Metacognitive and noradrenergic alterations in autistic adults.
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Abstract
People with autism spectrum disorder (ASD) experience the world differently, but the neurocognitive mechanisms that underlie these differences are poorly understood. In neurotypical (NT) adults, everyday perceptions are accompanied a sense of reliability, or confidence, which promotes flexible learning and adaptive behaviour. One novel hypothesis is that perception is not compromised in ASD per se, but rather the ability to identify the fidelity of one’s own perception; i.e. metacognition. To test this, we measured perceptual metacognitive efficiency in adults with and without ASD using a visual discrimination task in combination with hierarchical decision theoretic modelling. Our results reveal that adults with ASD exhibit reduced correspondence between accuracy and confidence in perception, despite equivalent task performance. We then demonstrate that the relationship between confidence and pupil dilation (a proxy for noradrenergic function) shows reduced dynamic range in autism; diminished response pre-perceptually, and enhanced response post-perceptually. Our results offer empirical support for previously hypothesised, but never tested, metacognitive and noradrenergic alterations in ASD, offering mechanistic insights into the non-social features of the condition.
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Introduction
Autism Spectrum Disorder (ASD[endnoteRef:1]) is a developmental condition with a complex genetic basis 1, that is characterised by differences in social interaction, restricted interests, repetitive behaviours, and sensory sensitivities 2. There is no account of ASD that spans cognitive, biological, and behavioural levels of description, but recent theories that draw on Bayesian models of brain function hold great promise 3–7. Some of these accounts focus on the brains ascending neuromodulatory pathways and the cognitive processes that depend upon their integrity, such as meta-learning 5,7. Specifically, these accounts emphasise differences in how fluctuations in confidence, or uncertainty, produce alterations to the cortical gain on sensory inputs, to give rise to the sensory and social features of the condition 5,7.  [1:  Although we abide by the terminology of the diagnostic and statistical manual (DSM-5) we wish to acknowledge that the term ‘autistic person’ is preferred by many people on the spectrum.] 

Confidence helps us determine how much weight we should give to different sources of information in the sensory environment, which enables us to update our predictions and adjust our actions. In neurotypical (NT) adults everyday perceptual judgements are accompanied by an instinctive and effortless sense of confidence, which is known to promote flexible learning and adaptive behaviour in perceptual decision making 8. It is possible to quantify the quality of someone’s confidence judgements, i.e. metacognitive ability, by measuring their fidelity with respect to objective task performance 9. Someone with good metacognitive ability is able to accurately identify and report on fluctuations in their performance. Metacognition shows substantial individual differences even when task performance is matched, and dimensional investigations of metacognitive ability in relation to trait psychopathology underwrite the fact that such individual differences have real-world consequences for mood and behaviour 10.
We previously hypothesised metacognitive difficulties in ASD 4, but this has yet to be formally tested under a decision theoretic framework that can rule out systematic response biases which may mimic metacognitive impairments 9. We recently demonstrated that the ability to learn predictive relationships under conditions of uncertainty is compromised in ASD, which affects the ability to build precise prior expectations 11.  Metacognitive ability is highly predictive of one’s ability to learn probabilistic relationships 12, and in tasks that explicitly model learning, trial-by-trial confidence ratings have been shown to act as a weighting factor, much like a learning rate 13. We therefore reasoned in a previous hypothesis article, that in ASD the quality of confidence judgments (that is, the ability to distinguish between correct responses and errors) might be altered 4. Here we test whether perceptual metacognitive efficiency is diminished in adults with ASD. We hypothesised that when objective perceptual performance is matched between the groups, individuals with ASD would show poorer insight into their perceptual ability.
In terms of neurobiology, the ascending neuromodulator pathways are well placed to enact rapid changes in neural gain in the face of changing confidence 8,14. In particular noradrenaline is known to change the gain or signal to noise ratio in sensory cortex 15 and has increasingly shown to play an important role in metacognition. Confidence ratings in humans correlate with pupil dilation 16,17, a proxy for noradrenergic function 18, and blocking the action of noradrenaline changes both learning in uncertain environments 19, and also improves metacognition 20. We previously made the prediction that, at a physiological level, autistic metacognitive differences might therefore be related to neuromodulatory control 4. Here additionally assess whether adults with ASD show difference in confidence-linked metrics of noradrenergic function.
