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1  | INTRODUC TION

Bipolar disorder (BD) is a chronic psychiatric disorder with high 
rates of relapses and recurrences and is among the leading causes 
of disability worldwide.1 A sound understanding of its biological 
substrates will not only help device better treatments but also fa‐
cilitate identifying a neuroscience‐informed and psychopathology‐
dependent set of biomarkers. The current understanding of brain 

network disturbances in BD is centered on the theory of diminished 
prefrontal regulation of anterior limbic emotion processing struc‐
tures.2,3 In bipolar mania, this is supported by the observations of a 
diminished functional connectivity between the prefrontal cortex/
anterior cingulate and the amygdala,3,4 along with an increased func‐
tional connectivity of the amygdala with the inferior frontal gyrus5 
and the supplementary motor area.4 Interestingly, both the inferior 
frontal gyrus6 and the supplementary motor area7 have “mirroring” 
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Objectives: The role of the “mirror neuron system” (MNS) in the pathophysiology of 
mood disorders is not well studied. Given its posited role in the often‐impaired socio‐
emotional processes like intention detection, empathy, and imitation, we compared 
putative MNS‐activity in patients with bipolar mania and healthy comparison sub‐
jects. We also examined the association between putative MNS‐activity and hyper‐
imitative behaviors in patients.
Methods: We studied 39 medication‐free individuals diagnosed with mania and 45 
healthy comparison subjects. TMS‐evoked motor cortical reactivity was measured 
via single‐ and paired‐pulse stimuli (assessing SICI—short and LICI—long interval in‐
tracortical inhibition) while subjects viewed a static image and goal‐directed actions. 
Manic symptom severity and imitative behaviors were quantified using the Young’s 
Mania Rating Scale and a modification of the Echolalia Questionnaire.
Results: Two‐way repeated measures analysis of variance demonstrated a significant 
group ×time interaction effect indicating greater facilitation of cortical reactivity 
during action‐observation (putative MNS‐activity) in the patient group as compared 
to the healthy group. While LICI‐mediated MNS‐activity had a significant association 
with manic symptom severity (r = 0.35, P = 0.038), SICI‐mediated MNS‐activity was 
significantly associated with incidental echolalia scores in a subgroup of 17 patients 
with incidental echolalia (r = 0.75, P < 0.001).
Conclusions: Our findings demonstrate that putative MNS‐activity is heightened in 
mania, possibly because of disinhibition, and associated with behavioral conse‐
quences (incidental echolalia).
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properties—the functional attribute of discharging during both ac‐
tion execution and observation. This unique functional property 
may contribute to human imitation skills based on the direct match‐
ing hypothesis,8,9 which suggests that matching an observed ac‐
tion to its internal motor representation facilitates not just action 
understanding10,11 but also imitation. However, there is a top‐down 
regulation of this mirror neuron system (MNS) exerted by the ante‐
rior frontomedian and temporoparietal cortices that are critical in 
controlling automatic mimicry.12 In fact, it has been proposed that a 
loss of this prefrontal inhibitory control over the MNS may result in 
abnormal hyper‐imitative13 or hyper‐empathetic14 behaviors. While 
there is limited empirical data15,16 to support the presence of these 
behaviors in mania, given the shared biological mechanisms (frontal 
disinhibition), it is possible that these behaviors are relevant to the 
expression of manic symptoms like increased goal‐directed activi‐
ties, social disinhibition, and overfamiliarity.

Interestingly, the MNS17,18 is thought to play an important 
functional role at a neuronal circuit level under the subconstruct 
of action perception of the “social processes” domain within the 
Research Domain Criteria (RDoC) framework.19,20 The behavioral 
manifestations of this subconstruct include imitation and empathy. 
Transcranial Magnetic Stimulation (TMS) is a neurophysiological 
probe that can be used to study motor cortical reactivity facilita‐
tion or motor resonance during action‐observation, relative to rest 
states. The degree of this facilitation during action‐observation, elic‐
ited from the motor cortex, is likely to be influenced by the premotor 
cortex mirror neuron responses.21,22 Therefore, TMS‐derived motor 
cortical reactivity facilitation provides a putative, indirect index of 
premotor MNS‐activity.21,23,24 While this method of quantifying 
MNS‐activity using the degree of motor cortical reactivity facilita‐
tion is listed in the RDoC matrix,20 perhaps owing to its satisfactory 
millisecond‐level temporal resolution,25 there are important limita‐
tions including the inter‐ and intraindividual variability with TMS‐
evoked motor potentials,26,27 the indirect estimate of MNS‐activity, 
and the limited spatial resolution.

