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Abstract
In familial cortical myoclonic tremor with epilepsy, photic stimulation can trigger visual-related symptoms
and induce a photoparoxysmal response on electroencephalography. This is known as photosensitivity.
To explore the mechanism of prominent visual-related symptoms and photosensitivity in patients with
genetically con�rmed familial cortical myoclonic tremor with epilepsy type 1, resting-state functional
magnetic resonance imaging data and electroencephalography data were collected from 31 patients
carrying the heterozygous pathogenic intronic pentanucleotide (TTTCA)n insertion in the sterile alpha
motif domain-containing 12 gene and from 52 age- and sex-matched healthy controls. Results: (1) Both
regional homogeneity and degree centrality values in the bilateral calcarine sulcus were signi�cantly
increased in patients compared with HCs. (2) When the calcarine sulcus area with increased regional
homogeneity was taken as a seed, increased functional connectivity values were observed in the right
precentral gyrus, while decreased functional connectivity values were observed in the right superior
frontal gyrus and right inferior parietal lobule. (3) independent component analysis showed increased
connectivity in the left calcarine sulcus inside the medial visual network. (4) Correlation analysis revealed
signi�cant positive correlation between regional homogeneity values and frequency of seizure, and
photoparoxysmal response grades were positively correlated with the severity of cortical tremor and
duration of epilepsy. The �ndings provide strong evidence for the interpretation of visual-related
symptoms and photosensitivity in familial cortical myoclonic tremor with epilepsy and may also relate to
other epilepsy syndromes with photosensitivity. We speculate the signi�cant functional change in primary
visual cortex probably an imaging biomarker for the disease.

Signi�cance Statement:
Photic stimulation induced apparent visual-related symptoms and a high prevalence of photosensitivity
in FCMTE. Wang et al.’s �ndings provide strong evidence to explain the visual-related symptoms and
photosensitivity.

Introduction
Familial cortical myoclonic tremor with epilepsy (FCMTE) is a rare autosomal dominant epilepsy
syndrome with genetic and clinical heterogeneity. It is also known as benign adult familial myoclonic
epilepsy in Japan or autosomal-dominant cortical myoclonus and epilepsy or familial adult myoclonic
epilepsy in Europe.1,2 Expanded intronic pentanucleotide (TTTCA)n insertion in the sterile alpha motif
domain-containing 12 gene (SAMD12) is the genetic cause of FCMTE1 in Japanese,3 Chinese,4 Sri
Lankan and Indian populations.5 Similar mutations have been identi�ed in �ve other genes (STARD7,
MARCH6, YEAST2, TNRC6A and RAPGEF2) in FCMTE2–4, 6 and 7, respectively. The two major clinical
features of cortical tremor, which is characterized by tremulous involuntary movements in distal upper
extremities, and infrequent epilepsy attack are well recognized. In addition to the two major symptoms,
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other symptoms, such as visual intolerance,6 night blindness, and migraine, are also reported in FCMTE
patients.

Photic stimulation may play an important role in FCMTE. It has been wildly reported that photic
stimulation can exaggerate cortical tremor and precipitate epileptic attack.1,7 Patients can also present
visual intolerance, with patients unable to tolerate changes to ambient light or prolonged exposure to TV
and computer screens or video games. Furthermore, intolerance to light always occurs in the second and
third decades of life in patients already having cortical tremor and is considered a marker of disease
progression. Photic stimulation-induced myoclonus has also been reported.8 On EEG, intermittent photic
stimulation (IPS) can trigger a photoparoxysmal response (PPR), also known photosensitivity, with
prevalence ranging from 24.5 to 95% in FCMTE.7,9,10 Photosensitivity is a hallmark of photosensitive
epilepsy, including FCMTE, juvenile myoclonic epilepsy, idiopathic occipital photosensitive epilepsy, et al.,
and is strongly in�uenced by genetic factors.11,12 Therefore, study of the mechanism of photosensitivity
can help reveal the pathogenesis of FCMTE and also of other photosensitivity epilepsies. Considering the
prominent clinical and EEG features of FCMTE in response to photic stimulation, we hypothesized the
existence of abnormal local neural activities in visual regions that probably involve visual-related
networks in patients at resting state.

