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Figure 2. Whole brain analysis of superior collicular activation to visual stimuli: (A) Whole brain, whole
group 2" level general linear model (GLM) analysis in all 64 participants (16 patients, 32 unaffected relatives,
16 healthy controls) for the following basic contrasts: loom, recede, random, structured movement (loom &
recede) and all visual (loom, recede & random). Coronal brain images are displayed. Slices were selected to
highlight peak superior collicular activity. A Family wise error corrected p-value < 0.05 is used. K= cluster size.
A significant and focal activation of both superior colliculi is seen for the loom condition (K= 69, p < 0.002).
The recede random and structured movement conditions failed to demonstrate statistically significant clusters
at superior collicular level. (B) Segmented group 2" level GLM analysis brain analysis in 32 participants with
abnormal temporal discrimination thresholds (TDTs) (16 cervical dystonia patients and 16 relatives with
abnormal TDTs) and 32 participants with normal TDTs (16 relatives and 16 control participants with normal
TDTs). A statistically significant cluster at superior collicular level is observed for the looming condition in the
normal TDT group. In the abnormal TDT group, no statistically significant clusters were observed within the
superior colliculus boundary for the loom, recede or random condition.

pattern than that observed for structured movement. The 2-sample t-test contrast demonstrated a statistically
significant cluster for the loom > random condition at both superior colliculi. No statistically significant clusters
were observed within the superior colliculus boundary for the recede > random or the loom > recede condition.
Segmented group analysis for the 1-sample and 2-sample t-test contrast is presented (Fig. 2B). A statistically
significant cluster at superior collicular level is observed for both the looming condition and the loom > random
condition in the normal TDT group. No such activations are observed for the abnormal TDT group. The recede
and random conditions failed to demonstrate statistically significant clusters in either group at superior collicular
level.

Whole group analysis for loom > random, recede > random and recede > random contrasts are presented for
the 32 participants with normal TDT (unaffected relatives and healthy controls) and the abnormal TDT group
(patients and unaffected relatives) (Fig. 3). A statistically significant cluster at superior collicular level is observed
for the loom > random contrast (K=299, p < 0.05) in the normal TDT group. This activation is not observed in
the abnormal TDT group.

Region of interest analysis.  Effect of condition. The raw event-related time courses were extracted for
loom, recede and random conditions from each participant’s superior colliculus. The greatest signal difference
was observed between the loom and random condition (Fig. 4A). The peak percent signal change during the loom
condition was observed at 4 seconds across participants with normal temporal discrimination. This peak percent
signal change for the loom condition was absent in participants with abnormal TDTs. An independent-samples
t-test was conducted to compare BOLD activations for the three main contrasts (loom > random, recede > ran-
dom, loom > recede) for both the abnormal TDT and normal TDT group. A significant difference was observed
for the loom > random contrast for the abnormal TDT group (M = —0.092, SD =0.266) and the normal TDT
group [M=0.076, SD =0.17; t (62) = 3.0, p =0.004]. The magnitude of the differences in the means was very
large (eta squared =0.14) (Fig. 4B).
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Figure 3. Whole brain, whole group analysis for the three different contrasts. Whole brain, whole group

27 ]evel general linear model (GLM) analysis in 32 participants with normal temporal discrimination
threshold (TDT) and 32 participants with abnormal TDT for the following three contrasts are presented;
Aa=Loom >Random (normal TDT); Ab=Loom > Random (abnormal TDT); Ba=Loom > Recede (normal
TDT); Bb=Loom > Recede (abnormal TDT); Ca = Recede > Random (normal TDT); Recede > Random
(abnormal TDT). A Family wise error corrected p-value < 0.05 is used. TDT = temporal discrimination
threshold. K= cluster size. BA = Broadmann’s area. Statistically significant clusters were observed in the
following areas for each of the contrasts: Aa=Left BA19 (K=1151, p <0.000), Right visual association cortex
(K- 757, p <0.001), Right superior colliculus (K=299, p < 0.05). Ab = Left fusiform gyrus (K= 5374, p < 0.000),
Right BA19 (K=2122, p <0.000), Right thalamus (K =312, p < 0.018). Ba=Right BA7 (K=5196, p < 0.000),
Left occipital cortex (K= 372, p < 0.038) Left visual association cortex (K= 372, p < 0.038). Bb = Left sensory
association area (K=27, p <0.001), Right BA39 (K=95, p <0.000), Right BA7 (K=27, p <0.001). Ca=Right
visual association cortex (K=16078, p < 0.000), Cb = Right visual association cortex (K=427, p < 0.000).