Materials & Methods
Participants
We tested adults with ASD (n=24) and NT adults (n=21) matched for age, gender and IQ (Table 1). See Supplementary Materials and Table S1 for full details.
[bookmark: _Hlk516159291]Stimuli and Procedure
The task, previously used to assess metacognition in clinical groups 21,22, consisted of two-alternative forced choice judgements about which of two briefly presented circles contained more dots, followed by confidence ratings about that decision on each trial (Fig. 1). On each trial one of the circles, selected randomly, contained 50 dots and the other contained a number of dots bounded between 1 and 100. The difference in dot number between the two circles (Δ dots) was titrated to maintain constant performance for each participant (~75% accuracy) using a one-up two-down staircase as employed previously 21,22. After two consecutive correct responses Δ dots was decreased by one dot and after one incorrect response Δ dots was increased by one dot. This staircase equated the difficulty of the task between individuals. See Supplementary Materials for full details.
Eye tracking
As a measure of neuromodulatory responses, pupil size was measured with an infrared eye tracker (SR-Research Eyelink 1000) tracking at 1000 Hz. Chin and forehead were stabilised using a table mounted head rest.
Statistical Power 
We powered this study to detect a difference between two independent means (2-tailed) for the effect size obtained in 22 (Cohen’s d = 1.397) at an α of 0.05 using G-Power. This calculation indicated a minimum sample size of 15 participants per group for a power of 95%. 
[bookmark: _Hlk516158787]Data Analysis
For full details of our data analysis procedures see the Supplementary Materials.
Performance was quantified as the proportion correct responses and the difficulty level (e.g. Δ dots threshold) was calculated as the mean number of dots added or subtracted to the target stimulus by the staircase procedure to maintain 75% performance. 
[bookmark: _Hlk516158776]To estimate metacognitive abilities we computed meta-d’ 23. Meta-d’ was fit to each participant’s data using MATLAB code freely available at: http://www.columbia.edu/~bsm2105/type2sdt/. Metacognitive efficiency was assessed as the ratio of meta-d’/d’ 9,21,22.
In a complementary analysis we estimated meta-d’/d’ using a hierarchical Bayesian version of the standard metacognitive efficiency model (HMeta-d toolbox 24, https://github.com/smfleming/HMM) which allows estimation and comparison of group-level parameters. The parameters were estimated using Markov-Chain Monte-Carlo methods (MCMC, here: 3 chains of 10’000 samples each, burn-in of 1000 samples) as implemented in JAGS (http://mcmc-jags.sourceforge.net). 
All statistical analyses of eye-tracking data were performed in MATLAB (Mathworks). For the pupillometry analyses we applied a general linear modelling approach to estimate the encoding of confidence in pupil size across time (while controlling for confounding variables). 
Results
A two-up-one-down staircase successfully equated task performance between the groups (t (43) = 0.36, P = 0.72; Fig. 2A) and there was no difference in the perceptual difficulty (average Δ dots) necessary to maintain equal performance between the groups (t (43) = 0.15, P = 0.88; Fig. 2B). This equivalent perceptual performance was further confirmed by d’ scores (type 1 perceptual sensitivity; t (43) = -0.31, P = 0.76; Fig. 2C), and there was no significant difference in the average level of confidence reported (t (43) = 0.04, P = 0.96; Fig. 2D) suggesting that all participants understood how to use the confidence scale.
We used a signal detection theoretic modelling approach to assess metacognitive ability (Supplementary Materials). Despite equivalent perceptual performance, metacognitive sensitivity (meta-d’; t (43) = -2.29, P=0.027; Fig. 3A) and metacognitive efficiency (meta-d’/d’; t (43) = -2.13, P = 0.039) were significantly lower in the ASD group relative to the NT group (Fig. 3B). This result was confirmed on log transformed meta-d’/d’ (t (43) = -2.20, P = 0.035) and bootstrap t-test (P = 0.043 [ 95% CI -0.38 - -0.02]). Since the ratio of meta-d’/d’ quantifies metacognitive accuracy in units of task performance (d’) it is theoretically meaningful to compare this quantity against the optimal meta-d’/d’ score of 1. The NT group’s metacognitive efficiency score was 0.88, e.g. 88% of optimal, but did not statistically differ from optimal (t (20) = -1.79, P = 0.09; bootstrap P=0.098 [95% CI -0.25 – 0.02]). The ASD group, however, had a lower metacognitive efficiency score of 0.67, e.g. 67% of optimal, that did significantly differ from optimal (t (23) = -4.59, P<0.001; bootstrap t-test P=0.001 [95% CI -0.44 – -0.20]). A complementary analysis using a recently developed hierarchical method to fit group-level parameters for meta-d’/d (Supplementary Materials), confirmed this core group difference in metacognitive efficiency (Fig. 3C&D; P (group difference meta-d’/d’) < 0 = 0.0067).
