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Abstract: In humans, the asymmetry in the masseter electromyographic (EMG) activity during
clenching is positively correlated with the degree of pupil size asymmetry (anisocoria) at rest.
Anisocoria reveals an asymmetry in LC activity, which may lead to an imbalance in cortical excitability,
detrimental to performance. Hereby, we investigated, in individual subjects, the possibility that
occlusal correction, which decreases EMG asymmetry, improves performance by balancing LC activity.
Cognitive performance, task-related mydpriasis, and pupil size at rest were modified by changing
the occlusal condition. Occlusal-related changes in performance and mydriasis were negatively
correlated with anisocoria changes in only 12/20 subjects. Within this population, spontaneous
fluctuations in mydriasis and anisocoria also appeared negatively coupled. Occlusal-related changes
in performance and mydriasis were negatively correlated with those in average pupil size (a proxy of
average LC activity) in 19/20 subjects. The strongest association was observed for the pupil changes
occurring on the side with higher EMG activity during clenching. These findings indicate that the
effects of occlusal conditions on cognitive performance were coupled to changes in the asymmetry of
LC activity in about half of the subjects, while they were related to changes in the average tonic LC
activity in virtually all of them.

Keywords: trigeminal input; trigeminal asymmetry; anisocoria; Locus Coeruleus; task-related
mydriasis; cognitive performance

1. Introduction

It is known that the deficits in spatial cognition observed following unilateral brain
lesions can be more severe than those induced by bilateral symmetric injuries [1]. This
suggests that the impairment depends upon the imbalance created by the lesion rather than
on the extent of the damage itself. Accordingly, deficits may be greatly attenuated by depress-
ing the activity of the intact hemisphere [2,3] as well as by asymmetrical counterbalancing
stimulation of visual, vestibular, and neck proprioceptive afferents [4]. There is also evidence
that asymmetries in vestibular input such as otic capsule dehiscence and unilateral vestibular
loss may induce severe cognitive deficits, particularly involving spatial abilities [5,6].
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These observations suggest that spatial representation in the brain relies on a balanced
activity of specific central structures and peripheral afferents.

Recent evidence points to the trigeminal system as a source of potential sensorimotor
asymmetries that may elicit deficits in cognitive behavior. A balanced development of
occlusal forces is in fact associated with better cognitive conditions in older people [7]. It has
also been shown, in subjects between 25 and 35 years with right molar loss that restoration
of occlusal surface modifies EEG alpha rhythm, thus interfering with the mechanisms
of attentive control [8]. Animal studies indicated that unilateral chewing is detrimental
to spatial learning and leads to a decrease in the levels of serotonin and BDNF at the
hippocampal level [9].

Subtle cognitive deficits associated with asymmetry in pupil size (anisocoria) at rest
have been observed in subjects (either normal, bearing masticatory deficits or showing
unilateral molar loss) characterized by an asymmetry in masseter electromyographic (EMG)
activity during clenching [10-13]. Both the EMG asymmetry during clenching and the pupil
asymmetry at rest disappeared when the occlusion was corrected by an appropriate or-
thotic device (bite) [10,12,13] or when the edentulism was corrected by artificial crowns [11].
In these subjects, when the dental arches were closed (without effort), the cognitive per-
formance was impaired and task-related mydriasis was reduced. In contrast, the former
improved and the latter increased by a bite application [12,13]. These modifications were
negatively correlated to changes in anisocoria and average pupil size at rest [12,13].

Since (a) pupil size is currently considered as a proxy of the noradrenergic Locus
Coeruleus (LC) neurons activity [14-19], (b) the trigeminal system is strongly connected
to the LC [20-29] and (c) the effects of trigeminal activation are stronger on the ipsilateral
side [29], it can be proposed that an asymmetry in sensorimotor trigeminal activity during
clenching may be associated with an asymmetric LC activity at rest. Due to the widespread
tonic LC effects on the brain [30], the imbalance in LC activity would induce an imbalance
in the hemispheric excitability, leading to performance deterioration.

Regarding the relation between changes in performance and average pupil size, read-
out of the average LC activity, it has to be reminded that, according to the “adaptive gain
theory” of Aston-Jones and Cohen [31], performance is related to the tonic LC activity by an
inverted-U shaped relation. Thus, a negative correlation between performance/mydriasis
and pupil size should be expected when the basal level of noradrenergic activity is high [13].

The present study further clarifies the relation between trigeminal asymmetries, LC
activity, and cognitive performance by shifting the focus of attention from population
to the behavior of individual subjects. For this purpose, we modified the trigeminal
input in subjects showing an asymmetry of their masseter EMG activity during clenching
by changing the arches position and the occlusal condition. Then, we investigated the
correlation between the changes in performance/mydriasis and those (1) in anisocoria
(proxy of LC imbalance) and (2) in average pupil size at rest (proxy of tonic LC activity).