A less significant difference was observed for the recede > random contrast for the abnormal TDT group
(M=-0.12, SD=0.32) and the normal TDT group [M =0.02, SD =0.19; t(62) = 2.05, p=0.05]. The magni-
tude of the differences in the means was moderate (eta squared = 0.06). There was no significant difference
observed for the loom > recede contrast for the abnormal TDT group (M =0.027, SD=0.17) and the nor-
mal TDT group [M = 0.05, SD 0.27; t (62) =0.08, p =0.768]. Participants were then divided into four groups
(Group 1: patients; Group 2: relatives with abnormal TDT; Group 3: relatives with normal TDT; Group 4:
Healthy controls). A one-way between-groups analysis of variance (ANOVA) was conducted to explore the
impact of group level on loom > random peak value. There was a statistically significant difference at the
p <0.05 in loom > random peak values for the four groups [F (3,60) = 5.85, p < 0.001]. The difference in the
mean scores was large. The effect size, calculated using eta squared, was 0.23. Post-hoc comparisons using
the Turkey Honest Significant Difference test indicated that the most statistically significant group difference
was observed between relatives with abnormal TDTs (M = —0.18, SD 0.33) and relatives with normal TDTs
(M=0.12,SD=0.20, p < 0.001).

Correlation analysis with temporal discrimination threshold.  The relationship between superior collicular BOLD
activation for each contrast (as measured by the peak percent signal) and TDT Z-score was investigated using
Pearson Product-moment correlation-coefficient. Preliminary analysis was performed to ensure no violation of
the assumption of normality, linearity and homoscedasticity. There was a statistically significant negative corre-
lation between the loom > random contrast and TDT Z-score [r = —0.25, n =62, p < 0.04], with lower levels of
superior collicular activation associated with a higher (abnormal) TDT Z-score (Fig. 5).

There was a non-significant negative correlation between the recede > random contrast and TDT Z-score
[r=—-0.22, n=62, p < 0.08]. There was a lack of association observed between the loom > recede contrast and
TDT Z-score [r=0.006, n=62, p < 0.96].

Discussion

Our results reveal that patients with cervical dystonia and their unaffected relatives with abnormal temporal dis-
crimination, demonstrated (i) disrupted superior collicular activation; (ii) significantly reduced superior collicu-
lar activation for whole brain and region of interest analysis; and (iii) a statistically significant negative correlation
between TDT Z-score and superior collicular peak values. These findings which provide evidence of a functional
abnormality within the superior colliculus in both patients and first-degree relatives carrying a disease-specific
endophenotype supports the hypothesis that dysfunctional superior collicular processing may be involved in the
pathogenesis of cervical dystonia.

Our experimental paradigm was constructed principally to activate the superficial layer of the superior col-
liculus during the loom condition*!. During whole-brain, whole-group analysis, we observed a significant and
focal activation of the superior colliculus for the loom condition, whereas the recede and random conditions
failed to induce significant activation within the superior colliculus boundary. The random condition produced
the least superior collicular activation and the loom > random contrast revealed the most statistically signifi-
cant cluster at superior collicular level. This contrast maximised superior collicular activation and controlled for
inter-subject variability across participants. Our initial findings confirmed that our experimental paradigm was
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Figure 4. Event related time courses: (A) Event-related time course for the superior colliculus during the loom
and random condition in two candidate subjects: one relative with abnormal temporal discrimination threshold
(TDT) and one relative normal TDT. Red solid line =looming condition in a relative with normal TDT; black
solid line =looming condition in a relative with normal TDT; red dashed line = random condition in a relative
with abnormal TDT; black dashed line =random condition in a relative with abnormal TDT. In the relative with
normal TDT, the peak percent signal change is observed at 4 seconds for the loom condition. This peak percent
signal change for the loom condition was reversed in the relative with an abnormal TDT. (B) Loom > random
peak signal in all 64 participants: 32 participants with abnormal TDT (patients and unaffected relatives) and 32
participants with normal TDT (unaffected relatives and healthy controls). Each circle represents an individual’s
peak signal for the loom > random contrast. A significant difference was observed in the peak signal for the
loom > random contrast between the abnormal TDT group (M = —0.092, SD =0.266) and the normal TDT
group [M=0.076, SD =0.17; t(52) = 3.0, p = 0.004]. The magnitude of the differences in the means was very
large (eta squared =0.14).
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Figure 5. Correlation analysis: Pearson’s product moment correlation-coefficient analysis examining the
relationship between superior collicular peak percent signal change for the loom > random contrast and
temporal discrimination threshold (TDT) Z-score. Each open black circle represents one of the 64 participants;
TDT Z-scores are plotted on the x-axis; the peak percent signal change observed for the loom > random
contrast is plotted on the y-axis. The analysis shows a statistically significant negative correlation between the
loom > random contrast and TDT Z-score [r=— 0.25, n =62, p < 0.04], with lower levels of superior collicular
activation associated with a higher (abnormal) TDT Z-score.

a robust method for producing superior collicular activation and aligned with the existing literature regarding
optimal superior collicular activation®**. Following our initial results, we proceeded to examine for any group
differences observed during whole-brain analysis.
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Whole-brain analysis revealed a between-group difference in superior collicular activation for the loom
condition. Participants with abnormal temporal discrimination (cervical dystonia patients and relatives) had
an absence of superior collicular activation to looming stimuli. There was no statistically significant difference
amongst the cervical dystonia patients between the loom, recede and random conditions. In contrast, participants
with normal temporal discrimination (relatives and controls) showed a significant activation to looming stimuli
at superior collicular level. The absence of a normal activation pattern observed in participants with abnormal
temporal discrimination (the endophenotype) suggests that they have disrupted superior collicular processing.
To explore this, further, we proceeded to region-of-interest analysis, specifically focusing on functional activa-
tions at superior collicular level.

