1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny Yd-HIN

NATTG,

o
R HE

s sy,
D

10

NS

NIH Public Access

Author Manuscript

Published in final edited form as:
Behav Brain Res. 2014 October 1; 272: 286-302. doi:10.1016/j.bbr.2014.07.012.

EFFECTS OF MILD TO MODERATE SEDATION ON SACCADIC
EYE MOVEMENTS

C. Busettini®" and M. A. FrolichP
aDepartment of Vision Sciences and Vision Science Research Center, University of Alabama at
Birmingham, Birmingham, AL 35294

bDepartment of Anesthesiology, University of Alabama at Birmingham, Birmingham, AL 35294

Abstract

Sedatives alter the metrics of saccadic eye movements. If these effects are nonspecific
consequences of sedation, like drowsiness and loss of attention to the task, or differ between
sedatives is still unresolved. A placebo-controlled multi-step infusion of one of three sedatives,
propofol or midazolam, both GABA-A agonists, or dexmedetedomidine, an a,-adrenergic agonist,
was adopted to compare the effects of these three drugs in exactly the same experimental
conditions. 60 healthy human volunteers, randomly divided in 4 groups, participated in the study.
Each infusion step, delivered by a computer-controlled infusion pump, lasted 20 min. During the
last 10 min of each step, the subject executed a saccadic task. Target concentration was doubled at
each step. This block was repeated until the subject was too sedated to continue or for a maximum
of 6 blocks. Subjects were unaware which infusion they were receiving. A video eye tracker was
used to record the movements of the right eye. Saccadic parameters were modeled as a function of
block number, estimated sedative plasma concentration, and subjective evaluation of sedation.
Propofol and midazolam had strong effects on the dynamics and latency of the saccades.
Midazolam, and to a less extent, propofol, caused saccades to become increasingly hypometric.
Dexmedetedomidine had less impact on saccadic metrics and presented no changes in saccadic
gain. Suppression of the sympathetic system associated with dexmedetomidine has different
effects on eye movements from the increased activity of the inhibitory GABA-A receptors by
propofol and midazolam even when the subjects reported similar sedation level.
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Sedatives alter the dynamics of visually-driven saccadic eye movements between stationary
targets. It is not known if these changes are nonspecifically linked to the sedated state of the
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subject, like drowsiness and loss of attention to the task, or if they also depend on the type of
sedative. We measured the effects of three commonly used sedatives, propofol, midazolam,
and dexmedetomidine, and of saline control on saccadic responses. Dexmedetomidine has a
different pharmacological mechanism of sedation than propofol and midazolam, and
therefore it is a potential candidate to verify if the effects on saccades are drug-specific. The
intensity of “placebo effects” on saccadic eye movements inside a sedation study, where the
subject does not know if receiving a sedative or saline, is not well quantified in the
literature. Using the placebo group, we were also able to quantify how much of the observed
changes in saccadic behavior during the session were associated with the experimental
paradigm per se, most likely fatigue, boredom, and on-the-task learning, all being naive
subjects to oculomotor tasks inside a controlled laboratory setting. In some subjects,
physical and/or psychological effects associated with the two IV needles might have also
influenced the execution of the task and the overall number of blocks obtained from the
subject. The finding of an irregular, but still very significant on average, increase in the self-
reported sedation level inside the placebo group as the session progressed was also used as
an additional tool in determining the importance of the subjective state of sedation on eye
movements.

Propofol is widely used perioperatively to induce and maintain anesthesia and for procedural
sedation. Midazolam is used to induce sedation and amnesia before medical procedures, for
prolonged sedation in individuals receiving mechanical ventilation, and as anxiolytic. Both
are agonists of the gamma-aminobutyric acid type A (GABA-A) benzodiazepine receptors.
These receptors are present in several brain areas and have an inhibitory action on their
target neurons. Ibotenic acid and its derivative muscimol, also GABA-A agonists, are
commonly used for microinjections in experimental animals to induce a reversible inhibitory
action on the targeted brain location. It is not surprising, therefore, that significant effects on
the peak velocity of saccades were reported for propofol [1], midazolam [2,3], and diazepam
[4]. Propofol was also found to reduce ocular microtremor [5,6], which is a small high
frequency random tremor of the eyes linked to neural activity in the brainstem and midbrain
reticular formation [7].

As third sedative we used dexmedetomidine, which is a selective a,-adrenoceptor agonist
[8]. Virtanen et al. [9] found that medetomidine — dexmedetomidine is the
pharmacologically active d-isomer of medetomidine — has no binding activity with
benzodiazepine receptors. By activating the inhibitory a,-adrenoceptors both at the central
level and at the peripheral sympathetic nerve endings, it inhibits, in a dose-dependent
function, the release of noradrenaline, with a corresponding reduction in the sympathetic
neural activity. It is commonly used as short-term sedative in mechanically ventilated
critically ill patients, as adjunct to anaesthesia, and as sedative for invasive procedures. This
drug has sedative, analgesic, and antishivering properties [10] without causing respiratory
depression. The sedated patient remains cooperative [11], which is a critical factor in many
procedures and makes it a highly desirable alternative, in several applications, to
benzodiazepines. The brain area presenting the strongest attenuation of activity during
dexmedetomidine sedation in rats is the locus coeruleus [12], the principal site in the brain
for the synthesis of noradrenaline. Located in the rostral pons, it projects to several areas,
including spinal cord, brainstem, cerebellum, hypothalamus, thalamic relay nuclei,
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amygdala, basal telencephalon, and cortex [13-16]. The main afferents to the locus
coeruleus are from the paragigantocellularis and the prepositus hypoglossi nuclei in the
rostral medulla [17,18]. The prepositus hypoglossi is part of the oculomotor neural
integrator responsible for maintaining horizontal gaze [19] and its action on the locus
coeruleus seems to regulate REM sleep [20]. Saccadic peak velocity is affected by
dexmedetomidine [21]. Our study is the first to compare these three sedatives and saline in
exactly the same paradigm configuration. We also determined the optimal concentration of
each drug for single-dosage studies, i.e., the value that produced the strongest oculomotor
effects at the group level with the majority of the subjects still able to perform the saccadic
task.

1. Methods and procedures

1.1 Subjects

Sixty healthy volunteers (25 males, 35 females, age 19 to 56) were randomly assigned to one
of four groups (placebo, propofol, midazolam, dexmedetomidine) of 15 subjects each. All
subjects had a preliminary physical examination prior to the day of the test, and at the day of
the test females were tested for pregnancy. Sedation monitoring followed the guidelines of
the American Society of Anesthesiology, which include continuous evaluation of respiration
and circulation using pulse oximetry, non-invasive blood pressure monitoring, and ECG. At
the end of the session the subject rested for as long as necessary, and was released only
when the accompanying person, identified by the subject at the beginning of the session,
arrived at the clinic. Written instructions were given to the subject not to drive or do other
potentially dangerous tasks for the remainder of the day. The study was approved by the
University of Alabama at Birmingham Institutional Review Board (IRB) and it adhered to
the tenets of the Declaration of Helsinki for clinical research. Subjects were previously
informed about the experimental protocol and the possible effects of the sedatives and had
signed an IRB-approved informed consent.

