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Abstract
Background
Autistic individuals show deficits in sustained fine motor control which are associated with an over-reliance on visual feedback. Motor memory deficits also have been reported during sustained fine motor control in autism spectrum disorders (ASD). The development of motor memory and visuomotor feedback processes contributing to sustained motor control issues in ASD are not known. The present study aimed to characterize age-related changes in visual feedback and motor memory processes contributing to sustained fine motor control issues in ASD.

Methods
Fifty-four autistic participants and 31 neurotypical (NT) controls ages 10–25 years completed visually guided and memory guided sustained precision gripping tests by pressing on force sensors with their dominant hand index finger and thumb. For visually guided trials, participants viewed a stationary target bar and a force bar that moved upwards with increased force for 15s. During memory guided trials, the force bar was visible for 3s, after which participants attempted to maintain their force output without visual feedback for another 12s. To assess visual feedback processing, force accuracy, variability (standard deviation), and regularity (sample entropy) were examined. To assess motor memory, force decay latency, slope, and magnitude were examined during epochs without visual feedback.

Results
Relative to NT controls, autistic individuals showed a greater magnitude and a trend for a steeper slope of force decay during memory guided trials. Across conditions, the ASD group showed reduced force accuracy (β = 0.41, R2 = 0.043, t79.3=2.36, p = .021) and greater force variability (β=-2.16, R2 = 0.143, t77.1=-4.04, p = .0001) and regularity (β=-0.52, R2 = 0.021, t77.4=-2.21, p = .030) relative to NT controls at younger ages, but these differences normalized by adolescence (age x group interactions). Lower force accuracy and greater force variability during visually guided trials and steeper decay slope during memory guided trials were associated with overall autism severity.

Conclusions
Our findings that autistic individuals show a greater magnitude and tendency for a greater rate of force decay than NT individuals following the removal of visual feedback indicate that motor memory deficits contribute to fine motor control issues in ASD. Findings that sensorimotor differences in ASD were specific to younger ages suggest delayed development across multiple motor control processes.
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Introduction
Sensorimotor impairments are highly prevalent in autism spectrum disorder (ASD) [1]. They are associated with the severity of core social, communication, and repetitive behaviors, as well as cognitive outcomes [2–6], and they are some of the earliest signs of atypical development in children who later receive a diagnosis of ASD [2, 7, 8]. Sensorimotor differences in autistic persons have been observed across multiple behaviors and effector systems [9–15], and they involve multiple motor control processes including motor planning [11, 14], online motor control [11, 14], and motor learning [4, 16, 17]. Additionally, structural and functional differences in cerebellar-cortical brain networks involved in sensorimotor control repeatedly have been observed in ASD [17–23]. These findings highlight an important role of sensorimotor differences in ASD and support the need to identify motor control and neurodevelopmental mechanisms of sensorimotor impairments in autistic individuals.
Deficits of sustained, or online sensorimotor control, including the ability to reactively adjust motor output in response to sensory feedback or sustaining motor control from memory, have been repeatedly shown in ASD. Challenges with sensory feedback processing and motor memory during sustained motor control (e.g., precision grip control) likely relate to challenges with daily living skills that have been documented in autistic individuals including holding and using writing utensils [24], grasping and controlling eating utensils during feeding [25], and unintentionally dropping objects (e.g., cups and dishes) [26].
Visuomotor feedback and motor memory processes involved in sustained motor control have been well characterized in studies of precision gripping in NT development [27–31]. Precision gripping relies on the integration of sensory feedback (e.g., visual and somatosensory/cutaneous) to provide information on precision grip force error that is used to make corrective adjustments to the ongoing motor command and update internal models (motor learning) of grip control [27, 29–31]. During visually guided precision gripping, the visuomotor feedback loop lasts approximately one second, and includes integration of visual feedback error information since the last motor command and the execution of a corrective movement based the accumulated visual feedback information [27, 29]. In healthy adults, removing visual feedback during precision gripping leads to a decay in force output beginning 0.5–1.5s after the removal of visual feedback [29]. The maintenance of force output for 0.5–1.5s is consistent with the duration of the visuomotor feedback loop and reflects the capacity for visual feedback error information to be stored in short-term memory. In the absence of visual feedback, the motor system relies on cutaneous feedback (e.g., whether the gripped object slipping or the exerted grip force is appropriate for the object’s weight) and the implicit knowledge of force exertion from prior grip experiences (e.g., sensorimotor memory) [30, 31]. When visual feedback is occluded during sustained precision grip tasks where the gripped object is squeezed but not lifted (i.e., the object cannot be dropped and its weight is irrelevant), force variability and regularity increase [27, 32, 33], and grip force decreases [29] at latencies that exceed the short-term visuomotor memory (> 1.5s) and with greater effects over time [27], indicating that corrective motor commands become less accurate and less dynamic as this longer-term sensorimotor memory fades. These findings reflect motor memory processes that are distinct from, and more persistent than, short-term visuomotor memory (e.g., somato-motor memory [29, 34]).
During tests of visually guided precision gripping, our lab has demonstrated that autistic individuals have increased variability and regularity of sustained grip force relative to NT controls, suggesting that the ability to use sensory feedback to make precise and accurate corrective adjustments to ongoing movements is impaired [11, 19, 35, 36], though a separate study of 22 autistic individuals suggested that elevations in force variability were specific to, or at least more severe, during tasks with a dynamic (moving) target rather than a static (fixed) target [37]. These deficits are exacerbated when the spatial resolution of visual feedback is enhanced or degraded, indicating that autistic persons are over-reliant on visual feedback to correct error in grip force [11, 19, 36]. Autistic individuals also show reduced effects of somatosensory feedback manipulations (tendon vibration) on grip force control relative to NT controls, regardless of the resolution of visual feedback, suggesting that autistic persons have reduced reliance on secondary sensory inputs for issuing corrective updates to ongoing motor commands during sensory feedback guided motor behaviors [35].
In addition to atypical visuomotor feedback processing, findings from studies evaluating motor learning from sensory error suggest that motor memory may be atypical in autistic individuals, which may contribute to motor control deficits. Autistic individuals show a stronger adaptation to proprioceptive errors than NT controls during reaching [4, 16, 17]. These findings suggest that autistic persons may be more biased toward updating internal models based on proprioceptive feedback than NT controls but may be deficient in using visual feedback to update internal models. As a result, while autistic individuals may be over-reliant on visual feedback error information to update an ongoing motor command, they may not be as effective or accurate at using visual feedback to update internal models for future motor plans. Though to date, only one prior study has assessed the role of motor memory during sustained motor control in ASD.
During a precision gripping test in which visual feedback was removed and individuals were instructed to continue gripping at a constant force level, we previously documented a faster rate of force decay among autistic individuals relative to age-, IQ-, and sex-matched NT controls implicating deficient motor memory [38]. That study did not assess short-term visuomotor memory or analyze age-related effects on motor memory or visuomotor processes, though there are known developmental changes in visuomotor and memory guided motor control throughout childhood and into adulthood [32, 39, 40]. NT individuals (6–22 years old) show age-associated reductions in visually guided precision grip force regularity that are absent or significantly attenuated for memory guided grip force control [32, 39, 40]. Conversely, they show significant age-associated decreases in memory-guided grip force variability that are not observed in visually guided grip force control [32, 39]. The development of motor memory and visuomotor feedback processes and their contributions to sustained motor control issues in ASD are still not known.
Here, we aimed to assess differences in short-term visuomotor memory as well as longer-term sensorimotor memory and visual feedback processes during sustained fine motor control in ASD as a function of age. We examined age-associated differences in motor precision, variability, and regularity during visually guided and memory guided precision gripping to test the hypothesis that visual feedback and motor memory processes are different in ASD, especially during early childhood, suggesting delayed development. We expected autistic individuals to show stronger age-related reductions in force variability and regularity relative to NT controls during visually guided precision gripping, such that group differences are most pronounced in younger individuals, consistent with our prior findings [35]. To further assess motor memory, we examined the latency, slope, and magnitude of force decay following the removal of visual feedback (memory guided precision gripping). We expected that autistic individuals would show reduced duration of the short-term visuomotor memory, as well as faster force decay compared to NT controls, that are more pronounced at younger ages, consistent with the hypothesis that early issues with motor memory processes contribute to differences in sustained motor control in autism. To examine whether motor behaviors vary as a function of the severity of clinical traits, we also examined associations between motor control and clinical ratings of ASD severity, motor behavior, and IQ.

