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Introduction: Ocular tracking of a moving object requires tight coordination between smooth pursuit and saccadic eye movements. Normally, pursuit drives gaze velocity to closely match target velocity, with residual position offsets corrected by catch-up saccades. However, how/if common stressors affect this coordination is largely unknown. This study seeks to elucidate the effects of acute and chronic sleep loss, and low-dose alcohol, on saccade-pursuit coordination, as well as that of caffeine.

Methods: We used an ocular tracking paradigm to assess three metrics of tracking (pursuit gain, saccade rate, saccade amplitude) and to compute “ground lost” (from reductions in steady-state pursuit gain) and “ground recouped” (from increases in steady-state saccade rate and/or amplitude). We emphasize that these are measures of relative changes in positional offsets, and not absolute offset from the fovea.

Results: Under low-dose alcohol and acute sleep loss, ground lost was similarly large. However, under the former, it was nearly completely recouped by saccades, whereas under the latter, compensation was at best partial. Under chronic sleep restriction and acute sleep loss with a caffeine countermeasure, the pursuit deficit was dramatically smaller, yet saccadic behavior remained altered from baseline. In particular, saccadic rate remained significantly elevated, despite the fact that ground lost was minimal.

Discussion: This constellation of findings demonstrates differential impacts on saccade-pursuit coordination with low-dose alcohol impacting only pursuit, likely through extrastriate cortical pathways, while acute sleep loss not only disrupts pursuit but also undermines saccadic compensation, likely through midbrain/brainstem pathways. Furthermore, while chronic sleep loss and caffeine-mitigated acute sleep loss show little residual pursuit deficit, consistent with uncompromised cortical visual processing, they nonetheless show an elevated saccade rate, suggesting residual midbrain and/or brainstem impacts.
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Highlights


-Humans use two systems to follow moving objects with their eyes: pursuit, a smooth continuous eye movement to match target motion, and saccades, quick ballistic jumps to catch up when pursuit lets the eye fall behind the target.

-Pursuit is largely driven by visual motion processing areas in cortex while quasi-reflexive catch-up saccades are largely driven by the superior colliculus and brainstem oculomotor areas.

-These systems are normally tightly coordinated, but little is known about how this coordination may be disrupted by everyday neural stressors.

-Low-dose alcohol (<0.07% BAC) and acute sleep loss (24 h awake) both impair pursuit, but the latter also undermines saccadic compensation, and while caffeine appears to fully mitigate the impacts of sleep loss on pursuit, it may not restore normal saccadic function.

-Low-dose alcohol appears to interfere with cortical visual processing, but one night of sleep loss appears to impact both cortical and sub-cortical visuomotor processing.





Introduction

Visual tracking of a moving object requires close coordination between smooth pursuit eye movements (pursuit) and catch-up saccades. During steady-state tracking, residual position and velocity errors appear to guide the interplay between smooth and saccadic corrections (Morris and Lisberger, 1987; de Brouwer et al., 2002b; Nachmani et al., 2020). Other factors include prediction, expectation, target size/uncertainty, and perception (Steinbach, 1976; Barnes and Asselman, 1991; Beutter and Stone, 2000; Stone et al., 2000; Krauzlis and Adler, 2001; Stone and Krauzlis, 2003; Hafed and Krauzlis, 2008; Heinen et al., 2016). When the motion is predictable or when the target is cognitively inferred without a visible feature to track, the presence of catch-up saccades is reduced, emphasizing the essential compensatory role of saccades during ocular tracking of the unpredictable visual motion of a moving real-world object.

The precise coordination between the saccadic and smooth pursuit eye-movement systems relies on shared neural processes (Krauzlis and Stone, 1999; Keller and Missal, 2003; Krauzlis et al., 2004; Orban de Xivry and Lefèvre, 2007). Although pursuit can generally only be initiated in response to a moving stimulus (Morris and Lisberger, 1987; see however, Krukowski et al., 2002), positional signals contribute to both steady-state pursuit and catch-up saccades, albeit less so for the former than for the latter. Numerous physiological studies have shown that pursuit (for a review, see Krauzlis, 2004) is primarily driven by motion signals (Lisberger and Westbrook, 1985; Tychsen and Lisberger, 1986) through visual pathways from the Middle Temporal area (MT) (Newsome et al., 1985; Movshon and Newsome, 1996) that culminate in higher-order regions of extrastriate cortex, including the Medial Superior Temporal area (MST) (Dürsteler and Wurtz, 1988; Newsome et al., 1988) and the pursuit region of the Frontal Eye Fields or Frontal Pursuit Area (FPA) (MacAvoy et al., 1991; Tanaka and Lisberger, 2001; Chou and Lisberger, 2004; Leigh and Zee, 2006), before driving pathways through the pons (Suzuki and Keller, 1984; May et al., 1988; Mustari et al., 1988; Glickstein et al., 1994), then to the Ventral Paraflocculus (Miles and Fuller, 1975; Zee et al., 1981; Stone and Lisberger, 1990a,b; Krauzlis and Lisberger, 1991) and Vermis (Suzuki and Keller, 1988a,b; Krauzlis and Miles, 1998; Takagi et al., 2000) of the cerebellum, and ultimately to brainstem output motor pathways via the Vestibular and Fastigial nuclei (Kheradmand and Zee, 2011). Lesions of MT have been shown to disrupt both visual motion perception and initial pursuit acceleration as well as the adjustment of the initial corrective saccade amplitude during pursuit, and exhibits retinotopic spatial tuning (Newsome et al., 1985). Lesions studies in MST and FPA show more pronounced effects, evidenced by sustained uncorrected impairment of steady-state pursuit, and exhibits craniotopic directional tuning (Dürsteler and Wurtz, 1988; Newsome and Paré, 1988; Shi et al., 1998).