Resting-state functional magnetic resonance imaging (RS-fMRI) studies have provided some
understanding of FCMTE. Previous MRI studies have shown structural, functional and metabolic changes
in the cerebellum by diffuse tensor imaging,13 voxel-based morphometry of MRI images14 and proton
magnetic resonance spectroscopy.15 MRI studies have also shown impaired brain activity in cortical
areas16 and altered cerebellar-cerebral functional connectivity (FC).17 However, the above neuroimaging
�ndings cannot explain the visual symptoms and photosensitivity. We recently conducted a RS-fMRI
study in patients with genetically con�rmed heterozygous FCMTE1 and observed an altered cerebello-
motor network.18 We did not �nd abnormalities in visual-related regions, probably because of strict
multiple testing correction and the high threshold we set for percent amplitude �uctuation.

Regional homogeneity (ReHo) and seed-based FC can assess synchronization of both local and distant
brain activity.19 Degree centrality (DC) can determine the strength of the connectivity of one voxel
compared with all other voxels in the brain.20 Independent component analysis (ICA), a data-driven
approach, is widely used for the analysis of functional networks in fMRI data and can effectively
determine the functional characteristics of mutually correlated brain components.21 The purpose of the
current study was to investigate differences in intrinsic regional brain activity between genetically
con�rmed FCMTE1 patients and HCs using indices of ReHo and DC based on RS-fMRI, and to apply seed-
based FC to evaluate aberrant distant networks. Furthermore, considering the prominent visual symptoms
and photosensitivity in FCMTE, we measured the ICA-derived visual networks. Our results support our
hypothesis and provide complementary insights into the established pathophysiological hypothesis of
FCMTE.
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Methods

Participants
Thirty-one patients with FCMTE1, the same population examined in our previous MRI study,18 and 52
healthy controls (HCs) were enrolled. The inclusion and exclusion criteria for both groups were described
previously.18 All participants were right-handed, native Chinese. Detailed clinical data were collected by
two neurologists. The Fahn-Tolosa-Marin Tremor Rating Scale (FTMRS) was used to assess the severity
of cortical tremor in patients. EEG recording was performed on 29 patients. IPS was performed using a
standard procedure in accordance with the updated European algorithm for visual stimulation. Three
technicians and one neurologist reviewed and analyzed the EEG data. This study was approved by the
ethics committee of the Second A�liated Hospital, Zhejiang University School of Medicine and by the
ethics committee of the Center for Cognition and Brain Disorders at the A�liated Hospital of Hangzhou
Normal University. Written informed consent was obtained from all participants prior to the study.

Head motion was estimated by mean framewise displacement based on the measures derived from
Jenkinson’s algorithm of relative root mean square. ReHo and DC metrics were sensitive to head motion.
To control bias, we excluded participants with head motion surpassing 2 mm in any direction of
translation or 2 degrees in any direction of rotation as well as mean framewise displacement exceeding
one standard deviation (SD, 0.04 mm) above the sample mean (0.06 mm). These criteria excluded four
patients and three HCs, leaving 27 patients and 49 HCs for further data analysis.

MRI Data Acquisition
MRI data were acquired with a 3-Tesla scanner (MR-750; GE Medical Systems, Milwaukee, WI) at the
Center for Cognition and Brain Disorders, A�liated Hospital of Hangzhou Normal University. MRI
scanning sessions were as follows: (1) RS-fMRI (43 axial slices, repetition time [TR] = 2000 ms, echo time
[TE] = 30 ms, �ip angle = 90 degrees, �eld of view [FOV] = 220 × 220 mm, voxel size = 3.44 × 3.44 × 3.20
mm, 240 time points); (2) high-resolution T1-weighted image (176 sagittal slices, thickness = 1 mm, TR = 
8.1 ms, TE = 3.1 ms, �ip angle = 8 degrees, FOV = 256 × 256 mm).

MRI data Processing
Data pre-processing was conducted using DPARSF 5.1 (http://rfmri.org/dpabi)22 and SPM12
(https://www.�l.ion.ucl.ac.uk/spm) based on MATLAB.

The preprocessing steps were as follows: (1) manual setting of the T1 images and functional images to
the anterior commissure; (2) discarding the �rst 10 volumes of RS-fMRI data for signal equilibrium and
participant adaptation to the scanning noise; (3) slice timing correction for the acquisition time delay
between slices; (4) head motion correction; (5) co-registering individual T1 images to functional images;
(6) removing the linear trend of the time courses; (7) regressing out nuisance signals including 24 head
motion parameters, global mean, white matter, and cerebrospinal �uid signals; (8) spatial normalization
to Montreal Neurological Institute (MNI) space by Diffeomorphic Anatomical Registration with the
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Exponentiated Lie Algebra algorithm tool (DARTEL) (resample voxel size = 3 × 3 × 3mm); (9) applying a
temporal �lter with a bandpass of 0.01–0.1 Hz. Spatial smoothing was applied to FC with full width half
maximum (FWHM) of 6 mm before band �lter and FC calculation.