1.2 Protocols and data acquisition

All subjects were naive to oculomotor tasks performed in a controlled laboratory setting and
to the purpose of the experiment. After some saccadic training trials and a brief analog
calibration of the eye signals, the subjects received computer-assisted infusions with a
Graseby® 3400 infusion pump. The profile of the infusion rate was designed to stepwise
increase the plasma drug concentration [22], with each step lasting approximately 20 min.
The subject rested for the first 10 min to give time to the blood concentration to stabilize,
and saccadic testing was carried out during the last 10 min of each step. At the end of the
saccadic task, the subjects were asked to self-evaluate their level of sedation (SLS) by using
a visual analogue scale of sedation ranging from fully awake (perceived sedation level 0) to
very sedated (perceived sedation level 10), and a venous blood sample for verification of
actual plasma concentration was obtained from an intravenous cannula on the arm opposite
to the side of the infusion. The infusion was then stepped to the next target concentration.
The sequences of rest/testing/SLS/blood-sampling (blocks) were repeated until the subject
was too sedated to continue or for a maximum of 6 blocks. An average of 150-250 trials
was acquired in each block. Subjects were unaware of what they were given and, during the
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initial block (BLOCK=0), all subjects received a saline infusion in order to obtain the
subject’s baseline saccadic metrics. For the placebo group, the subsequent blocks continued
to be saline. For the other three groups, the saline was replaced by the sedative, and the
target blood concentration was set to double at each subsequent block. For
dexmedetomidine, the set of target concentrations was 0.0125, 0.025, 0.05, 0.10, 0.20, 0.40,
and 0.80 ng/ml. For midazolam it was 5, 10, 20, 40, and 80 ng/ml. For propofol it was 0.05,
0.10, 0.20, 0.40, 0.80, and 1.60 pg/ml. In order to take into account differences in individual
sensitivity to the sedative, we varied the starting value of the target concentration between
subjects. This assured that a sufficient number of subjects received their highest tolerable
drug concentration, in terms of still being able to perform the saccadic task, between blocks
#3 and #5. For example, some subjects in the propofol group had assigned target
concentrations of 0, 0.05, 0.10, 0.20, 0.40 pg/ml, while others covered the 0, 0.20, 0.40,
0.80, 1.60 pg/ml values. The measured concentrations from the blood samples, using a gas
chromatographic--mass spectrometric procedure, are illustrated in Fig. 1, together with the
linear regressions that were used to compute the group-wide estimated blood concentration
values (indicated in the plots by x) at each target value, which were used in the subsequent
statistical and model analyses (CONC values).

The subjects were seated in a hospital sleeper chair that was modified to carry a chin rest
and two temporal pads to minimize head movements. The room was dimly illuminated by
the room window and/or indirect light. A board with LEDs was placed in front of the subject
at a distance of 80 cm. The board had custom-made attachments for the 240 frame/s infrared
video camera and the infrared illuminator of the ISCAN® video eye tracker that was used to
follow the horizontal and vertical positions of the right eye. Its analog outputs were acquired
by a real-time Ubuntu Linux system at 1000 Hz, which also controlled the stimulus
presentation. Each saccadic trial started with a brief sound, after which the center target was
turned on and the subject had to acquire and fixate the center target for 500 ms. Proper
fixation was determined by software windows on the eye position signals. The center target
was then extinguished, and, at the same time, a second target randomly appeared at one of
12 possible locations: 5°, 10°, or 15° right, left, up or down. The subject had to acquire and
fixate the new target for 500 ms before it was turned off. The computer started a new trial
after the subject had pressed a button on a keypad after the end of the second fixation. As
control of the subject’s alertness, the subject had 2000 ms to acquire each target from the
time when it was turned on. If he/she failed to do so, the trial was aborted, the target turned
off, and the computer waited for the pressing of the push button to start a new trial.

1.3 Data analysis

The data were transferred to Red-Hat Linux systems, where each trial was visually inspected
for blinks and artifacts. Eye traces were calibrated with a third-order polynomial correction
using the initial saline set as calibration data. The position data were filtered with a cubic
spline and velocity traces were obtained by a 2-point backward differentiation of the splined
position data. The analysis was restricted to the primary saccade. Saccadic onset and offset
were automatically determined by a fitting algorithm [23], and using these two points in
time as anchors, we determined saccadic latency (LAT), size (SIZE), duration (DUR), peak
velocity (PKV), and gain (GAIN), the latter defined as the ratio between the size of the
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primary saccade and the size of the target step from the center. From the observation that
saccadic latency follows a reciprobit distribution [24—26] and therefore the reciprocal of the
latency has a normal distribution, the latency analysis was done on the reciprocal of saccadic
latency (RLAT). The latency, from the offset of the second target, of the pressing of the
push-button needed to start a new trial was also extracted. This latency presented a very
strong learning component, with the subject pressing the button closer to the end of the
saccade as the session progressed in order to move more rapidly to the next trial. Pressing of
the button before the turning off of the second target was ignored and the subject had to
press it again. Although there was often an increase in this latency with the highest levels of
sedation with, as a result, a U-shape function, the strong learning component made this
measure of little value and was abandoned.

We first determined the drug dosages that gave the most significant effects in the majority of
the subjects. These dosages are not necessarily the highest target concentrations we used,
because some subjects stopped working at those values or even earlier. They can be seen as
the optimal values for single-dosage studies because maximizing the oculomotor effects
while still having the highest number of subjects able to perform the required behavioral
task. The analysis adopted for this determination is described below.

The saccadic metrics of the initial saline sets varied between subjects and, within each
subject, not only with the size of the target step, as expected by the saccadic main sequences,
but often also with saccadic direction. With our focus here on the relative changes in
saccadic metrics with respect to the initial saline set of the subject, for each subject we first
normalized all measures with respect to the corresponding average of the values obtained
during the initial saline step for the same target step and direction. From the models, which
we will describe later, we verified that all saccadic directions were, on average, equally
affected by the drugs. Thus, the normalization with the initial saline set allowed, for each
BLOCK (block number) or CONC (group-wide estimated blood concentration of the
sedative, see also Fig. 1), the pooling together, for each subject, of all the values for all
saccadic directions and target steps. Note that, for the peak velocity and duration measures,
these normalized values combine both drug-related changes in the peak-velocity and
duration main sequences [27,28] and changes in the gain of the saccadic responses, the main
sequences being related to the size of the saccade, not the size of the target step (see also our
model analysis later on). As intra-subject analysis, we used non-paired t-tests (separate
variances) between the normalized saline values (CONC = 0, BLOCK = 0) and the
normalized values obtained at each BLOCK > 0 or CONC > 0. At the group level, we
pooled together the averages of the normalized measures from each subject for the same
BLOCK or CONC values and used a single-value t-test with Hp: mean=1 on these subsets.