When healthy humans track a small target or a larger target with a small central feature, catch-up saccades are used to reduce target/feature position offset from the fovea (Pidcoe and Wetzel, 2006; Heinen et al., 2016, 2018; Shanidze et al., 2016) but also take ongoing target and eye-motion into account (Boman and Hotson, 1992; de Brouwer et al., 2002b), so appear more closely related to the correction of anticipated future offset (Nachmani et al., 2020). Because saccades perturb vision by transiently blurring the retinal image (Castet and Masson, 2000), there is a positional “dead-zone” within which saccades are suppressed to preserve clear vision as long as the target image is close enough to the fovea for high-resolution processing. Mechanistic models (e.g., Ramat et al., 2007; Optican and Pretegiani, 2017; Nachmani et al., 2020; Coutinho et al., 2021) have been proposed to describe this process using the integrated position error up to a threshold prior to triggering catch-up saccades with the threshold circuit controlling when and how often a saccade is made (saccade rate) and separate downstream circuits controlling the size of the correction (saccadic amplitude). Physiological studies suggest that the rostral pole of the Superior Colliculus (rSC) plays a critical role in the triggering of both small saccades and small smooth corrective accelerations (Basso et al., 2000; Krauzlis et al., 2000; Hafed et al., 2009; Hafed, 2011). The SC projects both to omnipause neurons in the Raphe Interpositus Nucleus and to burst neurons in the pontine and medullary reticular formation (Sparks et al., 2002; Ramat et al., 2007; Takahashi et al., 2022) with tonic activity within rSC involved in suppressing saccades to promote fixation (Munoz and Wurtz, 1993a,b; Wurtz and Optican, 1994) and to maintain a stable “dead-zone” with smooth corrections as needed during steady-state tracking (Basso et al., 2000; Krauzlis et al., 2000) and phasic activity involved in generating small saccades (Hafed et al., 2009; Hafed, 2011). The exact interplay between these two competing roles is not yet fully understood. The well-organized spatial map of saccade sizes within the rSC is converted into the temporal code within brainstem circuits (for a review, see Sparks et al., 2002) that control saccadic amplitude likely by having the locations coding larger saccades exerting larger synaptic strength in their inputs to burst neurons (Moschovakis et al., 1998). The output of burst neurons that drives the pulse signal drive to motoneurons is then integrated to generate the step signal to motoneurons to hold eccentric gaze as well as the internal feedback of the ongoing saccadic displacement to control the endpoint and thus the amplitude of the saccade (Robinson, 1975; Sparks et al., 2002; Ramat et al., 2007; Optican and Pretegiani, 2017).


Effect of sleep loss

The coordination between pursuit and saccades requires healthy neural processing and thus may be vulnerable to various conditions of mild neural impairment, including sleep loss. Previous studies of acute sleep loss ranging from 16 to 36 h have shown decrements in pursuit as well as an increase in the frequency of catch-up saccades during steady-state tracking (Fransson et al., 2008; Stone et al., 2019). Furthermore, the saccadic peak velocity of horizontal pro-, anti-, and memory-guided saccades is decreased after a single night of sleep deprivation (Zils et al., 2005). Moreover, circadian rhythms appear to modulate saccadic performance, with longer latencies and slower peak velocities during the circadian trough (Stone et al., 2019). Chronic sleep restriction has also been shown to impact pursuit and saccades (Evans et al., 2021). In sum, sleep loss and circadian misalignment adversely impact the performance of both pursuit and saccades, but the existing literature has not addressed their coordination (or lack thereof) during steady-state tracking.



Effect of alcohol

It is well known that alcohol can cause severe sensorimotor disruption (gaze-paretic nystagmus, ataxia, slurred speech) at Blood-Alcohol Concentrastions (BACs) above the standard legal limit of 0.08%, forming the rationale for law enforcement’s field-sobriety tests. A number of scientific studies have documented pursuit deficits at BAC above 0.04% during the tracking of sinusoidal or step-ramp motion (Fransson et al., 2010; Roche and King, 2010) and, more recently, significant impairment has even been demonstrated at BACs as low as the 0.005–0.015% range (Tyson et al., 2021). Additionally, saccade dynamics are impacted by low-dose alcohol; specifically, a reduction in peak saccadic velocity was shown at BAC levels between 0.025 and 0.12% (Lehtinen et al., 1979; Vorstius et al., 2008; Fransson et al., 2010; Roche and King, 2010; Tyson et al., 2021) coupled with an increase in saccadic latency (Vorstius et al., 2008; Fransson et al., 2010; Roche and King, 2010). In sum, low-dose alcohol adversely impacts the performance of both pursuit and saccades, but the existing literature has not addressed their coordination (or lack thereof) during steady-state tracking.

The current study seeks to elucidate how the coordination of pursuit and saccades during steady-state tracking may differ under various conditions of mild neural impairment, more specifically during acute sleep loss (ASL), acute sleep loss with a caffeine countermeasure (ASL+C), chronic sleep restriction (CSR), and low-dose ethanol (EtOH), with the aim of determining if they produce disparate patterns of behavioral effects that would indicate differential impacts of these stressors on the neural substrates described above.




Materials and methods


Participants

In the current study, we re-analyzed data from four separate previous experiments, each examining distinct treatment effects on sensorimotor performance during the same human ocular tracking task. The primary treatment effects were acute sleep loss (ASL), acute sleep loss with caffeine administration (ASL+C), chronic sleep restriction (CSR), and acute low-dose alcohol administration (EtOH). For information on participant demographics, see Table 1. Seven of the 12 participants from the ASL experiment returned the following calendar year for the ASL+C experiment and were used for the within subject analyses. However, two additional participants were recruited for the caffeine study, hence a total of nine ASL+C participants were used for the across-subjects analyses. The EtOH experiment was performed using an independent cohort with the exception of one participant who participated in all of the studies except for CSR. The single participant who participated in three of the four studies was evaluated as a case study to illustrate the differential mechanisms of saccadic compensatory behavior across the various treatment conditions within the same subject. The CSR study was performed using an independent cohort from the other studies.


TABLE 1    Participant demographics and treatment conditions (mean ± SD).
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The three sleep studies took place in the Fatigue Countermeasures Laboratory and the EtOH study took place in the Visuomotor Control Laboratory at the National Aeronautics and Space Administration (NASA) Ames Research Center and were approved by the center’s Human Research Institutional Review Board (HRIRB) under protocols HRI-325, HRI-17-09, HRI-336, and HRI-349. All participants provided written informed consent and we have followed the standards set by the Declaration of Helsinki.



Exclusionary criteria

We used the same exclusionary criteria for both the ASL and ASL+C experiments (under section “methods” see section “Selection/exclusion criteria,” Stone et al., 2019). In the EtOH experiment, the exclusionary criteria differed in certain aspects from the two ASL experiments (Tyson et al., 2021).

For the CSR experiment, participants were required to abstain from nicotine, marijuana, and drugs of abuse throughout the study. Participants were limited to one caffeinated beverage and one alcoholic beverage during the washout weeks. During the experimental weeks, participants were instructed to completely abstain from alcohol and caffeine. To ascertain compliance, a urine toxicology test was administered upon arrival to the laboratory. Participants were excluded if they tested positive for caffeine, nicotine, marijuana, amphetamines, barbiturates, benzodiazepines, cocaine, MDMA, methadone, methamphetamines, opiates, or oxycodone. Additionally, participants were excluded if they had a body mass index (BMI) of greater than 30, had suffered a head injury that resulted in a concussion or a loss of consciousness, had travelled outside of the Pacific Standard Time (PST) zone within the past 3 months, had regularly worked night shifts in the past 2 years, had a history of psychiatric or psychological disorders, or had ever consumed the anti-acne medications Oral Retin-A, Accutane, or Tetracycline. Participants were excluded if they scored > 5 on the Pittsburgh Sleep Quality Index (PSQI; Buysse et al., 1989), if they scored < 31 or > 69 on the Morningness-Eveningness Questionnaire (MEQ; Horne and Ostberg, 1976), if they scored > 40 on the State Trait Anxiety Inventory (STAI; Spielberger et al., 1983), > 10 on the Beck Depression Inventory-1A (BDI-1A; Beck and Steer, 1993), or if they scored above any of the following primary symptom dimensions of the Symptoms Checklist 90-R (SCL-90-R; Derogatis, 1994): > 1.25 on Anxiety, Depression, or Paranoid Ideation, > 1 on Hostility or Psychoticism, or > 0.75 on Phobic Anxiety. Similarly, participants were excluded if they scored > 70 on Depression or > 75 on Hypomania, Psychopathic Deviance, or Schizophrenia on the Minnesota Multiple Phasic Personality Inventory-2 (MMPI-2; Butcher et al., 1989).



