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Abstract

Multi-domain cognitive impairment (CI) has been frequently described in patients with essential tremor (ET). However,
the exact neuroanatomical basis for this impairment is uncertain. This study aims to ascertain the role of the hippocampal
formation in cognitive impairment in ET. Forty patients with ET and 40 age, gender and education matched healthy controls
(HC) were enrolled. Cognition was assessed using a structured neuropsychological battery and patients were categorized as
ET with CI (ETCI) and ET without CI (ETNCI). Automatic segmentation of hippocampal subfields was performed using
FreeSurfer 6.0. The obtained volumes were correlated with scores of neuropsychological tests. Significant atrophy of the
left subiculum, CA4, granule-cell layer of dentate gyrus, right molecular layer, and hypertrophy of bilateral parasubiculum,
right hippocampus-amygdala-transition-area, bilateral hippocampal tail (HT) and widening of right hippocampal fissure
was observed in ET. Trends toward atrophy of right subiculum, and widening of left HF was also observed. Comparison of
HC and ETCI revealed atrophy of right subiculum, hypertrophy of bilateral parasubiculum, HT, and widening of left HF.
ETCI showed a trend toward widening of right HF. ETNCI had isolated left parasubicular hypertrophy and in comparison,
to ETNCI the ETCI subgroup had atrophy of bilateral fimbria. Significant correlations were observed between the volumes
of HT, HF, fimbria and scores of tests for executive function, working and verbal memory. Patients with ET have significant
volumetric abnormalities of several hippocampal subfields and these abnormalities may be important contributors for some
forms of cognitive impairment observed in ET.
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Essential tremor (ET) is a highly prevalent movement disor-
der classically considered to be a benign monosymptomatic
tremor disorder. However, this concept has been challenged
) by several studies which have demonstrated the presence
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2016). In addition to tremor, patients with ET have been
reported to experience subtle neurological motor deficits
such as impaired balance and gait, ocular-motor abnormali-
ties, impaired hand-eye co-ordination, dysarthria, dystonia
and bradykinesia (Benito-Leon and Labiano-Fontcuberta
2016; Deuschl and Elble 2009; Prasad et al. 2018b). Non-
motor symptoms such as cognitive impairment, mood dis-
turbances, sensory deficits and sleep dysregulation have
also been reported (Bermejo-Pareja 2011; Chandran and Pal
2012). The presence of this wide array of symptoms suggests
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that ET may be a slowly progressive neurodegenerative dis-
order dominated by cerebellar dysfunction (Bermejo-Pareja
2011).

Patients with ET exhibit a wide range of mild cogni-
tive deficits which are progressive in nature and they are
at an increased risk for developing mild cognitive impair-
ment and dementia. Studies have consistently demonstrated
multi-domain deficits encompassing the domains of atten-
tion, concentration, working memory, executive functions,
verbal fluency, memory- both short-term and delayed, and
occasionally visuospatial dysfunction (Benito-Leon et al.
2006; Bermejo-Pareja 2011; Gasparini et al. 2001; Janicki
et al. 2013; Kim et al. 2009; Lombardi et al. 2001; Sahin
et al. 2006). Although cerebellar cognitive syndrome (Manto
and Marien 2015) is reported in literature, the cerebellar
dysfunction observed in ET cannot be entirely implicated
for the extent of cognitive impairment and the increased risk
of dementia observed in ET (Bermejo-Pareja et al. 2007,
Thawani et al. 2009). Neuroimaging studies in patients of
ET with cognitive dysfunction have reported cortical vol-
ume loss and white matter abnormalities in several regions
associated with cognitive processing including the cerebel-
lum (Benito-Leon et al. 2017; Bhalsing et al. 2014, 2015).
Aberrant connectivity of resting-state networks involved in
cognitive processing has also been reported in ET (Fang
et al. 2015). In addition to these observations, neuropatho-
logical studies have suggested the role of a tau pathology
in the genesis of cognitive dysfunction in patients with ET
(Farrell et al. 2019; Pan et al. 2014).