For the ReHo calculation, the Kendall concordance coe�cient was calculated for the time courses of 27
neighboring voxels within a prede�ned gray matter mask (provided by SPM12, with tissue probability > 
20%). For DC calculation, we applied a threshold to the correlation coe�cients at r > 0.25 to remove weak
correlations caused by noise, and negative connections were excluded when calculating binarized DC
maps because of their ambiguous interpretation. The prede�ned gray matter mask above was used to
restrict the DC calculation within the gray matter. ReHo and DC maps were then spatially smoothed with
FWHM 6 mm. For the FC calculation, the peak T-value voxel of the brain area showing signi�cant ReHo
differences between FCMTE patients and HCs was selected as the seed (radius = 4 mm) to perform voxel-
wise FC analysis within the gray matter mask. For every participant, ReHo, DC and FC maps were
transformed to z-value maps using Fishers z-transformation.

For ICA analysis, RS-fMRI data was �rst preprocessed using DPARSF, including discarding the �rst 10
volumes, slice timing, head motion correction, normalizing by DARTEL and smoothing with FWHM of 6
mm. Group spatial ICA was performed using the Group ICA/IVA of the fMRI Toolbox (GIFT,
https://trendscenter.org/software/gift/, version 3.0 c).23 Processing steps were as follows: (1) remove
mean per time point (2) the minimum description length was used to estimate the number of independent
components, and 34 components were analyzed for each subject. (3) Data reduction used principal
component analysis followed by independent component estimation to produce spatial maps and time
courses with the infomax algorithm. To ensure the stability of independent component (IC) estimation,
ICA was repeated 20 times in ICASSO.24 (4) The IC time courses and the spatial maps of individual
subjects were reverse reconstructed using GICA. (5) The mean ICA components were standardized into Z-
scores across participants. (6) Three components of visual networks, including the lateral (or secondary)
visual network, the medial (or primary) visual network, and the occipital visual network, were identi�ed in
accordance with a previous study.25 (7) For each component, a one sample T test was used to create
separate group-speci�c masks of patients and HCs (voxel level p < 0.001, cluster level p < 0.05, two-tailed),
which were then combined into a total component mask.

Statistical analysis
The ReHo, DC and FC images were examined by independent t-tests performed in DPABI within the
prede�ned gray matter mask described above. ICA images were examined within the component mask
described above and the T maps were corrected using Gaussian random �eld (GRF) correction (voxel
level p < 0.001, cluster level p < 0.05, two-tailed). The voxels above the threshold of ReHo, DC, FC and ICA
were selected as regions of interest (ROIs) to extract the mean values for further analysis.

The mean values of ReHo, DC, FC and ICA, as well as clinical variables among participates were
compared separately using SPSS 25.0 software (SPSS, Chicago, IL, USA), The relationships of fMRI
indices and clinical variables (duration of cortical tremor, FTMRS score, duration of epilepsy, frequency of
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seizures) and PPR grades, were detected using Spearman correlation and Pearson correlation. The
relationships of PPR grades and clinical variables, were detected using Spearman correlation. P < 0.05
was considered to have statistical signi�cance and Bonferroni correction was used to further determine
the signi�cance threshold for multiple measurements.

Results
Demographic information of FCMTE1 patients and HCs are shown in Supplementary Table S1.
Independent t-tests and Pearson's chi-squared test were used to compare demographic differences
between groups. There was no signi�cant difference in age or sex between the two groups. All patients
were con�rmed to carry a heterozygous pathogenic (TTTCA)n insertion in SAMD12. All patients had
cortical tremor while no apparent tremor in 52 HCs. Epileptic attack could be triggered by strong light or
�icker in three patients, and visual intolerance was found in nine FCMTE1 patients.

Patients were divided into three subgroups according to the frequency of epileptic attack per year; six
patients had no epileptic attack, 12 patients had less than one attack per year and 13 had one or more
attack per year. EEG recording with IPS was performed on 28 patients. Twenty-four patients presented
PPR on EEG, and when PPR was further graded on a scale from 1 to 4 according to Waltz25 classi�cation,
six patients had PPR grade 2, �ve patients had PPR grade 3 and 13 patients had PPR grade 4. Fourteen
patients received antiepileptic treatments (valproic acid: n = 9; oxcarbazepine, n = 1; carbamazepine, n = 1;
clonazepam n = 3).