Other methods of estimating MNS‐activity include electroen‐
cephalography (EEG) derived mu‐wave suppression and functional 
magnetic resonance imaging (fMRI). One study employing EEG 
during an action‐observation paradigm demonstrated reduced 
MNS‐activity in euthymic BD patients compared to healthy sub‐
jects.28 Another study using fMRI demonstrated lower activations 
in the right anterior cingulate, insula, and inferior frontal gyrus—re‐
gions that partly overlap with the MNS, when processing emotional 
compared to neutral control conditions, in euthymic BD compared 
to healthy subjects.29 However, MNS‐activity has not been studied 
in patients with BD during the manic state. This will inform specific 
state‐related changes in putative MNS‐activity secondary to the 
frontal disinhibition3 commonly observed in mania.

In this study, we primarily aimed to compare TMS‐measured 
motor cortical reactivity facilitation during goal‐directed action‐ob‐
servation, relative to rest states (a putative measure of MNS‐activ‐
ity), between medication‐free/medication‐naive patients with mania 
and healthy comparison subjects. As a secondary aim, we explored 

how putative MNS‐activity related to manic symptom severity and 
hyper‐imitative echo‐phenomena in the patient group. We hypoth‐
esized that (a) putative MNS‐activity will be high in the manic group 
compared to healthy subjects and (b) higher putative MNS‐activity 
within the manic group will be positively associated with severity 
of manic symptoms and hyper‐imitative echo‐phenomena. We em‐
ployed two single (of different intensities)‐ and two paired‐pulse 
TMS paradigms assessing short (SICI) and long (LICI) interval intra‐
cortical inhibition, primarily to demonstrate consistency of motor 
cortical reactivity facilitation during action‐observation across 
diverse physiological mechanisms of cortical excitability—these in‐
clude cell membrane excitability30 (single‐pulse) and GABA‐inter‐
neuron effects on pyramidal neuronal output (SICI/LICI).31,32 Since 
our primary hypothesis was that the motor cortical reactivity facil‐
itation during action‐observation (relative to rest states) would be 
greater in patients with mania than in healthy subjects, we expected 
all the four stimulus paradigms to demonstrate this response. That 
is to say, we anticipated both neuronal membrane‐driven and inter‐
neuron modulation‐driven33,34 changes in cortical reactivity during 
action‐observation to be higher in patients, indicating a state of dis‐
inhibition in mania that overrides different physiological systems of 
cortical excitability.

2  | MATERIAL S AND METHODS

2.1 | Study participants

Forty right‐handed,35 medication‐naïve (n = 13; never treated with 
psychotropics) or medication‐free (n = 27; not on any psychotropic 
medications	 for	 ≥2	 months	 prior	 to	 assessments)	 patients	 diag‐
nosed by a qualified psychiatrist as mania or hypomania according 
to the Diagnostic and Statistical Manual‐IV36 and confirmed using 
the Mini‐International Neuropsychiatric Interview37 were recruited 
for the study from the clinical services of a tertiary care neuropsy‐
chiatric hospital in South India. We did not have any symptom se‐
verity cut‐offs for inclusion of patients. Patients were excluded if 
they had substance dependence in the last 6 months (other than 
nicotine), psychoactive substance use in the last 1 week, a clinically 
diagnosable or self‐reported visual or auditory impairment, or need 
for acute intervention (eg, rescue medications) for severe problem 
behaviors. The presence of comorbid neurological disorder that 
predisposed participants for seizures or cognitive impairment, preg‐
nancy, and subjects with metallic implants, cardiac pacemakers, or 
fulfilling any of the risk factors for TMS procedures as assessed using 
the TMS Adult Safety Screen38 were also excluded from the study. 
All the study participants provided a written informed consent for 
the study. Patient data were compared to the healthy comparison 
group recruited from the community for a previous study conducted 
at the same center with similar methodology.24 Efforts were made 
to recruit patients who would match the age, gender, and educa‐
tion profile of the healthy comparison group that was recruited for 
the earlier study. Of the patients who were screened, ~50% were 
ineligible as they were not able to consent and cooperate in the 



     |  261BASAVARAJU et Al.

study. This experiment and the previous experiment (healthy sub‐
jects and schizophrenia)24 were approved by the institutional ethics 
committee.

2.2 | Assessments

Clinical symptoms were assessed using the Young’s Mania Rating 
Scale (YMRS),39 an 11‐item clinician‐rated instrument. Echo‐phenom‐
ena (echolalia and echopraxia) were assessed using a modification 
of the Echolalia Questionnaire40 and the echopraxia item from the 
Bush Francis Catatonia Rating Scale.41 The echolalia questionnaire 
(Tables S1 & S2 in supporting information) involves observations for 
echolalia while the subject is asked a set of 15 questions (automatic 
or induced echolalia) or when his/her caregiver, sitting nearby, is 
asked similar 15 questions (ambient or incidental echolalia). Their re‐
sponses to the 15 questions are rated on a scale from one to six, in 
an increasing order of severity of echolalia.40 All patients were rated 
for manic symptoms and echo‐phenomena on the day of the TMS 
experiment and consenting process by the same clinician. These 
were assessed either before or after the TMS experiment, based 
on logistics. Healthy comparison subjects were not rated for manic 
symptoms and echo‐phenomena.