Our second analysis was designed to use the natural properties of the saccadic system to
better understand the effects of the sedative and of the placebo on saccadic metrics. For
example, we wanted to verify if a decrease in peak velocity was due to a true slowing of the
saccades and/or because, for the same target step, the primary saccades became smaller as
the session progressed. Saccades present a characteristic soft-saturated relationship between
the size of the movement (SIZE) and its peak velocity (peak velocity main sequence) and a
linear dependence between size and duration (duration main sequence) [27]. The most
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traditional fit of the peak velocity main sequence, introduced by Carpenter [28], is PKV =
Vmax X (1 — e SIZE/SATY 'with V. the asymptotic value and SAT the exponential
saturation coefficient. Although weaker and somewhat irregular, the retinal distance
(eccentricity) of the new target from the fovea affects the latency of the saccade [29,30], and
we adopted a linear model of the reciprocal of the latency (RLAT) as a function of size of
the target step (TSTEP) to estimate this effect. We did not expect significant changes in
primary saccadic accuracy (GAIN) as a function of TSTEP within our limited range of
target steps. Nonetheless, we adopted a linear fit of GAIN as a function of TSTEP. We
modeled the effects of the block number (BLOCK), the group-wide estimated blood
concentration of the sedative (CONC), and the subjective level of sedation (SLS) as linear
modulations of the oculomotor relationships defined above, which took into account the
natural contributions of saccadic size or target step to the metrics of the oculomotor
response. The equations that we used in our study were therefore:

PKV=(A,,,+ By, X (1—e ZE/Brivs)y x (14Cpyy x BLOCK) (1)

DUR=(A,,,+Bpys X SIZE) x (1+Cpyy x BLOCK) (9

DUR

RLAT=(A,, ,;4+Bp,.r X TSTEP) x (1+Cqy »r x BLOCK) (3

GAIN=(A,x+Bouy X TSTEP) x (14Cgp x BLOCK) (5

where BLOCK can be replaced by CONC or SLS depending on the analysis. With the first
block (BLOCK=0) also having CONC=0, the infusion being saline for all subjects during
the initial block, the sections in italics in equations 1-4 represent, excluding placebo effects,
the natural (saline) saccadic behavior of the subject. Our results will strongly suggest that
placebo effects have no impact on saccadic metrics, only on SLS. We computed the same
models as a function of the subject’s self-evaluation of the level of sedation (SLS) to directly
estimate the linkage between (subjective) level of sedation and oculomotor effects. Being
SLS a shared variable with the placebo group and more biologically relevant than BLOCK
at the single subject level, we were able to perform a direct statistical cross-comparison of
the oculomotor effects between drugs and placebo and between drugs as a function of SLS.
With different concentration ranges between the drugs and no placebo equivalent to CONC,
this crossed comparison could not be done using estimated concentrations (CONC) or, for
the same reason, target or measured concentration values. Note that SLS could be #0
already at BLOCK=0. Our focus will be exclusively on the modulatory parameter C
(sections in bold) as a function of BLOCK, CONC, or SLS, and its significance. The non-
linear regression model menu in Systat® was used to determine the model parameters. For
this analysis we kept the 4 saccadic directions separate, with no need therefore for the data
to be normalized. This allowed us to see if there was any modulation pattern with saccadic
direction. Thus, for each group of 15 subjects we had 60 estimates for each equation.
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All reported statistical significances are with p < 0.05 and the R? are adjusted R-square
observed vs. predicted values. For the C parameter in the models, significance was defined
as its 95% confidence interval not containing zero.

2.1 Subjective evaluation of sedation

The ranges of target concentrations for the three drugs were selected with the goal of
achieving similar subjective levels of sedation. To verify if this goal were achieved, at the
end of each saccadic block the subject reported his/her self-evaluation of the level of
sedation (SLS) on a scale from 0 to 10. As a first step, for each group we pooled the reported
SLS at each block number and fitted the results with a linear regression. The results are
graphically illustrated in the top four panels in Fig. 2, with, on the bottom right corner, the
RZ and the slope p-values of the linear regression. The subjects in the placebo group also
reported some sedation, with a significant monotonic increase of SLS with the block
number. Although, as indicated by the large standard deviation bars, there was a pronounced
variability between subjects, the average SLS as a function of BLOCK was, with the
exclusion of the BLOCK=5 value for dexmedetomidine, remarkably linear in all four cases.
Most important, when the drug regressions lines were superimposed (color lines in
“Placebo” upper panel) they were practically on top of each other while, at the same time,
well separated from the placebo regression (grey line). A 6-pair cross-comparison between
drugs and between drugs and placebo as a function of BLOCK using a linear regression with
the omitted group technique confirmed what is qualitatively illustrated in the “Placebo”
panel. All drug slopes were significantly different from the placebo slope (propofol: t=3.8
p<0.00019; midazolam: t=5.6 p<1.1E-7; dexmedetedomidine: t=2.8 p<0.0062), and there
were no significant differences between the drug slopes. When SLS was pooled as a
function of CONC, a clear non-linear trend was apparent (first three lower panels of Fig. 2).
Note also as the drop from linearity of the average at BLOCK=5 for dexmedetomidine was
actually an artifact due to the variation in target concentration, and therefore CONC values,
between subjects for the same BLOCK. To determine the ECsgq value, defined as the
estimated blood concentration of sedative where SLS has a value of 5, we used therefore a
quadratic fit. For propofol, the quadratic fit gave a R2=0.49 and the ECs value for the
propofol group was 0.42 pg/ml. For midazolam the RZ was a relatively good value of 0.66,
with the ECsg at 24 ng/ml. For dexmedetomidine, the R2 was 0.49, with the ECx at 0.40
ng/ml. The “Quadratic fits” panel illustrates the three SLS quadratic models of the drugs
with the horizontal axis magnification adjusted in such a way to have the three drug CONC
ranges fitting inside the x-axis segment “0 to MAX”. Again, the similarity is quite striking
and dexmedetomidine giving, qualitatively, slightly stronger SLS values inside the scaled
CONC range. As we will illustrate later, dexmedetomidine was associated with the weaker
oculomotor effects. From the results of this section it is evident that we achieved our goal of
similar subjective levels of sedation for the three drugs. Therefore, any finding showing
differences in the oculomotor effects between the three drugs has to be, at least in part, drug-
specific.
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2.2 Normalized analysis and search for the sedative optimal single-dosage concentration

As described in Methods, we first computed, for each trial, the normalized saccadic
measures with respect to the subject’s averages from BLOCK=0 (saline for all subjects) for
the same target step and direction. Then, for each subject, the normalized values for all
target steps and directions in each BLOCK (placebo) or CONC (for the drugs) were
averaged together. A graphical representation, together with summary tables, of these results
is reported in Fig. 3 for the normalized peak velocity, in Fig. 4 for the normalized duration,
in Fig. 5 for the normalized reciprocal of latency, and in Fig. 6 for the normalized gain of the
primary saccade. The upper panels show the superimposed normalized averages of each
subject as a function of BLOCK for the placebo set and CONC for the sedative sets. The
lower panels show the population estimates (+SD) as averages of the subject averages from
the upper panels. The asterisks in the lower panels indicate that the associated value is
significantly different from 1, >1 if the asterisk is at the top of the SD bar, <1 if the asterisk
is at the bottom of the SD bar, using a one-sample t-test with Hg=1 (p<0.05). Each summary
table reports the averages (£SD and range) of the average normalized measures from each
subject at each BLOCK or CONC. An asterisk near the average indicates that the value is
significantly different from 1. The values in parenthesis in the first column are the number
of subjects from which we have data. The t-value and probability of these one-sample t-tests
are reported in columns “t-value” and “Prob”. The “>1/<1/~1" columns report the number of
subjects with an average normalized value significantly higher than 1 (>1), significantly
lower than 1 (<1) and not significantly different from 1 (~1), using, within each subject,
unpaired two-sample t-tests between the normalized measures at each BLOCK or CONC >0
and the normalized (saline) measures at BLOCK = 0.

