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syndrome (CBS), an atypical parkinsonian syndrome characterized by rigidity, akinesia,

dystonia, cortical sensory deficit, and apraxia.

The structureefunction relationship of alien/anarchic limb was investigated in multi-

centric structural magnetic resonance imaging (MRI) data. Whole-group and single-

subject comparisons were made in 25 CBS and eight CBS-alien/anarchic limb patients

versus controls. Support vector machine was used to see if CBS with and without alien/

anarchic limb could be distinguished by structural MRI patterns.

Whole-group comparison of CBS versus controls revealed asymmetric frontotemporal

atrophy. CBS with alien/anarchic limb syndrome versus controls showed frontoparietal

atrophy including the supplementary motor area contralateral to the side of the affected

limb. Exploratory analysis identified frontotemporal regions encompassing the pre-/and

postcentral gyrus as compromised in CBS with alien limb syndrome. Classification of CBS

patients yielded accuracies of 79%. CBS-alien/anarchic limb syndrome was differentiated

from CBS patients with an accuracy of 81%. Predictive differences were found in the

cingulate gyrus spreading to frontomedian cortex, postcentral gyrus, and temporopar-

ietoocipital regions.

We present the first MRI-based group analysis on CBS-alien/anarchic limb. Results pave

the way for individual clinical syndrome prediction and allow understanding the under-

lying neurocognitive architecture.

© 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Alien and anarchic limb syndromes (AL) are peculiar phe-

nomena that encompass patients struggling with an extrem-

ity experienced as rogue. In 1972, this syndrome was first

acknowledged by Brion and his colleagues as ‘main �etrang�ere’

(Brion, 1972). Only in 1991, Della Sala et al. published a first

attempt to disentangle alien and anarchic limb syndrome

cases, introduced an English terminology and description for

the scientific community (Della Sala, Marchetti, & Spinnler,

1991). Alien limb syndrome is characterized by a feeling that

the limb is unfamiliar or does not belong, whereas anarchic

limb syndrome additionally involves the extremity perform-

ing targeted but unintended movements that are recognized

as one's own (Della Sala et al., 1991; Marchetti & Della Sala,

1998; Synofzik, Vosgerau, & Newen, 2008). Alien limb, or

posterior variant, seems related to the postcentral gyrus and

somatosensory cortex, while anarchic limb, or frontal variant,

seems related to the supplementary motor area and medial

prefrontal cortex (Hassan & Josephs, 2016; Marchetti & Della

Sala, 1998). In the following we generally use the term AL as

an umbrella term for both alien and anarchic limb phenom-

ena e in the literature both syndromes are often confounded

e but apply the exact terms if referring to the peculiar phe-

nomena. AL can be caused by various diseases, amongst

which corticobasal syndrome (CBS) is the most frequent

(Graff-Radford et al., 2013). CBS is a rare, atypical parkinsonian

syndrome characterized by rigidity, akinesia, dystonia,

cortical sensory deficit, and apraxia (Armstrong et al., 2013).

Revised diagnostic criteria of CBS consider AL an important

diagnostic criterion, seen in 30% of CBS patients. However, the

exact anatomical correlates of AL are still a matter of debate.

This multi-center study assessed structural differences in

the brains of CBS patients with and without AL. Our sample
consisted of 25 CBS patients, of which eight were diagnosed

