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Abstract 

The triple stimulation technique (TST) was rarely used in multiple sclerosis (MS). This study aimed to 

compare TST and motor evoked potentials (MEP) for the quantification of motor dysfunction. Central 

motor conduction based on MEP (four limbs) and TST (upper limbs) was assessed in 28 MS patients 

with a median Expanded Disability Status Scale (EDSS) of 4. EDSS, timed 25-foot walk (T25FW), grasping 

strength and motor components of the MS functional composite were evaluated. Regression analysis 

was used to assess the relationship between MEP, TST and clinical findings. TST was negatively 

correlated with EDSS (r = − 0.74, p < 0.0001) and to a lesser extent with T25FW (r = − 0.47, p < 0.05), 

and grasping strength (r = − 0.43, p < 0.05). A multiple regression analysis underlined the better 

correlation between clinical data and TST (R2 = 0.56, p < 0.0005) than with MEP (0.03 < R2 < 0.22, p > 

0.05). This study evidenced the value of TST as a quantification tool of motor dysfunction. TST 

appeared to reflect a global disability since it was correlated not only to hand function but also to 

walking capacity. 

Keywords Triple stimulation technique · Motor evoked potentials · Multiple sclerosis · Conduction 

failure · Axonopathy · Disability 
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Introduction 

Transcranial magnetic stimulation (TMS) is a neurophysiological technique eliciting motor evoked 

potentials (MEP) useful for the diagnostic and functional assessment of the pyramidal track 

impairment [1, 2]. The diagnostic efficacy of MEP in multiple sclerosis (MS), however, is limited by the 

high sensitivity of magnetic resonance imaging (MRI) mainly at the brain level [3]. Conversely, to 

document pathological changes occurring during the course of MS, MRI is less useful because of its 

weak association with clinical findings, known as the “functional–anatomical paradox” [4], while MEP 

evaluating long eloquent motor pathway is better correlated with functional involvement [5–9]. 

The increased central motor conduction time (CMCT), theoretically related to the demyelination 

process, is the most widely used MEP parameter in clinical studies [8, 10, 11] despite weak correlations 

with the functional capacities [12, 13]. The MEP size reduction might be regarded as the axonal loss 

consequence [14] which is closely linked to disability, as demonstrated by MRI [15]. However, the 

motor response size is further influenced by the desynchronization of the TMS-induced motoneurones 

discharges, which makes the amplitude interpretation quite tricky [16]. 

The triple stimulation technique (TST), developed by Magistris [17], allows a precise quantification 

of the motor central conduction failures by the resynchronization of the upper motoneurone 

discharges. The TST has already been used to diagnose and monitor the functional consequences of 

several peripheral or central nervous conditions such as amyotrophic lateral sclerosis [18], Kennedy 

disease [19], spinocerebellar ataxia [20], multiple systemic atrophy [21], chronic inflammatory 

demyelinating polyradiculoneuropathy [22] and Guillain–Barre syndrome [23]. 

The test–retest repeatability of TST measurements in healthy subjects [24] and MS patients [25] 

showed that TST was particularly suited for follow-up examinations. The TST method was also used to 

study motor fatigue [26, 27]. In healthy subjects, during a fatiguing exercise, there was a TST amplitude 

ratio decrease, reflecting a decline in central motor conduction, which was more pronounced than in 

MS patients, while the reduction of force was similar [27]. Humm et al. used TST to quantify 

temperatureinduced changes (Uhthoff phenomenon) in the pyramidal tract of MS patients, 

responsible for paroxystic symptoms [28]. They observed a significant correlation between changes in 

walking velocity (after a cold bath) and the TST amplitude ratio. The temperature-related changes of 

central conduction block, as measured by TST, were present only for the patients exhibiting an 

abnormal prolongation of CMCT. Somehow, this is a proof of concept that TST could be a suitable tool 

in order to monitor patients concerned by the Uhthoff phenomenon and that CMCT could identify 

those who are more at risk to be exposed to temperature-induced conduction blocks. Firmin et al. 

found that in MS patients the contribution of slowly conducting portions of the central motor pathway 

was more important than in healthy subjects [29]. 