2.2.1 Normalized peak velocity—For the placebo group there were no significant
relative changes in peak velocity with respect to the initial block as the session progressed.
The monotonic increase in the subjective level of sedation did not correspond, on average, to
a decrease in saccadic peak velocity. For propofol, there was a clear decrease in the peak
velocity of the primary saccade starting at CONC=0.32 pg/ml. Only two subjects managed
to perform the task at CONC=1.13 pg/ml, and the lack of significance of some measures at
this level is likely due to this fact. Midazolam generated the most reliable oculomotor
alterations. The decrease in peak velocity was already significant at CONC=8.1 ng/ml.
Propofol and midazolam are both GABA-A agonists, and, using the ECsq as reference, the
oculomotor effects in terms of peak velocity were highly comparable. As we will observe
later, this was true also for the other saccadic parameters. If these effects are mostly related
to the level of sedation, for which we have the subjective estimates, and not also to the
specific drug mechanism, we expect with dexmedetedomidine, an ap-adrenergic agonist, to
see similar normalized values around the EC5g CONC level. The slowing of peak velocity
did not reach significance for any of the CONC used, even for the value (CONC=0.39
ng/ml) closest to ECsq (0.40 ng/ml). The normalized results for dexmedetomidine do not
support this hypothesis, indicating that the oculomotor effects are, at least in part, drug-
specific.

2.2.2 Normalized duration—Inside the placebo group there were very small, but often
significant, increases in saccadic duration. As population, the duration increase was already
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significant at BLOCK=1, indicating it was not fatigue. This was also confirmed by the fact
that it was not significant, as average, on the 5 subjects that performed the maximum
number of blocks. Consistent with the decrease in peak velocity for increasing CONC
values, both propofol and midazolam presented an increase in saccadic duration, although
the scatter for this parameter was quite pronounced. This very large scatter was associated
with the presence, in some subjects, of several saccades with very long deceleration periods
but with only a partial decrease in their peak velocity and lengthening of their acceleration
period, making them very asymmetric. Their frequency increased with increasing CONC
values, and they were intermixed, in a bistable-like pattern, with saccades of only slightly
longer duration than the initial saline ones and much more symmetric temporal profiles.
From the top panels it is noticeable that, for these subjects, the increase in saccadic duration
was often present already at low CONC values and they could not perform the saccadic task
at the highest sedative dosages we tested. This was true also for dexmedetedomidine.

2.2.3 Normalized reciprocal of latency—The placebo group presented a quite robust
increase in the reciprocal of saccadic latency, i.e., a decrease in saccadic latency, as the
session progressed, which was likely a short-term task optimization by the subject. For
propofol, significant reductions in the reciprocal of latency, i.e., longer saccadic latencies,
were observed starting at CONC=0.59 pg/ml. For midazolam, similar reductions in the
reciprocal of latency were detected at CONC=31.7 ng/ml. Most strikingly, for
dexmedetomidine there were no net effects on the reciprocal of latency.

2.2.4 Normalized gain of primary saccade—Probably another form of task
optimization, in several subjects in the placebo group there was a small increase in the gain
of the primary saccade relatively to the saline set. Some subjects had a tendency to generate
more frequent hypometric saccades very early in the session. Later they became less
frequent, and, by landing closer to the target, the subjects reduced the need for corrective
saccades. At the population level, this was significant at BLOCK=2. Perhaps the increase in
saccadic duration reported earlier is an secondary consequence of this increase in saccadic
gain, i.e., size, although we cannot rule out that the much more robust reduction in latency
might have influenced saccadic dynamics through some unknown mechanism. A
pronounced decrease in saccadic gain was observed for both propofol and midazolam
starting around the ECgg values. As the session progressed, more and more often transfers of
gaze were achieved with series of smaller saccades. On the contrary, no changes in saccadic
gain were observed for dexmedetomidine.

2.2.5 Optimal concentration values—The normalized analysis reported above offers
the opportunity to determine the optimal concentrations of the three sedatives for single-
dosage studies that maximize the oculomotor effects while still having the highest number of
subjects able to perform the required behavioral task. There are several experimental
conditions, like fMRI imaging or eye movement recordings using search coils, where
protocol or time constrains do not allow a stepwise infusion. In performing this estimate we
are nonetheless aware that reaching the optimal concentration value using a stepwise
infusion may give sedative and oculomotor effects that are different from a single-step
infusion. From Figs. 3-6 it is evident that, for propofol, CONC=0.59 pg/ml, corresponding
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to a target concentration of 0.80 pug/ml, gave the most significant oculomotor effects with all
15 subjects still being able to perform the task. The >1/<1/~1 columns also show that the
majority of the subjects presented significant effects. The ECsq of the self-evaluation of
sedation for propofol was estimated to be between the 0.32 and the 0.59 pg/ml CONC
values. Although the strength of the effects for midazolam was comparable to propofol, the
consistency of the results made them statistically more robust. As optimal CONC value, all
subjects were able to perform the task at CONC=16.0 ng/ml, corresponding to a target
concentration of 20 ng/ml. For CONC=31.7 ng/ml, corresponding to a target concentration
of 40 ng/ml, we had data only from 13 subjects, but with remarkably stronger effects on all
four measures, making this concentration the preferred value for single-dosage studies. As
for propofol, the ECg was just before the optimal CONC value. For dexmedetomidine, only
5 subjects performed the task at CONC=0.68 ng/ml, corresponding to a target concentration
of 0.40 ng/ml. For CONC=0.39 ng/ml, corresponding to a target concentration of 0.20
ng/ml, and with 12 subjects still able to perform the saccadic task, the increase in saccadic
duration was significant in 10 subjects, but none of the other three normalized measures
reached significance. For dexmedetomidine, there was no identifiable optimal dosage in
terms of oculomotor effects because, with the exclusion of saccadic duration, effects on peak
velocity and gain started to appear at the same dosage several subjects could not anymore
perform the task, and no effects on latency were detected at any of tested concentrations.

2.3 Equations 14 as a function of BLOCK (placebo) and CONC (drugs)

The model analysis (egs. 1-4) has two desirable features, not offered by the normalized
measures. The first is that, by exploiting the known dependences of the saccadic parameters
with saccadic size (peak velocity and duration) or the size of the target step (latency and
gain), we were able to quantify the oculomotor effects for each saccadic direction with a
single number (the modulation coefficient C). For this analysis we maintained the directions
separate to take into account that the initial saline set (CONC=0) often presented different
saccadic metrics with saccadic direction and, at the same time, allowing us to search for
direction-specific modulatory patterns. The normalization process took care of this
variability using the initial saline data as reference. The second was that we could test if the
peak velocity and duration changes were not solely a secondary consequence of changes in
saccadic gain but true alterations in the main sequences. This is an important factor for
propofol and midazolam, which presented significant gain changes.