The hippocampal formation composed of the hippocam-
pus proper, dentate gyrus and subicular complex, plays an
integral role in learning, memory, attention, executive func-
tions, and visuo-spatial functions, with specific functions
ascribed to each component of this formation (Mueller et al.
2011). The association of hippocampal subfield abnormali-
ties and cognitive impairment has been well established in
Alzheimer’s disease (La Joie et al. 2013), vascular dementia
(Li et al. 2016) and other disorders associated with cogni-
tive impairment (Lenka et al. 2018). Based on the existing
evidence suggestive of cognitive impairment in ET, and the
possibility of ET being a neurodegenerative disorder, it is
plausible to expect hippocampal abnormalities in patients of
ET with cognitive impairment. Till date, all neuroimaging
studies in ET have examined the hippocampus as a single
structure and there are no studies which have evaluated the
structural integrity of hippocampal subfields in patients with
ET.

This study aims to evaluate the cognitive functions and
volume of hippocampal subfields in ET, and explore corre-
lations between cognitive dysfunction and volume changes
of the subfields. We hypothesize that patients with ET will
demonstrate abnormalities in hippocampal subfields and
these subfield abnormalities will correlate with scores of
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neuropsychological tests associated with functions of the
subfield.

Methodology
Subject recruitment and clinical evaluation

This study included 40 patients with ET and 40 age, gen-
der and education matched healthy controls (HC). Patients
were recruited over a period of 2.5 years (January 2012—-July
2014) from the general neurology outpatient clinic and
movement disorder services at the National Institute of
Mental Health and Neurosciences, Bangalore, India. ET was
diagnosed based on the Consensus statement of the Move-
ment Disorder Society on tremor (Deuschl et al. 1998) and
confirmed by a trained movement disorder specialist. All
patients underwent a detailed neurological examination and
were evaluated for the presence of a persistent, bilateral,
largely symmetric action tremor of the hands. In addition
to this, other abnormal neurological signs, significant brad-
ykinesia, rigidity and dystonia were specifically looked for
to ensure the absence of parkinsonism or a dystonic tremor.
HC were recruited from the hospital staff or from healthy
caregivers of other patients admitted in the neurology wards.
Only HC without a family history of ET, parkinsonism or
any other movement disorder were recruited. All subjects
were screened with the mini-mental-status examination
(MMSE) and were included only if the score was >25.

Demographic details such as gender, age, age at onset and
duration of illness were recorded. Additionally, medication
history at time of evaluation was also recorded. The upper
limbs, lower limbs, head, trunk and voice were evaluated
for the presence of tremor. The Fahn—Tolosa—Marin tremor
rating scale (FTMRS) was utilized to quantify disease sever-
ity (Fahn et al. 1993). The Hamilton anxiety rating scale
(HAM-A) and Hamilton depression rating scale (HAM-D)
were administered to the patient group to evaluate the pres-
ence and severity of anxiety and depression. The modified
mini screen was applied to the control group to ensure the
absence of a psychiatric disorder. All subjects underwent
thorough neuropsychological evaluation, details of which are
mentioned in the following section. This study was approved
by the institute ethics committee and all subjects provided
informed consent prior to recruitment. Subjects included in
this study have been part of previous studies from our group
(Bhalsing et al. 2014, 2015; Prasad et al. 2018a).

Neuropsychological evaluation
All subjects underwent a detailed neuropsychological evalu-

ation with tests focusing on the domains of executive func-
tions, attention, visuo-spatial functions and memory, which
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are relevant to hippocampal functioning (Wicking et al.
2014). Executive functions were tested using the Wisconsin
Card Sorting Test (WCST) for evaluating set-shifting and
Stroop test for evaluating response inhibition. WCST is eval-
uated based on categories completed, preservative response
and preservative errors. The Color Trails Test I and IT (CTT
I, CTT II) were used to test attention. Visuo-spatial function
was assessed using Benton’s Judgement of Line Orientation
Test (LOT). Weschler Memory Scale III Spatial Span Test
(WMS-SST) was used to evaluate working memory. Visual
memory was assessed by the WMS III Face Recognition
Test (WMS-FRT) and verbal memory was tested using Rey
Auditory Verbal Learning Test (RAVLT). Both immediate
and delayed recall were tested for FRT and RAVLT.

For the whole ET group i.e. 40 subjects, the mean scores
were compared with the mean scores of HC to ascertain
domains with abnormalities. To enable further classification
of the ET group into ET with cognitive impairment (ETCI)
and ET without cognitive impairment (ETNCI), scores of
individual tests were compared and a test was considered
as abnormal if the score was 1.5 standard deviations below
or above the mean of HC. A patient was categorized as
ETCI only if >3 neuropsychological tests were abnormal
(Bhalsing et al. 2015).

