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bSpeech Neuroscience Laboratory, Department of Otolaryngology - Head and Neck Surgery, 
University of California San Francisco, San Francisco CA 94143

cBiomagnetic Imaging Laboratory, Department of Radiology and Biomedical Imaging, University 
of California San Francisco, San Francisco CA 94143

dGladstone Institute of Neurological Disease, San Francisco, CA 94158

Abstract

Speakers respond automatically and rapidly to compensate for brief perturbations of pitch in their 

auditory feedback. The specific adjustments in vocal output require integration of brain regions 

involved in speech-motor-control in order to detect the sensory-feedback-error and implement the 

motor-correction. Cortical regions involved in the pitch-reflex phenomenon are highly vulnerable 

targets of network disruption in Alzheimer's disease (AD). We examined the pitch-reflex in AD 

patients (n=19) compared to an age-matched control group (n=16). We measured the degree of 

behavioral compensation (peak-compensation) and the extent of the adaptive response (pitch-

response-persistence). Healthy-controls reached a peak-compensation of 18.7±0.8 cents, and 

demonstrated a sustained compensation at 8.9±0.69 cents. AD patients, in contrast, demonstrated a 

significantly elevated peak-compensation (22.4±1.2 cents, P<0.05), and a reduced sustained 

response (pitch-response-persistence, 4.5±0.88 cents, P<0.001). The degree of increased peak-

compensation predicted executive dysfunction, while the degree of impaired pitch-response-

persistence predicted memory dysfunction, in AD patients. The current study demonstrates pitch-

reflex as a sensitive behavioral index of impaired prefrontal modulation of sensorimotor 

integration, and compromised plasticity mechanisms of memory, in AD.
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1. INTRODUCTION

Alzheimer's disease (AD) is the most common neurodegenerative disease affecting more 

than 35 million people worldwide (World Health Organization., 2012). AD is characterized 

by progressive loss of specific cognitive functions including memory, executive skills, 

speech and language abilities, and visuospatial skills (Dubois, et al., 2007,McKhann, et al., 

2011). Neuropsychological assessments in AD patients document the degree of deficits in 

specific cognitive constructs. Each cognitive test primarily targets a specific skill, which 

involves a series of mental processes ranging from the perception of sensory stimuli to an 

optimized behavioral output. For example, the Trail Making test, which is a widely used 

measure of executive ability (Delis, et al., 2004) involves serial alternating between numbers 

and letters, hence requires, visual scanning, attention, working memory, competence with 

numbers and letters, and motor performance. A growing body of evidence points out that 

AD is characterized by impaired connectivity between different cortical regions interacting 

with each other to produce a particular cognitive function (Delbeuck, et al., 2003,Golob, et 

al., 2001,Greicius, et al., 2004,Seeley, et al., 2009,Zhang, et al., 2009). There are however 

surprisingly no good measures that directly examines the deficits of integration between 

different brain areas.

Voice production involves both sensory inputs and motor commands and provides a unique 

opportunity to understand integration of neural processes involved in sensory perception and 

motor actions. In particular, auditory feedback constantly modulates the motor control of 

speech. For example, in a noisy background speakers automatically increase their voice 

amplitude (Bauer, et al., 2006,Heinks-Maldonaldo and Houde, 2005). Current models of 

speech motor control posit that ongoing execution of speech engages a widely distributed 

network of frontal, parietal, and temporal cortical areas where auditory feedback signals are 

compared with predictions derived from motor efference copies (Figure 1) (Behroozmand, et 

al., 2015b,Guenther and Hickok, 2015,Houde and Nagarajan, 2011,Indefrey and Levelt, 

2008). Under normal conditions, feedback matches predictions, causing little response in 

sensory areas. However, if incoming feedback is perturbed to mismatch predictions, 

feedback prediction errors are generated. Sensory areas then respond by conveying these 

errors to motor regions, and ongoing speech output is modulated to compensate for the 

perturbation. This control loop is likely modulated by frontally mediated inhibitory 

mechanisms. A well-studied experimental paradigm that examines motor speech responses 

to auditory feedback distortions is pitch-reflex (Burnett, et al., 1998). In such experiments 

the participants listen to their own voice while the pitch of self-voice feedback is 

unexpectedly perturbed up or down. Participants respond to the pitch shift by compensating 

against the direction of the shift: e.g., up shift of audio feedback causes speakers to lower 

their pitch. Under physiological conditions this behavioral compensation partially corrects 

