 
evoked in any subject at the interval of 75-150 ms. In 
contrast, in diabetic patients no facilitation of the re- 
sponse at ISI of 30 ms occurred and a depression of 
the amplitude was present for the ISI interval 50-250 
ms (Fig. 1). No correlation was found between ampli- 
tude and either MNCV, HbA1 c or duration of diabe- 
tes (r = 0.43, p > 0.14; r = -0.32, p > 0,28; r = -0.51, 
p > 0.07, respectively). During paired stimulation la- 
tency of the CMAP showed a significant increase in 
the diabetic group at ISis of 30-50 ms and also at the 
ISI of 500 ms, whereas no changes in latency were 
found in control subjects (Fig. 2). There was no corre- 
lation between latency at the ISI of 30 ms and either 
MNCV, HbAlc , or duration of diabetes ( r=-0 .25 ,  
p > 0.40; r = 0.34, p > 0.26; r = 0.17, p > 0.58, respec- 
tively). 

Discussion 

The major findings in this study are lack of facilita- 
tion of the CMAP at ISI of 30 ms as well as increased 
latency at ISis of 30-50 ms following paired magnetic 
stimulation in long-term normoalbuminuric IDDM 
patients. In contrast the CMCTwas unchanged in dia- 
betic patients and the CMCTs in neuropathic and 
non-neuropathic patients were similar. 

Manifestations of impaired cerebral function in di- 
abetic patients have been demonstrated with other 
electrophysiological methods. Increased latencies of 
visual, auditory, and somatosensory evoked poten- 
tials have been reported in diabetic patients [14-16]. 
An  increase of the P300 wave latency has also been 
demonstrated which may reflect impairment of high- 
er brain functions [17]. In addition neurochemical, 
structural, and neurobehavioural manifestations of 
cerebral dysfunction in diabetes have been reported 
in both experimental and human diabetes [18]. 

With the introduction of the non-invasive mag- 
netic stimulation technique it has become possible to 
study central motor pathways [2]. There are two re- 



180 

160 

140 

120 

100 

80 

60 

40 

20 

0 

1194 

Diabetic patients 

?".... . . . . . . "  
i " - . . . . . . . . . -  

i 

:~'~:.. //.. ':' ............... .... 

I I I 

10 100 1000 

18o Control 
16o subjects 
140 ' 

~" 100 ..': 
80 "i 

-~'- 60 ~ /" .... 
m 40 / 

20 
0 

lO lOO lOOO 

Interstimulus interval (ms) 

Figol. Median values (-) and the 25th and 75th percentiles 
( . . . .  ) of baseline-peak amplitudes of CMAPs of abductor 
pollicis brevis muscle evoked by a magnetic stimulus at a stim- 
ulation intensity of 110 % of threshold intensity conditioned by 
a suprathreshold magnetic stimulus. *p < 0.05, **p < 0.01 

ca 

r 
I-- 

110 

105 

100 

95 

90 

H. Andersen et al.: Motor pathway function in diabetes 

Diabetic patients 

' �9149 

'.. / 
"V" 

I 

lO 
I 

lOO 
I 

1000 

g. 

~o 

I - -  

11o 

lO5 

lOO 

95 

90 

I 

lO 

/ 

. . . . . . . . .  / '  

" " - . - .  . . . . . .  

I 

lOO 

Interstimulus interval (ms) 

Control 
subjects 

/ 

/ 
=/ 

f . . . .  

I 

1000 

Fig.2. Median values (-) and the 25th and 75th percentiles 
( . . . .  ) of take-off latencies of CMAPs of abductor pollicis bre- 
vis muscle evoked by a magnetic stimulus at a stimulation in- 
tensity of 110 % of threshold intensity conditioned by a supra- 
threshold magnetic stimulus. The bar indicates the interval 
when no CMAP was obtained. *p < 0.05, **p < 0.01 

cent studies of the central motor  pathways in diabetic 
patients [3, 19]. In contrast to the present study both 
these studies reported a prolonged CMCT in dia- 
betic patients. In a mixed diabetic population, Ab- 
bruzzese et al. [3] reported a prolongation of the 
CMCT, which closely correlated with metabolic con- 
trol (high HbAlc  ) without any correlation with pe- 
ripheral neuropathy or microangiopathy. Tchen 
et al. [19] also found a prolonged CMCT which in 
their study correlated with the duration of diabetes 
and impairment of the peripheral nervous system. In 
the present study no correlation between CMCT and 
either HbAlc,  duration of diabetes or peripheral neu- 
ropathy was found. These conflicting results may be 
ascribed to heterogeneity in type and duration of dia- 
betes, and to a different frequency of renal complica- 
tions in the study populations. The diabetic popula- 
tion in the studies by Abbruzzese et al. [3] and Tchen 
et al. [19] differed in several ways from the diabetic 
population in this study. The major differences were 
that about  two-thirds of the patients had NIDDM,  
the mean age was higher and in the study by Ab- 

bruzzese et al. more than 15 % had signs of nephropa- 
thy while Tchen et al. did not report  the prevalence of 
renal complications in the diabetic group. In contrast 
all the patients in this study had I D D M  and all were 
normoalbuminuric. 