We first tested equations 1-4 on the placebo group as a function of BLOCK. The results are
illustrated in the Placebo rows in Tab. 1. This table reports, for the four measures, the
average of the parameter C, its +SD, and range (n=60). An asterisk near the average
indicates that the average value of C was significantly different from 0, using a one-sample
t-test with Hp=0 (p<0.05). The t-value and probability of these tests are reported in columns
“t-value” and “Prob”. Column “>0/<0/~0" illustrates the number of >0 significances, the
number of <0 significances, and the number of no significances (~0) of the C values among
the 60 sets. We considered C significantly different from zero if its 95% confidence interval
was entirely positive (>0) or entirely negative (<0). It was considered not significantly
different from zero if its 95% confidence interval contained zero. The average, +SD and
range of the R2 of the 60 model fits are also reported. Equation 1 well represented the
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relationship between peak velocity and size of the saccade, with the average R? for the
placebo group of 0.76. The average value of Cpky was —0.002 1/block and not significantly
different from zero. The relationship between duration and saccadic size (eq. 2) was slightly
less robust, with the average R for the duration main sequence equal to 0.62. The average
value of Cpyr was 0.004 1/block and not significantly different from zero. The ability of the
model to predict the reciprocal of the latency (RLAT) and the gain of the primary saccade
(GAIN) were much poorer. The reciprocal of saccadic latency model had an average R? of
0.14. The average value of Cy_aT Was 0.015 1/block and was strongly different from zero
(t=7.9, p<8x10~11). Several subjects reduced the latency of the saccades as the session
progressed, showing therefore some task optimization, with, as a result, a highly significant
overall increase of the reciprocal of the latency as a function of BLOCK. Notice as this
effect compensated any increase in saccadic latency due to fatigue or loss of attention in the
task. The gain model had an average R? of 0.21. The average value of Cgayny Was 0.006 1/
block and weakly different from zero (t=3.1, p<0.003). As reported earlier, some subjects
tended to undershoot during the initial blocks, requiring more frequent corrective saccades,
and gradually learned to land on target with higher precision. Both the normalization and the
model analyses of the placebo sets show two important elements for the interpretation of the
sedative data. The block structure of the task, with 10 min of rest followed by 10 min of
saccadic testing, likely combined with some on-the-task learning/optimization, practically
eliminated the effects of fatigue or loss of attention in the task on the peak velocity, and the
effects on duration were very small and not significant using the model analysis. Significant
effects were present on the reciprocal of saccadic latency and, albeit weaker, on gain, but
with signs opposite to the ones expected with fatigue. More important, the “placebo effects”
unmasked by the increasing SLS values as the session progressed, had no impact on
saccadic metrics.

For the three sedatives we tested both BLOCK and CONC models, which gave only minor
differences in the overall results. For brevity, Tab.1 reports only the CONC results. For the
peak velocity main sequence, the average R? of eq. 1 for the sedatives was comparable with
the placebo. The lowest average value of the R? was for the midazolam group, with mean
0.65. For the duration main sequence, again the midazolam group had the lowest R2 on
average, with mean 0.42. The lower values of the duration R? for the sedative groups with
respect to the placebo group were due, as reported earlier, by the presence of very long-
duration saccades in some of the subjects. For all drug groups, the majority of the subjects
showed, for all saccadic directions, a significant slowing of the peak velocity with increasing
CONC (negative Cpky), mirrored by an equivalent increase in saccadic duration (positive
Cpur)- The averages of the parameters Cpky and Cpygr Were all strongly different from
zero. The lowest t-value was 3.4 for propofol Cpygr (p=1x1073) and the highest, as absolute
value, was t= —10.3 for propofol Cpky (p=1x10714). Clearly, as their blood concentration
increased, the three drugs caused pronounced slowing and lengthening of the saccades for
the same saccadic size. This indicates that, independently of the changes in saccadic gain,
there was a true alteration in the peak and duration main sequences. The average and ranges
of the R? for RLAT and GAIN for the three drugs were again low, but also similar to the
placebo values, indicating that the data scatter was not affected by the sedatives. The effects
of propofol and midazolam were quite pronounced for both RLAT and GAIN when
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compared to placebo. This is readily evident from the C averages and the signs and
significances of the slopes. The lowest t-value, as absolute value, was —6.9 for propofol
Ceain (p=4x1079 and the highest, as absolute value, was —9.8 for propofol Cri AT
(p=6x10~14). Very different results were found for dexmedetomidine, with no significant
changes in gain or the reciprocal of latency as a function of CONC. For the latter, its effects
mostly eliminated the optimization in latency observed in the placebo group.

For the sedative groups, BLOCK as parameter was used to address two specific questions.
For each group, we tested if the number of blocks that the subject was able to execute
correlated with the C values. For Cpky, only propofol showed a significant dependence
(t=5.0; p=1x107°), matched with a slightly weaker correlation (t=—3.6; p=6x10~%) for Cpyg.
In both cases, the modulation coefficient C was smaller, in absolute terms, the higher the
number of blocks executed by the subject. Thus, subjects more sensitive to the drug
propofol, i.e., with the steepest negative Cpky slopes and the steepest positive Cpyr slopes,
also quit earlier. This was not detected for the other two drugs. The trend for the subjects
that presented a higher number of longer saccades also to quit earlier (Fig. 4) was not
significant for midazolam or dexmedetomidine. No correlations were found for Cg|_a1 OF
CgaIn- Similar results were obtained using CONC.

The neuronal circuitry downstream of the superior colliculus, including the neural
integrators, is segregated between horizontal and vertical saccades [31]. Furthermore, the
major area in the rat affected by dexmedetomidine receive afferents from the prepositus
hypoglossi [18], involved in horizontal oculomotor integration [19]. To test if the changes in
peak velocity and duration main sequences with the BLOCK # differed for the 4 saccadic
directions, in each group we performed a paired t-test (matched for subject and direction) of
the parameter C for each of the 6 possible pairs of directions. Seven of the 24 comparisons
were significant for peak velocity and 2 of the 24 for duration, but there were no evident
patterns, in the placebo or in the drug groups, in terms of horizontal vs. vertical saccadic
directions. Similar results were obtained using CONC (drug sets only). Thus, for the
normalized data, which normalization with the initial saline averages took into account the
natural variability of the metrics with saccadic direction and target step, all the normalized
data inside each BLOCK (or CONC), were pooled together.

2.4 Equations 1-4 as a function of SLS

As expected from the quite scattered, but on average relatively consistent relationship
between BLOCK and SLS and between CONC and SLS illustrated in Fig. 2, the results, in
terms of significances and quality of the Eqgs. 1-4 models using SLS as parameter were
similar, albeit slightly weaker and with worse R? values, to the results described in Tab. 1
using BLOCK (placebo) and CONC (sedatives). The main purpose of determining the C
values using SLS was to directly test, using a subjective measure of sedation shared by all
groups, if subjects presented different sensitivities to SLS depending on the assigned group.
For each saccadic parameter, we used unpaired two-sample t-tests (separate variances) to
cross-compare sedatives and sedatives to placebo. The results are illustrated in Tab. 3. For
peak velocity, there was a strong difference in SLS sensitivity between propofol and placebo
and between midazolam and placebo. This difference was much weaker between
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dexmedetomidine and placebo. The distributions of C values as a function of SLS for
midazolam and propofol were remarkably similar, with no significant difference in the
means. As expected, the sensitivity to SLS was also stronger for propofol and midazolam
when directly compared to dexmedetomidine. For duration, the positive skew of the
distributions of the C values in the sedative groups caused by the presence of subjects with
very long saccades was such that while the drug groups presented very different SLS
sensitivities with respect to the placebo group, no significant differences were found
between the drug groups. We also confirmed these findings using non-parametric two-
sample Mann-Whitney tests. As expected from the previous analyses, the most striking
differences were found for the reciprocal of latency and the gain of the primary saccade. For
the reciprocal of latency, all three drug groups presented a significantly stronger sensitivity
to SLS with respect to the placebo group, but it was weaker for dexmedetomidine. As for
peak velocity, there was no significant difference between the two GABA-A agonists, and
both presented a much stronger SLS sensitivity than dexmedetomidine. In terms of gain,
again the two GABA-A agonists had similarly strong sensitivities when compared to
placebo and together. Dexmedetomidine, on the contrary, was not statistically different from
the placebo set. In summary, the results from Tab. 3 show that the sensitivity to SLS in the
placebo group was much smaller than the one presented by propofol and midazolam for all
four saccadic parameters. With the exclusion of duration, dexmedetomidine had sensitivity
to SLS that was significantly different from the two GABA-A agonists, and for the gain,
much more similar to the placebo group. It is clear that SLS, i.e., the subjective sedation
level of the subject, is not the only, if any, factor determining the depth of alteration in
saccadic dynamics.