Imaging protocol

All MRI scans were acquired using a 3T Philips Achieva
MRI Scanner. A 16-channel head coil was used to acquire
3D T1-weighted inversion recovery fast gradient echo
images. The acquisition parameters were as follows: repeti-
tion time: 8.2 ms; echo time: 3.8 ms; flip angle: 8°; slice
thickness: 1 mm; number of slices: 165; acquisition matrix:
256 x 256 mm; image resolution: 1 X1 X 1 mm.

Fluid attenuated inversion recovery images were also
acquired and all images were screened by a neuroradiolo-
gist for structural abnormalities prior to analysis.

Image analysis

Pre-processing of images and automatic segmentation of
hippocampal subfields was performed using FreeSurfer
6.0 (Fischl 2012). Pre-processing involved bias correction,
automated transformation to the Talairach reference space,
intensity normalization and removal of non-brain tissue. Fol-
lowing this, segmentation of subcortical white matter and
deep gray matter nuclei, tessellation of gray and white mat-
ter boundary, automated topology correction, and surface
deformation for the optimal placement of gray/white and
gray/cerebrospinal fluid boundaries was performed. Auto-
mated hippocampal subfield segmentation was carried out
using a Bayesian interference technique which employed
a probabilistic atlas of the hippocampal formation which

was trained on a hybrid data set consisting of in-vivo ultra-
high resolution (0.1 mm) MRI and ex-vivo autopsied brain
MRI of multiple subjects. Each hippocampal formation (left
and right) was segmented into 12 subfields: parasubiculum,
presubiculum, subiculum, cornu ammonis (CA)1, CA2-3,
CA4 (composed of CA4, molecular layer and polymorphic
layer of dentate gyrus), granule cell layer of dentate gyrus
(GC-DG), molecular layer (ML) (composed of the molecular
layers of CA 1, 2, 3, 4, and subiculum), hippocampal fis-
sure (HF), hippocampal tail (HT), hippocampus amygdala
transition area (HATA) and fimbria. The total hippocampus
volume was considered as region 13. The detailed method-
ology for segmentation and description of each region is
provided elsewhere (Iglesias et al. 2015). Figure 1 is a repre-
sentative image demonstrating the automated segmentation
with labelled regions in a subject from this study. Following
automated subfield segmentation, volumes of each subfield
was computed and normalized to total brain volume of each
subject.

Statistical analysis

Statistical analysis of demographic variables was performed
using a standard analysis of variance. Analysis of FTMRS
scores, neuropsychological test scores and volumes of hip-
pocampal subfields was performed between HC, ET, ETCI
and ETNCI using multi-variate analysis of covariance where
age and gender were used as nuisance variables. Group anal-
ysis was carried out between HC vs ET, HC vs ETCI, HC vs
ETNCI, and ETCI vs ETNCI. Multiple comparisons were
accounted for by employing false discovery rates (FDR)
with a significance level was set at 95%. The significant
hippocampal subfield volumes were correlated with clini-
cal parameters that included age at onset, duration of illness,
total FTMRS score and scores of individual neuropsycho-
logical tests. Residuals obtained after removing the effects
of age and gender were employed for correlations. The level
of significance was set at p <0.05.

Results
Demographics and clinical profile

Based on the neuropsychological evaluation, 25 patients
were categorized as ETCI and 15 were categorized as
ETNCI. Details pertaining to the demographics, clinical and
neuropsychological profile are provided in Tables 1 and 2.
Patients of ETCI were significantly older in comparison to
the ETNCI subgroup. There were no differences between
ETCI and ETNCI with regard to the age at onset, duration
of illness, FTMRS score, HAM-A, or HAM-D scores. The
HC group had higher MMSE scores in comparison to ET
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Fig. 1 Representative figure of hippocampal subfield segmentation. This figure demonstrates the automated segmentation with labelled regions
in a subject from this study. CA cornu ammonis, GC-DG granule cell layer of dentate gyrus, HATA hippocampus-amygdala-transition-area

and ETCI. The ETNCI subgroup had significantly higher
MMSE scores in comparison to ETCI. Evaluation of treat-
ment history revealed no significant differences between the
treatment profiles of patients with ETCI and ETNCI.