Methods
Participants
Fifty-four autistic participants (16 females) and 31 neurotypical (NT) controls (18 females) completed tests of precision gripping with their dominant hand (Table 1). The autistic and NT groups did not differ on age (t = -1.16, p = .25, range: 10–25 years). Autistic participants were recruited through our research registries comprised of individuals evaluated through the University of Kansas Health System who have consented to be contacted for research purposes, and through community advertisements. NT controls were recruited through community advertisements. ASD diagnoses were confirmed through diagnostic consensus by our study team based on Diagnostic and Statistical Manual of Mental Disorders, Edition 5 (DSM-5) [41] criteria and classification criteria from the Autism Diagnostic Observation Schedule, Second Edition (ADOS-2) [42] and Autism Diagnostic Interview – Revised (ADI-R) [43]. The ADOS-2 and ADI-R were administered by study clinicians and clinical trainees on the study team who are trained to research reliability. Autistic participants were excluded if they had a known genetic or metabolic disorder associated with ASD (e.g., Fragile X syndrome) or a full scale IQ (FSIQ) below 60 as measured using the Wechsler Abbreviated Scales of Intelligence, Second Edition (WASI-II) [44]. Since cognitive ability ranges widely in autism, this FSIQ cutoff was used to maximize representation of autistic individuals across the autism spectrum while ensuring that participants would be able to understand instructions and complete experimental tasks. As a conservative cutoff to ensure that NT participants did not show elevated autistic traits or have a confounding medical history, they were excluded if they scored ≥ 8 on the Social Communication Questionnaire [45], reported a history of psychiatric or neurologic disorders, had a family history of ASD in first- or second-degree relatives, had a family history of a developmental or learning disorder, psychosis, or obsessive compulsive disorder in first-degree relatives, or had a FSIQ below 85 as measured using the WASI-II. The FSIQ cutoff was used to limit the possibility that individuals included in the NT controls had underlying and possibly undiagnosed or unreported neurodevelopmental or neurologic conditions. Participants also were excluded if they had a history of head injury with neurological sequelae, birth injury, or seizure disorder. No participants were taking medications known to affect sensorimotor behavior, including antipsychotics, stimulants, or anticonvulsants at the time of testing [46]. All participants had corrected or uncorrected visual acuity of at least 20/40. Adult participants provided written informed consent after a complete description of the study, in accordance with the Declaration of Helsinki and the approved Institutional Review Board study protocol (IRB#: STUDY00140269). For participants under the age of 18 and adults who were under legal guardianship, a parent or legal guardian provided written informed consent, and the participant provided written assent. All study procedures were approved by the local Institutional Review Board.
Table 1Demographic and clinical characteristics of autistic individuals (ASD) and neurotypical controls (NT)


	 	 	ASD
	NT
	 
	N
	Ratio
	 	 	N
	Ratio
	 	OR

	Sex1
	54
	38 M:16 F
	-
	 	31
	13 M:18 F
	-
	0.309*

	Handedness2
	54
	6 L:48R
	-
	 	31
	4 L:27R
	-
	0.845*

	 	N
	Mean
	SD
	 	N
	Mean
	SD
	t

	Age
	54
	14.87
	3.68
	 	31
	15.90
	4.11
	-1.16

	ADOS-CSS
	54
	6.26
	2.13
	 	-
	-
	-
	-

	RBS-R
	52
	32.15
	21.75
	 	-
	-
	-
	-

	FSIQ3
	54
	97.39
	16.47
	 	31
	110.51
	10.27
	-4.52*

	VIQ3
	52
	95.40
	17.82
	 	31
	108.45
	10.63
	-4.18*

	PIQ3
	53
	99.32
	17.09
	 	31
	110.45
	12.47
	-3.43*

	BOT-2: Fine Manual Control
	48
	41.31
	9.35
	 	23
	48.43
	10.21
	-2.83*

	MVC
	54
	40.17
	17.41
	 	31
	49.59
	17.65
	-2.38*


ASD: Autism spectrum disorder; NT: Neurotypical; OR: Odds ratio from Fisher’s Exact test; M: Male; F: Female; L: Left-handed; R: Right-handed; SD: Standard deviation; ADOS-CSS: Autism Diagnostic Observation Scale – Composite Severity Score; RBS-R: Repetitive Behavior Scale – Revised; FSIQ: Full-scale intelligence quotient; VIQ: Verbal intelligence quotient; PIQ: Perceptual intelligence quotient; BOT-2: Bruininks-Oseretsky Test of Motor Proficiency, 2nd Edition; MVC: Maximum voluntary contraction.
1 Biological sex is used here. Three autistic participants did not identify as the sex they were assigned at birth (all assigned female). One identified as a transgender male; one as non-binary, and one as gender fluid.
2 Handedness here refers to which hand the participant used for precision grip testing. Five participants either did not complete the Annett (two autistic participants) or had scores on the Annett that did not match the hand they used for writing (three NT controls).
3 Two autistic participants did not complete all four subscales of the WASI-II, so the two-subscale FSIQ was used for those participants, and PIQ and VIQ subscales were omitted for participants who did not complete both subscales required for those scores