2.3 | TMS experiment to determine Putative MNS‐
activity

2.3.1 | Setting

The MagPro R30 stimulator with MagOption (MagVenture, Farum, 
Denmark) was used for the current study as well as the earlier exper‐
iment involving the healthy group.24 Magnetic pulses were delivered 
with a noncooled figure‐of‐eight coil (MC‐B70); data acquisition and 
analyses were done using Signal‐4 Software (Cambridge Electronic 

Devices, Cambridge, UK). The subject was seated on a chair 50 cm 
away from the observation (13‐inch laptop) monitor in a silent room. 
The area corresponding to the right first dorsal interosseous (FDI) 
was located in the left motor cortex and motor‐evoked potentials 
(MEP) were recorded by disposable pre‐gelled electrodes connected 
to a 1‐channel electromyography amplifier mounted on the MagPro 
system (MEP‐monitor). The minimum stimulation intensity (meas‐
ured in percentage of maximum machine output) required to evoke 
a >50 μV (Resting Motor Threshold—RMT) and >1 mV (Stimulation 
intensity to elicit 1 mV MEP—SI1mV) MEP in the resting right FDI 
muscle in at least 6 of 10 consecutive trials42 was defined.

2.3.2 | Cortical reactivity (excitation and inhibition) 
measurements

Four stimulus paradigms were used in the experimental sessions 
among which two were single‐pulse and two were paired‐pulse 
paradigms:

a 120%RMT: This is a single‐pulse parameter. MEPs were recorded 
using a stimulus intensity of 120% RMT. This stimulus intensity 
has been most commonly implemented in studying putative MNS 
activity using TMS.43,44

b SI1mV: This is a single‐pulse parameter. MEPs were recorded using 
stimulus intensity to elicit MEPs of approximately 1 mV peak‐to‐
peak amplitude (SI1mV).

c Short Interval Intracortical Inhibition (SICI): This is a dual‐pulse 
TMS paradigm. SICI tests the inhibitory effects of a subthreshold 
first stimulus at intensity of 80% RMT or the conditioning stimulus 
(CS) on the amplitude of the test MEP elicited by a suprathresh‐
old second stimulus at SI1mV or the test stimulus (TS), delivered 
at short interstimulus intervals of 1‐5 ms through the same stim‐
ulating coil, reflecting inhibitory capacity at the cortical level 

F I G U R E  1   Illustration of the TMS 
experiment. Recording of TMS‐evoked 
motor cortical reactivity while the 
subject observes three experimental 
blocks. SI1mV = Stimulus intensity to 
evoke 1 millivolt motor‐evoked potential; 
RMT = Resting Motor Threshold; SICI 
and LICI are short and long interval 
intracortical inhibition [Colour figure can 
be viewed at wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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.33,45 SICI at intervals of 2.5‐4 ms reflects more purely Gamma 
Amino Butyric Acid‐A (GABA‐A) receptor‐mediated synaptic 
inhibition.46,47

d Long Interval Intracortical Inhibition (LICI): This is a dual‐pulse 
TMS paradigm. A suprathreshold conditioning stimulus (SI1mV) 
is given 100 ms before a suprathreshold test stimulus (SI1mV), 
thus inhibiting the MEP response to the test stimulus (condi‐
tioned MEP).48 It is mediated through the activation of GABA‐B 
receptors.31

SICI and LICI were expressed as a percentage of the ratio between 
the conditioned MEPs and the nonconditioned MEPs with a stimulus in‐
tensity of SI1mV; that is, (conditioned MEP/nonconditioned MEP) × 100.49

Ten MEP recordings, using SI1mV, 120%RMT, and SICI and LICI 
stimulus paradigms (total of 40 recordings), were elicited in pseudo‐
random sequence with 5‐second intervals while the subjects observed 
each of the following three experimental stimulus blocks (Figure 1):

a Actual block: Actual observation of an action being performed 
involving the FDI. This involved watching, locking, and unlock‐
ing of a lock performed by the experimenter with the right hand 
grasping the key in the lateral pinch grip (holding the key between 
the side of the index finger and the thumb). This action requires 
contraction of the FDI to abduct the index finger.50

b Virtual block: The subjects observed a video showing the above 
action.

c Rest block: The subjects observed a still image of a hand and a 
lock displayed on the monitor.

The sequence of displaying these experimental states to each 
subject was randomized, with an approximately 5‐minute inter‐
val between blocks to alter the display logistics. Each of the actual 
(experimenter performed) and virtual (video display on the laptop 
monitor) action blocks comprised of 5‐second duration goal‐di‐
rected actions involving the right FDI muscle (locking and unlocking 
of a lock with a key held in lateral pinch grip) that were looped or 
repeated 40 times for a total of 200 seconds. The first TMS‐pulse 
was administered to coincide with the first maximum contraction 
of the right FDI muscle in the above‐mentioned action. The preset 
timing of 5‐second pulse‐delivery set in the stimulator ensured time 
locking of the TMS‐pulses with the subsequent maximal muscle con‐
tractions in the looped (40 times) display of goal‐directed actions. 
The consistency of experimenter‐performed actions was ensured 
by having an experienced experimenter who had performed these 
actions for our earlier experiment and was trained to maintain the 
same pace and intensity of the action.