Neuropsychological profile

Comparison of the results of neuropsychological tests
between HC and the complete ET cohort revealed abnor-
malities in executive function, attention, visuo-spatial abili-
ties, working, visual and verbal memory (Table 2). Patients
with ET performed poorly in all domains of the WCST. They
completed significantly fewer categories and had a higher
number of perseverative responses and errors in comparison
to HC. In comparison to HC, patients with ET also took
more time to complete the Stroop test, CTT-I and CTT-II.
Patients with ET also had lower scores in the WMS-SST,
WMS-FRT immediate recall and RAVLT- immediate and
delayed recall.

An identical pattern of cognitive abnormality was
observed in the comparison between HC and ETCI. There
were no significant differences between HC and ETNCI. A
comparison between ETCI and ETNCI revealed specific
abnormalities limited to executive dysfunction- WCST
and Stroop test, attention—CTT-I, and verbal memory—
RAVLT-immediate recall.

Volumes of hippocampal subfields
Comparison of the volumes of hippocampal subfields
between HC, ET, ETCI and ETNCI revealed a combina-

tion of atrophy and hypertrophy of hippocampal subfields
(Table 3). HC vs ET.
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In comparison to HC, patients with ET had hypertrophy
of bilateral parasubiculum, bilateral HT, right HATA, and
widening of right HF. A trend toward significant widening
of the left HF was also observed in the ET group. Atrophy
of left subiculum, CA4, GC-DG and right ML was observed
in patients of ET in comparison to HC. The right subiculum
showed a trend toward significant atrophy in patients with
ET. There were no significant differences in total hippocam-
pal volume between patients with ET and HC.

HC versus ETCI, ETNCI and ETCl versus ETNCI

A comparison between HC and ETCI revealed hypertrophy
of bilateral parasubiculum, bilateral HT and widening of
left HF. A trend toward significant widening of the right HF
was observed in the ETCI subgroup. Atrophy of the right
subiculum was observed in ETCI. In comparison to HC, the
ETNCI group had isolated hypertrophy of the left parasu-
biculum. Comparison of subfield volumes between ETCI
and ETNCI revealed isolated atrophy of bilateral fimbria in
the ETCI subgroup. There were no significant differences in
total hippocampal volume between any of the above com-
pared subgroups.

Correlations

Several significant correlations were observed between vol-
umes of significantly different hippocampal subfields and
scores of neuropsychological tests (Table 4). Significant
negative correlations were observed between the volumes
of bilateral HT and cognitive tests-MMSE score and WCST-
categories completed. The volume of right HT also showed
a significant negative correlation with WMS SST scores.
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Significant positive correlations were observed between the
HAM-A score and left parasubicular volume, WMS FRT-
immediate recall scores correlated with the volumes of left
HP tail and right HP fissure, and RAVLT-immediate recall
scores correlated with volume of the left fimbria. No sig-
nificant correlations were observed between age at onset,
duration of illness, FTMRS scores and the volumes of hip-
pocampal subfields.

Discussion

Multi-domain cognitive impairment has been frequently
described in patients with ET and several neuroimaging stud-
ies have reported the presence of abnormalities of regions
involved in cognitive processing (Benito-Leon et al. 2017,
Bhalsing et al. 2014, 2015; Duane and Vermilion 2002; Fang
et al. 2015; Gasparini et al. 2001; Higginson et al. 2008;
Kim et al. 2009; Lacritz et al. 2002; Lombardi et al. 2001;
Sahin et al. 2006). To the best of our knowledge, no study
has attempted to explore the structural integrity of the hip-
pocampal formation in patients with ET and ascertain the
influence of this abnormality in the development of cogni-
tive impairment in ET. In the present study, we explored the
cognitive profile and volumes of the hippocampal subfields
in ET. Furthermore, we attempted to ascertain the presence
of abnormalities specific to cognitive impairment in ET by
comparing patients of ETCI and ETNCI.

Overview of hippocampal pathways

The hippocampal formation is known to play a critical role
in cognition specifically in the domains of learning, mem-
ory, attention, executive function, and visuo-spatial abili-
ties (Duvernoy et al. 2013). The main pathways described
in conjecture with functions of the hippocampal formation
are the polysynaptic intrahippocampal pathway (PIP) and
the direct intrahippocampal pathway (DIP) (Duvernoy et al.
2013). These intrahippocampal pathways play a critical role
in all aspects of memory and are part of the Papez circuit.
A brief overview of these pathways is crucial to understand
the functional implications and correlates of the subfield
abnormalities observed in the present study.