with AL. In the main analyses we did not distinguish between

the subtypes of AL, as it would lead to insufficiently powered

analysis. In an additional exploratory pilot analysis, we

divided the CBS-AL cohort into four alien and three anarchic

limb syndrome patients and compared them to the whole-

group of controls to unmask the specific anatomical coun-

terpart. Whole-group analyses were performed using voxel-

based morphometry. We investigated whether multivariate

pattern recognition (support vector machine) could distin-

guish between CBS patients and controls and also predict AL

in CBS. We hypothesized atrophy in CBS with AL in the sup-

plementary motor area, medial prefrontal cortex, posterior

postcentral gyrus, and somatosensory cortex. For the CBS

versus healthy controls contrast, we hypothesized atrophy in

frontal, parietal, and temporal lobes.
2. Material and methods

2.1. Participants

Multi-centric patients' data were included from the German

Consortiumof Frontotemporal Lobar Degeneration (Otto et al.,

2011). Detailed information on patients'/controls' de-

mographic data and summarized AL symptoms are listed in

Table e1ee3. Specialists of the respective clinics (i.e., neurol-

ogists and/or psychiatrists) examined the patients thoroughly

according to a standard operating procedure protocol and

evaluated diagnosis (here CBS) as well as the occurrence of AL

(i.e., ‘alien feeling’ or ‘unintended movements’) among

several other clinical symptoms/syndromes to assesswhether

they fit the inclusion criteria for the FTLD Consortium (Otto

et al., 2011). Twenty-five CBS patients were compared with

25 age- and gender-matched healthy controls. The patient
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group was subdivided into a cohort of 17 CBS patients without

AL (CBS-O) and a cohort of eight CBS patients with AL (CBS-

AL). Four patients were diagnosed with alien limb, three with

anarchic limb syndrome, and one showed signs of both.

Pearson's Chi Squared test (c2) and unpaired Student's T-tests

indicated no significant differences between the cohorts

concerning gender, age, disease duration, and severity of

clinical symptoms (Table 1). The study was approved by the

local ethics committees (Leipzig:ID137-11-18042011). Partici-

pants were fully informed and gave written consent in

accordance with the Declaration of Helsinki.

2.2. Data acquisition

T1-weighted structural brain images were acquired at each

center using the magnetization-prepared rapid gradient-echo

(MP-RAGE) sequence implemented on 3T scanners (Table e-2).

Although scanner parameters slightly differ, an F-test in

SPM12 (UCL, UK) revealed no significant influence.

2.3. Asymmetry correction in alien/anarchic limb
syndrome patients

AL is seen in left and/or right limbs. The most severely

affected limb for each subject was designated by clinical fea-

tures at the time of scanning, but without considering the

image. If necessary, images were flipped in the left-right

dimension (Whitwell et al., 2010) such that the presumably

affected hemisphere, contralateral to syndrome location, was

positioned on the right side of the image in all AL patients.

This allowed investigation of AL in the same hemisphere

across subjects.

2.4. Voxel-based morphometry

Voxel-based morphometry was performed applying the

CAT12 toolbox (University of Jena, Germany)with SPM12 (UCL,

UK). Images were spatially normalized, segmented, modu-

lated by the amount of non-linear deformation, and smoothed
Table 1 e Summarized subjects' demographic and clinical chara

Cohort Number Female Age (years)

Healthy controls 25 11 66.2 ± 10.1

CBS 25 13 66.7 ± 10.1

CBS-O 17 10 68.2 ± 5.4

CBS-AL 8 3 63.4 ± 7.2

Statistical differences

Healthy controls

versus CBS

c2 ¼ .08, p ¼ .8 t ¼ .20, p ¼ .84

Healthy controls

versus CBS-O

c2 ¼ .40, p ¼ .5 t ¼ .84, p ¼ .41

Healthy controls

versus CBS-AL

c2 ¼ .25, p ¼ .6 t ¼ �.85, p ¼ .40

CBS-O versus CBS-AL c2 ¼ 8.8e�32, p ¼ 1.0 t ¼ �1.67, p ¼ .1

Mean ± standard deviation. Student's T-test was applied to compare num

groups. CBS corticobasal syndrome, CBS-AL corticobasal syndrome with a

alien limb syndrome, Clinical Dementia Rating Score-FTLD score modifie
with a Gaussian kernel of 8-mm full-width at half-maximum.

Voxel-wise Student's T-tests were performed to compare,

separately, the groups of patients with controls. Covariates

were used to control for age, gender, and total intracranial

volume. For the main comparison, clusters were detected

using a voxel-threshold of p < .001 and a family-wise error

(FWE) corrected cluster-threshold of p < .05. For exploratory

analyses, clusters were detected applying an uncorrected

voxel-threshold of p < .001.

The three patient cohorts (CBS, CBS-O, CBS-AL) were

compared with healthy controls in whole-group comparisons.