Oculomotor task

Under all experimental conditions described in subsequent text, we used an efficient and randomized oculomotor behavioral task based on the classic Rashbass step-ramp paradigm (Rashbass, 1961) adapted to accommodate a full sampling of polar angles (Krukowski et al., 2003; Krukowski and Stone, 2005) using 90 or 180 trials per run corresponding to a trial every 2 or 4 degrees around the clock. Each trial started with a fixation target in the middle of the screen. The participant was instructed to initiate the trial by a manual button press on a game controller when they were ready after fixating the central target. After a random amount of time between 200 and 5,000 ms (truncated exponential distribution), the 0.2-deg target jumped 3.2–4.8 deg away from the fixation point, immediately moved back at a constant speed (16, 18, 20, 22 or 24 deg/s) toward the fovea, and then onward for a random amount of time from 700 to 1,000 ms before disappearing. Participants were instructed to keep their eyes on the target in the center without blinking and then to follow it as best they could once it started moving until it disappeared. The target would then reappear in the central location, awaiting the initiation of the next trial by the participant. We used a video-based, table-mounted, pupil-tracking system with an accuracy of ∼0.5 deg and a precision of ∼0.2 deg, and an HD-resolution 144 Hz BenQ™ model XL2420Z display (Liston et al., 2016). We calibrated the eye tracker by having the subjects fixate nine locations on a 3 × 3 Cartesian grid to derive a six-parameter affine transformation from camera to world coordinates (Beutter and Stone, 1998). Using a chin and forehead rest to minimize head movements, seated participants viewed the target binocularly from 46 cm and performed repeated runs at different values of time awake in studies 1ab and 2, and at different blood-alcohol levels in study 3.



Oculometric analysis

We used established analyses to measure a large set of oculomotor metrics (described in detail in Stone et al., 2019) but here we focused on only three (pursuit gain, saccade amplitude, and saccade rate during the steady state interval 400–700 ms after motion onset) to compute the derived measures of ground gained and ground lost (see below). Prior to analysis, we computed eye-velocity traces (low-pass filtered with a simple 3-point non-causal digital filter with coefficients ¼, ½, ¼), then detected and removed saccades using a template-correlation method described in detail elsewhere (Liston et al., 2013), modified to apply a bi-phasic saccade template tailored for the higher spatio-temporal fidelity of our 250-Hz eye tracker. We were thus able to reliably detect and remove saccades down to approximately one-eighth of a degree in amplitude (limited by tracker noise). We then computed the following oculometric measures using MATLAB™ (R2017a, The MathWorks, Natick, MA, USA):


•Steady-state gain was defined as the median across trials of the mean eye speed of the saccade-free component of the steady-state tracking response, projected along the target direction and divided by the target speed. Trials for which steady-state velocity was negative, or for which there was less than 80 ms of saccade-free pursuit in the steady-state interval, or for which there was a blink during the steady-state interval, or for which the steady-state eye speed was unstable (SD > 8 deg/s) were excluded from the computation (∼10% of trials).

•Saccadic rate was defined as the total number of catch-up saccades occurring in the steady-state tracking interval divided by the total steady-state tracking time (300 ms per trial plus any added lead time if a saccade onset preceded and the saccade spanned the initial interval boundary). Trials with blinks in the steady state were excluded, but this occurred rarely.

•Saccadic amplitude was defined as the median amplitude of the forward saccades occurring in the steady-state tracking interval.





Experiment 1a: Acute sleep loss (ASL)

The study methodology was outlined in extensive detail in a previous manuscript (Stone et al., 2019) and is summarized below. The effects due to time awake (i.e., homeostatic sleep pressure) and circadian rhythm cannot be definitively distinguished in this study.

Subjects were instructed to complete a regular 14-day sleep-wake schedule prior to lab testing. During this period, they were instructed to maintain an individually designed sleep-wake schedule, with 8.5 h of time in bed. To verify compliance, they wore an actigraph (Actiwatch Spectrum, Respironics Inc., Bend, OR, USA) on their non-dominant wrist to quantify the duration and quality of sleep as well as the degree of light exposure throughout the day. Additionally, timestamped voicemails were recorded both prior to their sleep and immediately after awakening, as well as having each event recorded in a sleep diary.

After completing the 14-day sleep-wake schedule, subjects would visit the NASA Ames Research Center to complete an overnight lab study. During this visit, we conducted a constant-routine protocol (CR)(Duffy and Dijk, 2002) to lessen the influence of external confounds in order to more effectively measure changes in oculomotor behavior due specifically to sleep deprivation and circadian rhythms.

Subjects completed 2–5 daytime baseline runs and 8 nighttime runs of the ocular tracking task, with the nighttime measurements beginning near the subjects’ habitual bedtime.



Experiment 1b: Acute sleep loss with acute low-dose caffeine administration (ASL+C)

In addition to the above procedures, in this study, during the nighttime, subjects ingested a caffeine pill hourly (average caffeine dose per pill: 21.3 ± 4.8 mg or 0.3 mg/kg for each participant), totaling 8 caffeine pills. We used small hourly doses of caffeine as it was previously shown to be sufficient to sustain alertness and performance during circadian misalignment (Wyatt et al., 2004). Caffeine pills were created by a licensed pharmacist using pure caffeine from a compounding pharmacy. Pills were administered in conjunction with the hourly food ration.



Experiment 2: Chronic sleep restriction (CSR)

For the at-home portion of the study, subjects completed a washout condition on their first week, following a treatment condition on their second week. The washout condition consisted of a habitual sleep satiation regime where subjects were instructed to achieve 9-h of sleep each night. In the subsequent treatment condition week, subjects were randomly assigned to either the 9-h or 5-h sleep condition, the order in which was counterbalanced across subjects. Following the at-home preparation period, subjects completed a one-day lab study in which repeated measurements of ocular tracking performance were collected. After the completion of testing for the first treatment condition, subjects completed another week of at-home preparation and subsequent lab days for the other treatment condition. Subjects abstained from caffeine and alcohol throughout the study.