The PIP which is primarily associated with episodic and
spatial memory links all parts of the hippocampus by a long
neuronal chain whereas the DIP which is associated with
semantic memory is a shorter more direct pathway (Fig. 2).
The PIP is composed of the entorhinal cortex, the dentate
gyrus, CA and the subiculum. It receives inputs from the
temporal cortex, occipital cortex, and posterior parietal cor-
tex via the entorhinal cortex. The perforant pathway which
arises from layer II of the entorhinal cortex passes through
the subiculum to connect to the dentate gyrus. Within the

molecular layer of the dentate gyrus, these fibers synapse
with dendrites of granular cells, which in turn via the mossy
fibers stimulate the dendrites of CA3 and CA4. The axons
of CA3 and CA4 prior to entering the alveus emit Schaf-
fer collaterals which communicate with CA1, and the axons
of CA1 emit collaterals to the subiculum prior to entering
the alveus. Fibers from the subiculum also enter the alveus,
which in turn communicates with the fimbria which is the
main output of the PIP. The output from the PIP travels
through the mamillary bodies and anterior thalamic to reach
the retrosplenial cortex, posterior and anterior cingulate
cortex. In the DIP, input fibers from the inferior temporal
association cortex directly reach the CA1 via layer III of the
entorhinal cortex. The CA1 neurons project to the subicu-
lum, the axons of which return to deep layers of the entorhi-
nal cortex, from where output fibers reach the temporal pole,
prefrontal cortex and inferior temporal association cortex.

Neuropsychological profile of patients with ET

In the present study, the comparison between HC and ET,
and between HC and ETCI, revealed cognitive abnormalities
encompassing the domains of executive function-set shift-
ing and response inhibition, attention, visuo-spatial abili-
ties and memory-working, verbal and visual (Table 2). A
comparison of ETCI and ETNCI revealed cognitive impair-
ment restricted to executive dysfunction, attention and verbal
memory. These results are similar to reports from previous
studies (Benito-Leon et al. 2017; Gasparini et al. 2001;
Higginson et al. 2008; Kim et al. 2009; Lacritz et al. 2002;
Lombardi et al. 2001; Sahin et al. 2006; Troster et al. 2002).

Volumetric differences observed in ET, ETCI
and ETNCI and the possible implications of these
alterations on cognitive impairment

The observed differences in volumes of hippocampal sub-
fields either atrophy or hypertrophy may be important con-
tributors for some forms of cognitive impairment observed
in ET. In patients with ET we observed atrophy of bilateral
subiculum (left subiculum, p <0.01 and trend in right sub-
iculum, p=0.06), CA4, GC-DG and right ML (Table 3).
Comparison of HC and ETCI revealed isolated atrophy
of right subiculum and comparison of ETCI and ETNCI
revealed atrophy of bilateral fimbria (Table 3). The execu-
tive dysfunction in ET may be associated with atrophy of the
ML of CA1, and subiculum which could lead to abnormal
output to the prefrontal cortex (Yuan and Raz 2014). Abnor-
mal memory may also be attributable to involvement of the
above structures since the PIP is involved in episodic and
spatial memory. The fimbria is a crucial outflow structure
and the atrophy observed in ETCI subgroup in comparison
to ETNCI could suggest a role of the fimbria in cognitive
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Fig.2 Schematic representation of the intrahippocampal pathways. a Polysynaptic intrahippocampal pathway and b direct intrahippocampal
pathway. Subfields within the dashed boxes indicate the subfields observed to be abnormal in essential tremor

processing. The significant positive correlation observed
between volume of the fimbria and verbal memory i.e.
RAVLT-immediate recall score lends support to the role of
this structure in the observed cognitive impairment.

We also observed widening of bilateral HF (right HF,
p<0.01 and trend in left HF, p=0.06), right HATA and
hypertrophy of bilateral HT and parasubiculum in ET, and
widening of bilateral HF (right HF, p =0.06), hypertro-
phy of bilateral HT and parasubiculum in ETCI (Table 3).
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Widening of the HF has been reported to correlate with a
decrease in overall hippocampal volume and has been con-
sidered as a radiological marker for hippocampal atrophy
(Bastos-Leite et al. 2006; Li et al. 2018). Hence, the obser-
vation of widening of bilateral HF in ET and ETCI in com-
parison to controls may be suggestive of impending atrophy
of the whole hippocampus. Widening of the HATA, which
is the zone between the hippocampus and amygdala may not
have any direct functional implications, rather this may also
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Table 1 Demographic and clinical details of patients with essential tremor and healthy controls