Clinical assessments
Participants completed the Wechsler Abbreviated Scales of Intelligence, Second Edition (WASI-II) to assess verbal IQ (VIQ), perceptual IQ (PIQ), and full-scale IQ. The WASI-II is validated for individuals aged 6–89 years. For this study we report scores for the full-scale IQ value that is calculated from all four of the administered subscales, with the exception of two autistic participants who did not complete all four subtests. For these two participants, the two subtest scores are used.
Autistic participants completed the Autism Diagnostic Observation Schedule, Second Edition (ADOS-2) [42] to confirm diagnosis and to quantify severity of autism for analysis. The ADOS-2 is a semi-structured play-based assessment of autistic traits that is the gold-standard diagnostic assessment for autism. It was conducted by a trained research reliable study clinician or clinical trainee. Participants in our study were administered module 2 (phrase speech), 3 (verbally fluent children), or 4 (verbally fluent adolescents and adults) according to age and language abilities. The composite severity score (ADOS-CSS) is a standardized score indicating severity of autism that can be compared across modules (higher scores indicate greater severity). The ADOS-CSS are reported and used for analyses.
Autistic participants completed the Repetitive Behavior Scale – Revised (RBS-R) [47, 48], to assess restricted and repetitive behaviors associated with autism. The RBS-R is a questionnaire that asks individuals to rate items from five categories of repetitive behavior (motor stereotypy, self-injurious behavior, compulsions, routines/sameness, and restricted interests). Parents or caregivers completed the RBS-R for participants under 18 years of age, and adult participants completed it as a self-report questionnaire. The overall summed severity scores were used for analyses. Higher scores indicate more severe repetitive behavior.
To determine handedness, participants completed the Annett Hand Preference Questionnaire (Annett) [49]. The Annett is a 12-item questionnaire that asks the participant which hand they prefer to use for various daily activities (e.g., writing, throwing, using a hammer, etc.), with endorsement of left hand, right hand, or either hand. If left hand is endorsed more than right hand, the participant is considered left-handed, and vice-versa for a classification of right-handed. If left and right hand are equally endorsed, the participant is classified as mixed-handed. Two NT controls scored as mixed-handed and two autistic participants did not complete the Annett, so their dominant hand for precision grip testing was determined based on which hand they used for writing. One NT control scored as left-handed on the Annett but self-reported as right-handed and used right hand for writing, so they completed precision grip testing with right hand. Handedness counts in Table 1 are based on the hand used to complete precision grip testing.
Participants completed the Bruininks-Oseretsky Test of Motor Proficiency, Second Edition (BOT-2) to assess motor abilities. The BOT-2 is a structured skill-based motor assessment. Participants completed a series of structured motor tasks from three areas: Fine Manual Control, Manual Coordination, and Body Coordination. Standard composite scores (t-scores) from the Fine Manual Control tests are reported and analyzed for the present study. Higher scores on the BOT-2 reflect better motor performance.

Precision grip testing
Participants completed tests of precision gripping while seated 52 cm from a 67 cm (27in) Samsung liquid crystal display monitor with a resolution of 1920 × 1080 and a 120 Hz refresh rate (Fig. 1). Participants sat with the elbow of their dominant hand comfortably positioned at 90° and their forearm resting in a custom arm brace fixed to the table to provide stability during testing. The participants used their thumb and index finger of their dominant hand to press against two opposing precision load cells that were secured to a custom grip device attached to the arm brace. A Coulbourn (V72-25) resistive bridge strain amplifier received analog signals from the load cells, which were converted to digital signals sampled at 100 Hz with a 16-bit analog-to-digital converter (NI USB-6341; National Instruments Corporation). During the first part of the study, ELFF load cells (ELFF-B4-100 N; Entran) 1.27 cm in diameter were used. Due to normal wear, the ELFF load cells were replaced with Honeywell load cells (Model 53, Honeywell International, Inc.) 1.5 cm in diameter during the course of the study. ELFF load cells were used for 35.3% of participants (35.5% of NT controls, 35.2% of autistic participants), and Honeywell load cells were used for 64.7% of participants (64.5% of NT controls, 64.8% of autistic participants. The voltage-to-Newton calibration was different for each type of load cell, so a correction calculated from known weights was applied to the force trace after data collection to correct for calibration errors. Additionally, load cell type was included as a covariate in our analyses to account for differences in load cell design and calibration effects, including the visual angles of feedback during the task (described below).
[image: ]
Fig. 1Task design. (A) During visually guided trials, participants see a target bar that turns from yellow to green to indicate that they should start pressing. Participants also view feedback of their force output (white bar) for the entire trial. (B) During memory guided trials, participants see visual feedback of their force output (white bar) and the green target bar for the first 3s of the trial, after which the white force bar disappears, and they are instructed to keep pressing at the same force level until the target turns red (12s later). (C) Example force output (dark blue) in Newtons (N) for a neurotypical participant during a visually guided trial. The grey line represents target force. (D) Example force output (dark blue) in Newtons (N) for a neurotypical participant during a memory guided trial with target force indicated by the grey line. The participants’ force usually begins to decay (black arrow) after the visual feedback disappears. (E) Example force output (dark blue) in Newtons (N) for an autistic participant during a visually guided trial. (F) Example force output (dark blue) in Newtons (N) for an autistic participant during a memory guided trial


Prior to precision grip testing, participants completed an assessment of their maximum grip force, or maximum voluntary contraction (MVC) using their dominant hand. Participants completed three trials in which they were asked to press as hard as they could for three seconds. The average of the participant’s maximum force output across these trials comprised their MVC. Since the precision gripping tasks rely on sustained grip force, MVC trial averages were used to capture the maximum sustained force participants could maintain. To ensure that the measurement of MVC was valid, the three trials had to be within 15 N of each other to be included in the calculation, otherwise the participant was provided a break and the MVC test was readministered. For the precision gripping tasks, the target force was set at 45% of the participants’ MVC to account for differences in strength across participants.
During the precision gripping task, participants viewed two horizontal bars on the screen (Fig. 1A). A horizontal white force bar moved upward with increased force and downward with decreased force, and a static bar representing the target force was red during periods of rest. The target bar turned yellow to cue the participant to get ready for the start of the trial, and it turned green to cue the participant to begin pressing at the beginning of each trial. Participants were instructed to press the load cells as quickly as possible when the yellow target bar turned green and to keep pressing so that the white force bar stayed as steady as possible at the level of the green target bar until the target bar turned red, marking the end of the trial.
To test the impact of visual feedback and motor memory processes on grip force behavior, participants completed precision grip testing with and without visual feedback. During visual feedback trials, visual feedback was presented continuously throughout the 15s trial. Due to calibration differences for the two types of load cells that were used during the study and variance in the distance between the screen and the participants’ eyes during naturalistic viewing, the visual angles ranged from 0.74 to 1.15 degrees per 1 N increase in force output. Visual angles between 0.623 and 2.023 degrees result in small changes in the spatial amplitude of visual feedback and small changes in force error (Coombes et al. 2010). This range is also associated with stable and optimal variability and regularity of grip force in autistic individuals and NT controls [11].
For the trials without visual feedback (“memory guided” trials), the initial part of the trial was the same as for the visually guided trials – the target bar turned from yellow to green, and the participant pressed on the force transducers to match the white bar to the level of the green target bar (Fig. 1B). After three seconds, the white force output bar disappeared, and the participant was instructed to continue pressing at the same level until the target bar turned red (12s after the visual feedback was removed). Participants completed blocks of five trials of each condition using their dominant hand (5 trials x 2 conditions = 10 trials). Trials were 15s in duration and alternated with 15s rest periods. Each block was separated by 30s of rest. The target force was set to 45% of the participant’s MVC for all trials. The order of the blocks was pseudo-randomized and counterbalanced across participants.