These correlative analyses were repeated at population level (pooling together individual
data) and extended to the spontaneous fluctuations of task-related parameters, pupil size, and
anisocoria observed when the arches position and occlusal condition were kept constant.

Finally, the latter cumulative approach was utilized to study the relation of task-related
parameters to the changes in the size of both pupils.

2. Materials and Methods
2.1. Subjects

The experiments were performed in 20 right-handed subjects of both sex (age
35.2 &+ 12.6, range 20-54 years, 13 females), showing an asymmetry of masseter EMG activity
during clenching larger than 20% of the average left-right value. In particular, 10 subjects
(eight females) showed a right, while 10 (5 females) a left masseter predominance. None of
the subjects were affected by metabolic, endocrine, neurological, or psychiatric disorders.
Fifteen of them (10 females) had a complete dentition, while five suffered loss of 1-4 molar
teeth (three females). Although none of the subjects complained masticatory/occlusal
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dysfunction, at the objective gnathologic examination, three of them (one female) showed
signs of temporomandibular joint (TMJ) dysfunction, revealed by a click as soon as the
mandible started lowering (one subject) and/or in pain when it reached the extreme opening
position (two subjects). The protocol was approved by the Bioethical Committee of the Pisa
University (Protocol No: 12-2019) and all participants signed an informed consent.

2.2. Experimental Protocol

In the initial session (Figure 1C), subjects underwent recording of the left and right
masseter EMG activity during clenching. The sides of higher and lower EMG activity
will be addressed in the text as the hypertonic and the hypotonic side, respectively. Soon
after, while the subjects kept the arches slightly apart and the elevator muscles relaxed,
measurements of pupil size at rest and during a haptic task (Figure 1A) were performed.
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Figure 1. Methods. (A) Tangram puzzle utilized for performing the haptic task. The subject had to reposition the
parallelogram-shaped piece within the frame, in the absence of visual control. (B) Numerical matrices utilized for the
Spinnler-Tognoni test. The subject had to sequentially scan each line ticking the target number(s) indicated above each
matrix. (C) Flowchart of the preliminary sessions. Evaluation of the EMG asymmetry during clenching, pupil size
measurements, and numerical matrices test performance occurred as described in the text. Open and Contact positions refer
to the dental arches. (D) Stimulation session included an initial period of bilateral trigeminal stimulation that allowed to
position the dental arches in the myocentric occlusion. This arches position was captured by a dental impression (imprint)
and followed by an EMG evaluation during clenching with the imprint in the mouth. (E) Flowchart of the final experimental
session. The boxes indicate the measurements taken for each mandibular position (Open1, Contact, Open2) and occlusal
condition (Bite ON, Bite OFF). See text for further explanations.
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Moreover, keeping the arches in the same position, the subjects had to scan three
numerical matrices line by line for fifteen seconds (Figure 1B), ticking the target number(s)
indicated above each matrix (Spinnler—Tognoni test, [32]).

Pupil dilatation during the haptic task (task-related mydriasis) and the difference in
diameter between the two pupils (anisocoria) at rest were evaluated off-line. Anisocoria
was calculated as the difference between the hypertonic and the hypotonic side, defined
according to an EMG-based nomenclature.

Performance in the numerical matrices test was described by the following indicators:
the target numbers retrieved per second (performance index, PI), all the numbers scanned
per second (scanning rate, SR) and the number of errors (missed targets + non targets
wrongly ticked) per second (error rate, ER). Performance-indicators and pupil size (but not
EMBG activity) were measured in three further sessions, spaced by 2-3 days. These four
initial sessions will be referred to as preliminary sessions 1-4 (Figure 1C).

In the fifth session (stimulation session), transcutaneous, bilateral stimulation of
trigeminal motor branches was applied for 5 min to the subjects, in order to induce relax-
ation of masticatory muscles [33] and to determine the position of myocentric occlusion,
captured by a dental impression (imprint, Figure 1D). When subjects kept this imprint
in their mouths, the EMG asymmetry during clenching was greatly reduced (see Results
section). The dental impression allowed us to manufacture (in 4-7 days) a bite splint
modeled on the inferior dental arch [34] that the subjects wore continuously (including at
night) across the following two weeks, except during meal time.

Finally, in the last (sixth) session, defined as the experimental session (Figure 1E),
pupil size at rest and during task as well as performance in the matrices test were evaluated
again without bite splint (Bite OFF), with the arches slightly apart (Openl), in contact
(Contact), and once more apart (Open2). One hour later, the subjects repeated the sequence
Openl-Contact-Open2 while wearing the bite splint (Bite ON).

The six matrices sequentially presented in the subsequent tests differed in the position
of target numbers in each line to minimize possible learning due to task repetition.