fMRI group differences
Group differences in independent t tests showed increased ReHo values in patients compared with HCs in
the bilateral calcarine sulcus (corrected by GRF, voxel level p < 0.001, cluster level p < 0.05; Fig. 1 and
Table 1). The results of DC were similar to those of ReHo but with more voxels above the threshold (Fig. 1
and Table 1).
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Table 1
Brain regions showing signi�cant differences between FCMTE patients and HCs

Indices Brain

Region

BA Peak MNI
coordinates

Peak T
Value

Cluster Size
(voxels)

Voxel Level P
Value

x y z

ReHo Calcarine

sulcus (L)

17,
18

-9 -84 9 5.72 150 < 0.001

DC Calcarine

Sulcus (L)

17,
18

-12 -81 9 5.30 594 < 0.001

FC Precentral

gyrus (R)

6 30 -15 69 4.60 57 < 0.001

superior frontal
gyrus (R)

10 33 63 0 -5.11 100 < 0.001

inferior parietal
lobule (R)

40 48 -51 51 -4.46 62 < 0.001

ICA Calcarine

sulcus (L)

17 -9 -84 9 4.35 40 < 0.001

BA, Brodmann area; MNI, Montreal Neurological Institutes; L, Left hemisphere; R, Right hemisphere;
ReHo, Regional homogeneity; DC, Degree centrality; FC, Functional connectivity; ICA, Independent
component analysis.

Functional connectivity between the calcarine sulcus and
the right precentral gyrus
The peak voxel of the brain area with increased ReHo in the calcarine sulcus was selected as a seed (x =
-9, y = -84, z = 9, radius = 4 mm) to perform voxel-wise FC analysis. Increased FC values were observed in
the right precentral gyrus, and decreased FC values were observed in the right superior frontal gyrus and
right inferior parietal lobule in patients compared with HCs (GFR correction, voxel level p < 0.001, cluster
level p < 0.05; Fig. 2 and Table 1).

Independent Component Analysis
Three component-related visual networks were selected that correspond to medial, occipital pole, and
lateral visual networks (Supplementary Fig. 1). Group differences in independent t tests showed
increased values in patients compared with HCs in the left calcarine sulcus in the medial visual network
(corrected by GRF, voxel level p < 0.001, cluster level p < 0.05; Fig. 3 and Table 1).

Clinical correlations
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Positive correlation was found between ReHo values and frequency levels of epilepsy (Spearman
correlation, p = 0.028, rs=0.422; Fig. 4A and Supplementary Table S2). There was no signi�cant result
between FC or DC values and clinic variables. FTMRS scores exhibited a signi�cant positive correlation
with PPR grade (Spearman correlation, p = 0.009, rs = 0.484; Fig. 4B and Supplementary Table S2).
Duration of epilepsy exhibited positive correlation with PPR grade (Spearman correlation, p = 0.026, rs = 
0.421; Fig. 4C and Supplementary Table S2).

Discussion
We found apparent visual-related symptoms in FCMTE1, such as epileptic attack triggered by strong light
or �icker, visual intolerance. We recorded a high prevalence (87.5%) of PPR on EEG, also known as
photosensitivity, and a high grade of PPR (grade 3 or 4) was presented by the majority of patients (75%).
It is generally regarded that a high grade of PPR is prominently associated with epilepsy,11 which was
con�rmed by our results. Furthermore, signi�cant positive correlations were found between PPR grade
and FTMRS scores and duration of epilepsy. Thus, we concluded that photosensitivity was not only an
isolated EEG feature of FCMTE, but was also closely related to the two major symptoms. This might
explain why photic stimulation can exaggerate cortical tremor and induce epileptic attacks.

Involvement of the primary visual cortex and primary visual
network in FCMTE1
Compared with HCs, both increased ReHo and DC values were found in the bilateral calcarine sulcus in
FCMTE1 patients. ICA analysis demonstrated increased connectivity between the left calcarine sulcus
and the rest of the region inside the medial visual network (also known as the primary visual network) in
the patient cohort. The calcarine sulcus is part of the primary visual cortex and receives visual
information directly from visual stimulation. Studies using visual-evoked potentials or transcranial
magnetic stimulation have shown intrinsic hyperexcitability in the visual cortex of patients with
photosensitivity.26,27 However, we found no correlation between PPR grades and MR indices. This may
indicate that the damage in the primary visual cortex may be su�cient to produce a �oor effect where
gradation of severity is lost. This altered neural activity in the primary visual cortex and increased
connectivity within the primary visual network in FCMTE1 patients probably contribute to the prominent
visual-related symptoms and participate in the genesis of photosensitivity, suggesting a signi�cant role
of the central visual cortex in the pathophysiology of FCMTE and providing a potential imaging
biomarker for the disease.