Data processing
Grip force data were processed using custom applications developed by our lab in R and MATLAB (MathWorks, Inc., Natick, Massachusetts). Trials were excluded if the load cells were not properly re-zeroed between trials or if there were indications that the participant was not following instructions (e.g., the mean force exceeded twice the target force, there was evidence that the participants used fingers other than dominant hand index finger and thumb to press, participants stopped pressing during the trial). For the memory guided condition, trials were excluded if the participant did not reach a stable level of force output within ± 2 Newtons of the target force before visual feedback was removed. Based on these criteria, 19.8% of trials were excluded for the ASD group (12.3% of visually guided and 26.5% of memory guided feedback trials) and 1.3% of trials were excluded for the NT control group (1.9% of visually guided and 0.7% of memory guided trials). Trial-level data were averaged for each participant within each condition. Participants needed to have at least two useable trials of a condition for their data to be included. Four autistic participants were excluded from analyses due to insufficient data. An additional five autistic participants had insufficient data for only the memory guided condition, and one had insufficient data for only the visual feedback condition. Final analyses included 50 autistic participants and 31 NT controls with valid data for at least one condition.
To compare force output across conditions, the sustained force output for each trial was analyzed. To account for the differences in trial structure between conditions, only the last 12s of each trial were used for analysis of sustained force output. This 12s phase corresponds to the segment of the memory guided trials where visual feedback was not available and the analogous segment of the trials with visual feedback.
The force traces for each trial were low-pass filtered via a double-pass fourth-order Butterworth filter at a low-pass cutoff of 15 Hz following previous studies from our lab [20, 35]. Force accuracy was calculated as a proportion of the target force (mean of the sustained force data divided by the target force), such that values close to 1 reflect greater accuracy. For the other dependent variables, sustained force data were linearly detrended to account for drift in participants’ force output over the duration of the trial that is due to a change in force accuracy across the trial rather than moment-to-moment fluctuations sustained grip force that reflect variability in grip force control. Force variability was calculated as the standard deviation (SD) across the force time series, and it reflects how well participants are able to maintain a stable force level. To test the time dependent regularity of the force time series, sample entropy (SampEn) was calculated for each trial [50, 51]. SampEn is defined as the natural logarithm of the conditional probability that two similar sequences of m data points in a timeseries of a given length (N) remain similar within a tolerance level (r) at the next data point in the series. SampEn returns a value between 0 and 2. Lower values of SampEn indicate greater regularity of the timeseries. For example, a sine wave, with its predictable oscillating pattern, would have a SampEn value near 0. Whereas, an unpredictable timeseries – like feedback guided grip force, where the timing of changes in force output is determined, in part, by the timing of sensory feedback error information – show high SampEn (low regularity). Parameter settings for SampEn calculations were m = 2 and r = .2 × SD of the timeseries. The timeseries length was 1200 data points (12s sampled at 100 Hz). The sampenc.m function (for MATLAB) from the PhysioNet Toolbox [52, 53] was used to calculate SampEn values for each trial.
To characterize the trajectory of force output after visual feedback was removed during the memory guided trials, models were fit to the force traces for each trial. The model consisted of three segments: (1) a horizontal line fit to the stable force output at the beginning of the trial, starting before visual feedback was removed, (2) a logarithmic function fit to the decay in force output after visual feedback was removed, (3) for trials where participants reached a stable force output after their force decayed and before the end of the trial, a horizontal line was fit to the data to model this secondary stable force output. The cut points between the horizontal and logarithmic models were determined using an automated fitting process. The nls function in R was used to fit a piecewise model to the data, incorporating two cut points. Initial estimates for the cut points were provided based on visual inspection of the force trace, and the final values were optimized to minimize the sum of squared residuals across the time course from the end of the initial stable force output (first horizontal segment) to the end of the trial.
Latency, slope, and magnitude of the force decay were analyzed. Decay latency was measured as the difference between the removal of visual feedback and the beginning of the logarithmic decay model segment. The decay slope was calculated as the log slope of the logarithmic decay model segment. For 2.4% of trials (ASD: 2.5% and NT 2.0%), the force showed little to no decay (visual inspection) and was best modeled using a linear fit rather than a logarithmic fit. The determination to use a linear fit was made based on at least one of the following criteria: (a) the program could not fit a logarithmic function to the force timeseries for the trial, (b) the logarithmic fit was < 500ms in duration and < 20% of the target force in magnitude, and/or (c) the three-segment model using a logarithmic fit over- or under-estimated the force at the start or end of the logarithmic segment, resulting in greater residuals across the trial than the linear model fit. Descriptive statistics were calculated and reported for the trials with linear decay slopes, but these trials were not factored into the participants’ trial averages or the linear regression models, as they are not directly comparable to the trials with logarithmic slopes. The magnitude of decay was calculated by taking the difference between the force output at the onset of the logarithmic (or linear) decay model segment and the end of the decay model segment or the end of the trial, if force did not stabilize before the end of the trial. This value was then converted to percentage of target force by dividing the raw difference by the participant’s target force to account for the differences in initial force.

Statistical analysis
Force accuracy, SD, and SampEn were analyzed using separate linear multilevel mixed effects models (MLM) [54, 55] with the lme4 package in R version 4.0.0 [54]. MLM allows for the analysis of within- and between-subjects fixed effects while allowing within-subjects effects to vary randomly and is robust to missing data. Task condition (visually guided, memory guided) was included as a level 1 predictor. Group (ASD, NT) and age were included as level 2 predictors. For all dependent variables, the models also included two two-factor covariates to account for different load cells used during testing (“load cell type”) and participant sex (male, female). Random intercepts of participant also were included in the models.
Initial models for force accuracy, SD, and SampEn included the three-way interaction of group x task condition (visually guided, memory guided) x age, all relevant two-way interactions and main effects terms, as well as the covariates for load cell type and sex. To maintain the most parsimonious models possible, other 3-way interactions were not included. Models were fit using the maximum likelihood approach to allow for model comparisons. Terms were removed systematically, and model fit was compared between the previous model and the model with the removed term using likelihood ratio tests. Terms that did not significantly improve model fit (p < .05), based on the model comparisons, were not included in the final models. Satterthwaite’s method was used to calculate degrees of freedom for the final model and post hoc comparisons [56]. Due to the inherent challenge in determining denominator degrees-of-freedom and calculating p-values for MLMs, we treated the t-value as a z-value and used a z > 1.96 threshold as an additional guideline for determining whether terms explained significant variance in the model [56].
The latency, slope, and magnitude of force decay following the removal of visual feedback were analyzed using separate linear regression models with the lm (linear model) function in R. Group (ASD, NT), age, and the group x age interaction were included as predictors. For all dependent variables, the models also included covariates for load cell type and sex.
Simple coding was used for group (NT = -0.5, ASD = 0.5), task condition (memory guided = -0.5, visually guided = 0.5), and sex (male = -0.5, female = 0.5). Age was log10 transformed. SD, SampEn, and decay magnitude were log10 transformed and decay slope and decay latency were square root transformed to correct for skewed distributions. Based on this coding system, the intercept for each model represented the grand mean of the sample.
Pearson correlations were used to assess the relation between experimental variables and ASD symptom severity measured using the ADOS Composite Severity Score (ADOS-CSS) as well as repetitive behaviors measured using the RBS-R. Pearson correlations also were used to assess the relation between visuomotor and motor memory behaviors and IQ for each group.
To determine whether visual feedback guided motor control and motor memory during precision gripping relate to clinically relevant fine motor skills, Pearson correlations were run between the motor variables and BOT-2 Fine Manual Control subscale scores. For each set of correlations, p-values were adjusted using false discovery rate (FDR) to limit Type I error.