2.3.3 | Ensuring fidelity of the 
electromyography recordings

In order to guarantee optimal attention allocation during the TMS ex‐
periments, subjects were instructed to pay attention to all the stimuli 
throughout the experiment, also a second experimenter monitored the 

subjects’ behavior. All participants were explicitly asked to remain as 
relaxed as possible during the TMS experiment. Movements during the 
recordings were monitored by visual observation; no auditory feedback 
was used. This was crucial to ensure fidelity of the electromyography 
recordings. Subjects who moved their hands or any other body parts 
did not continue the experiment and their data were excluded.

2.4 | Main outcome

The principle used to measure putative MNS‐activity is that relative to 
static image viewing, there is a change in motor cortical reactivity (in‐
creased cortical excitability or decreased cortical inhibition) while ob‐
serving goal‐directed actions of the particular muscle from which the 
electromyography is being recorded. This property of motor cortical reac‐
tivity (MCR) facilitation during action‐observation (average across virtual 
and actual action‐observation blocks) relative to rest block was the primary 
outcome measure compared between the two groups (see below under 
statistical analyses). A percentage of this facilitatory process was calculated 
for use in correlation analyses with symptom measures43 as follows:

2.5 | Statistical analyses

To examine cortical reactivity facilitation (putative MNS‐activity), we 
compared the MEP amplitudes (with the four stimulus paradigms de‐
scribed above) during rest and action‐observation state using one‐way 
repeated measures analysis of variance (RMANOVA), separately for the 
two groups. To compare putative MNS‐activity between the two groups, 
we used two‐way RMANOVA for each of the four stimulus paradigms. 
Secondary analyses were performed to examine differences in MNS‐
activity elicited using virtual‐ and actual‐observation blocks separately. 
Finally, to examine the association of MNS‐activity with YMRS symptom 
scores and echo‐phenomena, we conducted a partial correlation analysis, 
covarying for baseline differences in cortical reactivity. All statistical tests 
were two‐tailed and significance was set at an error probability of 0.05.

3  | RESULTS

3.1 | Socio‐demographic and clinical details

One patient was excluded from the analyses as there were arti‐
facts in the electromyography recordings. The two groups showed 
no significant difference in age, gender, and marital status, but the 
healthy comparison group had higher years of education and lower 
rates of nicotine abuse (Table 1). Two patients of the 39 had hypo‐
mania; the rest had mania. Years of education did not have a signifi‐
cant	association	(Pearson’s	coefficients	ranged	from	−0.06	to	−0.1;	
all P values >0.3) with any of the measures of putative MNS‐activity 
(percentage of motor cortical reactivity facilitation with action‐ob‐
servation). Therefore, “years of education” was not included as a 

PutativeMNS − activity

=

{

(MCRat action-observation−MCRat rest)

(MCRat rest)

}

× 100
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covariate in further analyses to detect group differences in putative 
MNS‐activity.51

3.2 | Comparison of baseline TMS parameters 
between groups

The resting motor threshold (% of maximum machine strength) 
was not significantly different between the two groups. However, 
while observing the rest block (static image), patients demon‐
strated significantly lower MEPs with both the single‐pulse stimuli, 
lower SICI and higher LICI, than healthy subjects (Table 2). Cortical 
reactivity at baseline for each of the four TMS parameters of in‐
terest had a significant correlation (Pearson’s coefficients ranged 
from	−0.25	to	−0.65;	all	P values <0.05) with putative MNS‐activ‐
ity, and hence, these baseline parameters were used as covariates 
in the two‐way RMANOVA to explore group differences.

3.3 | Examining motor cortical reactivity facilitation 
during action‐observation (putative MNS‐activity) 
in the two groups

There was a significant facilitation of motor cortical reactivity dur‐
ing action‐observation relative to rest states (putative MNS‐activity) 

as determined by all the four stimulus paradigms in the patient 
group [one‐way RMANOVA (df = 1.38): SI1mV (F = 25.1, P < 0.001); 
120%RMT (F = 45.96, P < 0.001); SICI (F = 22.56, P < 0.001); and LICI 
(F = 10.27, P < 0.001)] even after applying a Bonferroni correction 
(P < 0.025). Similar facilitation was observed in the healthy compari‐
son group (df = 1.44), [SI1mV (F = 6.54, P = 0.01); 120%RMT (F = 5.72, 
P = 0.02); SICI (F = 4.16, P = 0.04), and LICI (F = 0.02, P = 0.8)], al‐
beit not significant for the SICI and LICI paradigms after applying a 
Bonferroni correction (P < 0.025).