2.3. Trigeminal Nerve Stimulation

The trigeminal mandibular branches were stimulated by couples of electrodes (IACER,
I-Tech Medical Division, stimulating surface of each electrode: 164 mm?) applied on the
incisura sigmoidea and the submental region and connected with two I.A.C.E.R stimulators
(Martellago, Venice, Italy). Biphasic (cathodal/anodal) current pulses (0.54 ms, 21-25 mA)
were applied at a stimulation frequency of 0.618 Hz (incisura sigmoidea) and 40 Hz
(submental region), leading to contraction/relaxation of elevator and tonic contraction of
the depressor muscles. Left and right current intensity was adjusted to obtain symmetric
EMG responses and visually detectable mandibular movements (about 1 mm).

2.4. Haptic Task

The haptic task, based on the Tangram puzzle, was performed while the subject’s head
was restrained by the pupilometer and they could not see the puzzle. The piece shaped as
a parallelogram was placed in their right hand. Using the same hand, the subject had to
reposition it back into the puzzle frame [10].

2.5. Pupil Size and EMG Data Acquisition

A corneal topographer-pupillographer (MOD i02, with chin support, CSO, Florence,
Italy), working at the constant artificial lighting condition of 40 lux (photopic condition),
measured pupil size. During the measurement, subjects fixed a light spot generated by the
instrument. A camera sensor CCD1/3” (working distance: 56 mm) allowed for shots to be
taken of the iris image of both sides (acquisition time: 33 ms), which were displayed on the
instrument monitor together with the measurements of pupil diameter and stored on disk
for off-line analysis.
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Duo-trode surface Ag/AgCl electrodes (interelectrode distance 19.5 mm (MyoTronics,
Seattle, WA, USA) were placed on the masseter belly [10] in order to record its EMG activity,
which was sampled at 720 Hz, high passed (cutoff frequency 15 Hz), notch (50 Hz) filtered,
and full-wave rectified by a K6-1 MyoTronics system. The EMG bursts produced during
clenching were displayed on the instrument monitor together with the corresponding
average voltage values.

2.6. Statistical Analysis

The significance of changes in task-related parameters (PI, SR, average mydriasis)
induced by changing mandible position (Open, Contact, Open2) and occlusal condition
(Bite ON, Bite OFF) was assessed by the paired t-test.

The changes in pupil size, anisocoria, task-related mydriasis, and performance param-
eters (PI, SR, ER) were evaluated as differences between Contact and Openl, Open2 and
Contact, Open2 and Openl (in Bite ON and Bite OFF conditions) as well as between Bite
ON and Bite OFF (in Openl, Contact, and Open2 positions). Nine values were therefore
obtained for each subject and individual correlations between the changes in task-related
parameters and in anisocoria/pupil size were computed.

The spontaneous variability of all the recorded parameters was evaluated by calculat-
ing all the possible differences (2-1, 3-1, 4-1, 3-2, 4-2, 4-3) between the four measurements
acquired during the four preliminary sessions (all performed in Open position and Bite
OFF condition). This procedure led to six values for each subject.

Correlations between the changes in task-related parameters, anisocoria and pupil
size were assessed by linear regression analysis. Statistical Package for Social Sciences
(SPSS, v.20) was used for the analysis and significance was set at p < 0.05. Correlation
coefficients were compared by the test of equality for paired and unpaired data [35,36].
Comparisons of slopes were performed according to Cohen and colleagues [37,38].

3. Results
3.1. Effects of Occlusal Correction on EMG Asymmetry during Clenching

In the whole population analyzed (n = 20), the asymmetry in EMG activity (absolute
value of the left-right difference) observed during clenching in the first preliminary session
(Figure 1C) corresponded to 54.1 £ 18.5 pV. In the stimulation session (Figure 1D), when
subjects wore the imprint correcting the occlusal contact, this asymmetry was significantly
reduced to 6.3 = 6.1 puV (paired t-test, p < 0.0005). These data are summarized in Figure 2.
The imprint allowed us to manufacture the bite splint that was utilized in order to correct
the occlusal contact during the experimental session.

30
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70
3 60
fal
g s
£
2 40
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0k T
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Imprint OFF Imprint ON

Figure 2. Modifications in the EMG asymmetry observed during clenching with (imprint ON) and
without (imprint OFF) an imprint in the mouth that allowed the subjects to achieve the myocentric
occlusion. The error bars represent SD.
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3.2. Correlations between the Changes in Task-Related Parameters and Anisocoria Observed in the
Experimental Session: Single Subjects Analysis

During the experimental session, the modifications in arches position (Openl, Contact,
Open2) and occlusal condition (Bite ON, Bite OFF) elicited changes in PI, SR, mydriasis,
and anisocoria. In many subjects (n = 12), at least one of the changes in task-related
parameters covaried with those in anisocoria. These individuals will be referred to as
anisocoria dependent (AD) subjects, while the remaining eight subjects will be indicated as
anisocoria independent (Al).

Table 1 shows, for each subject, the strength of these correlations (R? coefficients) and
the related significance (p) values.

