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Long-Term Paired Associative Stimulation Enhances
Motor Output of the Tetraplegic Hand

Aleksandra Tolmacheva,1 Sarianna Savolainen,2 Erika Kirveskari,3 Pantelis Lioumis,1 Linda Kuusela,4,5

Nina Brandstack,5 Aarne Ylinen,6 Jyrki P. Mäkelä,1 and Anastasia Shulga1,6

Abstract

A large proportion of spinal cord injuries (SCI) are incomplete. Even in clinically complete injuries, silent non-functional
connections can be present. Therapeutic approaches that can strengthen transmission in weak neural connections to improve
motor performance are needed. Our aim was to determine whether long-term delivery of paired associative stimulation (PAS,
a combination of transcranial magnetic stimulation [TMS] with peripheral nerve stimulation [PNS]) can enhance motor
output in the hands of patients with chronic traumatic tetraplegia, and to compare this technique with long-term PNS. Five
patients (4 males; age 38�68, mean 48) with no contraindications to TMS received 4 weeks (16 sessions) of stimulation. PAS
was given to one hand and PNS combined with sham TMS to the other hand. Patients were blinded to the treatment. Hands
were selected randomly. The patients were evaluated by a physiotherapist blinded to the treatment. The follow-up period was
1 month. Patients were evaluated with Daniels and Worthingham�s Muscle Testing (0�5 scale) before the �rst stimulation
session, after the last stimulation session, and 1 month after the last stimulation session. One month after the last stimulation
session, the improvement in the PAS-treated hand was 1.02 � 0.17 points ( p < 0.0001, n = 100 muscles from 5 patients). The
improvement was signi�cantly higher in PAS-treated than in PNS-treated hands (176 � 29%, p = 0.046, n = 5 patients). Long-
term PAS might be an effective tool for improving motor performance in incomplete chronic SCI patients. Further studies on
PAS in larger patient cohorts, with longer stimulation duration and at earlier stages after the injury, are warranted.

Keywords: paired associative stimulation; peripheral electrical stimulation; plasticity; spinal cord injury; transcranial
magnetic stimulation

Introduction

Alarge proportion of spinal cord injuries (SCI) are incom-
plete.1 SCI patients may also have preserved non-functional

connections after clinically complete injuries.2 Strengthening re-
sidual pathways in incomplete SCI patients through a wide range of
non-invasive methods has gained considerable attention in human
SCI research.3,4 Long-term potentiation (LTP), depending on the
cooperativity and associativity of neuronal activation,5 has been
one of the central targets in counteracting the connectivity weak-
ness after neuronal trauma and disease. Indeed, evidence from
animal studies indicates that stimulation protocols inducing spike-
time-dependent�like plasticity between upper and lower motor
neurons are promising tools for strengthening the residual con-
nectivity and promoting motor recovery.6�8

Paired associative stimulation (PAS),9 a combination of tran-
scranial magnetic stimulation (TMS) with peripheral nerve stimu-
lation (PNS), is known to induce LTP-like plasticity in human
motor10 and sensory11 tracts through synchronized activation of
upper motor neurons and peripheral neurons in healthy individu-
als.12 PAS-induced plasticity is physiologically relevant, as it
correlates with an increase in muscle voluntary force.13 Single-
session PAS targeting the level of corticomotoneuronal synapses of
the spinal cord induces transient plastic changes in healthy subjects
and in incomplete SCI patients.14

The TMS-PNS combination is clinically advantageous as it is
non-invasive and the required equipment is available in hospitals
and research laboratories worldwide. Both stimulation modalities
are safe and are in clinical use.15�17 PNS is used for improving
muscle strength, increasing range of motion, reducing edema, and
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decreasing atrophy and pain.18 Various peripheral electrical stim-
ulation techniques, such as transcutaneous electrical nerve stimu-
lation (TENS), neuromuscular electrical stimulation (NMES), and
functional electrical stimulation (FES) are widely used and are
under intense investigation.18 Nevertheless, for SCI patients, only
TENS has been identi�ed as an effective treatment for reducing
pain, with moderate strength of evidence.19 Little information is
available on the therapeutic potential of PNS combined with TMS
when applied over a long period of time. Thus far, only two reports
describe the effects of long-term PAS in neurological patients.20,21

A combination of different types of stimulation is increasingly
used in animal and human research. It is essential to determine any
possible clinically relevant advantages of paired versus unpaired
stimulation.22 To our knowledge, no reports have compared long-
term PAS with peripheral stimulation only.