Studies using TST for the assessment of motor capacities in MS are scarce. The TST amplitude ratio 

was reduced in presence of pyramidal signs [12, 30], but was not significantly different in patients with 
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equivalent clinical motor deficit regardless their phenotype [12]. These authors also observed a 

marked increase in TST amplitude ratio after 5 days of intravenous methylprednisolone in patients 

with relapsing–remitting (RR) and secondary progressive (SP) MS, paralleling an increase in muscle 

force, whereas no increase in TST amplitude ratio was depicted for primary progressive (PP) patients 

[13]. Never addressed before, the purpose of this study was to compare TST and classical MEP 

parameters (latency and amplitude) for the functional quantification of upper and lower limb motor 

dysfunction. 

Materials and methods 

STUDY PATIENTS 

This was a prospective transversal study conducted on a sample of 28 MS patients (16 women, 12 men) 

referred to the neurological department of the University Hospital of Liège (Belgium) between 2013 

and 2015. The inclusion criteria were: (1) a diagnosis of MS based on the 2010 revised McDonald 

criteria [31], and (2) a clinically stable phase at the time of evaluation ensured by a minimum 3-month 

period between the previous relapse and the evaluation. Patients with a history of seizures or with 

implanted devices were excluded from the study. The Local Ethics Committee approved the study. 

CLINICAL SCALE AND MEASUREMENTS 

An MS specialized neurologist assessed the Expanded Disability Status Score (EDSS) and a trained 

technician performed the clinimetric tests. The clinimetry included the “9-Hole Peg Test (9HPT)” and 

the “Timed 25-Foot Walk (T25FW)”, the motor components of the Multiple Sclerosis Functional 

Composite scale (MSFCm) [32]. The 9HPT and T25FW assessment protocol was described in the MSFC 

Administration and Scoring Manual [32]. The Jamar dynamometer was used to measure the grasping 

strength (JAMAR) [33]. Z-scores were derived for each individual dimension (Z-9HPT, Z-T25FW, Z-

JAMAR) based on a local presumably healthy population (n = 60). For Z-9HPT (adjusted for age) and Z-

JAMAR (adjusted for age, height and sex), the average of both upper limbs was calculated. The Z-

T25FW was adjusted for age and size. The clinical assessment took about 15 min. 

MEP PROCEDURE 

A six-channel Keypoint G4 apparatus (Natus Medical Incorporated) was used for the recordings and a 

Magstim 200 device (The Magstim Company Ltd., Whitland, UK) with a circular (70 mm inner diameter) 

hand-held coil (maximal output 2.2 T) for TMS. MEP values were recorded bilaterally from the first 

dorsal interosseous (FDI) muscle in the upper limbs (belly–tendon technique) and from the tibialis 

anterior (TA) muscle in the lower limbs (belly–tibial tubercle technique). Recording electrodes 

consisted of pre-gelled disposable surface electrodes (Alpine Biomed, REF 9013P0873). Corresponding 

ground electrode was taped to the forearm. The bandpass filter setting was set from 0.5 Hz to 2 kHz 
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for upper limbs and from 0.5 Hz to 3 kHz for lower limbs. The motor threshold (minimum intensity 

required to evoke a discernible motor response in 50% of trials at an amplification of 100 µV per 

division) was first measured with muscle at rest. Slight coil displacements were made until the lowest 

threshold was found. TMS was performed at a 130% above motor threshold intensity (the best MEP 

recording was selected out of 5 trials). Cervical (C8) and lumbar (L5) foraminal electromagnetic 

stimulation was delivered at 80% and 100% of maximal output (2.2 T), respectively. A slight isometric 

voluntary contraction (approximately 20% of the maximal isometric voluntary contraction) was asked 

during TMS only. 