Table 1. Values of R? and p relative to the correlation of the changes in performance index (PI), scanning rate (SR), and task-

related mydriasis with respect to the changes in anisocoria at rest. Average and SD values have been given for anisocoria

dependent (AD) and anisocoria independent (Al) subjects separately, as well as for the whole sample. p values < 0.05 are

highlighted in gray.
Grou ID PI SR Mydriasis PI SR Mydriasis Average
P Subject  (p) @) (2] ®?) (R?) (R?) (R?)
12 0.001 0.005 0.005 0.936 0.947 0.861 0.915
18 0.001 0.005 0.002 0.942 0.934 0.765 0.880
20 0.001 0.005 0.002 0.911 0.878 0.775 0.855
17 0.001 0.005 0.023 0.863 0.935 0.546 0.781
15 0.004 0.011 0.009 0.719 0.627 0.651 0.666
AD 9 0.016 0.011 0.004 0.587 0.628 0.724 0.646
Subjects 3 0.005 0.028 0.005 0.693 0.521 0.705 0.639
2 0.027 0.213 0.005 0.527 0.211 0.919 0.552
11 0.039 0.113 0.009 0.478 0.319 0.643 0.480
8 0.053 0.043 0.039 0.437 0.466 0478 0.460
4 0.047 0.090 0.028 0.452 0.356 0.522 0.443
19 0.152 0.203 0.001 0.270 0.219 0.831 0.440
Mean + SD 0.651 £0.227  0.587 £0.283  0.702 £0.139  0.647 = 0.177
1 0.118 0.074 0.107 0.312 0.387 0.328 0.342
7 0.105 0.067 0.598 0.331 0.402 0.042 0.259
16 0.272 0.699 0.12 0.169 0.023 0.310 0.167
Al 14 0.183 0.234 0.822 0.238 0.195 0.008 0.147
Subjects 13 0.621 0.602 0.127 0.037 0.041 0.300 0.126
5 0.219 0.556 0.394 0.206 0.052 0.106 0.121
10 0.288 0.542 0.888 0.159 0.056 0.003 0.073
6 0.663 0.906 0.899 0.029 0.002 0.002 0.011
Mean + SD 0.185+0.112 0.145+0.165 0.137 £0.149  0.156 £ 0.104
AD + Al Mean + SD 0.465+0.299 0410+ 0.325 0476 £0.316  0.450 £ 0.288
Subjects

It can be observed that, among AD subjects, the average R? values indicated that
anisocoria accounted for a sizeable fraction (from 59 to 70%) of the variability observed in
task-related parameters.

All the significant correlations between task-related parameters and anisocoria changes
were negative, as shown in Figure 3 for a representative subject.

Regression slopes and R? coefficients of task-related parameters were independent of
age, gender, and clenching predominance. Moreover, they did not differ between normal
and TM]J disorders/edentulous subjects. Figure 4 shows the values of the slopes as a
function of the R? values obtained from the corresponding regressions. The vertical, dotted
lines indicate the threshold for significance (R? = 0.444, p = 0.05). It can be observed that
slopes were also negative for most of the non-significant correlations.

This correlative analysis on single subjects could not be performed on data relative to
the preliminary sessions since there were only four data points for subject.
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Figure 3. Correlation between changes in task-related parameters and anisocoria: a representative example. The changes in
task-related parameters elicited by modifying mandible position and occlusal condition in an anisocoria dependent (AD)
subject were plotted as a function of the corresponding anisocoria modifications. Anisocoria is defined as a difference
between the pupil size on the hypertonic and that on the hypotonic side. (A) Changes in PI; (B) changes in SR; (C) changes
in task-related mydriasis. The continuous lines are the regression lines of the plotted points, whose equations are illustrated

for each graph.
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Figure 4. Scatterplots of slopes and R? coefficients of the regression between changes in task-related parameters and
anisocoria. PI: performance index. SR: scanning rate. Mydriasis: task-related mydriasis, average of both pupils. In all panels,
the vertical dotted lines indicate the R? value corresponding to p = 0.05. White squares: Al subjects; black circles: AD.

3.3. Changes in Anisocoria and Task-Related Parameters Induced by Changing Arches Position and
Occlusal Condition: Differences between AD and Al Subjects

Table 2 shows, in AD and Al subjects, the changes observed in average pupil size/
anisocoria at rest and task-related parameters when arches position and occlusal condition
were modified. In both populations, PI, SR, and mydriasis decreased, while average pupil
size increased when the arches were touching in Bite OFF. Opposite modifications were
observed when AD and Al subjects changed from the Openl to the Contact position in
Bite ON.

Only anisocoria displayed a group difference. When arches went from Openl to
Contact position in Bite OFF, AD subjects increased anisocoria values, while Al subjects
did not show significant changes. In both groups, anisocoria significantly decreased when
the arches touched in Bite ON.