Results
Force accuracy
Figure 2 shows results for force accuracy, and the model summary is reported in Table 2. There was a significant group x age interaction (β = 0.40, R2 = 0.042, t79.9 = 2.32, p = .023). Follow-up comparisons revealed that autistic individuals showed a greater increase in accuracy with age than the NT group (slopeASD = 0.56 ± 0.12, slopeNT = 0.15 ± 0.14). Across ages and groups, force accuracy was greater in the visually guided condition relative to the memory guided condition (β = − 0.22, R2 = 0.610, t76.7 = -15.74, p < .0001).
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Fig. 2Force accuracy. Age (years; log10 scale) associations with force accuracy (proportion of mean force to target force) for (A) the autism (ASD; red circles) and (B) the neurotypical (NT; blue triangles) groups. The regression lines represent the significant group x age effects (across conditions), though data for visually guided (Vis; solid points) and memory guided (Mem; empty points) are also shown. (C) Force accuracy depicted as a function of group (NT: blue triangles; ASD: red circles) during visually guided (Vis; filled points) and memory guided (Mem; empty points) precision gripping. The large points represent group x condition marginal means adjusted for random intercepts of subject in the LMER models. The * represents the significant condition main effect. Error bands (A, B) and bars (C) represent the 95% confidence intervals from the MLM models after accounting for random intercepts of participant


Table 2Linear mixed effects model summary for force accuracy


	 	Fixed Effects
	Estimate (SE)
	df
	t
	Partial R2

	Accuracy
	Intercept
	0.41 (0.12)
	78.9
	3.51***
	 
	 	Level 1
	 	 	 	 
	 	Condition
	− 0.22 (0.01)
	76.7
	-15.74***
	0.610

	 	Load Cells
	− 0.02 (0.02)
	77.9
	-1.06
	0.009

	 	Level 2
	 	 	 	 
	 	Group
	-0.51 (0.21)
	80.0
	-2.48*
	0.048

	 	Age (log10)
	0.35 (0.10)
	79.1
	3.65***
	0.098

	 	Sex
	0.002 (0.02)
	77.7
	0.077
	< 0.001

	 	Interactions
	 	 	 	 
	 	Group x Age (log10)
	0.40 (0.17)
	79.9
	2.32*
	0.042

	 	Random Effects
	Variance (SD)
	 	 	 
	 	Participant (intercept)
	0.002 (0.047)
	 	 	 
	 	Residual
	0.007 (0.086)
	 	 	 

SD: Standard Deviation; SE: standard error. * p < .05, ** p < .01, *** p < .001




Force variability
Results of the model for force SD are summarized in Table 3; Fig. 3. There was a significant group x age interaction (β = -1.99, R2 = 0.127, t77.4 = -3.82, p = .0003). Follow-up comparisons revealed that the ASD group showed a stronger age-related decrease in force SD than the NT group (slopeASD = -1.11 ± 0.36, slopeNT = 0.88 ± 0.42). Overall, the ASD group showed higher force SD than the NT group (β = 2.41, R2 = 0.131, t77.5 = 3.89, p = .0002). Sex was a significant covariate (β = -0.14, R2 = 0.51, t76.6 = -2.32, p = .023), such that males showed greater force variability than females (meanM = 0.20 ± 0.04; meanF = 0.06 ± 0.04). No effects of task condition were observed.
Table 3Linear mixed effects model summary for force variability (SD)


	 	Fixed Effects
	Estimate (SE)
	df
	t
	Partial R2

	SD (log10)
	Intercept
	0.26 (0.35)
	76.8
	0.77
	 
	 	Level 1
	 	 	 	 
	 	Condition
	0.04 (0.03)
	71.4
	1.43
	0.007

	 	Load Cells
	0.11 (0.06)
	76.8
	1.92
	0.036

	 	Level 2
	 	 	 	 
	 	Group
	2.41 (0.62)
	77.5
	3.89***
	0.131

	 	Age (log10)
	-0.11 (0.29)
	76.9
	-0.39
	0.002

	 	Sex
	-0.14 (0.06)
	76.6
	-2.32*
	0.051

	 	Interactions
	 	 	 	 
	 	Group x Age (log10)
	-1.99 (0.52)
	77.4
	-3.82***
	0.127

	 	Random Effects
	Variance (SD)
	 	 	 
	 	Participant (intercept)
	0.04 (0.19)
	 	 	 
	 	Residual
	0.03 (0.18)
	 	 	 

SD: standard deviation; SE: standard error. * p < .05, ** p < .01, *** p < .001
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Fig. 3Force Variability in Newtons (N). Age (years; log10 scale) associations with force standard deviation in Newtons (N; log10 scale) for (A) the autism (ASD; red circles) and (B) neurotypical control (NT; blue triangles) groups. The regression lines represent the significant group x age effects (across conditions), though data for visually guided (Vis; solid points) and memory guided (Mem; empty points) are also shown. (C) Force variability depicted as a function of group (NT: blue triangles; ASD: red circles) during visually guided (Vis; filled points) and memory guided (Mem; empty points) precision gripping. The large points represent group x condition marginal means adjusted for random intercepts of subject in the LMER models. The * represents the significant group main effect. Error bands (A, B) and bars (C) represent the 95% confidence intervals from the MLM models after accounting for random intercepts of participant



Force regularity
Results of the model for force SampEn are summarized in Table 4; Fig. 4. There were significant group x task condition (β = 0.11, R2 = 0.021, t74.9 = 2.23, p = .029) and group x age interactions (β = 0.95, R2 = 0.063, t80.2 = 2.73, p = .008). Follow-up comparisons revealed that the ASD group showed a greater age-related increase in force SampEn than the NT group (slopeASD = 1.17 ± 0.24, slopeNT = 0.22 ± 0.28), and the ASD group showed lower SampEn than the NT group only in the visually guided condition (meanASD = -0.61 ± 0.03, meanNT = -0.50 ± 0.03). There was a significant task condition x age interaction (β = − 0.52, R2 = 0.021, t77.3 = -2.21, p = .030). Follow-up comparisons revealed that age related increases in SampEn are stronger in the visually guided condition relative to the memory guided condition (slopeVisual = 0.95 ± 0.23, slopeMemory = 0.43 ± 0.22).
Table 4Linear mixed effects model summary for force regularity (SampEn)