For exploratory pilot analyses, we split the CBS-AL cohort

according to either alien (N ¼ 4) or anarchic limb (N ¼ 3)

syndrome. Note that one patient was omitted given that he

showed both syndromes (AL-16).

2.5. Support vector machine classification

Support vector machine classification allows the separation of

data, by class, in a multidimensional space. We ran a support

vector machine attempting to distinguish between CBS pa-

tients and controls aswell as between CBS-AL and CBS-O using

libSVM 3.18 (Chang & Lin, 2011). Classification accuracy was

obtained by cross-validation using the “leave-one-subject-out”

approach. Specificity and sensitivity were calculated by the

number of correctly classified cases in each group. To inves-

tigate the reliability of the results the influence of several

analysis parameters was inspected (e.g., linear/polynomial

kernels). First, feature selection was based on SPM's gray

matter tissue probability map, using different minimum gray

matter probabilities ranging from 0 to 60% (Table e-5). The SPM

map was also interpolated and smoothed with a Gaussian

kernel of 8-mm full-width at half-maximum. Second, we used

disease-specific regions-of-interest for feature selection.

Regions-of-interest were selected according to our recent

meta-analysis of CBS (Albrecht, Bisenius, Morales Schaack,

Neumann, & Schroeter, 2017) as suggested previously

(Bisenius et al., 2017; Meyer et al., 2017; Mueller et al., 2017) and

generated using the WFU PickAtlas 3.0 (Lancaster, 1997).
cteristics.

Disease duration
(years)

Clinical dementia
rating score

Clinical dementia
rating score-FTLD

3.7 ± 2.8 7.0 ± 4.2 8.4 ± 5.1

4.1 ± 3.2 5.8 ± 3.9 7.1 ± 4.6

2.8 ± 1.6 9.0 ± 4.1 10.8 ± 5.4

2 t ¼ �1.4, p ¼ .18 t ¼ 1.8, p ¼ .09 t ¼ 1.5, p ¼ .15

erical variables and c2 test to compare categorical variables across

lien/anarchic limb syndrome, CBS-O corticobasal syndrome without

d for frontotemporal lobar degeneration.
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2.6. Data availability statement

Study protocol and statistical analysis plan will be shared at

request. Data of participants are stored at the FTLD-

Consortium. Patients' data are bound to maintain confidenti-

ality and, accordingly, are only shared at reasonable request to

replicate procedures and analysis of the study.
3. Results

3.1. Whole-group voxel-based morphometry

Fig. 1 and Table e-4 display gray matter volume differences

between patients with CBS and healthy controls. In the left

hemisphere reduced gray matter volume, for patients, was

observed in inferior and middle occipital gyrus, medial tem-

poral gyrus and temporoparietal junction, inferior/middle/

superior frontal gyri, insula, and premotor and supplementary

motor areas. On the right side, less gray matter was revealed

in postcentral gyrus, supramarginal gyrus, inferior frontal

gyrus, posterior and anterior insula, and supplementary

motor area. Furthermore, right posterior cingulate gyrus,

cuneus, and precuneus were affected.

Comparing CBS-O to controls revealed lower gray matter

volume in superior temporal gyrus, medial temporal gyrus

and temporoparietal junction, middle/inferior frontal gyrus,

claustrum and putamen, posterior superior frontal sulcus and

middle frontal gyrus/precentral gyrus; all on the left side. Less

gray matter volume was also found bilaterally in the insula

spreading to the superior temporal gyrus.

Contrasting CBS-AL and controls showed reduced gray

matter volume in the posterior insula, superior temporal

gyrus, and middle/superior frontal gyrus; all in the left
Fig. 1 e Reduced gray matter volume in each corticobasal syndr

corrected for multiple comparisons, p < .05 family-wise error ra

anarchic limb syndrome, CBS-O CBS without alien limb syndro
hemisphere. Lower gray matter volume was observed in the

right precuneus, and cingulate gyrus spreading to fronto-

median cortex. Importantly, this included the supplementary

motor area contralateral to the AL symptoms.