3.4 | Comparing motor cortical reactivity facilitation 
during action‐observation (putative MNS‐activity) 
between the two groups

Putative MNS‐activity was compared between the two groups 
using two‐way RMANOVA with group status (patients or healthy 
subjects) as the between‐subjects factor, cortical reactivity at 
rest and action‐observation states as the within‐subjects fac‐
tor. This revealed a significant group ×time interaction effect for 
putative MNS‐activity modulated by 120%RMT and LICI stimuli 
(Table 3) indicating greater putative MNS‐activity in the patient 
group. Since there were baseline (rest block) cortical reactivity 
differences across all parameters (see Table 2), we controlled for 

Variables Patients (n = 39) Healthy (n = 45) t/x2 P

Age in years 32.82 (11.01) 30.69 (9.58) 0.949 0.345
#Gender

Male 22 (56) 23 (51) 0.236 0.627

Female 17 (44) 22 (49)
#Marital status

Married 25 (64.1) 24 (53) 4.067 0.254

Unmarried 12 (30.8) 21 (47)

Divorced 1(2.6) 0

Widowed 1(2.6) 0

Education in years 7.68 (4.82) 13.13 (3.5) −5.795 <0.001
#Nicotine abuse/

dependance
10 (25.6) 2 (4.4) 7.66 0.006

YMRS total score 22.36 (7.1) — — —

Duration of current 
episode (days)

46.13 (48.68) — — —

No. of past episodes

Any 2.76 (4.12) — — —

Mania 2.32 (3.64) — — —

Depression 0.45 (1.61) — — —
#Drug‐naïve 

patients
13 (30) — — —

#Drug‐free patients 27 (70) — — —

Note. All values in mean (SD), except #n(%),YMRS = Young’s Mania Rating Scale, drug‐naïve = first 
episode patients who were never treated with medications, drug‐free = patients who had a relapse, 
and were off medications for 2 months or longer. Bold values indicate statistically significant 
results.

TA B L E  1   Socio‐demographic and 
clinical characteristics
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these differences by including them as covariates in the two‐way 
RMANOVA. A significant group ×time interaction effect was ob‐
served indicating higher putative MNS‐activity mediation in pa‐
tients than in healthy subjects by SICI (P = 0.024, partial η2 = 0.061) 
and LICI (P = 0.033, partial η2 = 0.055) paradigms after controlling 
for these baseline differences. Putative MNS‐activity calculated 
using the SI1mV and 120%RMT paradigms was not significantly dif‐
ferent between the two groups after controlling for the baseline 
differences (Table 3 and Figure 2). Secondary analyses revealed 
greater putative MNS‐activity for both virtual and actual action‐
observation experimental blocks in the patient group compared 
to healthy subjects, some of which reached trend‐level statistical 
significance only (table S3 in supporting information).

3.5 | Putative MNS‐activity and clinical correlates

Partial correlations were performed to examine how putative 
MNS‐activity related to symptoms, after covarying for the effects 

of baseline cortical reactivity measurements (rest block). Complete 
ratings of echo‐phenomena were possible in 23 of the 39 patients. 
In the rest, ratings were not possible because of various pragmatic 
difficulties including language barriers. While none of the patients 
demonstrated echopraxia, two patients demonstrated induced 
echolalia. Incidental echolalia was present in 17 of the 23 patients 
assessed (~74%). Scores ranged from 20 to 75, with a mean ± SD of 
39.65 ± 17.07.

While LICI‐mediated putative MNS‐activity correlated sig‐
nificantly with the total YMRS score, SICI‐mediated putative 
MNS‐activity had a significant association with incidental echo‐
lalia scores; the latter association persisted even after applying 
Bonferroni correction (Table 4; scatter plots in Figure S1, support‐
ing information).

Since there was a significantly greater proportion of subjects 
with nicotine abuse or dependence in the patient group than in the 
healthy group, we examined if patients with or without nicotine 
abuse had different putative MNS‐activity. None of the single/

Variables Patients (n = 39) Healthy (n = 45) T P

SI1mV 53.59 (11.97) 48.4 (11.43) 2.03 0.046

RMT 39.36 (8.33) 36.69 (7.23) 1.573 0.12

SICI 84.32 (44.96) 64.12 (27.40) 2.429 0.018

LICI 24.99 (20.52) 42.18 (45.38) −2.285 0.026

MEP (SI1mV) 0.7 (0.29) 0.89 (0.24) −3.207 0.002

MEP (120%RMT) 0.52 (0.34) 0.77 (0.32) −3.475 0.001

Note. All values are expressed as mean (SD), SI1mV = stimulation intensity in % machine output to 
elicit 1 millivolt motor‐evoked potentials; RMT =Resting Motor Threshold in % machine output to 
elicit motor‐evoked potentials of 50 microvolts, SICI and LICI are short and long interval intracortical 
inhibition and they were expressed as a percentage of the ratio between the conditioned MEPs and 
the nonconditioned MEPs with stimulus intensity of SI1mV; that is, (conditioned MEP/noncondi‐
tioned MEP) × 100; MEP with test pulse (SI1mV) and MEP with 120%RMT =motor‐evoked potentials 
(millivolts) produced by the respective stimulation intensities while viewing the static‐block. Bold 
values indicate statistically significant results.