Experiment 3: Acute low-dose alcohol administration (EtOH)

This study methodology was described in detail in a previous manuscript (Tyson et al., 2021). Briefly, participants completed a three-day at-home phase followed by a two-day lab phase. During the at-home portion, subjects maintained a sleep schedule (∼8.5 h of sleep per night at the same time of day) and abstained from caffeine and alcohol. Following the at-home phase, subjects were brought to the lab to complete repeated measures of ocular tracking performance before and after alcohol administration. The alcohol dosage was determined by weight and sex with target peak blood alcohol concentrations of either 0.02 or 0.06%. Subjects were randomly assigned to receive the lower or higher initial dose on the first or second lab day. During each lab day, subjects completed 3 pre-dose runs and 5–13 post-dose runs of the ocular tracking task.



Saccadic compensation metrics

We used a subset of oculometrics (Liston and Stone, 2014; Stone et al., 2019) – specifically, pursuit gain, saccadic rate, and saccadic amplitude – to compute the cumulative lost ground (in degrees of visual angle) due to a pursuit deficit during the closed-loop steady-state tracking interval (400–700 ms after target motion onset) and any associated ground recouped by catch-up saccades during the same time interval. See Figure 1 for a trial breakdown.


[image: image]

FIGURE 1
An example trial of the ocular tracking response in our task. The vertical and horizontal axes are velocity and time, respectively. The black and green traces are the eye and target velocities (20 deg/s target speed for this trial), respectively. The red and blue lines represent the best hinge fit, where the breakpoint indicates the pursuit latency when the eye starts to accelerate. The slope of the blue line gives the initial acceleration of the eye. The grey region is the 300-ms interval of time in which we calculate the closed-loop pursuit gain and the saccade metrics (i.e., rate and amplitude). We chose 400–700 ms as the steady-state (SS) interval to isolate these catch-up saccades from both tracking initiation and any potential behavioral disengagement due to anticipation of the end of the trial. Note the initial clean smooth initiation typical of the Rashbass design. The first saccade in the trace was a late initial corrective saccade related primarily to the imperfect smooth initiation. The second saccade is deemed a true steady-state catch-up saccade since it occurred during the steady-state interval, suggesting that the saccade was closely related to the sustained suboptimal closed-loop steady-state pursuit gain (<1).


To compute the average ground lost across a run, we used the following formula:

[image: image]

G is the median pursuit gain across trials during steady-state tracking. 6 degrees represents the average distance traversed by the target in the steady-state analysis window across a given 90–180 trial block with 20 deg/s being the average of target speed and 0.3 s the duration of the steady-state tracking interval.

To compute the average ground recouped across a run, we used the following formula:

[image: image]

with f and A, the median rate (in Hz) and amplitude (in deg) of catch-up saccades during steady-state tracking. Because saccade rate was highly quantized and variable on a trial-by-trial basis, we performed the above analyses averaged across all trials within a run to generate more reliable data and then performed statistical tests across our cohort of participants.



Statistical analysis

All data analysis routines were performed using MATLAB (versions R2017a or R2020a, MathWorks, Natick, MA, USA), GraphPad Prism (version 9, GraphPad Software, San Diego, CA, USA), and Excel (Microsoft Corp., Redmond, WA, USA). We computed dose-responses within-subject as the linear regression slopes of ground lost and recouped as a function of time awake (TA) or blood-alcohol concentration (BAC). We then compared across-subject, for each experiment, the mean slopes between ground lost and ground recouped using a paired t-test (two-tailed). We also evaluated independently if the ground lost and ground recouped were significantly greater than zero (i.e., null dose-response) using a one-sample t-test (one-tailed) given our a priori assumption of some pursuit impairment and some saccadic compensation. To compute the effects on our constituent metrics, we performed one-sample t-tests for each metric and each specific stressor. In addition, we performed Independent-measures t-tests to reveal any differences in the effects between stressors.

For the circadian analysis, performance data were plotted as a function of circadian phase (i.e., phase-locked with peak melatonin concentration determined from hourly saliva samples per Stone et al., 2019) and fit with a two-parameter cosine model (phase and amplitude) using the least-squares method. The objective function was defined as the residual sum-of-squares between the cosine model and the performance data; this objective function was then minimized using a nonlinear programming solver (MATLAB’s fminsearch). The across-subject mean phase and amplitude estimated from the minimization routine were statistically compared between the ground lost and ground recouped data using a paired t-test (two tailed).



Circadian simulation

To recreate the circadian phase variance observed in ground recouped under ASL, we used the time awake data sets of the ASL and ASL+C conditions to estimate the homeostatic and circadian components, respectively, and recombined these two estimates to simulate the ASL modulation response. Figure 2 provides an overview of the workflow of our simulations of the circadian modulation phase observed during ASL. First, we performed linear regression of the nighttime ground recouped ASL data to estimate the rate of the homeostatic performance decrement due to increasing sleepiness during forced wakefulness. We then interpolated to enable the addition of the appropriate decrement to the time awake data of the ASL+C data set. This reconstituted time-awake data set was then converted to circadian phase using melatonin acrophase as the reference marker (Stone et al., 2019). After conversion, we then fit the ground recouped of this new data set with a best-fitting cosine using least-squares and estimated the phase.
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FIGURE 2
A flowchart of the circadian phase computations for actual ASL and predicted ASL using ground recouped as the performance measure of interest. Predicted ASL was computed by adding the homeostatic estimate from the ASL data to the circadian estimate from ASL+C. This simulation analysis served as an internal self-consistency validation of our ASL phase estimates. The observed phase alignment from this analysis suggests that the circadian phase differences between ASL and ASL+C could largely be attributed to homeostatic sleep pressure.


To evaluate the degree in which we properly reconstructed the phase variance in ASL, we compared the estimated phase of this prediction with the observed phase of ASL data using a paired two-tailed t-test across subjects. A significant difference would indicate that the prediction failed.