the applied pitch shift (Behroozmand, et al., 2014,Chang, et al., 2013).
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The network architecture of speech motor control circuit with its anatomic distribution 

involving the superior temporal, posterior parietal, premotor, and prefrontal regions is indeed 

a highly vulnerable target in Alzheimer's disease. Loss of neurons and synapses in AD 

characteristically involve the temporal and parietal cortices of the brain, and most 

predominantly the posterior superior temporal and inferior parietal regions (Rabinovici, et 

al., 2007). In addition to structural deficits of AD, functional neuroimaging studies have 

revealed a wealth of evidence that AD is also associated with disrupted functional 

connectivity of distributed networks involving temporal, parietal and prefrontal cortices 

(Greicius, et al., 2004). It is likely that the mechanisms of network disruptions are shared 

across networks involving higher-level cognitive behaviors and primary level processing 

circuits such as sensorimotor integration of speech. As such, abnormalities of sensorimotor 

integration may serve as sensitive indices of overall network integration deficits in AD. Only 

a few human psychophysical and functional imaging experiments have examined the 

patterns of sensorimotor integration in patients with AD. During the McGurk experiment, 

AD patients show significantly less influence of lip reading (Delbeuck, et al., 2007). The 

auditory evoked potentials of AD patients are significantly less affected by visual stimuli 

(Golob, et al., 2001). Here, we sought to examine the degree of sensorimotor integration of 

pitch-reflex in patients with AD, and examine the associations of abnormal pitch-reflex 

behavior and higher-level cognitive deficits.We characterized vocal responses to pitch 

feedback perturbations in AD patients compared to age-matched controls while producing a 

sustained vowel sound and listening to the real-time audio feedback of their own speech. We 

predicted that, AD patients, as a consequence of neural integration deficits of perisylvian— 

frontal-parietal-temporal and prefrontal brain areas that overlap with speech-motor-control 

network, would produce an altered behavioral response to pitch feedback perturbations. 

Next, we tested the hypothesis that the degree of altered pitch-reflex in AD patients would 

be associated with deficits of cognitive functions mediated by perisylvian and prefrontal 

regions including executive, fluency, memory, and language abilities.

2. METHODS

2.1. Participants

Patients were recruited from research cohorts at the University of California San Francisco 

(UCSF) Memory and Aging Center and consisted of 19 patients meeting the diagnostic 

criteria for AD (McKhann, et al., 2011). All patients underwent a complete clinical 

evaluation and structural brain imaging (Supplementary Table 1, AD-biomarker data). The 

diagnosis was made at a multidisciplinary consensus meeting for each patient individually. 

To make our cohort more uniform and more representative of typical AD we excluded 

atypical AD patients (Gorno-Tempini, et al., 2011,Mendez, et al., 2002). Eligibility criteria 

for age-matched healthy participants (n=16) included normal cognitive performance, normal 

structural brain imaging, and absence of neurologic, psychiatric, or other major illnesses. 

Informed consent was obtained from all participants or their assigned surrogate decision 

makers. The study was approved by UCSF institutional review board for human research.
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2.2. Neuropsychological assessment

Both, patients and controls underwent Mini Mental State Examination (MMSE). In a 

structured caregiver interview, Clinical Dementia Rating scale (CDR), and CDR Sum of 

Boxes (CDR-SOB) (Morris, 1993) were documented for each patient. All AD patients 

underwent a battery of neuropsychological tests designed to assess major domains of 

cognition. The full battery of tests was detailed in previous reports (Kramer, et al., 

2003,Ranasinghe, et al., 2016). We selected the cognitive domains that are primarily 

dependent on brain areas in close proximity to speech motor control network, specifically 

the frontal-temporal-parietal lobes, and prefrontal cortex, to examine their associations with 

the sensorimotor integration deficits detected from the pitch-perturbation experiment. These 

included executive, fluency, memory, and language functions. The specific 

neuropsychological tests used are described in the Supplementary methods.

2.3. Hearing status

All participants self-reported normal hearing and were assessed clinically for any hearing 

loss. Each participant underwent a bilateral tone hearing test to verify the hearing status, and 

to confirm the proper earphone placement during experiment.

2.4. Apparatus and procedure

The pitch-perturbation experiment consisted of two successive 74-trial sessions. In each 

trial, participants phonated the vowel /a/ to a microphone while listening to the real-time 

audio feedback via headphones (Figure 2). In each trial, onset of speech triggered a brief 

perturbation of the pitch of the auditory feedback. Perturbations shifted the pitch of auditory 

feedback upwards or downwards by 100 cents (1/12th of an octave) for 400ms, and occurred 

with a randomly jittered delay (200–500ms) from the vocalization onset. Further details of 

experimental setup are given in Supplementary methods.