2.5 Sedative effects: model outliers

Figure 7 reports an example of the peak velocity and duration main sequences and
associated models as a function of BLOCK for the data set with the R? closest to the average
value (subject 009, propofol group). Panel A shows the measured peak velocity vs. saccadic
size main sequence, and panel B the estimated values using eq. 1. The numbers near the
model data points are the block #. Panel C illustrates the direct comparison between
measured and estimated values, with linear regression and R2. With the same layout, panels
D, E, and F show the duration vs. saccadic size main sequence, using eg. 2 as a function of
BLOCK. As expected by the decrease in peak velocity, duration increased with the block
number and, therefore, with the sedative concentration. Evident in panel C, and even more
in panel F, there were trials with saccades slower and longer than what the model predicted.
These relatively slower and longer (duration < 200 ms) saccades equally affected the R2 of
both placebo and sedative sets, and occurred randomly during the session, although, in the
sedative groups, their number increased with the level of sedative concentration. Less
common, and only in some subjects, we observed very slow and long saccadic outliers
(duration > 200 ms, up to 1-2 s). These occurred most frequently at the highest drug
concentrations, and, interestingly, also in two placebo subjects. Although statistically
identified as “strong outliers” by the fitting program, they were true biological responses and
were not removed. These were the main reason for the drop in average R? for the duration
main sequences in the sedative groups. They were very asymmetric, with the lengthening of
the duration mostly affecting the deceleration phases. Thus, their impact on the peak
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velocity main sequences was relatively minor and this was particularly evident for
dexmedetomidine.

The trial-by-trial scatter in saccadic metrics and temporal profiles for the highest sedative
blood concentrations was often quite large. Figure 8 illustrates some 15° leftward trials from
029JG acquired at the highest propofol dosage this subject was still able to perform the
saccadic task (BLOCK=4; target concentration 0.80 ng/ml; estimated concentration 0.59 ng/
ml). The trial in panel A was similar to the subject’s placebo responses, with a single
saccade reaching the desired target. These saccades were only slightly slower and longer
than the initial placebo saccades of similar size. In panel B, the saccade was broken into a
sequence of smaller saccades, with an evident reduction in gain of the primary saccade. In
panel C, the saccade was extremely slow. We often looked at the real-time eye images
acquired by the eye tracker during the saccadic task and we can confirm that most of these
responses were not contaminations caused by head movements, but true very slow eye
saccades. It is possible that subjects were fighting the effects of the sedative with rapid
transitions in behavior between quick waking up periods and drifting off periods. There was
no evidence for these very long saccades to be concentrated around the end of the 10 min
period of recordings, with all three patterns usually intermixed in an apparent random
fashion inside the block.

As illustrated in the example in Fig. 6, there were often longer and slower saccades than
predicted by the models, but their duration was usually less than 200 ms. Saccades longer
than 200 ms, like the one in Fig. 8C, are clearly well outside the duration vs. size main
sequence. In the placebo group, 2 subjects had more than 1% (1.2% and 6.0%) of the total
number of saccades with duration longer than 200 ms. The other 13 placebo subjects had a
percentage of very long saccades of less than 0.2%, i.e., 0, 1, or 2 in the entire session. In
each of the sedation groups, 7 subjects had more than 1% of the saccades longer than 200
ms, and one subject in each of the three groups had a percentage higher than 10%. Eight of
the subjects in each of the sedation groups did not reach the 1% value.

2.6 Sedative effects: alterations in post-saccadic profiles

Visual inspection of the saccadic profiles from the subjects in the placebo group did not
show any consistent post-saccadic drift changes as the session progressed. In the sedative
groups, we observed several trials like the one illustrated in Fig. 9. An evident post-saccadic
backward drift, indicated by the arrow, was present after the primary saccade. The leakage
was usually smaller after the first corrective, and undetectable after later correctives. The
primary saccade was also the largest saccade in the sequence, suggesting that the amplitude
of the saccade, i.e., the velocity pulse, determined the amplitude of the post-saccadic drift. In
these trials the primary saccade was quite hypometric, with two or more correctives
afterward. Although this pattern was more common for propofol and midazolam, several
cases were observed also for dexmedetomidine. No clear pattern was found regarding their
occurrence, albeit most of them appeared at the highest sedative concentrations, or saccadic
direction. Not all subjects presented these profiles.
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The relative decrease in saccadic peak velocity in our propofol group was similar to the
amount observed by Gao et al. [1], although a comparison of the estimated blood
concentrations can only be approximate. Our blood samples were venous samples, while
Gao et al. used arterialized venous samples as better estimates of arterial concentration
[32,33]. The protocol was similar, with a stepwise continuous infusion with increasing levels
every 25 min. The 24% average decrease in peak velocity at their highest mean arterialized
venous concentration of 0.80 pg/ml, estimated from their Fig. 3, is similar to our 22%
decrease at the estimated venous concentration of 0.59 ug/ml (Fig. 3). They found that peak
saccadic velocity decreased linearly with increasing logyq of propofol concentrations, but
SLS correlated with logqg propofol or the % reduction in peak velocity in only three of their
six subjects. Our SLS data were also not reliable at the single subject level, and only as
group average we found a robust trend, with the quadratic fit for propofol having a R? of
0.49 (Fig. 2). No other saccadic measures were reported in their study.

Ball et al. [2], in their midazolam and flumazenil study, used three repeated bolus injections
separated in time by 15 min, with a venous sampling. Their 20% decrease in peak velocity at
the average venous concentration of 50.8 ng/ml, estimated from their Fig. 2, well compares
with our 24% at 31.7 ng/ml (Fig. 3). Several other measures were reported in their study,
and two, latency and gain, did not match our results. They found no changes in saccadic
latency and reported a decrease in saccadic gain only briefly after the bolus infusion, with
the gain returning near placebo values during the 15 min periods before the next midazolam
injection. We did not observe any recovery of gain during our 10 min saccadic tasks, likely
due to our continuous infusion. Paut et al. [3], using a single bolus injection of midazolam,
found a significant increase in latency soon after the infusion. At 120 min after the infusion,
where the plasma concentration was estimated to be 90 ng/ml, the increase in latency was
still around 150% of the placebo values (estimated from their Figs. 1 and 4). At the
estimated concentration of 63.1 ng/ml, our decrease in reciprocal of latency was 19%,
corresponding to an increase in latency of 123% (Fig. 5).