In a study by Pietravalle et al. [20] subclinical kid- 
ney abnormalities in long-term I D D M  patients corre- 
lated with CNS abnormalities evaluated by multimo- 
dal evoked potentials. Although they also found 
CNS abnormalities in 27 % of short-term diabetic pa- 
tients without kidney abnormalities the authors sug- 
gested the sharing of some pathogenetic factors be- 
tween kidney and CNS abnormalities. Irrespective of 
these pathogenetic mechanisms being unknown, the 
finding of a normal CMCT in this study may partly 
be explained by the absence of any kidney abnormal- 
ity in the diabetic group. 

Normal CMCT in the diabetic group suggests a 
normal function of the motor  pathways. However,  ap- 
plying paired magnetic stimulation, the lack of facili- 
tation and the increased latency of the CMAPs in dia- 
betic patients indicate an altered excitability. A facili- 
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tation of the response at ISI of 30 ms would be ex- 
pected in accordance with findings in the control 
group and in the literature. Vails-Sol6 et al. [4] ap- 
plied paired transcranial magnetic stimuli at high in- 
tensity (120-150 % of threshold intensity) and found 
facilitation of CMAPs  from the APB at ISis of 25-50 
ms followed by inhibition at ISis of 60-150 ms, and 
occasionally by a secondary phase of facilitation at 
ISis of more than 200 ms. Similar results have been 
obtained in a study of paired magnetic stimulation in 
our laboratory. We observed a facilitation of ampli- 
tudes of CMAPs  at ISis of 15-50 ms obtained from 
the first dorsal interosseous muscle and from m. flex- 
or carpi radialis followed by an inhibition of the re- 
sponse to test stimuli with maximum at an of ISI of 
100 ms where no responses could be evoked (Niel- 
sen J.F., unpublished observations). 

A dysfunction of the central motor pathways in di- 
abetic patients could involve neurons at the cortical, 
corticospinal, or spinal level. Temporal summation 
of the paired stimuli is a likely explanation of the fa- 
cilitation of the test CMAPs  in control subjects. The 
possibility of temporal summation of corticocortical, 
corticospinal and spinal neurons depends on the 
membrane time constant. This constant expresses 
the falling phase of an action potential which is a 
purely passive membrane process. A long membrane 
time constant indicates a long action potential and 
consequently an increased probability for temporal 
summation. Bernander et al. [21] conducted a study 
where they took into account that neurons are em- 
bedded in a network of cells. They simulated the elec- 
trical behaviour of an anatomically reconstructed lay- 
er V cortical pyramidal cell receiving input from both 
excitatory and inhibitory cells firing spontaneously at 
0-7 Hz. At  the range of 7-80 ms depending on back- 
ground activity the membrane time constant chan- 
ged. Temporal summation on pyramidal cells could 
explain the facilitation at 30 ms observed in the pre- 
sent study. 

At  the segmental level descending volleys of I- 
waves may produce temporal summation of the mo- 
torneuron. The appropriate length of time for tempo- 
ral summation of excitatory postsynaptic potentials 
of the alpha motorneurons could be as short as 10 
ms [22]. Therefore, it is unlikely that temporal sum- 
mation of fast conducted I-waves generated by the 
conditioning stimulus and the test stimulus is the ex- 
planation of the facilitation at ISI of 30 ms. How- 
ever, there is some experimental evidence for the ex- 
istence of slowly conducting corticospinal neurons 
which would make summation of the alpha motoneu- 
rons possible even after 30 ms [23]. 

Another  explanation for the changes in the 
CMAPs is changes in excitability of the peripheral 
nerves [24]. In a normal peripheral nerve there are 
profound changes in the excitability during the first 
100 ms after a submaximal electrical stimulation 
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[24-26]. Applying a stimulation intensity which 
evoked 25 % of the maximal C M A P  obtained from 
the APB,  Potts et al. [25] found a period of hyperex- 
citability at ISis of 5-20 ms and a period of hypoexcit- 
ability at ISis of 20-100 ms with a maximum at an ISI 
of 50 ms. The same temporal changes were found 
when 1% and 50 % of the maximal C M A P  were 
evoked. The paired transcranial magnetic stimula- 
tion protocol applied in this study results in two sub- 
maximal CMAPs. Although these two CMAPs are 
evoked by magnetic stimulation of the motor cortex 
and the stimulation intensities are of different size 
the transmission of the first impulse in the peripheral 
nerve probably alters the excitability of the nerve 
and thereby the size of the second (conditioned) 
CMAR To our knowledge there are no studies of the 
changes in excitability of the peripheral nerves in dia- 
betic patients, but  the presence of peripheral neurop- 
athy may change the excitability of peripheral motor  
nerves and thereby contribute to the loss of facilita- 
tion at ISis of 30-50 ms. Further studies including 
paired magnetic and electrical stimulation of the pe- 
ripheral nerves in diabetic patients are needed, in or- 
der to investigate the extent to which the excitability 
changes observed in the present study are caused by 
changes in the central or the peripheral part of the 
motor pathways. 

At  present the functional consequences of de- 
creased excitability of the motor  pathways are un- 
known, but  they could contribute to motor distur- 
bances such as decreased muscular endurance and 
slowing of movements in diabetic patients [27]. 
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