AD subjects were characterized by a significantly larger asymmetry of the masseter
EMG activity during clenching than Al subjects (AD: 52.9 £ 23.3, %; Al: 34.4 £ 8.4, %,
p = 0.025, data not shown in the table): subjects with a degree of EMG asymmetry ranging
between 20 and 60% could be either AD or Al, while those showing EMG asymmetries
larger than 60% (n = 4) were invariably AD. Interestingly, only one of the four individuals
with EMG asymmetry larger than 60% showed signs of TM] disorders (and edentulism).
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Table 2. Average + SD values obtained for pupil size/anisocoria at rest and task-related parameters in the different arches positions and occlusal conditions in both Al and AD subjects.

AD Subjects Al Subjects
BITE OFF BITE ON BITE OFF BITE ON
Openl O(?:;i:ts' Contact Openl OCPoerrllticvts‘ Contact Openl OCP:;:‘C‘;S' Contact Openl Oé);:\;;s. Contact

P":‘;;“‘sgi:e 3.97 +0.70 p < 0.0005 4324067  401+072 p < 0.0005 3794065 4184071 p < 0.0005 4624067 4214074 p=0.031 404+ 0.64
Anisocoria 043 + 032 p < 0.0005 0714032  046+0.27 p < 0.0005 014+010 0424021 NS 046 +035  037+023 p=0.021 0.13 4+ 0.06
PI 1.74 + 051 p=0.001 1.64+045  1.73+050 p < 0.0005 2184042  198+0.66 p=0.002 1774057  2.03+0.72 p <0.0005 233 +0.74

SR 12.92 +2.24 p =0.009 1233+217 12654209  p<00005 14324152 1368+230  p<00005  1298+213 1373 +245 p=0013 14.73 + 2.59
Average 1414035 p <0.0005 0.85+028 1374034 p <0.0005 1834048 1374029 p <0.0005 067+032 1414031 p=0.001 1.71 4+ 0.36

Mydriasis
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The samples of AD and Al subjects did not differ in terms of gender (AD: n = eight
females; Al five females), EMG side predominance (AD: n = six right predominant; Al:
four right predominant) and TMJ/dentition (AD: n = seven normal subjects; Al: n = six
normal subjects). In addition, the average age of AD subjects (36.0 & 12.3, years) was not
significantly different than that of Al subjects (34.0 £ 13.7, years).

3.4. Correlations between Changes in Task-Related Parameters and Anisocoria Observed during the
Experimental and Preliminary Sessions: Cumulative Regression Analysis

As shown in Figure 5, pooling data points of the different AD subjects confirmed
the presence of significant, negative correlations between changes in PI and anisocoria
during the experimental session (Figure 5A, upper row: R? = 0.488, Y = —0.633X + 0.036,
p < 0.0005). The same held true for SR (R?=0.324, Y = —2.354X — 0.097, p < 0.0005, data
not shown) and mydriasis changes (Figure 5C, upper row: R? = 0.601, Y = —1.174X + 0.041,

p < 0.0005).
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Figure 5. Trigeminal-elicited and spontaneous fluctuations in task-related parameters and anisocoria within the populations
of AD and Al subjects. Labels A, B, C and D identify both upper and lower subfigures of the corresponding column.
Columns A, C and B, D refer to AD and Al subjects, respectively. Upper row: scatterplots of the changes in PI (A,B)
and mydriasis (C,D) as a function of anisocoria changes observed when modifying mandibular and occlusal conditions
(experimental session). Lower row: correlations in the spontaneous fluctuations of the same variables observed under
constant mandibular and occlusal conditions (Open, Bite OFF, preliminary sessions). Different subjects are represented by
circles (AD) or squares (AlI) of different colors. Continuous lines represent the regression lines relative to all the plotted

points.

When the same cumulative analysis was applied to the preliminary sessions of AD
subjects, no correlation with anisocoria changes could be found for PI (Figure 5A, lower
row) and SR (data not shown) changes, while a significant, negative correlation was
observed between mydriasis and anisocoria changes (Figure 5C, lower row; R? = 0.087,
Y = —0.210X — 0.047, p = 0.007).

Pooling experimental session data of different Al subjects revealed weak, negative cor-
relations with anisocoria changes for both PI (Figure 5B, upper row: R? = 0.078, Y = —0.235X
+0.033, p = 0.018) and SR (R? = 0.065, Y = —0.870X — 0.096, p = 0.031, data not shown)
changes, but not for mydriasis changes (Figure 5D, upper row).
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When the same cumulative analysis was applied to the preliminary sessions of Al
subjects, no significant correlation with anisocoria changes was observed for PI (Figure 5B,
lower row), SR (data not shown), and mydriasis changes (Figure 5D, lower row).

The correlation between mydriasis and anisocoria changes observed in AD subjects
(Figure 5C) was further investigated by distinguishing the mydpriasis relative to the hyper-
tonic and hypotonic side pupils. This analysis, displayed in Figure 6, revealed that changes
in mydriasis at the hypertonic side were strongly correlated with anisocoria changes dur-
ing the preliminary sessions (Figure 6A, lower row: R? = 0.311, Y = —0.587X — 0.021,
p < 0.0005), while this was not the case for the hypotonic side (Figure 6B, lower row:
R? =0.030, p = 0.15).
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Figure 6. Correlations between changes in mydriasis and anisocoria for both hypertonic and hypotonic side in AD subjects

only. Labels A and B identify both upper and lower subfigures of the corresponding column. The changes in mydriasis on

the hypertonic (A) and hypotonic (B) side are plotted as a function of the corresponding changes in anisocoria. Upper row

and lower row panels display data obtained during the experimental and the preliminary sessions, respectively. Continuous

lines represent the regression lines relative to all the plotted points. Different subjects are represented by circles of different

colors.