Results


Case study

This case study illustrates the differential outcomes of saccade-pursuit coordination between three experimental conditions (ASL, ASL+C, and EtOH) for the single subject who participated in these three experiments (Figure 3). Under EtOH (bottom row), this participant showed a serious decrease in pursuit gain (–46.0%) with large compensatory increases in both saccade rate (68.2%) and amplitude (91.9%). Under ASL (top row), this participant again exhibited a serious pursuit gain reduction (–24.5%) but more moderate increases in both saccadic rate (13.7%) and amplitude (33.6%), even when scaled for the difference in the pursuit deficit, suggesting that ASL also compromised saccadic compensation. For ASL+C (middle row), the pursuit gain recovered most of its baseline vigor (only –4.2% compared to baseline); yet increases in both the rate and amplitude of the catch-up saccades persisted, even more pronounced (44.1 and 112.7%, respectively) than with ASL alone, indicating a maladaptive saccadic response and suggesting that caffeine may be driving saccades to overcorrect. This basic pattern was confirmed across our sample of participants (see Figure 4).
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FIGURE 3
The effects of acute sleep loss without (A, ASL, 24.5 h awake) and with a caffeine countermeasure (B, ASL+C, 22.6 h awake) and of low-dose alcohol (C, EtOH, 0.033% BAC) for a single example participant. Each row shows summary data of the three raw oculometrics (i.e., pursuit gain, saccadic amplitude, and saccadic rate) used to derive the saccadic compensation metrics (i.e., ground lost and group recouped) for each of the above three conditions. The columns from left to right show bar charts of pursuit gain and saccadic amplitude with the red and blue vertical bars indicating the median of the stressor and baseline distributions of a 90–180 trial run, respectively, and the error bars indicating the interquartile range. For saccade rate, the vertical bars show the total number of saccades divided by the total duration of the steady-state period (i.e., 300 ms per trial) across all 90–180 trials, with the error bars indicating the interquartile range for the trial-by-trial saccade rate across trials. Pursuit gain is impaired in both the ASL and EtOH conditions. Saccadic rate and amplitude, however, show larger increases in the EtOH condition, suggesting more effective compensatory neural mechanisms under low-dose alcohol as compared with a night of sleep loss. Caffeine appears to remedy most of the pursuit deficit, but saccadic behavior nonetheless appears abnormally elevated with respect to baseline.
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FIGURE 4
Dose-dependent and overall effects on saccade-pursuit coordination. Vertical and error bars represent the across-subject mean and standard deviation (SD). (A) Under ASL, there was a significant difference between ground lost and recouped, reflected in both the dose-response sensitivity to time awake (middle column) as well as the overall effect across the range of time-awake doses tested (righthand column), indicating at best only partial saccadic compensation. (B) Under ASL+C, both the ground lost and gained became insensitive to increased wakefulness (middle) but there is a hint of a small non-dose-dependent overall saccadic overcompensation (right). (C) Under EtOH, there was a large dose-dependent increase in ground lost with increasing BAC dose, however, the ground recouped showed a dose-dependent increase sufficient to fully counteract that loss (middle) with no overall difference as well (right). *p < 0.05, **p < 0.01, and ***p < 0.001.




Dose-dependent saccadic compensation

Figures 4A–C shows the dose-dependent effects on the total accumulated position error (ground lost in blue) and the total position correction effected by catch-up saccades (ground recouped in red) during steady-state pursuit for ASL, ASL+C, and EtOH conditions, respectively, with the raw data from all participants on the left, the mean slope of their dose-response trends in the middle, and the overall mean responses across the range of doses tested on the right.

For EtOH, there was a highly significant pursuit deficit as ground lost showed a significant dose-dependent effect quantified as the mean slope of the linear trend (t(15) = 8.04, p < 0.0001). However, there was also highly significant dose-dependent compensation from catch-up saccades (t(15) = 8.96, p < 0.0001) such that there was no significant difference between the dose-response slopes for ground lost and ground recouped (t(15) = –0.33, p = 0.74) or overall effects averaged across subjects (t(15) = 0.75, p = 0.47). This shows that, while alcohol at doses below a BAC of 0.07% significantly impairs the pursuit system in a dose-dependent manner, it does not impair saccadic compensation.

For ASL, there was a significant pursuit deficit as ground lost showed a significant mean dose-dependent slope (t(11) = 3.19, p = 0.004). Furthermore, the slope for ground lost was significantly larger than that for ground recouped (t(11) = 5.75, p < 0.0002), which itself did not reach significance (t(11) = –0.07, p = 0.47), resulting in significantly smaller overall ground recouped than ground lost across wakeful nighttime hours (t(11) = 2.66, p = 0.022). This shows that staying up all night significantly impairs not only the pursuit system, but also the saccadic system’s ability to compensate.

For ASL+C, slope estimates of the ground lost (t(8) = 1.52, p = 0.083) and ground recouped (t(8) = 0.49, p = 0.32) were not significantly higher than zero, and there was no significant difference between the two (t(8) = 1.24, p = 0.25). There was also no significant difference between the overall mean ground lost and recouped across wakeful nighttime hours (t(8) = –0.50, p = 0.63). This shows that, while staying up all night significantly impairs the pursuit system, caffeine can effectively fully counteract this sleep and circadian effect, although the saccadic system’s status remains unclear in this analysis as there is almost no pursuit loss to compensate for (see however, Figure 5 below). However, the fact that overall ground recouped is significantly higher than baseline (t(8) = 2.60, p = 0.0159) and even, on average, 23.0% (albeit insignificantly) larger than the ground lost (an overcompensation not observed in the other conditions) suggests that there may also be a small, uncompensatory saccadic boosting response to caffeine, that is unrelated to sleep loss or circadian misalignment, consistent with the observed significant increase in saccadic rate, despite the minimal pursuit impairment under ASL+C (see Figures 3, 5).


[image: image]

FIGURE 5
Differential pursuit and saccade performance with sleep loss and low-dose alcohol. The bar chart depicts the average and standard deviation (SD), with color indicating the experimental condition. Significant deficits in pursuit gain were revealed across all conditions. EtOH largely recouped the loss with an increase in saccade rate and amplitude, whereas ASL showed an increase in saccade rate and a highly variable (insignificant) amplitude change, yielding weaker compensation. CSR showed a smaller pursuit gain deficit, coupled with an unnecessarily large increase in saccade rate that was tempered by a decrease in saccade amplitude. With ASL+C, pursuit gain and saccadic amplitude were similar to baseline, but saccadic rate nonetheless increased unnecessarily. *p < 0.05, **p < 0.01, and ***p < 0.001.




Comparison of saccadic compensation across three stressors

We also examined pursuit and saccadic tracking responses during chronic sleep restriction (CSR) albeit for a single dose (5 h of sleep per night). Below we compare the effects of CSR at that dose with the ASL response near the nadir of circadian phase (23 h awake) and with the EtOH response at a BAC of 0.065% (Figure 5). While all three conditions caused significant impairment of pursuit (decreased gain), the CSR effect was much more muted than those for ASL and EtOH (ASL: t(11) = –5.3195, p < 0.0002; CSR: t(11) = –2.3187, p = 0.0204; EtOH: t(15) = –6.8642, p < 0.0001). All three conditions generated significant increases in saccadic rate (ASL: t(11) = 2.7933, p = 0.0088; CSR: t(11) = 2.6757, p = 0.0108; EtOH: t(15) = 3.1950, p = 0.003). However, given the small magnitude of the pursuit impairment under CSR relative to baseline performance, the large increase observed in saccadic rate was unnecessary. Furthermore, unlike EtOH and ASL which show a significant increase (t(15) = 8.7705, p < 0.0001) or no-change in saccadic amplitude (t(11) = –0.4118, p = 0.3442), respectively, CSR shows a significant decrease in saccadic amplitude (t(11) = –2.355, p = 0.0191). This surprising finding may nonetheless just be compensatory for the unnecessarily large increase in saccadic rate. With caffeine, saccadic amplitude does not change significantly (t(8) = 1.2532, p = 0.1228) yet still pursuit gain decreases and saccadic rate increases significantly (Pursuit gain: t(8) = –2.2845, p = 0.0259; Saccadic rate: t(8) = 2.8936, p = 0.0101). Hence, the differential response to the four conditions is most clearly illustrated by the qualitative differences in the observed effects on the amplitude of catch-up saccades (see middle quadruplet in Figure 5).