	 	Fixed Effects
	Estimate (SE)
	df
	t
	Partial R2

	SampEn (log10)
	Intercept
	-1.51 (0.23)
	79.1
	-6.49***
	 
	 	Level 1
	 	 	 	 
	 	Condition
	0.33 (0.28)
	77.5
	1.19
	0.006

	 	Load Cells
	0.02 (0.04)
	78.0
	0.55
	0.003

	 	Level 2
	 	 	 	 
	 	Group
	-1.18 (0.41)
	80.3
	-2.84**
	0.068

	 	Age (log10)
	0.69 (0.19)
	79.2
	3.57***
	0.103

	 	Sex
	-0.004 (0.04)
	78.2
	-0.09
	< 0.001

	 	Interactions
	 	 	 	 
	 	Group x Condition
	0.11 (0.05)
	74.9
	2.23*
	0.021

	 	Group x Age (log10)
	0.95 (0.35)
	80.2
	2.73**
	0.063

	 	Condition x Age (log10)
	-0.52 (0.23)
	77.3
	-2.21*
	0.021

	 	Random Effects
	Variance (SD)
	 	 	 
	 	Participant (intercept)
	0.01 (0.11)
	 	 	 
	 	Residual
	0.02 (0.15)
	 	 	 

SampEn: Sample Entropy; SD: Standard Deviation; SE: standard error. * p < .05, ** p < .01, *** p < .001
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Fig. 4Force regularity. Age (years; log10 scale) associations with force SampEn (unitless; log10 scale) for (A) the autism (ASD; red circles) and (B) neurotypical control (NT; blue triangles) groups. Higher SampEn corresponds to lower regularity. The regression lines represent the significant group x age effects (across conditions), though data for visually guided (Vis; solid points) and memory guided (Mem; empty points) are also shown. (C) Force regularity depicted as a function of group (NT: blue triangles; ASD: red circles) during the visually guided feedback (Vis; solid points) and memory guided (Mem; empty points) conditions. The large points represent group x condition marginal means adjusted for random intercepts of subject in the LMER models. The * represents the significant effect of group in the visually guided condition (group x condition interaction). Error bands (A, B) and bars (C) represent the 95% confidence intervals from the MLM models after accounting for random intercepts of subject



Slope of force decay
The results of the linear model for the slope of force decay in the memory guided condition are summarized in Table 5; Fig. 5. In the model for the slope of force decay there was a trend for the ASD group to have a steeper (more negative) decay slope than the NT group (β = − 0.07, R2 = 0.052, t70 = -1.96, p = .054) (meanASD = -0.51 ± 02, meanNT = -0.45 ± 03). In the ASD group, seven of 275 (2.5%) trials were fit with a linear slope (mean = − 0.00006 ± 0.00011), and in the NT control group, three of 150 (2.0%) trials were fit with a linear slope (mean = − 0.00023 ± 0.00025), indicating that each group had a comparable proportion of trials that showed little to no decay.
Table 5Linear model summary for decay slope


	 	Fixed Effects
	Estimate (SE)
	 	t
	Partial R2

	Slope (sqrt)
	Intercept
	-0.67 (0.21)
	 	-3.27***
	 
	 	Level 1
	 	 	 	 
	 	Load Cells
	-0.04 (0.04)
	 	-1.25
	0.022

	 	Level 2
	 	 	 	 
	 	Group
	-0.07 (0.03)
	 	-1.96
	0.052

	 	Age (log10)
	0.17 (0.17)
	 	0.96
	0.013

	 	Sex
	0.002 (0.03)
	 	0.07
	< 0.001

	 	Random Effects
	SE
	df
	 	 
	 	Residual
	0.14
	70
	 	 

Sqrt: square root transform; SD: Standard Deviation; SE: standard error. * p < .05, ** p < .01, *** p < .001
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Fig. 5Decay slope and magnitude. (A) Slope of the force decay (square root scale) following the removal of visual feedback (memory guided condition) for the autism (ASD; red circles) and neurotypical control (NT; blue triangles) groups. (B) Magnitude of the force decay (log10 scale) following the removal of visual feedback (memory guided condition) for the ASD (red circles) and NT control (blue triangles) groups. Large points represent group means adjusted for random intercepts of subject in the MLM models. The * represents a significant effect of group. Error bars represent the 95% confidence intervals from the MLM models after accounting for random intercepts of subject



Decay latency
In the model for the latency of force decay onset, no terms were significant. For reference, Table 6 shows the model summary for the model containing nonsignificant main effects of group and age, as well as the covariate for the different load cells used over the course of the study. To interpret findings of the decay onset latency in the context of short-term visuomotor memory processes, we calculated the group medians of the raw (untransformed) latency values. Median decay onset latencies were.842s for ASD and.669s for NT. Median values are reported due to a rightward skew in the distribution of the untransformed latency data (skewness = 1.35).
Table 6Linear model summary for decay latency


	 	Fixed Effects
	Estimate (SE)
	 	t
	Partial R2

	Latency (sqrt)
	Intercept
	1.05 (0.56)
	 	1.88
	 
	 	Level 1
	 	 	 	 
	 	Load Cells
	-0.03 (0.10)
	 	− 0.29
	0.001

	 	Level 2
	 	 	 	 
	 	Group
	-0.06 (0.09)
	 	− 0.62
	0.005

	 	Age (log10)
	0.15 (0.47)
	 	0.31
	0.001

	 	Sex
	-0.04
	 	− 0.44
	0.003

	 	Random Effects
	SE
	df
	 	 
	 	Residual
	0.38
	72
	 	 

Sqrt: square root transform; SD: Standard Deviation; SE: standard error. * p < .05, ** p < .01, *** p < .001




Decay magnitude
Results of the model for the magnitude of the force decay in the memory guided condition are summarized in Table 7; Fig. 5. The magnitude of decay was calculated as a proportion of the participant’s target force with larger values representing greater decay. The values were log10 transformed to correct for skewed distributions. The ASD group had a greater magnitude of force decay than the NT group (β = − 0.12, R2 = 0.09, t70 = 2.55, p = .013) (meanASD = -0.29 ± 0.03, meanNT = -0.41 ± 0.04). Additionally, the magnitude of force decay decreased significantly with age (β = -0.89, R2 = 0.153, t70 = -3.56, p = .0007).
Table 7Linear model summary for decay magnitude