As to the experimental session, the strength of correlation between mydriasis and
anisocoria changes was higher at the hypertonic (Figure 6A, upper row: R? = 0.727,

Y = —1.513X + 0.025, p < 0.0005) than at the hypotonic (Figure 6B, upper row: R? = 0.364,
Y = —0.825X + 0.058, p < 0.0005) side (Z = 2.16, p = 0.030).
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3.5. Relation between Changes in Task-Related Parameters and Average Pupil Size during the
Experimental Session: Single Subject Analysis

As shown in Table 3, in 19/20 subjects at least one of the changes in task-related
parameters was significantly correlated with the changes in the average pupil size at rest
(pupil size-dependent subjects).

Table 3. R? coefficients obtained in individual subjects by correlating the changes in task-related
parameters with the changes in average pupil size. Significant correlations are highlighted in gray.

ID PI SR Mydriasis
Subjects (R?) (R?) (R?)
1 0.891 0.777 0.965
2 0.909 0.632 0.926
3 0.105 0.118 0.849
4 0.739 0.543 0.969
5 0.747 0.159 0.875
6 0.922 0.837 0.887
7 0.198 0.073 0.841
8 0.549 0.686 0.865
9 0.467 0.366 0.976
10 0.232 0.078 0.984
11 0.910 0.178 0.906
12 0.579 0.471 0.930
13 0.814 0.781 0.944
14 0.000 0.004 0.319
15 0.802 0.808 0.964
16 0.369 0.061 0.900
17 0.468 0.336 0.842
18 0.702 0.574 0.981
19 0.148 0.161 0.789
20 0.650 0.686 0.869

Mean + SD 0.560 + 0.298 0.416 £ 0.294 0.879 4 0.143

Figure 7 shows scatterplots of slopes and R? values observed for regressions of changes
in task-related parameters and pupil size. Slopes were in general negative, even when R?

values were well below significance (vertical dotted lines).
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Figure 7. Slopes and R? coefficients of the regression between changes in task-related parameters and in average pupil

size. PI: performance index. SR: scanning rate. Mydriasis: task-related mydriasis, average of both pupils. In all the panels,

dots and squares refer to AD and Al subjects, respectively, while the vertical dotted lines indicate the R? value (0.444)

corresponding to significance (p = 0.05).

Moreover, the dependence of the changes in task-related parameters upon those in
average pupil size was present in both Al and AD subjects. No major differences between
these groups were observed in R? and slopes values.
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3.6. Changes in Average Pupil Size and Task-Related Parameters during the Experimental and the
Preliminary Sessions: A Cumulative Regression Analysis

Pooling data from different subjects showed that the correlations between changes in
task-related parameters and in average pupil size observed in the experimental session
were present in both Al (PL: R? =0.336, Y = —0.490X + 0.014, p < 0.0005; SR: R? =0.179,
Y = —1.451X — 0.135, p < 0.0005; mydriasis: R? = 0.843, Y = —1.445X + 0.004, p < 0.0005) and
AD subjects (PL: R? = 0.511, Y = —0.725X + 0.041, p < 0.0005; SR: R? = 0.299, Y = —2.540X —
0.069, p < 0.0005; mydriasis: R? = 0.846, Y = —1.557X + 0.040, p < 0.0005).

When the cumulative analysis was applied to the 19 pupil-size dependent subjects, (see
Table 3) significant correlations between changes in task-related parameters and in average
pupil size was disclosed not only in the experimental (Figure 8, upper row), but also in the
preliminary sessions (Figure 8, lower row), where mandible position and occlusal condition
were kept constant. In this instance, the changes in task-related mydriasis and PI were
negatively correlated with changes in pupil size, while only a loose positive correlation
was observed for SR.
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Figure 8. Relation between changes in task-related parameters and average pupil size in the experimental and preliminary
sessions. Labels A, B and C identify both upper and lower subfigures of the corresponding column. (A) PI, (B) SR,
(C) mydriasis. Upper row: experimental session. Lower row: preliminary sessions. In each graph, circles and squares refer
to AD and Al subjects, respectively, individual subjects being represented by a color code. The continuous line represents

the regression line for all the plotted points.

The changes in the average pupil size depend upon modifications on both the hy-
pertonic and the hypotonic side: for this reason, the changes in task-related parameters
were correlated with those in the size of both pupils. As shown in Table 4, in both AD
and Al subjects, R? values obtained for changes in pupil size at the hypertonic side were
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significantly higher than those at the hypotonic side for all the task-related parameters. At
variance, differences in R? values between AD and Al subjects did not reach the level of
statistical significance.