Circadian-dependence of saccade-pursuit coordination

Figure 6 shows our circadian analysis for ground lost and ground recouped under ASL and ASL+C. The analysis revealed distinct profiles in modulation and phase of the compensatory behavior and saccade-pursuit coordination between the two conditions.


[image: image]

FIGURE 6
Cosine analysis of ground lost vs. ground recouped (depicted in blue and red, respectively) for ASL (A) and ASL+C (B). Raw data for ground lost and ground recouped data are shown in the leftmost panels with cosine fits of the ground lost and ground recouped in separate adjacent panels. Bar charts represent the across-subject average (±SD) of the best-fitting amplitude and phase parameters. *p < 0.05, **p < 0.01, and ***p < 0.001.


For ASL, there was a significant circadian modulation in the ground lost and ground recouped over the 24-h cycle (t(11) = 6.0668, p < 0.0001 and t(11) = 6.2290, p < 0.0001, respectively) but the amplitude of the ground recouped appeared smaller than that for ground lost, although the difference was not quite significant (t(11) = 2.1395, p = 0.0557) likely due to the large inter-subject variability. More importantly, while the circadian phase for ground lost was well behaved peaking around +60° for most participants, that for ground recouped was more variable and, on average, closer to 0°. This phase misalignment was significant (t(11) = 3.4216, p = 0.0057) so the saccadic system is not providing fully effective compensation for the circadian modulation under ASL.

For ASL+C, the circadian modulation in ground lost remained significant albeit smaller than without caffeine (t(8) = 3.5245, p = 0.0039). The modulation in ground recouped was also significant (t(8) = 5.2185, p = 0.0004). These two amplitudes were not significantly different (t(8) = −0.3113, p = 0.7635), and their phases were well aligned (t(8) = –0.4997, p = 0.6308). Thus, in the presence of caffeine, the saccadic system fully compensates for the significant circadian modulation in pursuit performance, although the (insignificantly) larger mean modulation in ground recouped suggests a hint of overcompensation.



Circadian phase variability in saccadic compensation

We used a model (Figure 2) to simulate the phase of the circadian response during ASL. The model combines an estimate of circadian cycling (amplitude and phase) based on the modulation during ASL+C with an estimate of the homeostatic sleep drive based on the nighttime linear trend during ASL to simulate the phase variability observed in ASL (Figure 7). The simple addition of these two signals allowed us to predict the phase shift observed in ASL. The cosine predictions were highly correlated with the actual fits of the ASL data for six of the seven subjects (r2 ≥ 0.91 see Figure 7A) with the correlation for the remaining subject (top trace) with the outlier phase prediction being lower (r2 = 0.12). There was no significant difference between the predicted and actual phase for both the entire within-subject cohort (t(6) = 0.7405, p = 0.4869), or when excluding the outlier (t(5) = –0.6256, p = 0.559). Thus, the simulated predictions were able to recreate the phase variability observed in the apparent circadian variability of ASL from the circadian modulation during ASL+C and the estimated homeostatic effect from ASL nighttime time-awake linear trends.


[image: image]

FIGURE 7
Simulation of circadian phase variability in ground recouped during ASL. (A) Plot of the min-max normalized cosine fits of the predicted (red) and actual (black) ASL modulation for all seven subjects tested. (B) The unnormalized best-fit modulation of the seven subjects for the actual and predicted ASL. Note that the modulation phase of the prediction qualitatively resembles the actual modulation of the ASL data with one exception. (C) Two-dimensional scatterplot of predicted versus actual circadian phase with each point depicting a subject.





Discussion

We found that the coordination of the pursuit and saccadic systems is differentially affected by three different stressors and one pharmacological countermeasure. Low-dose alcohol (our EtOH condition) generates a large reduction in pursuit gain, but the resulting accumulated position error over time is nearly fully corrected by catch-up saccades such that the fovea catches up and, on average, is effectively pointed at the target during steady-state tracking. Acute sleep loss and circadian misalignment (our ASL condition) also generates a large reduction in pursuit gain. However, the accumulated position error over time is not fully recouped due to inadequately sized catch-up saccades, such that the fovea is systematically pointing slightly behind the target during steady-state tracking. Caffeine (our ASL+C) appears to eliminate most of the pursuit deficit related to time awake, although saccadic rate remains unnecessarily elevated, perhaps via a direct effect of caffeine on the saccadic system unrelated to its role as a countermeasure for sleep loss (Connell et al., 2017) or perhaps the ASL effect on saccadic rate is not mediated by adenosine pathways (Blanco-Centurion et al., 2006). Chronic sleep restriction (our CSR condition) shows a much milder reduction in pursuit gain, suggesting an adaptive mechanism that at least partially compensates for sleep deprivation when it becomes chronic. As with ASL+C, there is an unnecessary increase in saccade rate that may trigger the observed apparently compensatory decrease in saccade size, emphasizing that the adverse impacts of sleep restriction on sensorimotor control are not fully overcome by chronic adaptation, just as caffeine does not suppress the effects of acute sleep loss on saccade rate.

The disparate nature of our four behavioral test conditions highlights the fact that an examination of a wide array of largely independent parameters of oculomotor responses (multidimensional oculometrics) not only allows for the sensitive detection of mild, subclinical performance deficits, but also supports the making of specific distinctions about the potential disparate causes of these deficits (Liston et al., 2017; Tyson et al., 2019). It also suggests that the observed differential patterns of behavioral effects reflect perturbed neural processing within different neural loci (Leigh and Zee, 2006; Ramat et al., 2007; Stone et al., 2019). Lastly, it must be pointed out that even when saccades compensate fully for the position error that results from poor pursuit gain, saccades cannot reduce the retinal slip (motion blur) that occurs with the resulting saccade-mediated foveation, thus saccadic compensation is always only a partial remedy for the loss of pursuit and associated loss of dynamic visual acuity (Westheimer and McKee, 1975).


Insights into the coordination between pursuit and saccades

Human and other primates follow moving objects with their eyes primarily using pursuit (Keller and Heinen, 1991; Krauzlis, 2004; Thier and Ilg, 2005; Lisberger, 2015; Kowler et al., 2019) but also leverage the evolutionarily older saccadic system as a supplement to compensate for shortcomings in the pursuit response (de Brouwer et al., 2002a). Shared target selection and coordination of pursuit and catch-up saccades (Orban de Xivry and Lefèvre, 2007) are enabled via the rostral Superior Colliculus (Basso et al., 2000; Krauzlis et al., 2000) and its feedback loops with downstream brainstem oculomotor output structures (Lee et al., 1988; for a review, see Sparks et al., 2002; van Opstal and Goossens, 2008; Takahashi et al., 2022) as well as its upward projections to cortical structures via the Pulvinar to potentially influence smooth corrections to pursuit (Berman and Wurtz, 2010).