TA B L E  2   Baseline cortical reactivity of 
patients and healthy comparison subjects

TA B L E  3   Motor cortical reactivity changes with action‐observation in patients and healthy comparison subjects

TMS parameter Group

Experimental paradigm F statisticsa

Static Action‐observation F1 P F2 P F3 P

MEP (SI1mV) Patients 0.70 (0.29) 0.86 (0.27) 56.11 <0.001 3.14 0.08 0.002 0.96

Healthy 0.89 (0.25) 0.97 (0.20)

MEP (120%RMT) Patients 0.52 (0.34) 0.77 (0.26) 87.65 <0.001 10.9 0.001 2.132 0.14

Healthy 0.77 (0.32) 0.85 (0.28)

SICI (%) Patients 84.32 (44.96) 110.9 (51.31) 15.25 <0.001 3.25 0.075 5.292 0.02

Healthy 64.12 (27.90) 76.01 (41.62)

LICI (%) Patients 24.99 (20.52) 36.04 (30.95) 4.237 0.043 5.38 0.023 4.683 0.03

Healthy 42.19 (45.39) 42.64 (47.98)

Note. All values in cells are expressed as mean (SD); MEP with test pulse (SI1mV), and MEP with 120%RMT = motor‐evoked potentials (in millivolts) 
produced by the respective stimulation intensities; SICI and LICI are short and long interval intracortical inhibition and they were expressed as a per‐
centage of the ratio between the conditioned MEPs and the nonconditioned MEPs with stimulus intensity of SI1mV; that is, (Conditioned MEP/
Nonconditioned MEP) × 100. Bold values indicate statistically significant results.
aTwo‐way repeated measures ANOVA: F1 = Time effect, F2 = group ×time interaction effect without covarying for baseline differences with degrees of 
freedom = (1,82), F3 = group ×time interaction effect after covarying the effect of baseline cortical reactivity differences with degrees of freedom = (1,81) 
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paired‐pulse‐mediated putative MNS‐activity measures differed 
between the two patient groups (all T values <0.8; all P values 
>0.43).

4  | DISCUSSION

The primary finding from this experiment was that patients with 
mania had significantly greater putative MNS‐activity when com‐
pared to healthy subjects when measured using paired‐pulse TMS 
paradigms. In addition, in patients with mania, greater putative 

MNS‐activity was related to more prominent incidental echolalic 
behavior.

The first inference was made based on the observation of 
consistent and significantly greater cortical reactivity facilitation 
during action‐observation relative to static image viewing in the 
patient group. We considered the possibility that this conclusion 
could be an artifact of a possible overarching hyperexcitable state 
of mania. However, this is unlikely because generalized hyperexcit‐
ability would drive the cortical reactivity during static image view‐
ing as well as during action‐observation. Putative MNS‐activity is 
primarily measured as the change in cortical reactivity between 

F I G U R E  2   Cortical reactivity with 
action‐observation in patients with mania 
(n = 39) and healthy subjects (n = 45). 
Boxplots of single (A)‐ and paired (B)‐pulse 
cortical reactivity measures (S1 = SI1mV 
or single pulse with stimulus intensity to 
evoke 1 millivolt motor‐evoked potentials, 
S2 = single pulse with 120% resting 
motor threshold, P1 = paired pulse using 
short interval intracortical inhibition and 
P2 = long interval intracortical inhibition) 
during static image and goal‐directed 
action‐observation stimuli; *P < 0.05. 
Group ×time interaction effects after 
covarying for baseline differences were 
significant only for paired pulse TMS 
measures and not single pulse measures. 
In the boxplots, the central lines and 
crosses represent medians and means, 
respectively; box limits are at 25th and 
75th percentiles; whiskers extend 1.5 
times the interquartile range from the 
25th and 75th percentiles; outliers are 
represented by black open circles; data 
points are plotted as gray open circles; 
pink boxes represent static image 
observation; and green boxes represent 
action‐observation (average of virtual 
and actual blocks) [Colour figure can be 
viewed at wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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these two states. This effectively controls for and nullifies the ef‐
fect of a possible overall hyperexcitable cortical state. Moreover, 
even after controlling for the baseline cortical reactivity group 
differences,52 patients demonstrated greater motor cortical facil‐
itation during action‐observation, during the SICI and LICI para‐
digms. That is to say, despite demonstrating the opposite patterns 
of baseline abnormalities (low SICI and high LICI), putative MNS‐
activity in the patient group was higher than that in the healthy 
subjects. This is a novel finding, which needs to be replicated in 
future studies. While we expected group differences in putative 
MNS‐activity derived from all four TMS‐measures, we found sig‐
nificantly elevated putative MNS‐activity in patients when mea‐
sured using the two paired‐pulse paradigms only. Whether this 
differential between‐group putative MNS‐response, based on its 
method of elicitation (single vs paired pulse), is merely reflective 
of a ceiling effect with single‐pulse paradigms or is an indication of 
a disease‐specific frontal disinhibition resulting in GABA‐interneu‐
ron dysregulation of MNS‐activity (as inferred from paired‐pulse 
results) can be examined in future studies.