HC (n=40) ET (n=40) ETCI (n=25) ETNCI (n=15) Significance
Gender (M:F) 30:10 25:15 18:07 09:06 NS
Age (years) 46.30+9.39 44.95+12.46 48.12+10.53 39.66+13.59 p=0.05 (HC>ETNCI)
p<0.05 (ETCI>ETNCI)
AAOQ (years) - 35.82+13.22 38.24+10.78 31.80+15.71 NS
Duration of illness (years) - 9.15+7.33 9.92+7.53 7.86+6.81 NS
FTMRS score - 35.01+15.64 35.18+14.72 34.73+17.08 NS
HAM-A NA 547+3.78 5.36+2.96 5.66+4.85 NS
HAM-D NA 9.60+5.90 10.00+5.49 8.93+6.51 NS
MMSE 29.90+0.20 29.42+0.77 29.24+0.86 29.73+0.44 p<0.05 (HC>ET,
HC>ETCI,
ETNCI > ETCI)
Treatment profile
Propranolol (mg/day) NA 41.05+15.50 (32) 40.50+15.65 (24) 40.8+15.05 (8) NS
Clonazepam (mg/day) NA 1.01+0.25 (15) 1.00+0.20 (8) 0.90+0.23 (7) NS
Primidone (mg/day) NA 562.5+176.77 (10) 560.25+185.57 (6) 558.50+175.75 (4) NS

AAO age at onset, CI cognitive impairment, ET essential tremor, ETCI ET with cognitive impairment, ETNCI ET without cognitive impairment,
F female, FTMRS Fahn-Tolosa—Marin tremor rating scale, HAM-A Hamilton anxiety rating scale, HAM-D Hamilton depression rating scale, HC
healthy control, M male, MMSE Mini Mental State Examination, NA not applicable, NS not significant

Table 2 Details of neuropsychological tests administered in patients with essential tremor and healthy controls

HC (n=40) ET (n=40) ETCI (n=25) ETINCI(n=15) Significance

WCST-CC 3.70+0.70 2.57+1.18 2.16+1.08 3264099  p<0.05 (HC>ET, HC > ETCI, ETNCI > ETCI)
WCST-P response ~ 20.10+3.90 22.87+6.03 24.36+6.49 20.40+4.11  p<0.05 (ET>HC, ETCI>HC, ETCI>ETNCI)
WCST-P errors 10.00 +3.40 12.60+5.28 14.44+5.29 9.53+357  p<0.05 (ET>HC, ETCI>HC, ETCI>ETNCI)
Stroop test 104.1042540 130.19+39.99 139.77+38.71 1142442684 p<0.05 (ET>HC, ETCI>HC, ETCI>ETNCI)
CTTI 52.00+£18.50  63.30+2149 685242139  54.60+18.64 p<0.05 (ET>HC, ETCI>HC, ETCI>ETNCI)
CTT-I 110.00+29.80  133.02+£39.99  142.36+36.07 117.46+41.34  p<0.05 (ET>HC, ETCI>HC)

LOT 11.40+2.00 8.22+3.34 7.00+3.42 1026+1.87  p<0.05 (HC>ET, HC>ETCI)

WMS SST 7.30+1.40 5.65+1.72 5.04+1.75 6.66+1.07  p<0.05 (HC>ET, HC>ETCI)

WMS FRT-IR 17.40+3.30 15.15+4.21 14.60+4.55 16.06+3.37  p<0.05 (HC>ET, HC>ETCI)

WMS FRT-DR 16.70+3.80 15.55+4.71 15.08+4.92 16334422 NS

RAVLT-IR 12.40 +1.40 9.67+2.33 8.48+1.89 11.66+1.49  p<0.05 (HC>ET, HC>ETCI, ETNCI>ETCI)
RAVLT-DR 12.60+1.70 9.57+2.79 8.36+2.55 11.60+1.81  p<0.05 (HC>ET, HC>ETCI)