2.5. Data processing and analysis

2.5.1. Audio data analysis—The raw audio data for each trial was first analyzed into 

time-course of pitch using an autocorrelation-based pitch tracking method (Parsons, 1987). 

Trials with pitch tracking errors or incomplete utterances within the analysis interval were 

excluded. An analysis interval of 1200ms (−200-1000ms from the perturbation onset) was 

extracted, and converted from hertz to cents (see Supplementary methods). For each 

participant, the pitch track for each trial was processed and expressed as deviations from the 

mean pitch track, averaged across all trials (i.e., up and down pitch-perturbations). Next, for 

each participant, responses to both upward and downward perturbations are combined into a 

single dataset. The number of trials in the combined data set for each participant was equal 

to the number of trials in upward perturbations plus the number of trials in downward 

perturbations. To account for the trial-by-trial variability within participants (Figure 2D) and 

the variable number of trials between participants, we analyzed the data by combining all 

trials per each group (total number of trials: AD=1245; controls=2029). Step-by-step detail 

of audio analysis is given in Supplementary methods.
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2.5.2. Statistical analyses—We examined the statistical differences between patients 

and controls in their responses to altered auditory feedback of pitch, time locked to 

perturbation onset for 1000ms following perturbation. We identified two segments in the 

response including an immediate pitch-compensatory-response to perturbation followed by a 

period of pitch-response-persistence in which the participants retained a residual effect of 

compensation which slowed their return to baseline (Figure 3B).

2.5.2.1. Pitch-compensatory-response and pitch-response-persistence: To define the 

onset and offset of these two response windows we used the time points where the two 

groups crossed over (the group responses not significantly different between AD and 

controls, Figure 3B). Specifically, we used 50 ms time bins across the time-course dataset 

and compared the group differences within each time bin using one-way-ANOVA in Matlab 

statistical toolbox (MATLAB 2012b, MathWorks, Inc.). The onset of first time bin where the 

groups differed significantly were after the onset of perturbation marked the inset of pitch-

compensatory-response (100 ms after perturbation). The offset of the most distal time bin 

around the peak within which the groups remained significantly different marked the offset 

of pitch-compensatory-response (550 ms after perturbation) The onset and offset of pitch-

response-persistence were marked by the onset of the most proximal bin and the offset of the 

most distal bin with significant differences, after the peak, respectively (650 ms, 950 ms 

after perturbation, onset and offset respectively). The time bins within which the groups 

were not statistically different were excluded.

2.5.2.2. Group comparisons: After defining the time windows, we ran mixed-model 

analyses using SAS Proc Mixed (SAS 9.4, SAS Institute Inc.) to compare the behavioral 

responses of AD and control groups. Mixed models are robust for analysis of data with 

variable numbers of observations and account for both within- and between- subject factors 

to provide a more accurate estimate of error (Littell, et al., 2006). To compare the average 

behavioral response we ran a mixed model with two fixed factors including group category 

(i.e. AD or Controls) and response-type (i.e. pitch-compensatory-response or pitch-response-

persistence). The trials were included as a repeated factor nested within each subject by the 

response-type thus including the latter as a within subject factor, in this analysis. Post-hoc 

comparisons were adjusted with Tukey-Kramer. Next, to compare the peak compensation 

between the two groups, we ran a mixed model with the group category as a fixed factor.

2.5.3. Correlation analysis—We examined the correlations between: (1) peak-

compensation (2) mean pitch-response-persistence and standard tests of cognitive function. 

The mean pitch-response-persistence for each participant was estimated as the degree of 

deviation from a grand mean response (including all patients and controls), at each time 

frame within the pitch-response-persistence window. As the two pitch response measures 

were correlated with each other (r=0.502, P=0.028), we examined the Pearson partial 

correlation coefficients of the residuals. We also regressed out the effect of MMSE, age and 

sex (using SAS 9.4, SAS Institute Inc.). We next computed composite cognitive scores for 

each domain (i.e., executive, fluency, memory and language) and examined the partial 

correlation coefficients between these and the pitch response measures. The composite 

scores were derived from averaging the standardized scores (z scores, derived based on age, 
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education and sex matched normative data) across the individual tests categorized within a 

given domain. The tests that comprised composite scores included: executive composite—

cognitive control and set-shifting; fluency composite—lexical, category and design fluency; 

memory composite—short delay verbal recall and delayed verbal recall; language composite

—naming, repetition, and Peabody Picture Vocabulary Test.