Two other experiments have reported either reduced29 or nor‐
mal28 activity within the MNS in patients with BD when given emo‐
tion attribution and action‐observation tasks, respectively. Critically, 
these prior studies were done in patients with BD studied in euthy‐
mic states. Our finding of heightened mirroring response in mania, 
when put in perspective of these studies in euthymic states,28,29 
suggests a possible state‐dependent effect of an exaggerated mir‐
roring response during manic phases of BD. Hence, it is imperative 
to examine how such neurophysiological measurements of putative 
MNS‐activity relate to various clinical states of bipolar disorder. The 
relevance of our results is further increased by the fact that our pa‐
tients were medication naïve or off medications. Therefore, our find‐
ings cannot be accounted for by potential medication interactions.

In contrast, our earlier experiment using a similar experimental 
method in untreated schizophrenia patients demonstrated a defi‐
cient MNS response when compared to healthy subjects.24 If these 
findings are replicated, TMS‐measured putative MNS‐activity could 
potentially be used as a neuromarker to differentiate clinical states 

of mania from schizophrenia. Whether this excessive putative MNS‐
activity is related to the earlier described heightened affective em‐
pathy in bipolar disorder patients15,16 remains to be examined. More 
importantly, the findings of an exaggerated MNS response in mania 
add incrementally to the MNS dysfunction model of psychosis19 
which suggests an inherent MNS deficit underlying the persistent 
negative and cognitive symptoms and a pathological excessive MNS‐
activity supporting the phasic affective and catatonic symptoms.

Consistent with this hypothesis, we demonstrate enhanced pu‐
tative MNS‐activity in mania compared to healthy subjects. Next, 
we also demonstrate a positive association between putative MNS‐
activity mediated by the LICI and SICI stimulus paradigms and global 
severity of mania and incidental echolalia, respectively; albeit only 
the latter relationship survived Bonferroni correction. It must be 
noted that examining clinical correlates of putative MNS‐activity 
was a secondary aim of our study and these associations are to be 
deemed tentative requiring replication in larger studies. In our ear‐
lier analysis of a smaller (n = 20) subsample,53 we found significant 
associations between putative MNS‐activity measured using all the 
four stimulus paradigms and symptom severity. We could demon‐
strate this trend (though not conclusively) only for the LICI paradigm 
in this larger sample (n = 39). There is a possibility of chance findings 
from our earlier analysis,53 owing to a small sample size, reduced 
power, and hence a potential for poor replicability.54 Nevertheless, 
given the heterogeneous nature of mania,55 it may be worthwhile 
to examine the relationship between LICI‐mediated putative MNS‐
activity with diverse latent structures of manic symptoms in larger 
samples.56,57

We also observed that putative MNS‐activity modulated by SICI, 
and not baseline SICI was related to incidental echolalia scores in 
a subset (n = 17) of the patient group. The high (~74%) prevalence 
of ambient or incidental echolalia, relative to automatic or induced 
echolalia (~0.08%), is also noteworthy. These two types of echola‐
lia perhaps share distinct mechanisms—while a disconnection of the 
perisylvian language area from the temporoparietal cortex58 is asso‐
ciated with induced echolalia, incidental echolalia is associated with 
lesions in the medial frontal and anterior cingulate cortices leading 

MNS‐activity YMRS score (n = 39)
Incidental echolalia 
score (n = 17)

MNS‐activity_SI1mV −0.15	(−0.444,	0.173) 0.18	(−0.329,	0.608)

MNS‐activity_120%RMT −0.174	(−0.464,	0.149) 0.04	(−0.449,	0.51)

MNS‐activity_SICI 0.165	(−0.158,	0.456) 0.751** (0.423, 0.904)

MNS‐activity_LICI 0.35* (0.038, 0.599) ‐0.013	(−0.491,	0.471)

Note. YMRS, Youngs Mania Rating Scale; MNS, Mirror Neuron System, measured as a percentage of 
cortical reactivity facilitation from resting to action‐observation state; SI1mV = Stimulation intensity 
to elicit 1 mV motor‐evoked potentials, 120%RMT =120% Resting Motor Threshold, SICI, Short 
Interval Intracortical Inhibition and LICI, Long Interval Intracortical Inhibition, respectively.
*P < 0.05. 
**P < 0.001 (survives Bonferroni correction of P < 0.006); all values in cells are Pearson’s correlation 
coefficients (95% confidence intervals), covaried for the respective baseline cortical reactivity 
measurements. 