CI cognitive impairment, CTT colour trail test, ET Essential tremor, ETCI ET with cognitive impairment, ETNCI ET without cognitive impair-
ment, FTMRS Fahn-Tolosa—Marin tremor rating scale, HC healthy control, LOT line orientation test, NS not significant, RAVLT-DR, Rey audi-
tory verbal learning test-delayed recall, RAVLT-IR, Rey auditory verbal learning test-immediate recall, WCST-CC, Wisconsin card sorting
test-categories completed, WCST-P response Wisconsin card sorting test-perseverative response, WCST-P errors Wisconsin card sorting test-
perseverative errors, WMS-FRT-DR Weschler memory scale-face recognition test-delayed recall, WMS-FRT-IR Weschler memory scale-face rec-

ognition test-immediate recall, WMS SST Weschler memory scale spatial span test

be an indirect indicator of hippocampal atrophy. The HT is
a small structure at the posterior part of the hippocampal
arc and is composed of the hippocampal fissure, fimbria,
CAl, CA3 and DG (Duvernoy 2005) and we observed sev-
eral significant negative correlations between volume of the
HT and scores of tests associated with executive function
(WCST-categories completed), working memory (WMS-
SST) and MMSE (Table 4). These correlations could suggest
a contributory role of the HT to cognitive impairment in ET.

Finally, we observed bilateral parasubicular hypertro-
phy in patients with ET, ETCI and interestingly even in
the ETNCI subgroup. The parasubiculum receives visuo-
spatial information from the retrosplenial cortex, parahip-
pocampal cortex and posterior cingulate cortex and plays
a significant role in spatial processing and scene-based
cognition (Dalton and Maguire 2017). The retrosplenial
cortex plays a crucial role in the generation of egocen-
tric and allocentric reference frames (Dalton and Maguire
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Table 3 Volumes (mm® x 10™*) of hippocampal subfields in patients of essential tremor and healthy controls

Hippocampal sub- HC (n=40) ET (n=40)

ETCI (n=25) ETNCI(n=15) HCvs ET HCvs ETCI HC vs ETNCI ETCI vs ETNCI

fields

Left
Parasubiculum 041+£0.08 0.50+0.07 049+0.06  0.52+0.08  0.000%*  0.000* 0.033* 0.376
Presubiculum 226+033 232+029 236+026 224+033  0.508 0.159 0.561 0.110
Subiculum 3.15£047 299+039 3.00+£035 297+046  0.066" 0.220 0.773 0.469
CAl 456+0.67 4.59+0.51 4.54+044  4.66+0.61 0915 0.978 0.222 0.986
CA2-3 1.58+0.30 1.49+0.19 1.49+020  1.49+0.18  0.128 0.248 0.938 0.605
CA4 1.92+033 1.77+0.18 1.78+0.17  1.74+020  0.012*  0.084 0.810 0.256
GC-DG 2254038 208+022 21+020 205+025  0.017¢  0.110 0.947 0.196
HATA 0.46+0.08 0.48+0.06 047+0.05 049+0.07  0.509 0.865 0.622 0.324
Fimbria 0.56+0.12 0.56+0.15 0.51+0.13  0.64+0.15  0.938 0.191 0.153 0.029%
Molecular layer 4.18+0.62 4.04+044 4.05+042  4.03+049  0.196 0.433 0.575 0.351
HP fissure 1.20+£0.25 1.29+0.21 1.30+0.21 1284022  0.066* 0.062* 0.974 0.645
HP tail 3.87+0.67 4224065 431+064  4.05+065  0.023*  0.005% 0.447 0.140
Whole HP 2521+3.65 25.04+2.60 25.12+2.44 24.89+293  0.729 0.949 0.506 0.386

Right
Parasubiculum 0414007 0.50+0.08 0.49+0.09  0.52+0.07  0.000%  0.000% 0.572 0.554
Presubiculum 2234023 218+026 2.19+026 216+026  0.361 0.644 0.609 0.521
Subiculum 323+031 3.02+0.33 3.03+0.30  3.00+£0.38  0.005%  0.026% 0.373 0.521
CAl 490+041 4.84+046 4.84+042  484+054 0522 0.631 0.947 0.718
CA2-3 1.7+0.18 1.72+0.21 1.73+0.21 1.69+021  0.727 0.468 0.448 0.333
CA4 201+0.17 195+022 198+022  1.90+020  0.164 0.583 0.329 0.134
GC-DG 234+0.19 23+026 233+027 226+024 0479 0.982 0.547 0.192
HATA 045+0.05 048+0.62 047+0.05  0.50+0.07  0.034*  0.200 0.420 0.312
Fimbria 0.53+0.09 0.53+0.13 048+0.10  0.60+0.16  0.796 0.078 0.094 0.023%
Molecular layer 4414031 426+041 4294040  421+044  0.058" 0.230 0.497 0.257
HP fissure 1234023 138+021 141+193  1.33+024  0.002*  0.002% 0.256 0.454
HP tail 406+048 445+0.66 4.50+0.68  4.36+0.65  0.003*  0.005% 0.615 0.516
Whole HP 26.28+1.71 2624+2.51 2636+2.47 26.05+2.65  0.919 0.822 0.569 0.447