Table 4. R?, p values, and slopes obtained by correlating the changes in task-related parameters with those in pupil size

on the hypertonic and hypotonic side within the AD and Al groups. Asterisks refer to significant differences between R?

values relative to pupil size changes on the hypertonic and the hypotonic side. * p < 0.05, ** p < 0.01, *** p < 0.0005.

AD Subjects Al Subjects
Dependent Independent 2 2
Variable (Y) Variable (X) R Slope P R Slope P
PI Pupil Size 0.589 —0.540 <0.0005 0.382 —0.448 <0.0005
SR H elliconic S,i de 0.361 —1.933 <0.0005 0.224 —1.394 <0.0005
Mydriasis YP 0.882 —-1.102 <0.0005 0.744 —1.166 <0.0005
PI Pupil Size 0.189 *** —0.595 <0.0005 0.168 ** —0.323 <0.0005
SR H olicjonic Si,de 0.094 *** —1.926 0.001 0.076 * —0.881 0.019
Mydriasis yp 0.428 *** —1.494 <0.0005 0.603 * ~1.140 <0.0005

3.7. Contribution of the Hypertonic and Hypotonic Side to Changes in Anisocoria and Average
Pupil Size

In the experimental session, anisocoria changes were strongly dependent upon pupil
changes on the hypertonic side (R? = 0.533, Y = 0.591X — 0.020, p < 0.0005), but not on
the hypotonic one (R? = 0.013, NS), while the changes in average pupil size were well
correlated with those in the size of both pupils (hypertonic side: R? = 0.867, Y = 0.705X +
0.010, p < 0.0005; hypotonic side: R? = 0.718, Y = 0.933X — 0.044, p < 0.0005). It is of interest
that the degree of change (irrespectively of the sign) in pupil size at the hypertonic side
(0.32 £ 0.27) was significantly larger than the contralateral one (0.20 & 0.19, p < 0.0005). At
variance, in the preliminary sessions, there were no significant differences in pupil size
changes at the hypertonic versus the hypotonic side.

4. Discussion
4.1. Effects of Imprint/Bite Wearing on EMG Asymmetry and Anisocoria

An asymmetric EMG activity during clenching corresponds to asymmetric levels
of trigeminal motor and sensory activities. Periodontal receptors and spindle discharge
is expected to be higher on the hypertonic side. As previously documented [10-13],
the correction of EMG asymmetry by imprint/bite wearing (Figure 2) also reduces the
associated anisocoria with the teeth in contact, but without occlusal effort (Table 2, compare
Bite OFF and Bite ON Contact values). This observation suggests that the presence of a
sensorimotor trigeminal asymmetry during clenching biases the circuits controlling pupil
size at rest, inducing an asymmetry in LC discharge when masticatory muscles are not
developing occlusal forces. It is likely, therefore, that imprint/bite wearing balances not
only the force development during clenching, but also trigeminal sensory discharge at rest.

4.2. Correlation between Changes in Task-Related Parameters and Anisocoria

Several studies have documented that performance increases when subjects keep in
their mouth, without occlusal effort, a bite splint able to reduce the trigeminal sensorimotor
asymmetry during clenching [10-13]. The changes in trigeminal imbalance may modify
performance-related parameters by affecting the balance of hemispheric activity. In fact,
hemispheric imbalance induces major cognitive deficits [1], which are reduced by asym-
metric cortical activation/deactivation [2,3]. The trigeminal imbalance is associated with
anisocoria: since pupil size is a proxy of LC activity, it is likely that trigeminal imbalance
elicits an asymmetric LC activity via the chemical and electrical coupling with the contigu-
ous mesencephalic nucleus [39]. This may lead to an asymmetric cortical excitability and
to a worsening of cognitive performance. According to this hypothesis, previous studies
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have shown that, at population level, trigeminal-induced changes in cognitive performance
and task-related mydriasis are negatively correlated with the corresponding changes in
anisocoria [12,13].

Present findings indicate that, at the individual level, these correlations are not always
detectable, so that the sample can be divided in two groups: anisocoria dependent (12/20,
AD subjects, see Figure 3 and Table 1) and anisocoria independent (8/20, Al subjects, see
Table 1).

Within both groups, subjects could either be males or females, young or adult. They
could show right or left masseter dominance during clenching, loss of 1-3 molars or com-
pete dentures, TMJ disorders, or else be apparently normal at the objective stomatognathic
evaluation. The only statistically significant difference observed between these groups was
in masseter EMG asymmetry during clenching, mostly driven by a few AD subjects (1 = 4)
with a very large EMG asymmetry.

Moreover, task-related parameters of Al and AD subjects were similarly sensitive to
changes in arches positions and occlusal conditions: in both groups, in fact, PI, SR, and
mydriasis decreased when the arches were touching in Bite OFF condition, while increased
when touching in Bite ON (see Table 2). The only difference between the groups was that
Al subjects did not show any change in anisocoria when arches were touching in Bite OFF
(see Table 2).