3. RESULTS

3.1. Participant characteristics

AD patients were mildly impaired (median MMSE=22, Table 1). Control participants were 

matched with the AD patients in age, sex, handedness and race, yet showed a significantly 

higher number of years in education than patients (Table 1). Neuropsychological bedside 

performances of AD patients are given in Supplementary Table 2.

3.2. Acoustic pitch-perturbations induced compensatory responses

The behavioral responses to brief pitch-perturbations in auditory feedback were 

compensatory. In the example shown in Figure 2C, the digital signal processing perturbed 

the participant's vocal feedback by abruptly lowering the pitch by 100 cents for 400ms. In 

response, the participant raised his/her pitch to partly cancel the effects of the perturbation. 

~170ms after the perturbation onset, the pitch of the participant's vocalization began to 

elevate from baseline, and reached a peak response ~ 500ms (Figure 2C, perturbation 

onset=0ms). The behavioral response to pitch shift was variable from trial-to-trial in each 

subject (Figure 2D), and we combined all trials per group in our subsequent analyses to 

account for trial-by-trial variability (see methods).

3.3. AD patients showed an enhanced compensatory response compared to age-matched 
controls

Both patients and controls generated compensatory responses to pitch-perturbations in 

auditory feedback (Figure 3A). When time locked to the perturbation onset both groups 

reached a compensatory peak response after roughly 500ms (peak latency: controls=491 

± 27ms; patients=495 ± 29ms; unpaired t-test, t=0.34, P=0.74). The average peak-

compensation of control participants was 18.7 ± 0.8 cents. AD patients in contrast showed a 

significantly elevated peak-compensation averaging at 22.4 ± 1.2 (Mixed-model analysis, 

F=18.30; P<0.0001, Figure 3B). The elevated compensatory response in AD patients was 

not only restricted to the peak amplitude but also was evident from the beginning of the 

pitch-compensatory-response and persisted throughout the duration (Figure 3B). For 

example, the average pitch-compensatory-response of controls was 11.3 ± 0.67 whereas the 

mean pitch-compensatory-response in AD patients was 15.6 ± 0.85 (Figure 3B; Mixed-

model analysis, t=−4.03; P=0.0003 after Tukey-Kramer adjustment).

3.4. AD patients showed a poor pitch-response-persistence compared to age-matched 
controls

During the post compensatory period (~ 500 – 1000ms from perturbation onset) the 

behavioral response was returning towards baseline (Figure 3 A, B). However, even at 

1000ms from perturbation onset (600ms after the end of the perturbation) control 
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participants showed a significantly sustained compensatory response. We estimated the 

mean pitch-response-persistence (Figure 3B) for each participant. Pitch-response-persistence 

of control participants was 8.9 ± 0.67. In contrast, AD patients showed only a minimal pitch-

response-persistence (4.7 ± 0.86), which was significantly reduced compared to that of 

controls (Figure 3B; Mixed-model analysis, t=3.84; P=0.0006 after Tukey-Kramer 

adjustment).

3.5. Altered auditory feedback response was correlated with cognitive deficits in AD 
patients

The abnormal behavioral response to pitch perturbations in AD patients is evidence for 

disrupted functional circuitry of sensorimotor integration and adaptive response mechanisms 

in AD. It is likely that similar mechanisms of functional disruptions are shared across 

cortical networks underlying other cognitive functions. We hypothesized that abnormally 

increased peak-compensation and reduced pitch-response-persistence in AD patients will be 

correlated with distinct cognitive deficits. To test this hypothesis we examined the 

correlations between abnormal pitch reflex measures and the cognitive performance on tasks 

primarily mediated by brain regions that are anatomically closely related to the speech-

motor-control circuit including frontal executive functions (i.e. cognitive control and set-

shifting), fluency, language, and verbal memory tasks, in AD patients (see experimental 

procedures for details of tests).

The peak-compensation was significantly negatively correlated with both cognitive control 

and set-shifting abilities of AD patients (Table 2). Executive composite derived from 

cognitive control and set-shifting scores showed a significant negative correlation with the 

enhanced peak-compensation of AD patients (Figure 4A), while none of the other cognitive 

tasks were significantly correlated (Table 2, Figure 4 B-D). Enhanced peak-compensation 

hence specifically predicted the executive deficits in AD, and did not predict fluency, 

memory and language dysfunctions.