For each limb, two parameters were considered: (1) the central motor conduction time (CMCT), 

obtained by subtracting the peripheral conduction time elicited by magnetic stimulation of the cervical 

and lumbar spinal roots from the TMS-induced response latency; and (2) the amplitude ratio (AR) 

defined as the ratio between the baseline-to-peak amplitude of the TMS-induced response divided by 

the baseline-to-peak amplitude of the compound muscle action potentials (CMAP) obtained by a 

supramaximal electric stimulation applied distally to the peripheral nerve (ulnar nerve at the wrist and 

common peroneal nerve at the head of fibula). CMAP were evoked by 0.2 ms constant current square 

waves through bipolar surface stimulation with two 7-mm-diameter felt tip pads, 2.3 cm apart (Natus 

Medical Incorporated, REF 9013L0362). 

TST PRINCIPLE 

The TST protocol has been described in detail [17, 30]. Because of the invasive procedure for the lower 

limb investigation (needle stimulation of the sciatic nerve at the level of gluteal fold), the recordings 

were restricted to upper limbs [34]. The equipment used was the same as for MEP measurements with 

a specific commercial TST software (Natus Medical Incorporated). During the examinations, patients 

lay comfortably in an armchair with the palms turned up. The TST principle is briefly outlined hereafter. 

For resynchronizing central motor volley, three stimuli were applied successively with specific delays 

leading to peripheral collisions. A supramaximal TMS (brain stimulation at 130% above motor 

threshold obtained at rest) was first applied depolarizing all recruitable cortical motoneurones 

supplying the target abductor digiti minimi (ADM) muscle (belly–tendon technique). After a first delay, 

a second stimulus (supramaximal electric stimulation) was applied to the ulnar nerve at wrist (distal 

peripheral nerve stimulation with bipolar electrode), resulting in a collision between the ascending 

action potentials from the wrist and the descending discharges form the cortex. Consequently, only 

the second stimulation (at wrist) induced a motor response recorded from the ADM muscle. 

Concomitant distal peripheral stimulation of ulnar and median nerves has been proposed by Humm et 

al. in order to take into account the “volume conduction phenomenon” [24, 35]. This technical 

adaptation is important when thenar muscles are recorded, because of the mixed (ulnar and median) 

innervation of this part of the hand. However, conduction volume is less likely to occur for the 

hypothenar muscles due to anatomical reason [17]. Thus, we have decided not to stimulate 

simultaneously ulnar and median nerve for this TST protocol targeting ADM. After a short time period 

(second delay), a third stimulus (supramaximal electric stimulation) was applied to the Erb’s point 
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(proximal peripheral nerve stimulation with monopolar electrode), resulting in a second motor 

response recorded from the ADM muscle. Delays were tailored to each patient, prior the actual TST 

recording. The first delay, between brain and distal peripheral stimulations, was defined as the 

difference between minimal MEP latency (rounded down to the nearest ms) and CMAP distal latency 

(rounded up to the nearest ms). The second delay, between proximal and distal peripheral 

stimulations, was defined as the difference between CMAP proximal latency (rounded down to the 

nearest ms) and CMAP distal latency (rounded up to the nearest ms). In case of central axonal failure, 

the collision took place between wrist and Erb stimulations, resulting in a TST response reduced in 

proportion of cortical neurones which were not brought to discharge by the TMS. For the central 

conduction failure quantification, the size of the first negative deflection of the TST test (TSTtest, 

described above) was expressed as a percentage of the size of the first negative deflection of the TST 

control (TSTctl). The latter was recorded by replacing the TMS by a supramaximal electric stimulation 

to the Erb’s point with appropriate adjustment of the first delay (identical to the second delay) (Fig. 1). 

The TSTtest/TSTctl ratio reflects the proportion of the spinal motoneurones activated. To limit the 

discomfort related to the procedure, no more than five trials of TST were recorded in each patient. The 

TST amplitude ratio closest to 100% was selected. Each TST session lasted about 60 min. 

 

Fig. 1  Illustration of the triple stimulation technique (TST). a, b (TSTtest) In this example, three out of four 

motoneurones are brought to discharge by a supramaximal TMS (1). After a delay, a supramaximal electric 

stimulation to the ulnar nerve at wrist (2) induces a first response from the abductor digiti minimi (ADM) muscle 

(b). Due to the collision between descending and ascending discharges (a*b), no response is elicited by the TMS. 