A direct comparison of CBS-AL and CBS-O did not reveal

significant results, but may not have been a sufficiently

powered analysis.

Contrasting CBS with alien limb syndrome to controls,

lower gray matter volume was found in occipital pole, cal-

carine cortex, and inferior occipital gyrus; all on the left side

(Figure e-1 and Table e-6). On the right side, superior/middle

temporal gyrus including temporal pole, precentral/post-

central/supramarginal gyrus, and middle cingulate gyrus

were implicated. Note that clusters in left occipital gyrus, right

precentral/postcentral/supramarginal gyrus, and right supe-

rior/middle temporal gyrus were even apparent when cor-

recting for multiple comparisons (see copper clusters in

Figure e-1). The comparison of CBS with anarchic limb and

controls showed less gray matter volume in superior parietal

lobule/precuneus and parietal operculum/transverse tempo-

ral gyrus; all in the left hemisphere. In the right hemisphere,

superior/middle/inferior occipital gyrus and posterior insula/

putamen were compromised.

3.2. Support vector machine classification

The support vector machine classification could reliably

identify CBS versus controls as well as CBS-AL versus CBS-O

(Fig. 2 and Table e-5). Classification accuracies for the linear

kernel were stable around 70e80%, independent of the gray

matter mask. The highest accuracy of the classification of CBS

patients and controls was 78.9% using a linear kernel and gray

mattermask of .4. Regions contributing to correct classification

mirrored areas identified in the univariate group comparison
ome (CBS) cohort compared with controls (HC). Clusters are

te (FWE). CBS whole patient cohort, CBS-AL CBS with alien/

me, L left.

https://doi.org/10.1016/j.cortex.2019.02.015
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Fig. 2 e Weights of voxels most relevant for individual support vector machine classification between corticobasal

syndrome (CBS) versus healthy controls (HC) and CBS with alien limb (CBS-AL) versus CBS without alien/anarchic limb (CBS-

O). Note that these weights are relative and have no applicable units. Support vector machine classification was performed

with a linear kernel on all voxels within the SPM's gray matter mask (tissue probability >.4, top row, tissue probability >.5,
bottom row).

c o r t e x 1 1 7 ( 2 0 1 9 ) 3 3e4 0 37
of the entire CBS group versus controls, as discussed above.

Classifying CBS-AL versus CBS-O, resulted in an accuracy of

81.3%when applying a linear kernel and a graymattermask of

.5. Regions predictive of AL included, among others, the

cingulate gyrus spreading to frontomedial cortex, postcentral

gyrus, and temporoparietooccipital regions, at least partially

overlapping with regions of thinner gray matter observed in

the univariate comparison CBS-AL versus controls. Using the

meta-analytically generated regions-of-interest masks did not

improve the results.
4. Discussion

The complete group of CBS patients was characterized by

apparent atrophy in frontotemporal and occipital regions,

motor areas, and the insulae, in agreement with previous

studies (Lee et al., 2011; Whitwell et al., 2010). To our knowl-

edge, no prior study has systematically evaluated syndrome-

specific atrophy in CBS with AL. Patients with AL showed

apparent atrophy in the insula and frontotemporal gyri

compared with healthy controls, and remarkably, also in the

supplementary motor area and cingulate cortex contralateral

to the symptomatic body side. This patternwas also evident in

the entire CBS group although not when the CBS-O was

compared with controls. This suggests the difference was

driven by the CBS-AL patients.

4.1. Supplementary motor area is a neural correlate for
alien/anarchic limb

Although CBS is mainly asymmetric it affects both body sides.

Interestingly, AL is reportedly more often seen with left limbs,

which would be consistent with neural correlates in the right

hemisphere (Graff-Radford et al., 2013). It is speculated that

the asymmetry of the functions of the hemispheres explains

why certain variants of AL affect only left or right hand.

For example Bartolo et al. (2011) report that the right
supplementary motor area is inhibiting both, right and left

cortex, while the left supplementary motor area is not domi-

nant and inhibits only contralateral, hence leading to right-

sided AL. In Graff-Radford's large cohort, the left extremity

was affected in 69% of AL cases. In our sample the prevalence

was 50%. One should consider that Graff-Radford's review

included caseswith various diseases, not only CBS and did not

differentiate between alien and anarchic limb phenomena.