To improve the accuracy of region-of-interest analysis, we defined our superior collicular boundaries using
anatomical landmarks determined at neuropathological dissection. Despite recent developments in automated
anatomical labelling for cortical structures*?, and detailed probabilistic atlases of macroscopic anatomy*>**, ana-
tomical definition at individual level remains the optimal approach for ROI definition of small subcortical struc-
tures like the superior colliculus®.

Region-of-interest analysis revealed a statistically significant between-group difference in superior collicular
activation. Patients and relatives with abnormal temporal discrimination had statistically significantly reduced
superior collicular activation for the loom condition compared to participants with normal temporal discrim-
ination. The greatest between-group difference in superior collicular activation was observed when compar-
ing relatives with abnormal temporal discrimination and relatives with normal temporal discrimination. This
between-group difference noted in superior collicular activation was further supported by the raw event-related
time series extracted from each individual participant’s region-of-interest. In this analysis, the extracted peak
signal from an individual’s superior colliculus should occur at four seconds. In participants with normal temporal
discrimination a four second peak signal was observed for the loom condition. However, in those with abnormal
temporal discrimination there was a reverse of this peak signal for the loom condition at four seconds (Fig. 4A).

Amongst cervical dystonia patients, there was no significant difference in either whole brain or region of
interest analysis between those receiving regular botulinum toxin (BoNT) injections (n=13) and those who did
not (n=3). Previous functional imaging studies have demonstrated a partial restoration of abnormal brain acti-
vations following BoNT injections**-*. Unlike our study, these protocols were devised to specifically examine the
effect of BONT on abnormal brain activations and imaging was frequently performed before and after injections.
In our study repeat imaging was not performed and intervals following the last BONT injection were variable. As
such it was unlikely that any differences would exist between the two groups.

The findings from whole brain and region-of-interest analysis were corroborated further by correlation
analysis. This analysis demonstrated a statistically significant negative correlation between superior collicular
peak activations and individual TDT Z-scores, indicating that as superior collicular activation diminished, TDT
Z-score increased (or worsened). The above findings suggest that superior collicular dysfunction may be involved
in the disease-specific endophenotype (abnormal temporal discrimination). In accordance with the mediational
endophenotype model which implies that one cannot acquire the disease without first having the endopheno-
type®, the superior colliculus is thus likely to play an important role in the pathogenesis of cervical dystonia.

The superior colliculus is one of the most GABAergic brain regions’! and the superficial layer is principally
composed of GABAergic neurons.

Under normal conditions, neurons in the superficial layer of the superior colliculus respond to looming stim-
uli***%; the time of the peak response in these neurons is linearly related to the size/speed ratio of the approaching
object®. In our study, participants with normal temporal discrimination had this predicted response - a statis-
tically significant greater activation to looming stimuli (loom > random contrast) at superior collicular level.
Conversely, participants with abnormal temporal discrimination failed to demonstrate such activations. In this
group - cervical dystonia patients and relatives with abnormal temporal discrimination - there was no significant
superior collicular activation to looming stimuli. Thus, disrupted superior collicular processing is unique to those
with an abnormal TDT (i.e. those with the endophenotype) and is independent of phenotype (cervical dystonia or
unaffected relatives). This suggests that processing intrinsic to the superior colliculus is involved in the process of
temporal discrimination.

Any reduction in GABA activity will not only have functional consequences for this dorsal midbrain struc-
ture but also its connections. The visuosensory neurons in the superficial layer of the superior colliculus exert
inhibitory influences on the pre-motor neurons in the intermediate and deep layer of the superior colliculus®*>*,
The deep layer in turn projects via the tecto-reticulospinal and tectospinal pathways to the upper cervical spinal
cord>-%%. Prolonged duration firing of visuosensory neurons because of impaired GABA inhibition would cause
hyperexcitability of the pre-motor neurons in the deep layer of the superior colliculus. These hyperexcitable pre-
motor neurons could stimulate motor neurons in the upper cervical spinal cord perhaps resulting in the abnor-
mal, jerky head spasms characteristic of cervical dystonia.

The findings from our study that superior collicular processing is disrupted in both patients and relatives
harbouring the endophenotype (an abnormal TDT), supports the hypothesis that disrupted superior collicular
processing is involved temporal discrimination. As an abnormal TDT is a mediational endophenotype for cervi-
cal dystonia, we might assume that disordered sensory processing in the superior colliculus is also involved in the
pathogenesis of this condition.

Potential Limitations. While the results of this study support a model of reduced superior collicular
GABAergic activity as contributing to sensory processing abnormalities and motor features of cervical dystonia,
our study cannot determine the exact level at which this deficit arises; this GABAergic deficit may, in fact, be
upstream of the superior colliculus. Further research is required to determine this. A Dynamic Causal Modelling
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