We may propose that, in the subjects showing very large (>60%) trigeminal asymme-
tries, the reduced performance is mainly attributable to an asymmetric LC discharge [36],
while the LC contribution could be minor, if any, for subjects with mild trigeminal asym-
metries.

In this respect, it must be pointed out that the trigeminal input may modify the
activity of the reticular formation and other structures belonging to the ascending reticular
activating system, whose relation to pupil size is less compelling. These neural networks
may include the orexinergic [40] and the histaminergic hypothalamic neurons as well as
the serotoninergic raphe and the cholinergic peduncolopontine/laterodorsal tegmental
neurons [39]. Although in Al subjects the manipulations of the trigeminal input did not
change anisocoria (when arches were touching in Bite OFF), the parallel increase in average
pupil size indicated the presence of trigeminal influences on the LC activity.

This finding could be tentatively attributed to individual differences in the reciprocal
influences exerted between the left and right LC complexes. To the best of our knowledge,
these influences have not been investigated yet.

However, also in the Al group, when different subjects were pooled together, individ-
ual trends reinforced each other giving rise to weak, but significant correlations between
changes in PI/SR and anisocoria (see Figure 5B, upper row). This observation suggests
that the changes in LC discharge asymmetry may also affect cognitive performance in Al
subjects, although to a minor extent compared to the AD subjects.

Strikingly, in AD subjects, the dependence of changes in task-related mydriasis on the
hypertonic side upon those in anisocoria was observed not only when the trigeminal input
was manipulated (experimental session, Figure 6A, upper row), but also when it did not
vary (preliminary sessions, Figure 6A, lower row). This observation suggests that in these
subjects, the spontaneous fluctuations in LC asymmetry and task-related mydriasis at the
hypertonic side are coupled to each other.

4.3. Dependence of Changes in Task-Related Parameters upon Pupil Size Changes

All the investigated subjects but one showed a significant, negative correlation be-
tween the changes in at least one of the task-related parameters and those in average pupil
size (see Table 3). This finding indicates that the average LC tonic activity (underlying
average pupil size) affects cognitive performance more than its asymmetry (underlying
anisocoria). A negative correlation between the changes in task-related parameters and
average pupil size has already been described at a population level [41-44], although
inverted U-shaped relations have also been observed [31,45]. However, considering the
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basal level of LC activity, both results are consistent with the “adaptive gain theory”. In
particular, a negative correlation is expected when the LC activity is high. This might have
occurred during pupil size measurements, as the subjects were forced to fixate on a light
spot and the head was restrained by the pupilometer.

It must be pointed out that, at the single subject level, the influences of anisocoria and
average pupil size on task-related parameters were independent of each other (compare
Tables 1 and 3), thus indicating that the relative effects of tonic LC activity and of its
imbalance on performance varies among subjects.

At the population level, the dependence of changes in task-related parameters on
average pupil size was present not only when the trigeminal input was modified, but
also during the preliminary sessions, where the spontaneous fluctuations of pupil size
and performance were observed with constant arches position and occlusal condition
(Figure 8, lower row). In this instance, however, the negative correlation was maintained
for mydriasis and PI, but not for SR, which showed a weak positive correlation. These data
suggest that spontaneous fluctuations in tonic LC activity exert opposite effects on quality
and speed of neural integration.

Finally, in the experimental session, changes in task-related parameters showed a
stronger correlation with changes in pupil size at the hypertonic side rather than at the
hypotonic one (see Table 4). This finding can be explained by taking into account that
performance and task-related mydriasis depend upon the resting levels of average tonic LC
activity [31] and, likely, of its asymmetry [12,13]. The hypertonic side pupil changes were
strongly associated with both average pupil size and anisocoria, proxies of the average
level of LC activity and of its asymmetry, respectively. At variance, pupil changes at the
hypotonic side were significantly correlated only to average pupil size.

5. Conclusions

In conclusion, we propose the following model: occlusal influences on cognitive
performance imply changes in hemispheric excitability via LC activity modulation. The
LC activity modulation can be achieved by modifying (a) its average tonic activity and/or
(b) its imbalance between sides. In virtually all subjects, tonic LC activity modulation
(described by changes in average pupil size) was coupled to performance, while only
about half of the subjects showed a coupling between LC imbalance (anisocoria) and
performance. In the remaining subjects, the trigeminal-induced asymmetries in cortical
excitability possibly also depend on structures other than the LC. The excitability of the LC
on the hypertonic side, which influences both average tonic LC activity and LC imbalance,
is the best readout of cognitive performance and task-related mydriasis. Finally, it has to
be reminded that animal studies have shown that teeth removal may induce degenerative
phenomena in the brain [39]. In this respect, occlusal correction could be exploited for
rehabilitative and therapeutic purposes.
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