Their study identified the parietal lobe and its disconnection

from other cortical areas as a common correlate for AL, which

is in line with our CBS-AL comparison.

Interpreting neural correlates of alien and anarchic limb

phenomena is often masked by the fact that in the literature

both syndromes are confounded. Disentangling the

anatomical counterparts of anarchic limb, studies have

identified the supplementary motor area as a crucial brain

structure (Frith, Blakemore, & Wolpert, 2000; Hassan &

Josephs, 2016; Marchetti & Della Sala, 1998; Schaefer,

Heinze, & Galazky, 2013). In line with those findings, our

cohort suggests atrophy in the supplementary motor area.

Thus, it is hypothesized that an impaired supplementary

motor area is necessary for anarchic limb syndrome. The

anterior region of the supplementary motor area is internally

triggered and activated when movements are imagined and

selected (Frith et al., 2000). To initiate the movement the

supplementary motor area needs to be inhibited. The inhi-

bition subsequently leads to activation of the primary motor

cortex and initiates movement. Damage to this network by

atrophy could lead to externally triggered, unintended,

movements and disturbed selection of appropriate motor

programs, as experienced by anarchic limb syndrome pa-

tients. Even visual stimuli of surroundings activate this cir-

cuit and motor programs (Sumner & Husain, 2008). Thus, the

brain needs to weight several competing motor plans acti-

vated by objects in our proximity. Sumner and Husain (2008)

summarized in their review that a network of medial frontal

areas (including supplementary motor area) and parietal re-

gions inhibit reflexive behavior and mediate competing

https://doi.org/10.1016/j.cortex.2019.02.015
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motor programs. Indeed, in patients with focal lesions in the

supplementary motor area and supplementary eye field,

automatic inhibition of subconscious motor activation is

impaired, which correlated with the extent of the lesions

(Sumner et al., 2007). Hence, automatic inhibition is crucial

for flexible and volitional motor control in conditioneaction

associations. Importantly for our results, a case study by

McBride, Sumner, Jackson, Bajaj, and Husain (2013) observed

disturbed automatic inhibition of primed reactions in the

anarchic limb of a CBS patient. In the non-effected limb

automatic inhibition remained preserved. This underlines

that the hypothesis of automatic inhibition processes facili-

tating flexible and volitional behavior due to inhibiting un-

wanted motor plans, primed by surrounding objects, may

account for the well-executed and purposeful anarchic limb

movements. In the exploratory analyses however, we could

not confirm atrophy in the supplementary motor area in

anarchic limb syndrome, which may have been an insuffi-

ciently powered analysis since it only involved three patients.

Why the affected limb would be experienced as foreign in

alien limb syndrome is not clear. One hypothesis is that

disruption of parietal circuits leads to dysfunction in self-

attribution (Sarva, Deik, & Severt, 2014). Thus, alien limb

seems to arise due to a disturbed sense of ownership, but not

disturbed sense of agency (Synofzik et al., 2008). Overall, the

neural network processing body-ownership comprises the

right temporo-parietal junction, right insula, inferior parietal

cortex, and premotor cortex (Tsakiris, Longo, & Haggard,

2010). In line with that, Hassan and Josephs (2016) stated in

their review that lesions in parietal lobe, i.e., posterior post-

central gyrus, posterior primary sensory cortex, and tertiary

somatosensory cortex, lead to alien limb syndrome. Notably,

we also found these networks involved in the univariate group

comparison of CBS-AL and controls as well as in the CBS-AL

versus CBS-O classification results. Further, exploratory pilot

analyses of the alien limb syndrome cohort confirmed puta-

tive atrophy in parietal cortex and postcentral gyrus.