Aantaa [21] used a single bolus infusion of dexmedetomidine lasting approximately 60 s.
For their largest bolus of 1.0 pg/kg, the highest average decrease in peak velocity was
obtained after 30 min, with a reduction of 32%. Although no blood concentration measures
are available for a direct comparison, it is important to note that even at their highest level of
reduction in peak velocity the authors reported no consistent changes in latency. Our
changes in dynamics were not significant using the normalized values while they were
significant using the models, but still smaller than for propofol and midazolam. Only one of
our subjects managed to perform the saccadic task at CONC=1.25 ng/ml, where we
observed a normalized peak velocity of 0.72, equivalent to a 28% reduction (Fig. 3). It is
possible that, for similar blood concentrations, single bolus infusions do not impair the
subject’s ability to perform a saccadic task as much as multistep infusions.
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3.2 Pharmacological considerations

The changes in saccadic metrics caused by sedatives are often attributed to their suppression
of the brainstem reticular formation, which is supported by the alterations in the ocular
microtremor observed in anesthetized patients [5,6]. Although Spauschus et al. [7] presented
evidence for a brainstem link to microtremor, other sources of this neural noise might be
further upstream, such as the cerebellum, superior colliculus, or the vestibular nuclei. Using
an autoradiographic technique in rats, Freo et al. [34] found that midazolam caused a
decrease in glucose intake in a large number of cortical and subcortical areas, and that the
progression in the recovery of the glucose intake closely followed the behavioral recovery of
the rat from the anesthesia. Of our direct interest, the recovery of motor function well
correlated with the return to normal glucose uptake by the frontal motor, limbic, and
thalamic areas. The finding of a decreased glucose uptake in cerebellar vermis is of
particular significance regarding the slowing of saccadic dynamics and the hypometria
observed with midazolam and propofol. Kojima et al. [35] reported that injection of
muscimol, a GABA agonist, in cerebellar vermis caused hypometric saccades with lower
peak velocities and longer durations. In monkeys, GABA-A/benzodiazepine receptors are
present in all five types of cells present in cerebellar cortex [36]. Significant alterations in
glucose uptake with midazolam were also reported in the basal ganglia, including the
substantia nigra pars reticulata, which could affect saccadic latency [37,38], and both
superficial and deep layers of the superior colliculus. Injections of muscimol in monkey
superior colliculus are known to cause hypometric saccades with longer latencies as an
indirect consequence of the increase in tonic inhibition originating from the substantia nigra
efferents [39]. For the two benzodiazepines, cortical suppression, particularly at the level of
pyramidal cells, might have also altered saccadic dynamics. Schonle et al. [40] have
reported that the evoked motor responses elicited by magnetic brain stimulation were
suppressed by a midazolam infusion. At the peripheral level, Dueck et al. [41] have
described depression at the level of the a-motoneurons in the spinal cord by propofol.

Our knowledge of specific effects of ay-adrenergic agonists on the saccadic system is much
more fragmentary. There is evidence that noradrenaline (norepinephrine) is involved in
neuroplasticity and adaptation. For example, depletion of noradrenaline affected the ability
of the vestibular ocular reflex to adapt [42]. ap-adrenergic receptors in dorsolateral
prefrontal cortex modulated the performance of monkeys in an oculomotor delayed-response
task [43]. A pharmacological depletion of dopamine and noradrenaline in normal volunteers
using metyrosine caused an increase in saccadic intrusions during fixation and during
smooth pursuit tracking [44] and similar behavioral effects were reported when the
inhibitory action of the substantia nigra pars reticulata on the superior colliculus was
reduced using bicuculline [39], a GABA antagonist. No saccadic intrusions or nystagmus
were observed in any of our groups, although the resolution of our recordings was too coarse
to detect changes in the “fixational” eye movements (microsaccades, slow drifts, and
microtremor) during the periods of target fixation.

3.3 Possible effects on saccadic mechanisms

In alert monkeys, omnipause neurons (OPNSs) have a high baseline firing rate and briefly
stop during saccades [45] and blinks [46]. This cell group, which exerts a powerful
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inhibitory action on the saccadic burst neurons [47], has glycine as neurotransmitter [48,49]
but it receives GABAergic, glycinergic, as well as glutaminergic afferents [48]. Sedation
directly affects alertness, which is known to also alter the tonic firing of the saccadic
omnipause neurons [50,51]. Shaikh et al. [52] have reported extremely long saccades with
sustained voluntary eyelid closures, which are believed to cause OPNs to stop firing.
Particularly puzzling was therefore the quite inconsistent presence of saccades with very
long durations (Fig. 8C) in our sedated subjects. Eight of the subjects in each of the sedative
groups did not reach the 1% threshold, indicating that they are not necessarily present even
when the subjects were moderately sedated and had hard times in executing the task or even
had be repeatedly awakened to continue. It is important to note that our video eye tracker
could not record with the eyelids closed or partially closed, and saccades not reaching the
acceptance angular window around the second target inside 2000 ms from target onset were
rejected. In other words, the subject had to be sufficiently alert to still roughly perform the
task and with the eyes open for the data to be accepted. We hypothesize that fluctuating
alertness of the subject, and not the sedative per se, was responsible for the very long
saccades, as evident from the fact that two sleepy placebo subjects also presented very long
saccades.

The first intrasaccadic intervals in Fig. 8B and 9, indicated with an asterisk, are too short (62
ms and 108 ms, respectively) for the first secondary saccade to be a visually-driven and
independently-generated corrective eye movement. This was a common feature in several of
these trials, usually between the primary and the first secondary saccade. There is neural
evidence that short-latency corrective saccades could be elicited by internal non-visual
feedback [53]. The large decrease in gain, with the need of several saccades to reach the
target, might have facilitated the deployment of this internal corrective mechanism. A few
trials presented rapid staircases of several small saccades that resembled what is observed
during prolonged electrical stimulation of the motor layers of the superior colliculus [54—
56]. The staircase pattern in these stimulation experiments is associated with an on-off
cycling of the OPNs [57]. Is it possible that some of our staircases, perhaps including the
two examples in Fig. 8B and 9, were originally programmed as a larger (and faster) single
saccade but that instability of the triggering/OPN circuitry caused them to be split into
staircases? If so, the peak velocity of the primary saccade of the staircase would be closer to
the peak velocity of the original single saccade than to the peak velocity of normal saccades
of its size. In other words, the curtailed primary saccade would appear faster than what
expected by the peak velocity/size main sequence. We analyzed all staircases in our data sets
and we found no evidence for this, but we consider this observation inconclusive. With these
saccadic sequences mostly occurring at high CONC values and therefore where saccades are
slower with respect to the associated saline main sequence and presenting large between-
trials dynamic scatter, it is impossible to confidently estimate the peak velocity of the
hypothetical single saccade.

We further explored possible mechanisms for the longer latencies. One of the most popular
models of saccadic reaction times is the Linear Approach to Threshold with Ergodic Rate
(LATER) proposed by Carpenter et al. [58,59]. Sedation may affect the velocity of the
reaching of the “go” threshold, add internal noise to the ergodic process, and/or interfere
with the detection of the target transition. The R? of the RLAT models for the sedatives were

Behav Brain Res. Author manuscript; available in PMC 2015 October 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Busettini and Frélich

Page 18

poor, but also similar to the R2 of the placebo, suggesting that the internal noise was not
significantly affected. Unwanted eye movements like drifts, nystagmus, or saccadic
intrusions during the period of fixation of the central target could have delayed the detection
of the target transition and/or delayed the saccadic response. We visually inspected all traces
during the time interval between =500 ms from the target transition from the center to the
eccentric position up to the onset of the primary saccade. Although the eye traces were
noisier, we did not see evidence for abnormal eye movements with any of the three
sedatives. Even when the latencies were longer than 1000 ms, many trials did not show any
small spurious saccade during this period, which, due to the saccadic refractory period,
could have delayed the subject’s response. Some of the noise increase in the traces was
likely due to the reduction of the diameter of the pupil in several subjects caused by the
sedative [60], the drooping eyelids interfering with the view of the pupil, and the subject
fighting sleepiness and putting mechanical pressure on the head holder causing small head
movements. These are all factors that would have degraded the performance of the video eye
tracker with the increasing sedation of the subject. No subject complained about poor vision,
loss of focus or loss of contrast. The fact that the effects on latency by dexmedetomidine
were significantly weaker than for the two GABA-A agonists suggests a drug-specific effect
on latency unrelated to an hypothetical degradation in the visual detection of the target
transition, which would have likely affected, on average, all sedative groups equally.