CA cornu ammonis, CI cognitive impairment, DG dentate gyrus, ET essential tremor, ETCI ET with cognitive impairment, ETNCI ET without
cognitive impairment, GC granular cell layer, HATA hippocampus amygdala transition area, HC healthy control, HP hippocampal/Hippocampus,

ML molecular layer
*Significant

#Trend toward significance

2017), and it has been hypothesized that a tremor per-
turbs feedback regarding self-motion, owing to which
the integration of this information is hampered (Daniels
et al. 2006). This change may lead to increased demands
of structures involved in these processing pathways, and
parasubicular hypertrophy may be attributed to the adap-
tive reorganization that occurs as a result of these aberra-
tions in processing. A comparable task-induced expansion
in gray matter was reported in a study of young adults who
acquired juggling skills, which required increased process-
ing from structures involved in visuo-spatial processing
(Draganski et al. 2004). The presence of this hypertrophy
even in the ETNCI group lends support to this theory.
Furthermore, it is also possible that in ET and ETCI, the
hypertrophy is also influenced by a compensatory increase
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in parasubicular dendrites due to a reduction in the excita-
tory input from the atrophied subiculum.

Although not observed in this study cohort, patients with
ET are known to develop mood disturbances specifically
anxiety and depression. Apart from the above described
functions, the hippocampus is also involved in emotion pro-
cessing. Hence, alterations in volumes of hippocampal sub-
fields may contribute to the development of these symptoms.

Limitations

There are several limitations to this study, the sample size
of the ETCI and ETNCI subgroups is relatively small and
larger sample sizes of these groups are necessary to vali-
date the observed results. The ages of these two subgroups
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Table 4 Significant correlations observed between hippocampal sub-
fields in patients of essential tremor with cognitive impairment and
scores of neuropsychological examinations

Test Hippocampal subfield r p value
HAM-A Left parasubiculum 0.44 0.02
MMSE Left HP tail —-0.39 0.04
Right HP tail -0.44 0.02
WCST-CC Left HP tail -0.48 0.01
Right HP tail —-0.66 0.00
WMS SST Right HP tail -0.49 0.01
WMS FRT-IR Left HP tail 0.48 0.01
Right HP fissure 0.43 0.03
RAVLT-IR Left fimbria 0.32 0.03

HAM-A Hamilton anxiety rating scale, HP hippocampal, MMSE Mini
mental state examination, RAVLT-IR Rey auditory verbal learning
test-immediate recall, WCST-CC Wisconsin card sorting test-catego-
ries completed, WMS-FRT-IR Weschler memory scale-face recogni-
tion test-immediate recall, WMS SST Weschler memory scale spatial
span test

were significantly different and since hippocampal volume is
known to decrease with age, better age-matched subgroups
would have aided in excluding this confounding factor. The
ET cohort was broadly sub-grouped into ETCI, and ETNCT;
further stratification of the ETCI group into those with and
without dementia would have provided a complete perspec-
tive of the cognitive spectrum in ET. The positive correla-
tion was observed between left HT volume and WMS FRT-
immediate recall score, right HF volume and WMS-FRT
immediate recall score and volume of left parasubiculum
and HAM-A scores cannot be entirely explained since these
correlations are contrary to expected patterns of volume
change and function. With the exception of cognition, anxi-
ety and depression we did not investigate the presence of
other non-motor symptoms such as sleep disturbances, etc
which may have a bearing on cognitive functioning. Finally,
the resolution of the images is 1 mm isotropic which may not
provide high accuracy in hippocampal subfield segmenta-
tion. Despite this limitation we feel the observed results hold
definite merit, however, volumes of the internal subfields
(especially GC-DG, CA4 and ML) need to be evaluated in
future studies with sub-millimeter voxel size to validate our
results.

Conclusions

Patients with essential tremor have significant volumetric
abnormalities of several hippocampal subfields and these
abnormalities may be important contributors for some forms
of cognitive impairment observed in essential tremor. The
observations of the present study provide novel insights into

the expanding concept of pathogenesis of cognitive dysfunc-
tion in essential tremor.
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