	 	Fixed Effects
	Estimate (SE)
	 	t
	Partial R2

	Magnitude (log10)
	Intercept
	0.70 (0.30)
	 	2.34*
	 
	 	Level 1
	 	 	 	 
	 	Load Cells
	− 0.03 (0.05)
	 	− 0.55
	0.004

	 	Level 2
	 	 	 	 
	 	Group
	0.12 (0.05)
	 	2.55*
	0.085

	 	Age (log10)
	-0.89 (0.25)
	 	-3.56***
	0.153

	 	Sex
	0.02 (0.05)
	 	0.44
	0.003

	 	Random Effects
	SE
	df
	 	 
	 	Residual
	0.20
	70
	 	 

SD: Standard Deviation; SE: standard error. * p < .05, ** p < .01, *** p < .001




Relation to clinical features
Autism severity
More severe clinical ratings of autism on the ADOS-CSS were positively correlated with SD (r = .49, pFDR = 0.009) and negatively correlated with force accuracy (r = −.34, pFDR = 023) in the visually guided condition (Fig. 6). ADOS-CSS was negatively correlated with decay slope in the memory guided condition (r = −.41, pFDR = 0.029). No other dependent variables correlated with ADOS-CSS for either condition. Scores on the RBS-R were not significantly correlated with any measure of grip force control. To ensure that these results are not a consequence of sampling bias (e.g., autistic individuals with less intense autistic traits were not more likely to participate than those with more intense traits), we ran an exploratory correlational analysis of ADOS-CSS with age. ADOS-CSS and age were not significantly correlated (r = −.012, p = .93).
[image: ]
Fig. 6Relation of ASD Symptomatology to grip control. Association between Autism Diagnostic Observation Schedule – Composite Severity Scores (ADOS-CSS) for the autism group (ASD; red circles) and (A) force accuracy (proportion of mean force to target force) and (B) force variability (standard deviation; log10 scale) in Newtons (N) during visually guided (Vis; solid points) precision gripping. (C) Association between ADOS-CSS scores for the ASD group (red circles) and the slope of logarithmic force decay (square root scale) during memory guided precision gripping (Mem; empty points). Error bands represent standard error



IQ
FSIQ, VIQ, and PIQ were not significantly correlated with any of the dependent variables for either group or feedback condition.

Fine motor behavior
For the ASD group only, BOT Fine Manual Control scores were negatively correlated with force SD in the visually guided condition (r = −.50, pFDR = 0.014). The ASD group also showed trending correlations of BOT Fine Manual Control scores with force accuracy (r = .37, pFDR = 0.095) in the visually guided condition after FDR corrections. No other dependent variables were significantly correlated with BOT Fine Manual Control scores in either group or condition.



Discussion
The present study assessed the unique contributions and age-dependent patterns of visual feedback processing and motor memory to well-established differences in sustained precision motor control in autistic individuals. We observed a trend for autistic individuals to show a faster rate of decay in their grip force than NT controls following the removal of visual feedback, consistent with our prior findings [38]. These results suggest that for some autistic individuals, deficient motor memory may contribute to sensorimotor impairments. Additionally, we observed greater age-associated improvements in sustained motor control in autistic individuals relative to NT individuals reflecting reduced abilities during early childhood followed by normalization of sensorimotor control during early adolescence and adulthood. These results suggest sensory feedback processes that contribute to sensorimotor precision follow a protracted course of maturation in ASD. Age-related improvements were not specific to visually guided or memory guided motor control, suggesting that developmental delays may impact multiple motor control mechanisms in ASD.
Motor memory and visuomotor feedback differences in ASD
During memory-guided grip control, force decayed at a greater rate (trend) and to a greater extent in autistic individuals compared to NT controls. These findings are consistent with our prior study [38]. However, we did not find group differences in the latency of force decay after the removal of visual feedback. The visuomotor memory lasts 0.5–1.5s following the removal of feedback, so latencies that exceed 0.5–1.5s would reflect the involvement of motor memory processes for maintaining force output that are distinct from short-term visuomotor memory processes [27, 29]. For both groups, decay onset latencies were within the range of visuomotor memory (medianASD =.842s; medianNT =.669s), supporting the interpretation that short-term visuomotor memory is not impaired in ASD in the context of visuomotor control. Together, these findings indicate that short-term visuomotor motor memory processes are not impacted in ASD. Instead, results support the hypothesis that autistic individuals show deficiencies in longer-term sensorimotor memory processes. More severe force decay and the trend for more rapid force decay of the longer-term motor memory in autistic individuals may result from reduced reliance on somatosensory feedback during visually guided precision gripping relative to NT controls [35]. In NT individuals, cutaneous inputs are critical for maintaining grip force control in the absence of visual feedback and establishing longer-term sensorimotor memories [30, 31]. Autistic individuals are less reliant on somatosensory feedback than NT individuals during visually guided gripping [35], which may impair their ability to update internal models based on somatosensory input and, therefore, limit the formation of the sensorimotor memory. This difference may result in autistic individuals’ reduced ability to maintain force output at a consistent level after visual feedback is removed.
Autistic individuals showed greater regularity of grip force than NT controls, specifically during visually guided precision gripping, consistent with previous studies [11, 35]. Regularity represents the degrees of freedom – including physical (muscles and joints) and neurophysiological (motor control brain networks and processes) – of motor control. Lower regularity (higher entropy) indicates greater processing and integration of sensory feedback information for updating ongoing motor behaviors. Our finding of reduced entropy of sustained visuomotor control in autism suggests that autistic individuals do not integrate visual feedback as effectively as NT individuals to optimize control of precision movements [35]. Force regularity was the only variable for which condition effects varied as a function of group. This could indicate that force regularity is more sensitive to group differences in visual feedback and motor memory processes than motor variability or accuracy, as regularity has been shown to be more sensitive to slight changes in visual feedback during visually guided gripping than variability [27]. Alternatively, these findings could indicate that autistic and NT individuals may use different mechanisms to decrease force regularity when visual feedback is present, though, future studies are needed to test these hypotheses.

Age-related differences in visuomotor control among autistic individuals
Autistic individuals show stronger age associations than NT individuals for all sustained force variables. In the ASD group, force variability and regularity decreased with age and force accuracy increased with age, while these metrics were stable across ages in the NT group. Specifically, younger autistic children showed poorer force control relative to NT children, while adolescents and young adults were comparable across groups. These findings are consistent with our prior study of sustained visually guided precision gripping showing that sensorimotor impairments are more robust in ASD at younger ages [35]. However, in a separate study that included a broader age range (5–35 years), we found stronger age-related improvements in grip force regularity in NT individuals relative to autistic individuals and comparable age-associations in force variability across groups at the visual angle and target force level used in the present study [36]. These findings are likely driven by the rapid maturation of motor processes in NT development that occur at younger ages than were included in the present study, as well as variation across autistic individuals in the extent to which sensorimotor processes are disrupted. Together, these findings suggest that autistic individuals have delayed development of sustained, precision motor control processes relative to NT individuals. Age associations of sustained force control outcomes did not differ across task conditions, indicating that delayed motor development impacts multiple motor processes and is not specific to visuomotor control.
While literature tracking developmental trajectories of motor function in ASD from childhood to adulthood is sparse, some studies suggest a normalization or improvement in motor skills with age in autistic individuals. Young autistic children showed elevated variability in stride velocity, stride time, and stride length relative to NT children during gait, but these differences were not present during adolescence [57]. Autistic children show deficits in reach-to-grasp behaviors, including larger normalized jerk and more motor units than NT children [58], but a separate study using similar methods did not find differences between autistic and NT adults [59]. While these studies are consistent with our findings of age-related normalization of motor skills in autistic individuals, longitudinal studies are needed to understand the developmental trajectories of discrete sensorimotor processes in autism.