Robinson (1975) first proposed a ballistic model based on precomputed parameters, which was subsequently extended by his laboratory and others (for a review, see Hafed, 2011) to include a feedback loop to monitor the ongoing saccade and thus to control the accuracy of the saccadic endpoint without the need for visual feedback, which cannot arrive on time given visual processing delays and the speed of saccades. More recently, Optican and colleagues have emphasized that multiple feedback loops through the brainstem and cerebellum control saccadic accuracy (Quaia et al., 1999; Pretegiani and Optican, 2017). Lastly, Lefevre and colleagues developed mechanistic model(s) specifically designed to capture the detailed visual signal processing that underlies the coordination between pursuit and catch-up saccades during steady-state tracking (de Brouwer et al., 2002a,b; Daye et al., 2014; Nachmani et al., 2020; Coutinho et al., 2021). Although our study does not address the computational details of any of these models, their shared essential structure (Hafed, 2011) nonetheless provides a helpful guide for identifying the key components of the neural computation responsible for this coordination.

At the highest level, the saccadic system generally needs to first decide which target to select from among many options in a real-world image (Krauzlis et al., 1999, 2004; Adler et al., 2002; Liston and Krauzlis, 2003; Case and Ferrera, 2007). In our paradigm, this is not an issue as there is only a single target and it has already been selected by the time steady-state tracking is engaged.

The next tier is the decision mechanism that triggers a catch-up saccade. This has been proposed to occur when the estimated future position error reaches a threshold (de Brouwer et al., 2002a,b; Daye et al., 2014; Nachmani et al., 2020; Coutinho et al., 2021). Our saccade-rate metric may shed some light on the status of that threshold. While the elevated rate observed in the ASL and EtOH conditions could simply reflect the increased demand caused by the overt pursuit deficit, the significant rate increases observed in the ASL+C and CSR conditions cannot, as they are not associated with impactful pursuit deficits. The rate increases observed in the two latter conditions therefore do not reflect the normal functioning of the saccadic system. While this could reflect non-adenosine-mediated components of fatigue/circadian responses in both these cases, the ASL+C effect could also be due to a direct non-specific effect of caffeine. While direct effects of caffeine have been observed on saccadic velocity (Connell et al., 2017), these effects appear quite small and become insignificant for small saccades (see their Figure 4D). Thus, caffeine may contribute to the observed time-awake-independent increase in ground recouped primarily via a large increase in saccade rate (Figure 5). Although there is no significant time-awake-dependent slope with caffeine, we did observe a significant increase in mean ground recouped with respect to baseline, see Figure 4B, as well as several hints of overcompensation, see Figures 3, 5, 6B. Thus, a parsimonious explanation is that all three manipulations of sleep (ASL, ASL+C, and CSR) cause a decrease in the threshold setting for catch-up saccade initiation, resulting in an increase in saccade rate regardless of changes in demand. This rate increase is compensatory during ASL, but not in the two other conditions, and is likely directly exacerbated by caffeine although, surprisingly, caffeine has been shown to decrease the rate of microsaccades (Hampsey et al., 2019). Future research is needed to tease apart the multifaceted effects of caffeine and other adenosine antagonists on eye movements.

The final tier is the saccade generation output pathway. Saccade amplitude, controlled by a sub-cortical motor execution system, shows the largest variation across conditions (Figure 5). EtOH shows a systematic increase in saccade amplitude which, along with the increase in rate, effects a nearly complete compensation for the lost ground due to the pursuit impairment. Thus, there is no indication that the catch-up saccade system is at all functionally impaired at the BACs below 0.07% tested, although some changes in the main-sequence dynamics have been reported (Roche and King, 2010; Schmitt et al., 2013; Tyson et al., 2021). ASL however, shows no systematic change in amplitude, despite the ongoing demand, resulting in incomplete compensation. This finding indicates a direct impairment in the control of saccade amplitude caused by sleep loss and/or circadian misalignment above and beyond the pursuit deficit. For ASL+C the residual pursuit deficit is of borderline significance, so the correction demand is minimal and inadequate to clearly determine if there is any residual saccadic impairment, but our circadian modulation analysis suggests that the saccadic system is highly effective under this condition. CSR also shows a pathological increase in rate in the absence of demand as pursuit is largely unimpaired. CSR, however, is also associated with a counterintuitive decrease in saccadic amplitude that is either a healthy compensatory response to the unneeded increase in saccade rate or a secondary pathology in saccadic generation. Thus, a parsimonious explanation is that ASL causes hypometric saccades that may (or may not) be present in the ASL+C and CSR conditions as well. To examine this issue more carefully, one would need to test a larger population or examine larger saccades than those occurring during our steady-state pursuit paradigm (e.g., by using higher velocity target motion).



Possible neural underpinnings of the disparate effects of our stressors

A visual pathway from retina through V1 and to the Middle Temporal (MT) Area sends visual motion signals to pursuit pathways via the Medial Superior Temporal (MST) area (Dürsteler et al., 1987; Dürsteler and Wurtz, 1988; Newsome et al., 1988; Ilg and Thier, 2003; Ilg, 2008) and frontal (FPA) cortex (Tanaka and Lisberger, 2001; Chou and Lisberger, 2004) to sustain steady-state pursuit. The early motion pathway to MT also contributes to the computation of estimated future position error signal (Newsome et al., 1985), which upon reaching a threshold (de Brouwer et al., 2002a,b), triggers a saccadic motor response and drives the corrective saccadic accuracy. Our findings shed light on this coordination by illustrating an array of qualitatively different behavioral responses to different stressors that likely impact different neural structures that serve these various visuomotor sub-functions.

There are at least three components to the impairment and compensation processes observed in the current study:

First, all three stressors tested (EtOH, ASL, CSR) result in a significant reduction in steady-state pursuit gain, likely due to depressed responses somewhere within the regions of extrastriate and/or frontal cortex known to be responsible for driving steady-state pursuit. In particular, lesions in the interconnected Medial Superior Temporal (MST) area (Dürsteler et al., 1987) and Frontal Pursuit Area (FPA) of the Frontal Eye Fields (Morrow and Sharpe, 1995; Shi et al., 1998) have been shown to cause sustained uncorrected deficits in steady-state smooth eye speed, quite similar to those observed in this study (Compare our Figure 1 and Figure 5B of Tyson et al., 2021 with Figure 1B of Dürsteler et al., 1987 and Figure 1B of Shi et al., 1998). However, the reductions in pursuit gain in CSR and ASL+C are much smaller than that in our ASL or EtOH conditions, suggesting that adaptative processes (after chronic sleep loss) and inhibition of adenosine pathways (after caffeine administration) can ratchet pursuit gain back up, perhaps via the gain modulation identified in the FPA (Tanaka and Lisberger, 2001) or downstream from it (Chou and Lisberger, 2004), so as to counteract the effects of chronic or acute sleep disruption.