[bookmark: _Hlk511321281]There was no group difference in basic pupil response to visual stimuli (Supplemental Figure S1). In NT participants we replicated previous findings that confidence is encoded in pupil size in a biphasic manner, with opposite effects around the time of the visual stimulus and the confidence judgement 17. In NT participants, stimuli that will subsequently be rated with high confidence are preceded by an increase in pupil size before the stimulus appears, indicating that neuromodulatory or arousal state affects the ‘readiness’ to process sensory inputs which influences subsequent confidence. This effect was diminished in ASD (Fig. 4A). Conversely, high confidence ratings elicit a sustained decrease in pupil size post-perceptually, after the confidence rating itself. This latter effect is consistent with the role of noradrenaline in signalling confidence in prior perceptual decisions 14, i.e. when uncertainty in what you’ve just seen is low, confidence ratings are high, and the action of noradrenaline (pupil size) is suppressed. Accordingly, high confidence resulted in a decrease in pupil size in both groups; however, the latency of this effect was diminished in the ASD group with pupil size quickly increasing to baseline (Fig. 4B). This indicates elevated post-perceptual encoding of confidence in pupil size, consistent with recent work linking larger pupil sizes to precision-weighted learning dynamics in ASD 11. Taken together, the effects of confidence on pupil dilation at both time-points in the trial indicate reduced dynamic range in autism, evidence for diminished neuromodulatory control. 
Discussion
We found that adults with autism exhibit reduced metacognitive efficiency during perceptual decision making, relative to typically developed adults. The ASD group showed otherwise equivalent perceptual functioning, with comparable overall task performance, overall task confidence and overall task difficulty to the NT group. Our behavioural results identify a specific difficulty with the trial-by-trial match between confidence and perceptual performance in adults with autism, consistent with poorer insight into confidence fluctuations in ASD. Under the Predictive Coding framework, confidence reflects the precision (or inverse variance) of a higher order belief about sensory states 25. Precision is regulated by the brains ascending neuromodulatory pathways, to nuance the gain on cortical responses 26. Predictive Coding accounts of autism posit differential precision dynamics 5,7, which we previously suggested would manifest as alterations in confidence-linked noradrenergic function in autism 4. Consistent with this prediction our pupillometry results demonstrate altered neuromodulatory control autism, an attenuation of both pre- and post- stimulus effects of confidence on pupil size.     
In explaining sensory perception in ASD, prominent cognitive theories have focussed on imbalances between local and global sensory processing; most obviously the weak central coherence hypothesis (WCC; Happé and Frith, 2006), and the Enhanced Perceptual Functioning theory (EPF; Mottron et al., 2006). Both theories fall short in explaining the results of the present study. With regard to the EPF theory, we have shown not only that perceptual performance is the same between the groups (e.g. successful staircasing of performance; Fig 2A), but crucially that the task difficulty required to maintain equivalent performance between the groups was also exactly the same (Fig. 2B). An account of perceptual differences in ASD that emphasised enhanced bottom-up processing would hypothesise that in the ASD group a smaller dot difference would be required to maintain equal performance with typically developed participants. Here, however, we found no dot difference for equivalent performance between the groups. 
The WCC hypothesis posits that a limited ability to process the global elements of a scene underlies the central cognitive disturbance in ASD. While there is no explicit local/global manipulation in the present study, the WCC implies reduced “top-down” appraisal of sensory inputs which arguably could involve an impairment of second-order judgements about first-order perceptual processes as we have demonstrated here. Additionally we note that reduced metacognitive efficiency for non-social perceptual judgements, may signal an unlikely link to social theories of ASD, e.g. Theory of Mind 29, since mind reading and metacognition both require meta-representation. In the case of mind reading we attribute mental states to others to better control our own social interactions, in the case of metacognition we monitor our own cognition, enabling us to learn more flexibly. Problems with meta-representation, then, may cut across social and non-social symptoms in ASD 4 and interventions targeting metacognitive ability may lead to improved outcomes in sensory and social functioning.