Neurophysiology of visuomotor and motor memory processes
Our findings that autistic individuals show deficits in visually guided and memory guided precision gripping are consistent with neuroimaging studies showing atypical activation and connectivity in cerebellar-posterior parietal cortical circuits that translate sensory information into reactive motor adjustments, as well as frontal-cerebellar networks involved in cognitive processing [23, 60]. In functional MRI studies of precision gripping, we found increased activation of cortical sensory and motor control regions (e.g., supplementary motor area, superior parietal lobule, middle frontal gyrus, inferior frontal gyrus) in ASD that was more pronounced when visual feedback was amplified as well as reduced parietal-cerebellar functional connectivity at high force levels, and reduced parietal-premotor and parietal-putamen functional connectivity across visual feedback conditions (i.e., feedback presented at different visual angles). These results indicate autistic individuals show reduced modulation of circuits involved in sensory processing and precision motor control as well as reduced integration of multimodal sensory feedback with motor control systems for making dynamic adjustments to motor output and reducing motor error [19, 61]. Further, these studies also found differential age-associated changes in cerebellar-cortical networks in autistic compared to NT individuals (ages 8–33 years). These studies further found evidence of delayed or protracted development of these cerebellar-cortical networks in autism. Autistic individuals had stronger age-associated increases in functional connectivity of cerebellar-cortical networks involved in sensory processing (visual cortex, inferior parietal cortex) and motor control (primary motor and premotor cortices) than NT individuals, showing greater differences in functional connectivity at younger ages. For autistic individuals, increases in cerebellar-cortical connectivity with increased age were associated with reduced force variability and regularity, consistent with the present finding of age-associated increases in precision motor control in ASD.
Neuroimaging studies of ASD have found atypical activation and functional connectivity of brain systems involved in motor memory. In NT individuals, prefrontal cortex is selectively responsive to a change from visually guided to memory guided precision gripping (compared to a change from high to low resolution visual feedback) and is associated with short-term visuomotor memory [62]. Anterior cingulate cortex also shows selective responses to a change from visually guided to memory guided precision gripping, but it responds after the temporal capacity of short-term visuomotor memory, suggesting its involvement in longer-term motor memory processes. At rest, autistic individuals show reduced functional connectivity between cerebellum and prefrontal cortex [23, 60], indicating atypical function of networks involved in short-term visuomotor memory. Additionally, we found reduced functional connectivity between primary motor cortex and anterior cingulate cortex in ASD during visuomotor behavior, specifically under more challenging (higher target force) conditions [61], indicating that under conditions that place greater demand on the motor system, autistic individuals show atypical activation of networks involved in longer-term motor memory. While these studies demonstrate that autistic individuals show atypical function of brain circuits that have been implicated in motor memory, future neuroimaging studies during memory guided motor behavior in ASD are needed to determine whether behavioral metrics of motor memory impairments in ASD are associated with atypical activation or connectivity within these brain networks.

Clinical associations
Clinically rated ASD severity was associated with force regularity and accuracy during visually guided precision gripping and rate of force decay during memory guided precision gripping consistent with the hypothesis that differences in visuomotor integration and motor memory may both contribute to the development of autism. These clinical associations were not observed with the RBS-R or IQ, indicating sensorimotor and motor memory differences may be selectively associated with social-communication differences in ASD. ASD trait severity was derived from the ADOS-CSS. While the ADOS-CSS is an indicator of overall autistic trait severity, it is derived predominantly from items relating to social-communication with few restricted, repetitive behavior items, and therefore, it largely reflects the severity of social-communication traits. Sensorimotor integration is fundamental to the development of social and communication behaviors [63, 64]. Early development of sensorimotor processes including the integration of sensory feedback and updating internal models based on the sensory consequences of the individual’s movements are necessary for mapping others’ behavior (e.g., social gestures, facial expressions, speech) onto one’s own sensorimotor representations [63, 64]. This process provides information on the timing and intent of the other person’s movements and facilitates the learning of social-communication behaviors through imitation, interpreting others’ social-communication behaviors, and understanding the dynamics of reciprocal social interaction. Given that sensorimotor deficits are some of the earliest indicators of atypical development in ASD, it is possible that they contribute to later deficits in social interaction and communication [65–68]. Future studies that specifically characterize social-communication traits and their relation to visual motor and motor memory development in autism will be important for elucidating these mechanisms.
Fine manual motor skills as measured by the BOT-2 were selectively associated with visually guided precision grip control. The fine motor items on the BOT-2 are heavily reliant on visual feedback processes (e.g., coloring inside the lines, cutting around a circle, tracing a path, drawing a shape from a visual reference), so the finding that visually guided precision grip control was correlated with the BOT-2 Fine Manual Control scores is expected. Memory guided precision gripping abilities were not associated with fine motor abilities as measured on the BOT-2. This result is consistent with hypotheses; specifically, the BOT-2 items are not timed; they do not require continuous motor output that would rely on short-term visuomotor memory processes, and they do not require individuals to generate movements from memory, suggesting that they do not depend on longer-term motor memory processes.

Limitations
Very few studies have characterized age-related patterns of sensorimotor behavior and processing across broad ranges in autism. The present study used a cross-sectional design to assess age-associated differences in visuomotor feedback and motor memory processes during sustained precision gripping in autism. However, to better understand developmental trajectories of sensorimotor function in autism, longitudinal studies of multiple distinct sensorimotor processes and effector systems are needed. Additionally, while we observed differences in memory guided motor control in autistic individuals relative to NT controls, we were not able to determine how other sensorimotor control processes – including reliance on somatosensory feedback, attention, or motor learning – may be impacting behavior in this condition. Our prior findings suggested that autistic individuals have reduced reliance on somatosensory feedback for sustained precision gripping than NT controls, which may contribute to the greater and more rapid decay of force we observed during memory guided control in autistic individuals in the present study. Additionally, a separate study of memory guided motor control found that adults with attention deficit hyperactivity disorder (ADHD) showed a faster rate of force decay (steeper negative slope) following the removal of visual feedback relative to NT adults, and the faster rate of force decay in ADHD was associated with ADHD trait severity [69]. While we did not assess ADHD traits in our sample, we aimed to reduce attention related effects during task administration by monitoring participants’ attention to the stimulus display, as well as during data processing by excluding trials for which participants displayed pressing behavior that indicated that they were not performing the task as instructed (e.g., stopped pressing at any point during the trial). These procedures minimize but do not preclude attention related effects on force control during the memory guided condition, though our findings that force variability was not influenced by condition suggest that participant attention was comparable across conditions. However, future studies are needed to determine the effects of reduced somatosensory feedback processes, attention, or learning on memory guided sustained precision motor control in ASD. Additionally, it is possible that autistic adults with less intense autistic traits are more likely to volunteer for research than autistic adults with more intense autistic traits, though age was not associated with ADOS-CSS, suggesting that this scenario is unlikely in the present sample.


Conclusion
The present study demonstrates that differences in visual feedback and motor memory processing contribute to sustained precision motor control deficits in autistic individuals, though short-term visuomotor memory is unaffected. Precision motor control deficits in autism are most pronounced in childhood and normalize in adolescence and early adulthood suggesting that autistic individuals have protracted development of precision motor control. Our findings provide novel insights into neurodevelopmental processes underlying precision sensorimotor behavior in ASD.
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