Second, all three stressors cause an increase in saccadic rate, which could be part of a direct compensatory response to weakened pursuit. However, in the cases of CSR and ASL+C, where compensation is largely unnecessary, the dramatic increase in rate is more likely due to the non-specific disruption of brainstem suppression of saccades by omnipause neurons (Rucker et al., 2011; Shinoda et al., 2011) as the observed rate increase is not necessary, and likely does not improve tracking.

Third, the largest divergence between the stressors occurs in the amplitude of compensatory saccades (Figure 5). In the EtOH condition, the saccadic system fully compensates by increasing the amplitude of catch-up saccades, so the most parsimonious explanation is that the midbrain and brainstem are unaffected by low-dose alcohol and the saccades themselves are healthy. During ASL, this is not the case as the small increase in saccade amplitude (that does not even reach significance) provides inadequate compensation. This is consistent with the systematic decrease in mean peak saccadic velocity observed under the ASL (De Gennaro et al., 2000; Stone et al., 2019), but not the EtOH (Tyson et al., 2021) condition. Thus, while there is a compensatory increase in the number of saccades in both conditions, saccades under the EtOH condition are properly implemented by the healthy performance of the rSC, burst neurons, and/or other components of the saccade generation output motor pathways, while those under the ASL condition fall short. This could be explained by two different mechanisms: (1) the inadequate neural integration of a reduced saccadic burst signal, consistent with the previous observations of a reduction in saccadic peak velocity although most models would predict slower yet accurate saccades if this were the case, or (2) impairment within the rSC, brainstem, and perhaps cerebellar feedback loops during execution of the catch-up saccade.

In sum, while our behavioral studies do not directly identify neural substrates, a simple straightforward explanation of our constellation of findings is that: (1) all four tested conditions exhibit impairment of extrastriate and/or frontal cortical visual motion responses driving pursuit, with CSR showing significant recuperative adaptation, perhaps via frontal cortical gain plasticity, and (2) the sleep and circadian altering conditions (even in the presence of caffeine) produce a decrease in omnipause-neuron output, thus non-specifically decreasing saccadic thresholds and maladaptively increasing saccade rate, and disrupt the rSC and/or its brainstem output pathways, thus impacting the control of saccadic amplitude. This latter effect may play a lesser role (if any) in CSR, again perhaps due to a recuperative adaptive process.



Caffeine as a partial countermeasure

Our findings confirm that caffeine greatly ameliorates the time-awake-dependent effects of acute sleep loss. More specifically, caffeine (at 21.3 ± 4.8 mg/h) is an effective countermeasure for the time-awake sensitivity of ASL on pursuit with the observed sleep-dose-dependent effect indicating that, for this effect, caffeine is acting through adenosine-mediated neural pathways controlling homeostatic sleep drive. However, the absence of a significant sensitivity to time awake of the ground recouped yet an observed increase in the overall ground recouped across all nighttime hours, suggests a non-specific effect of caffeine directly on saccades. While there is prior evidence for such direct effects in unfatigued participants (Connell et al., 2017), these direct effects are limited (a small increase in the peak velocity of larger saccades) and we are not aware of any prior observations of caffeine effects on small catch-up saccade rate per se. Studies of caffeine on catch-up saccades of well-rested subjects as well as on the effects on larger saccades under ASL conditions are needed to resolve this issue.



Insights into the interaction between homeostatic and circadian factors

Our method does not allow us to definitively segregate homeostatic and circadian effects. While our 24-hr acute sleep loss studies generated both homeostatic and circadian effects that we can tentatively segregate, especially with a caffeine-mitigation study that preferentially targets homeostatic sleep drive (see however, Blanco-Centurion et al., 2006), only a forced-desynchrony study (Dijk and Czeisler, 1995), which we did not perform, is able to do that conclusively. Thus, the simulated responses shown in Figure 7, based on the model in Figure 2, represent merely a self-consistency test and validation that the apparent circadian phase during ASL is perturbed by homeostatic effects that can be largely removed computationally to predict the observed ASL+C results where homeostatic effects were greatly reduced pharmacologically.




Limitations

Our study was based on a set of small sample sizes (9–16 subjects for a given study), which limit the extrapolation to larger populations. However, our cohort sizes were large enough to show large and highly statistically significant effects across the oculometric suite, spanning a wide array of conditions (Stone et al., 2019; Evans et al., 2021; Tyson et al., 2021). Furthermore, due to the limited sample size and statistical power, linear mixed-effects models were not considered in our analysis.

Due the length of time needed for sleep-restricted participants to reach asymptotic performance, our CSR study was limited to a single dose (5 h/night) so our dose-response analysis (Figure 4) could not include a CSR condition.

Our discussion is based on a simplified framework of a catch-up saccade model and current saccadic models do not take into account that position errors can also drive corrective smooth accelerations that then preclude saccades (Carl and Gellman, 1987; Morris and Lisberger, 1987), a phenomenon that our stimulus paradigm and analyses do not address. Thus, any changes in the division of labor between these two mechanisms for correcting small positional errors during steady-state tracking were not addressed in this study.

Lastly, the proposed neural underpinnings for our behavioral observations are consistent with prior studies in non-human primates, but there are many possible alternate explanations. Nonetheless, they remain reasonable, educated, and constructive speculation at this juncture, to provide a potential basis for the design of future neurophysiological studies and aid in the interpretation of future clinical findings.
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Acute sleep loss ASL with caffeine Chronic sleep Low-dose alcohol (EtOH)
(ASL) (ASL+C) restriction (CSR)
Female Male

N 12 (6 females) 9 (4 females) 12 (6 females) 8 8
Age (yrs old) 24.8+5.6 23.8+3.4 23.0.k 39 25.1: 2:0 26.0 +4.1
Weight (kg) 67.8 £13.5 71.4+14.8 63.2+13.1 63.6 £6.6 74.21+8.2
Height (cm) 170.1 =10.8 1723 £ 12.9 166.2 =10.9 1629 £ 8.4 176.54+56
BMI (kg/mz) 23.3£3:1 239+ 33 22.7+2.8 24.0+£2.0 23.84£23
Sleep duration (h) 7 h 48 £ 16 min 7 h 56 + 22.7 min 7 h 24 + 26 min 8 h 33 £ 36 min 8 h 22+ 23 min
Treatment dose ~24 h awake 170.7 & 38.2 mg* 40255+ 19.9 min® 2.16 +0.23" 2.97 +£0.337

yrs, years; kg, kilograms; cm, centimeters; BMI, body mass index; mg, milligrams.

TStandard drinks of alcohol for the 0.06% target peak BAC condition.

*Total caffeine dose overnight taken hourly at 0.3 mg/kg.

SSleep duration under the 5-h sleep restriction condition.

Note that the SDs reported for ASL are sample SDs, whereas the SDs reported in a previous publication are population SDs (Stone et al., 2019).
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