A third supramaximal electric stimulation applied at Erb’s point (3), induces a second response recorded from 
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the ADM muscle (c). In case of central conduction failure, the collision occurs between descending (from Erb’s 

point) and ascending (from ulnar nerve stimulation) discharges (c**b). The size reduction of the second response 

is due to the proportion of conduction failures. c, d (TSTctl): The TSTtest is compared to a TSTctl (TMS replaced 

by Erb stimulation). Only one type of collision occurs, between descending (from first Erb stimulation) and 

ascending (from ulnar nerve stimulation) discharges (a*b). Thus the third stimulation, applied at Erb’s point, 

induces a second ADM muscle response that is maximal (100%). The amplitude ratio between the second 

response of the TSTtest and the TSTctl provides the central conduction failure. 

 

DATA ANALYSIS 

Results were generally summarized by median and interquartile range (IQR) for quantitative data and 

by frequency tables for categorical data. The Pearson correlation coefficient (r) was used to measure 

the association between any two quantitative variables. Multiple regression analysis was used to 

assess the association between electrophysiology (dependent variable) and clinical data (predictors) 

in MEP and TST. The adjusted multiple coefficient of determination (R2) was used to measure the 

quality of the relationship. Results were considered significant at the 5% critical level (p < 0.05). 

Statistical calculations were performed with the R software (version 3.4.3). 

Results 

Clinical and electrophysiological characteristics of study patients are displayed in Table 1. The median 

age was 47.2 years and the disease duration 16.2 years. The median EDSS was 4 (IQR 3.8–5.8). Upper 

limb AR (median 12.9%, IQR 7.3–22.9%) and lower limb AR (13.3%, IQR 7.9–22.2%) were more reduced 

compared to median TSTtest/TSTcontrol ratio (62.6%, IQR 35.9–85.8%) but fell just below the lower 

AR reference limit. The median difference between TST and upper limb AR was 41.7% (IQR 27.8–

64.3%). 
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Correlations between electrophysiological parameters are displayed in Table 2. Significant negative 

correlations were observed between CMCT and AR in the left upper limb (r = − 0.53; p < 0.001) and in 

the right lower limb (r = − 0.46; p < 0.05). CMCT measurements at the upper limb level and at the lower 

limb level were strongly correlated with each other (p < 0.0001) at both the right (r = 0.62) and left (r 

= 0.66) body sides. This was also the case for the correlations between upper and lower limbs AR (r = 

0.55 and r = 0.67 for the right and left body sides, respectively; p < 0.005). TST was mainly correlated 

to AR, even though the higher correlation (with the left upper limb AR) did not exceed 0.63 (p < 0.0001). 
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TST correlated significantly with the EDSS and clinimetry, except for 9HPT. It is worth emphasizing 

the high negative correlation between TST and EDSS (r = − 0.74; p < 0.0001) (Table 3; Fig. 2) and, to a 

lesser extent, T25FW (r = − 0.47; p < 0.05) and JAMAR (r = − 0.43; p < 0.05) (Table 3). More than 50% 

of the EDSS variability was predicted by TST, the lower the TST, the higher the EDSS (Fig. 2). Correlations 

between MEP parameters and EDSS were lower but still significant (0.40 < r < 0.54; p < 0.05). A 

significant but weak correlation was observed between CMCT recorded in the lower limb and, 

respectively, 9HPT (r = 0.39; p < 0.05) and T25FW (r = 0.44; p < 0.05) (Table 3). 
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Multiple regression analysis applied to TST (dependent variable) and clinical parameters (EDSS, 

9HPT, T25FW and JAMAR as independent factors) evidenced a highly significant and stronger 

association (adjusted R2 = 0.56; p < 0.0005) than between each MEP component and the same clinical 

parameters (adjusted R2 ranging from 0.03 to 0.22 with p value between 0.045 and 0.34) (Table 4). 