The therapeutic potential of long-term PAS for SCI patients is
unexplored. We have recently applied a PAS protocol with novel
settings23 in a long-term way to two incomplete SCI patients,20

providing the �rst demonstration of the therapeutic potential of
long-term PAS for this patient group.

Here we con�rm these pilot results in a systematic study, and for
the �rst time compare long-term PAS with long-term PNS.

Methods

Patients

The protocol (Fig. 1) was approved by the Ethics Committee of
Medicine of the Helsinki University Hospital. All patients provided
informed written consent. Five patients (4 males; age 38�68, mean
48; Table 1) with incomplete chronic traumatic tetraplegia partic-
ipated in the study. All patients fully adhered to the protocol. The
individual conventional rehabilitation (Table 1) of all patients was
continued in parallel with the study. The patients were asked to
keep all exercises affecting the hands as symmetric as possible
during the stimulation and follow-up periods. As part of conven-
tional rehabilitation, Patient 5 received local peripheral stimulation
to the wrists; this stimulation was on hold from 1 month before the
study to the end of the follow-up period. The other patients did not

receive any stimulation therapies. The medications affecting the
central nervous system (CNS) are listed in Table 1. To ensure that
any lack of vitamins or minerals would not be a constraint for a
possible therapeutic effect, all patients were instructed to take a
standard multivitamin dose during the stimulation and follow-up
periods.

Experimental setup

Each patient received 16 sessions of stimulation during 4 weeks:
5 times per week during the �rst 2 weeks and 3 times per week
thereafter (Fig. 1), corresponding to the protocol that we used for
our pilot patients.20 We hypothesized that the effect of PAS might
be shorter at the beginning of the stimulation series than at its end,
when the connections between upper and lower motor neurons have
gained strength. Patient 5 went through an additional 3 sessions (5
weeks of stimulation); the longer period was considered useful
because of the low baseline motor score and advanced age. We
delivered PAS to one hand and sham TMS combined with real PNS
to the other hand. The stimulated hand was selected randomly
(Table 2). The stimulation order (PAS or PNS hand �rst) was
changed at every session.

Evaluation of the patients

The patients, the physiotherapist evaluating motor and spasticity
scores, and the clinical neurophysiologist evaluating F-responses
were blinded to the treatment. Sensory scores were evaluated by an
unblinded physician.

Motor scores

An experienced physiotherapist performed manual motor test-
ing24 (Supplementary Table 1; see online supplementary material
at http://www.liebertpub.com) of each muscle with other muscles
manually immobilized. The �rst evaluation was done before, the
second immediately after, and the third 1 month after the 4-week
intervention (Fig. 1). We calculated the differences between the
�rst and second evaluation (change during 4-week stimulation), the
second and third evaluation (change during the follow-up period),

FIG. 1. Time line of the experiment and the summary of the stimulation protocol. MEP, motor-evoked potential; PAS, paired
associative stimulation; PNS, peripheral nerve stimulation; SO, stimulator output; TMS, transcranial magnetic stimulation.

PAS AS A NOVEL TOOL FOR SCI REHABILITATION 2669
D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f H
el

si
nk

i f
ro

m
 o

nl
in

e.
lie

be
rt

pu
b.

co
m

 a
t 0

9/
28

/1
7.

 F
or

 p
er

so
na

l u
se

 o
nl

y.



and the �rst and third evaluation (total change) for each muscle.
The differences were averaged for the PAS and PNS hand of each
patient, and the PAS-to-PNS ratio was counted from the averages
(Supplementary Table 1).

The physiotherapist did not have access to the results of the