Altered visual-motor network in FCMTE1
We found increased FC between the primary visual cortex and the right precentral gyrus (BA 6) in the
FCMTE1 patients. The increased FC between the primary visual cortex and the motor cortex can explain
why the visual stimulation could induce or exaggerate the two major symptoms, cortical tremor and
epileptic seizure. In addition, the ReHo values of the primary visual cortex were positively related to the
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frequency of epilepsy. This means that the higher frequency of epilepsy the higher the ReHo values in the
primary visual cortex, indicating that the aberrant visual-motor pathway may participate in the epileptic
pathophysiology of FCMTE1. The established pathophysiological hypothesis posits that cortical
hyperexcitability arising from cerebellar defects1 explain the two major motor symptoms. The altered
visual-motor network observed in the current study can complement the established hypothesis for the
two motor symptoms.

In addition, this altered visual-motor network might also be associated with photosensitivity. Overactive
visuomotor connections were found in patients with PPR in a transcranial magnetic stimulation study.28

Studies using combined EEG-fMRI have shown increased neural activation within premotor and parietal
cortex in addition to visual cortex in patients with photosensitivity after IPS-induced grade 4 PPR.21

Network level changes were also found in patients with photosensitive epilepsy, that is abnormal
activation of the striato-thalamo-cortical network with activation of the putamen and deactivation of
motor related areas.29 Taken together, we deduced this altered visual-motor network might also
participate in the pathogenesis of photosensitivity in patients with FCMTE.

The aberrant dorsal visual pathway in FCMTE1
We also found decreased FC between the primary visual cortex and the right inferior parietal lobule and
the right superior frontal gyrus in patients with FCMTE1. The inferior parietal lobule receives projections
from the primary visual cortex, forming the dorsal visual pathway, which is probably relevant to spatial
perception and codes visual information for action organization.30,31 The dorsal visual pathway also has
a predominant anatomical connection with the dorsal prefrontal cortex. In a working memory fMRI study,
the superior frontal gyrus was considered selectively involved during working memory for shape.32 Thus,
we speculated that patients with FCMTE might have reduced transmission of visual information in the
dorsal visual pathway. Further research on visual information processing in FCMTE is warranted.

Several limitations should be addressed in the current study. Firstly, synchronous EEG was not performed
with the RS-fMRI and, therefore, we could not directly speculate on the epileptic and EEG traits in the
current study. Secondly, some patients had taken antiepileptic drugs, which can confound results. Thirdly,
our RS-fMRI �ndings are new for FCMTE and their neurophysiological relevance is not clear and need
further experimental investigation.

Conclusion
In the past, the pathophysiological hypothesis of FCMTE mainly focused on the cerebellum and motor
cortex. The current study provided a new perspective for understanding the disease and enriched the
existing pathophysiological hypothesis. Photic stimulation induced apparent visual-related symptoms
and a high prevalence of photosensitivity in FCMTE. Our �ndings of involvement of the primary visual
cortex and the primary visual network, the aberrant distant visual-related networks, including the visual-
motor network and the dorsal visual pathway, provide strong evidence to explain the visual-related
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symptoms and photosensitivity. The signi�cant functional change in primary visual cortex might be an
imaging biomarker for the disease. They also as photosensitivity is the hallmark of photosensitivity
epilepsy, e.g., juvenile myoclonic epilepsy, our �ndings are important for understanding the pathogenesis
of other photosensitivity epilepsies. Meanwhile, the cortex and network involved in FCMTE might be
candidate targets for intervention, for example using repetitive transcranial magnetic stimulation.
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Figure 1

Increased ReHo in the bilateral calcarine sulcus (corrected by GRF, voxel level p<0.001, cluster level
p<0.05). Increased DC in the bilateral calcarine sulcus (corrected by GRF, voxel level p<0.001, cluster level
p<0.05).

Figure 2

Increased FC in the right precentral gyrus. Decreased FC in the superior frontal gyrus and the inferior
parietal lobule (corrected by GRF, voxel level p<0.001, cluster level p<0.05). SFG.R, right superior frontal
gyrus; IPL.R, right inferior parietal lobule; PreCG.R, right precentral gyrus.
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Figure 3

Increased strength of connectivity in patients compared with HCs in the left calcarine sulcus in the medial
visual network.

Figure 4

Spearman correlations between ReHo, DC and clinical assessments of patients. (A) ReHo against
frequency of tonic-clonic seizures. (B) FTMRS scores against PPR grades. (C) Epilepsy duration against
PPR grades.
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