4.2. The role of the cingulate cortex in alien/anarchic
limb syndrome

In general, the cingulate cortex and especially its anterior part

translates motor intentions into actions and mediates willed

control, underlining the important role in motor actions and

their cognitive control (Paus, 2001). Further, the anterior

cingulate cortex is known for its dense projections from the

motor cortex and spinal cord. In healthy conditions, the

cingulate cortex implements the selection of actions aswell as

fights competing motor programs, a crucial part of volitional

control.

Contrasting CBS-AL to controls, putative atrophy was also

found in the right cingulate cortex, contralateral to the

symptoms shown by the patients. In exploratory analyses, we

could confirm volume loss in the cingulate cortex in the alien

limb syndrome cohort but not in the anarchic limb syndrome

cohort. Already, Goldberg, Mayer, and Toglia (1981) hypothe-

sized that the two functional zones of the medial frontal

gyrus, i.e., supplementary motor area and cingulate cortex,

could be the reason for AL when implicated due to a lesion.

Even at this time it was known that both regions are
connected reciprocally as Goldberg further reported. In an

early study, Talairach et al. (1973) observed, when stimulating

continuously the anterior cingulate cortex in epileptic pa-

tients, that they exhibited highly complex motor behavior

even adapted to the environmental conditions. This finding

already supports the hypothesis that the cingulate cortex

plays an important role in high motor integration. Brugger,

Galovic, Weder, and K€agi (2015) confirmed involvement of

the cingulate cortex in disturbed self-initiated movements in

anterior cerebral artery stroke patients with anarchic limb

syndrome. The researchers underlined that the medial motor

system is essential for volitional motor actions. In their study,

they linked especially the pre-supplementary motor area to

the signs of anarchic limb syndrome. Another case report of a

patient with an ischemic lesion within the right cingulate

motor area showed that this leads to anarchic limb-like

involuntary movements of the left arm (Br�azdil, Kuba, &

Rektor, 2006). This provides a further hint that the cingulate

cortex is involved in goal-directed motor behavior, their

preparation as well as execution of those action programs.

4.3. Machine learning identifies corticobasal syndrome
patients with and without alien/anarchic limb syndrome

The support vector machine analysis was able to distinguish

between CBS and controls as well as CBS patients with and

without AL, on a single-subject level. Remarkably, multivar-

iate pattern recognition demonstratedmuch higher predictive

power than the univariate group comparison (CBS-AL vs. CBS-

O), which did not reveal any significant effects. Although, the

putative atrophy in CBS/CBS-AL might be the main contrib-

utor to correct classification (if one compares Figs. 1 and 2).

This suggests that support vector machine analysis might be

applied in the future to support individual diagnosis and

perhaps syndrome prediction. This discrepancy might be

related to mathematics of the analyses. In voxel-based

morphometry univariate relationships are detected voxel-

wise across all participants. In support vector machine anal-

ysis, multivariate relationships are identified over the whole

brain. A previous support vector machine analysis showed

that progressive supranuclear palsy, another atypical

parkinsonian syndrome, can be distinguished from controls

achieving accuracies above 80% (Mueller et al., 2017).

4.4. Study's limitations

Our study identified consistent atrophy and enabled individ-

ual classification in CBS with and without AL, but there are

also limitations. As our sample is not completely histopatho-

logically validated one cannot draw conclusions concerning

the pathology of CBS. It is possible that not all patients had

underlying corticobasal degeneration (Armstrong et al., 2013).

Our sample of AL patients is also rather small, thus the

exploratory analyses to disentangle the neural correlates of AL

subtypes should be interpreted with caution. However, as CBS

and AL are regarded as orphan diseases, our multi-centric

design allowed a reasonable number. Possible biases intro-

duced by the multi-centric approach, including different

scanner types/protocols, were minimized by applying strict

standard operating procedures and including only 3T MRI. We

https://doi.org/10.1016/j.cortex.2019.02.015
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did not investigate white matter alterations in CBS patients,

thus we cannot account for callosal lesions, which may have

led to AL too.
5. Conclusion

This study presents the first MRI-based group analysis of alien

and anarchic limb syndrome in CBS. Results may pave the

way for individual clinical syndrome prediction, while allow-

ing a better understanding of the underlying brain substrates

and neurocognitive architecture.
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