The present study has shown reduced metacognitive efficiency in ASD in the context of maintained perceptual performance. This was by design, as the first study to demonstrate isolated differences in metacognition in the absence of performance confounds 9. However, real-world perceptual decisions take place in dynamic and changeable environments where the objective uncertainty associated with the sensory evidence is liable to change. A key tenet of the Predictive Coding account of autism is difficulties with updating and estimating precision in the face of environmental change (volatility)5,7. Recent empirical studies have shown a tendency to over-learn about volatility in autism, which reduces confidence in prior expectations and also leads to increased phasic NA release (as indicated by pupil size; 11). Follow up work directly blocking the action of NA, showed that volatility-linked learning is attenuated30. Learning when we can learn and knowing when we know, are both second-order cognitive processes, so previously reported meta-learning difficulties in ASD align well with the findings of diminished metacognitive inefficiency reported here. In further support of this association, previous studies have shown that subjective confidence judgements track the inferential uncertainty in volatile probabilistic environments 13.  Reference points (criteria) for confidence judgements need to be learned over time as evidence is accrued about task difficulty and there is suggestion that the role of the frontal cortex in metacognition lies in these higher order aspects of learning 8. One proposal is that the PFC, in concert with the anterior cingulate cortex (ACC), forms a meta-learning network, where the ACC signals volatility 31, and the PFC ratifies corresponding changes in confidence 32, enacted throughout task-relevant sensory cortex via neuromodulators that change cortical gain. We speculate that differences in this system may be apparent in ASD, but empirical studies are necessary to fully test this idea. 
In summary, our current findings show for the first time that in ASD there are differences perceptual metacognition and its neuromodulatory correlates, which will have implications for meta-learning as hypothesised by Predictive Coding accounts of ASD 4,7. Future neuroimaging studies of confidence-linked learning will be necessary to address the neuroanatomical aspects of this proposal at the network level.
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Figure Legends:
Figure 1: Task and measures. A) A typical trial, participants made a two-alternative forced choice judgement about which of two briefly presented circles contained more dots, followed by confidence ratings about that decision. For details see the main text and Supplementary Materials b) trial-by-trial measures of accuracy and confidence from a representative participant.
Figure 2: Multiple indices of maintained perceptual performance. There were no differences between the ASD and NT groups on measures of A) overall accuracy, B) task difficulty required to maintain equivalent accuracy, C) overall confidence ratings or, D) perceptual (type 1) sensitivity. Data points depict individual participants, blue and yellow shaded regions depict the standard deviation, light shaded regions depict the 1.96 standard error of the mean (95% confidence intervals) and the red line depicts the respective group mean for each measure 
Figure 3: Measures of metacognition. A) Depicts reduced metacognitive sensitivity (meta-d’) in the ASD group and B) shows that metacognitive efficiency (meta-d’/d’) is significantly attenuated in the ASD group and significantly below optimal (dotted line). Data points depict individual participants, blue and yellow shaded regions depict the standard deviation, light shaded regions depict the 1.96 standard error of the mean (95% confidence intervals) and the red line depicts the respective group mean for each measure. D, E) Group estimated posterior for metacognitive efficiency (meta-d’/d’) shows significantly diminished metacognitive efficiency in the ASD group, consistent with the individual participant fits above.  
Figure 4: Confidence-linked metrics of noradrenergic function. A) The effect of confidence on pupil size around the time of the dots stimulus (vertical dotted line indicates when the stimulus appeared). B) The effect of confidence on pupil size around the time of the confidence judgement (vertical dotted line indicates when the rating scale appeared). Blue solid horizontal lines indicate significant time clusters when the confidence-linked pupil response differed from zero in ASD participants (i.e., a significant regression of pupil size on trial-specific confidence ratings). The yellow solid horizontal line indicates the same for NT participants, and the black solid horizontal line shows time clusters where the associated regression slopes were significantly different in ASD compared with NT participants (2,000 permutations; cluster α = 0.05). In all pupil analyses this regression approach controlled for other explanatory and nuisance variables on a trial-by-trial basis (RT to make the confidence judgement, RT to make the initial perceptual decision, difficulty (∆ dots), and stimulus side (left, right)).
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