 

Discussion 

Transcranial magnetic stimulation is widely used both for research and clinical monitoring in MS. In 

agreement with the literature [9, 36–38], the value of classical MEP parameters (CMCT, AR) as 

quantitative tools for the functional motor assessment was confirmed by the good correlations 
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observed with the EDSS (Table 3). Moreover, most of the electrophysiological parameters were 

correlated with each other. The highly significant correlations observed between the upper limb 

CMCT/AR and the lower limb CMCT/AR for the right and left body sides could be explained by a strong 

influence of the cervical MS lesions on both nervous conductions to arms and legs (Table 2). 

Studies addressing the relation between electrophysiology and clinimetry in MS are scarce. Kalkers 

et al. identified a significant correlation between CMCT and T25FW but no association was found with 

the 9HPT [11]. However, in another study [39], CMCT was correlated with hand dexterity and phasic 

strength. Our results, characterized by a significant correlation between MSFC (9HPT and T25FW) and 

CMCT in the lower limbs, comfort the ability of MEP to document the four limbs motor function 

(Table 3). 

To date, TST has not been used frequently in the field of MS. This novel work evidenced a good 

correlation between clinical and TST data (Table 3). Actually, the association was notably better than 

with the classical MEP parameters as revealed by multiple regression analysis (Table 4). As TST findings, 

restricted to upper limbs, were not only correlated to hand function (grasping strength) but also to 

walking speed (T25FW, Table 3), we believe that TST can be a suitable electrophysiological marker of 

disability and functional impairment involving the four limbs and that TST should be used to 

complement classical MEP, especially CMCT in the lower limbs. The weak association between TST and 

hand dexterity could be explain by a more sophisticated task required by the 9HPT, involving not only 

muscle strength but also somatosensory afferences, coordination as well as visual function. 

MRI data demonstrate a close link between axonopathy and irreversible functional deficit [15, 40]. 

The TST amplitude ratio reduction cannot distinguish axonal loss from conduction block [30]. However 

at a chronic stage (i.e., a permanent or long lasting conduction block), both neurophysiopathological 

processes should induce an equivalent clinical expression. The interpretation of the alteration of MEP 

amplitude is less obvious given the variety of mechanisms potentially involved. In the MS population, 

MEP AR is usually more affected and variable than TST [30]. Pathological substrates for these 

differences between both techniques could include an inhomogeneous conduction velocity among the 

pyramidal fibers, together with a reduced firing rate resulting in a lower temporo-spatial summation 

at synaptic level in the spinal cord [14]. In our MS population, TST values were much higher than AR 

evaluated by MEP (median 62.6% vs. 12.9%, Table 1). Probably linked to the high inter-individual 

variability of the desynchronization, there was also a relatively weak correlation between TST and MEP 

(Table 2). Moreover, the difference between TST and upper limb AR (median 41.7%), which estimates 

the amount of central desynchronization, suggested, in agreement with a previous study based on the 

peristimulus time histograms technique [41], an increased temporal dispersion of the central 

descending volleys in MS compared to healthy subjects (estimated at 30%) [17]. Consequently, MEP 

AR cannot be used for the extrapolation of axonopathy. By resynchronization of central motor volley, 

which was objective in the current work (Table 1), TST is theoretically a better clue of central motor 

axonopathy. As the latter is linked to irreversible functional deficit [15, 40], the close association (R2 = 

0.56) between TST and clinical data, assessed by multiple regression analysis, is a strong indication of 

the relationship between TST and axonopathy (Table 4). 
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The present study confirms the utility of MEP to document the MS-related functional disability. Our 

results highlight the additional value provided by TST for the functional quantification of the central 

motor conduction failure. Even focused on the assessment of the upper limb corticospinal tract, TST 

appears to reflect a global and degenerative process since it is correlated not only to the grasping 

strength but also to the walking capacity. In the future, longitudinal studies should be performed to 

confirm those correlations and investigate the role of TST, alone or in association with demographic, 

clinical, radiological and conventional electrophysiological data, in order to improve the existing 

multiparametric prognostic models [42, 43]. TST could be a useful surrogate marker of motor central 

axonopathy in the era of new very active drugs. The ability to take, not only brain, but also spinal cord 

lesions into account could improve our decision-making toolbox to evaluate the ability of new drugs 

to protect axons from inflammatory insults. 
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