TA B L E  4   Relationship of putative 
MNS‐activity with symptom severity of 
mania and incidental echolalia scores in 
the patient group
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to altered control of shared representations (self‐other distinctions) 
and evaluation of outcomes.59 In addition, treatment of echolalia 
with lorazepam was associated with a reduction in putative MNS‐
activity as described in a single case report.60 Lorazepam primarily 
acts as a GABAA receptor facilitator. SICI is thought to be mediated 
by ionotropic GABAA receptor neurotransmission32,61 and was sig‐
nificantly reduced in the patient group. Hence, we surmise that a de‐
ficient inhibitory regulation of motor and premotor MNS subsequent 
to attenuated GABAA‐mediated SICI could potentially result in an ex‐
aggerated MNS response and the hyper‐imitative echo‐phenomena 
thereof. In the context of the manic syndrome, incidental echolalia 
may be conceptualized as an environmental dependency phenome‐
non62 that manifests as a tendency to ‘imitate’ verbal stimuli in the 
absence of ongoing control/filtering processes, potentially leading 
to the more common communicative symptoms of pressured speech 
and overfamiliarity in an environmentally dependent manner.63 Such 
heightened imitative/utilization behaviors have also been described 
across a range of psychiatric disorders including melancholic depres‐
sion,64 mania,65 schizophrenia,13 Tourette Syndrome,66 attention 
deficit disorder,67 and autism.40,68 Together, these findings suggest 
a need to examine such hyper‐imitative behaviors and their rela‐
tionship to deficient frontal reactive control processes that inhibit 
MNS‐driven imitation after an action is observed69 within the RDoC 
initiative using a transdiagnostic approach.70,71

Important caveats need to be considered while interpreting our 
results. First, we employed an indirect measurement of motor cor‐
tical reactivity facilitation to infer MNS‐activity. Despite providing 
excellent temporal resolution, TMS does neither provide a direct 
measurement of MNS‐activity nor does it give information from 
extra‐motor areas, many of which are intrinsic to the pathogenesis 
of mania. Also, since we used four different stimulus paradigms to 
elicit putative MNS‐activity and found group differences in only 
two of the four paradigms, the influence of a potential type‐I error 
cannot be ruled out. Second, the healthy group data have been 
taken from an experiment conducted 2 years prior, though from 
the same center using the same stimulator and by the same exper‐
imenters. However, the between‐groups baseline cortical reactiv‐
ity differences have been accounted for statistically, by including 
them as covariates for detecting MNS‐activity group differences. 
Third, the mean YMRS score in the patient group was 22.36 ± 7.1 
indicating mild to moderate symptomatology. This precludes gen‐
eralizability of our findings to patients with severe mania. Fourth, 
there was no objective method to ensure attentiveness to the vi‐
sual stimuli depicted on the monitor. Given the heightened MNS‐
response in the patient group, poor attentiveness is unlikely to 
have contributed to this observation. Fifth, an additional visual 
stimulus of nongoal‐directed movement would have improved our 
inferences by controlling for cortical excitability in response to any 
movement. Sixth, nicotine use is known to alter cortical reactiv‐
ity.72 Even though we have found no difference in putative MNS‐
activity between patients with and without nicotine abuse, we did 
not examine the impact of the recency and quantity of nicotine 
use. Lastly, we report only an association between high putative 

MNS‐activity and incidental echolalia. This does not suggest a 
causal role for the MNS in hyper‐imitative states, as this relation‐
ship could reflect an associative learning process73 that has been 
unmasked during mania.

A sufficiently large clinical sample, that is not under the influence of 
psychotropic medications, which can alter TMS cortical reactivity out‐
puts,74 enhances the validity of our observations. Complementing TMS 
with functional neuroimaging and electroencephalography will further 
improve the validity of these findings and enable better temporospa‐
tial characterization of responsiveness of the MNS in disease states. 
The reliability of these findings of diametrically opposite putative 
MNS‐activity across patients with mania and schizophrenia and their 
extended clinical correlates (eg, relationship to cognition and behav‐
ior) may be examined via replication studies. Furthermore, longitudinal 
studies across the different phases of bipolar disorder (euthymia and 
depression) and schizophrenia (symptomatic, remission, refractory) will 
inform how putative MNS‐activity varies as a function of symptoms.

In summary, we provide evidence of greater facilitation of motor 
cortical output during action‐observation relative to static image 
viewing, in drug‐free/drug‐naïve patients with mania using a TMS 
experiment. This indicates, albeit in an indirect manner, an aberrant 
exaggerated responsiveness of the premotor MNS in individuals 
with mania. These findings were pronounced, even after controlling 
for baseline cortical reactivity groups differences. Higher putative 
MNS‐activity in the patient group was significantly associated with 
a greater tendency to verbally imitate parts of a social conversation 
between two individuals (incidental echolalia). The contribution of a 
disinhibited MNS to the pathophysiology of manic states is empha‐
sized by demonstrating the first‐time link between putative neuro‐
physiological (heightened MNS‐activity) and behavioral (incidental 
echolalia) markers of a disinhibited cortical regulatory state in mania.
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