The postsaccadic drift in Fig. 9 (arrow), which was present in several “staircase” trials in the
sedative groups, but never in the placebo group, might indicate that sedation affects the
saccadic pulse-step matching. When the tonic step needed to hold the eye in the new
position, obtained by integration of the saccadic velocity command (pulse) [61], has a gain
that is too low, a backward drift follows after the end of the movement. The corrective
saccades, which have smaller pulses, show smaller or no backward drifts. Once the goal is
reached, the subject could hold the eye in the final position indefinitely, which is not
consistent with a leaking oculomotor integrator. Sedation causes an increase in exophoria
[62], clearly seen by Aantaa [21] for dexmedetedomidine using a standard Maddox wing
test. This effect is traditionally seen as an impairment of extraocular muscle balance by the
sedative, although no binocular recordings are available. The alternative hypothesis of an
alteration in tonic accommodation, with the exophoria elicited by the abnormal
accommodation level through the accommodation/vergence cross-links [63] seems, in our
view, more likely. Accommaodation is a balance of actions by the sympathetic and the
parasympathetic systems, and GABAergic effects are likely as well. It is therefore possible
that some of the smooth drifts observed in our traces were corrective vergence responses
after a transient loss of binocular alignment. Our monocular recordings cannot discriminate
between conjugate and vergence smooth responses, but patterns similar to Fig. 9 were also
observed for vertical eye movements. This makes it unlikely that the between-saccades drifts
described in Fig. 9 are vergence responses. Vertical binocular alignment is much more
robust, and its disruption would have been immediately detected by the subject as vertical
diplopia. Furthermore, vertical vergence has a much smaller functional range.
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3.4 Conclusions

As reported by earlier studies, the intensity of the effects of sedatives on saccadic metrics
presented large between-subjects variability, quite evident in Figs. 3-6. The effects became
more consistent at the single-subject level around the ECs value for propofol and
midazolam. For dexmedetomidine, the effects were much more irregular at all the
concentrations we tested, including around the ECsg value. The major finding of our study is
that while propofol and midazolam had comparable effects on saccadic dynamics, gain and
latency, dexmedetomidine caused smaller dynamical changes and weak or no changes were
observed on gain and latency, even if the subjects reported similar SLS values (Fig. 2 and
Tab. 3). Placebo effects, in terms of increasing SLS as the session progressed, had no impact
on saccadic metrics. Our results show clear evidence that the oculomotor effects of sedation
are, for the most part, drug-specific and not linked to the subjective level of sedation.
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Fig. 1.

Cgmparison between target (x-axis) and measured (y-axis) blood concentrations for the
three sedatives. A linear model (top of graphs and dashed lines) was used to determine the
group-wide estimated blood concentrations (x) at each target value utilized in the saccadic
analysis (CONC values). For each linear model we also report the number of available
samples n, the adjusted R?, and the p value of the slope of the linear regression.
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SLS analysis. Top four panels: SLS as a function of BLOCK # in each group as average and
+SD. The linear regression is reported in color with, on the bottom right corner, the R? and
p-value of the slope of the linear regression. In the “Placebo” panel, the linear regressions of
the three drugs are superimposed on the placebo results for comparison. First three lower
panels: SLS as a function of CONC for the three drugs, unmasking a non-linear relationship.
The plots also show the associated ECsq values, defined as the estimated blood
concentration of sedative where SLS has a value of 5, and the R? of the quadratic fits.
“Quadratic fits” panel: superimposition of the SLS quadratic models of the drugs with the
horizontal axis magnification adjusted in such a way to have the three drug CONC ranges
fitting inside the x-axis segment “0 to MAX”.
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Fig. 3.

Normalized peak velocity. Upper panels: superimposed normalized averages from each
subject as a function of BLOCK # (placebo group) or CONC (sedative groups). Lower
panels: population averages (xSD). Asterisk near top of SD bar: population average value
significantly >1. Asterisk near bottom of SD bar: average value significantly <1. Summary
table for the placebo group: “Block(n)”: Block # and number of subjects (n) from which we
have data; “Norm avg”: population average (zSD and range) of the average normalized
measures from each subject at each BLOCK. An asterisk near the average indicates (as the
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asterisks in the lower panels) value significantly different from 1. The t-value and
probability are reported in columns “t-value” and “Prob”. The “>1/<1/~1" columns report
the number of subjects with an average normalized value significantly higher than 1 (>1),
significantly lower than 1 (<1) or not significantly different from 1 (~1). Identical layout for
the three drugs, with BLOCK substituted by CONC.
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Fig. 4.

Normalized saccadic duration. Same layout of Fig. 3.
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NORMALIZED RECIPROCAL OF LATENCY

Fig. 5.
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Normalized reciprocal of latency. Same layout of Fig. 3.
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NORMALIZED GAIN OF PRIMARY SACCADE

Placebo Propofol Midazolam Dexmedetomidine
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Fig. 6.

Normalized saccadic gain. Same layout of Fig. 3.
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Fig. 7.

Examples of measured main sequences and estimated values using eq. 1 (peak velocity) and
eg. 2 (duration) as a function of BLOCK. This set, rightward saccades, subject 009CB,
propofol group, was selected as an illustrative example for having the R2 closest to the
average R? values. Panel A: measured saccadic peak velocity vs. saccadic size main
sequence; Panel B: model, using eq. 1; Panel C: direct comparison between measured peak
velocities and estimates; Panel D: measured saccadic duration vs. saccadic size main
sequence; Panel E: model, using eq. 2; Panel F: direct comparison between measured
durations and estimates. The grey lines in panels C and F are linear regressions, with the
associated R? top right of panels. The numbers in the plots are the block #.
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Fig. 8.

Sagmple 15° leftward trials from subject 029JG acquired at the highest propofol dosage for
this subject (BLOCK=4; target concentration 0.80 ng/ml; estimated concentration 0.59 ng/
ml). Panel A: trial similar to the subject’s placebo responses; Panel B: response broken into
a sequence of smaller saccades, with an evident reduction in gain of the primary saccade.
The asterisk indicates the first intrasaccadic interval, which duration was only 62 ms; Panel
C: saccade with an extremely slow dynamics. Vertical axis: target position (grey traces);
horizontal right eye position (continuous black traces); horizontal right eye velocity (dotted
black traces). Position and velocity scales reported on the y-axis. Horizontal axis: time in
ms.
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Fig. 9.

Some trials in the sedative groups showed alterations in the post-saccadic profiles, with clear
post-saccadic backward drifts, the largest affecting the primary saccade (arrow). In these
trials, the primary saccade was always hypometric and followed by two or more corrective
saccades. Smaller backward drifts were often present also after the corrective saccades, but
the subject was able to hold the eye position at the end of the sequence indefinitely. The
asterisk indicates the first intrasaccadic interval, which duration was 108 ms. 15° rightward
trial, propofol group, subject 060MB, trial 1447, target concentration 1.60 pg/ml; estimated
concentration 1.13 pg/ml. Vertical axis: target position (grey trace); horizontal right eye
position (continuous black trace); horizontal right eye velocity (dotted black trace). Position
and velocity scales reported on the y-axis. Horizontal axis: time in ms.
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