The pitch-response-persistence showed a significant positive correlation with short-delay-

verbal recall (i.e., CVLT 30-seconds-recall; Table 2). The delayed-verbal recall also showed 

a positive correlation with a non-significant trend (Table 2). The pitch-response-persistence 

thus showed a significant positive correlation with the memory composite scores in AD 

patients (Figure 5C). Further, No other significant correlations were found between the 

pitch-response-persistence and cognitive scores in AD patients (Table 2; Figure 5 A,B,D). 

Higher degree of pitch-response-persistence hence specifically predicted better memory 

function in AD.

4. DISCUSSION

In this study we demonstrated a significantly abnormal pitch reflex in AD patients 

characterized by an enhanced compensatory response followed by a poorly sustained 

response-persistence, in response to brief perturbations of pitch in their auditory feedback. 

We further demonstrated that the degree of abnormally enhanced compensatory response is 

correlated with executive dysfunction, whereas the impaired pitch-response-persistence is 

correlated with memory dysfunction, in AD patients.
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The elevated peak-compensation in AD patients showed a nearly 20% increase in error-

correction compared to the more typical incomplete compensation seen in control 

participants. This increased corrective behavior indicates altered mechanisms of 

sensorimotor integration of speech-motor-control circuitry in AD. Likewise, the impaired 

pitch-response-persistence in Alzheimer's patients may indicate compromised mechanisms 

of neural plasticity enabling adaptive behavioral responses of learning and memory. In the 

subsequent sections we discuss each of these mechanistic phenomena and their potential 

causal relationships to AD.

4.1. Mechanisms of altered speech motor control responses in AD

Our current understanding suggests that motor control is based on statistically optimal 

integration of forward predictions and sensory feedback (Guenther and Hickok, 2015,Houde 

and Nagarajan, 2011,Shadmehr, et al., 2010,Todorov and Jordan, 2002). As shown in 

previous perturbation experiments using different sensory modalities, motor behavior is 

consistently adjusted to compensate for the feedback-error compared to an internal 

prediction (Burnett, et al., 1998,Choe and Welch, 1974,Houde and Jordan, 1998,Jones and 

Munhall, 2000,Purcell and Munhall, 2006). An important observation is that such 

compensation is incomplete, or that the error correction falls well short of cancelling out 

100% of the effects of perturbation. From a theoretical perspective control systems based on 

larger feedback responses are inherently unstable (Franklin, et al., 1991). A partial 

correction of the sensory feedback perturbations hence may provide the optimal stability in 

biological control systems including the speech motor control circuit. Consistent with this 

phenomenon an incomplete auditory compensation is observed in humans as well as in 

animals (Chang, et al., 2013,Choe and Welch, 1974,Sober and Brainard, 2009,Troyer and 

Doupe, 2000). Based on studies conducted in humans and non-human primates and also the 

mechanisms proposed in current models of speech motor control three potential mechanisms 

facilitating an incomplete compensation can be identified. Below, we discuss each of these 

in relation to abnormally enhanced compensatory response observed in AD patients.

4.1.1. Allowances for feedback delays—Given the inherent delays in conveying and 

processing of sensory feedback from periphery, a complete correction based on sensory 

information will make the motor control unstable. The Kalman gain function incorporates 

this measure of uncertainty into the speech motor control models and attenuates the 

influence of feedback-errors on corrective behavior (Kalman, 1960). Thus, an impaired 

inhibitory Kalman gain, which depends on intrinsic function of higher auditory cortex, is 

one potential cause leading to increased compensation. Given the distribution of grey matter 

loss in AD patients, which predominantly involves the posterior parietal and posterior 

superior temporal regions, higher auditory areas are likely targets of AD related 

neurodegeneration (Thompson, et al., 2003). Thus, a disinhibited Kalman gain is a probable 

contributory mechanism for elevated compensation in AD patients.

4.1.2. Non-auditory sources of information—During speaking, sensory feedback 

consists not only of auditory but also of non-auditory sources such as somatosensory signals. 

In the pitch-perturbation experiment, at the same time the auditory feedback is detecting an 

off target error, somatosensory feedback from oropharyngeal structures is fully on target. 
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Under physiological conditions, multiple modes of sensory information may integrate to 

generate an overall suppression of the corrective behavioral response. It is reasonable to 

think that impaired long-range connectivity of AD disrupts such neural integration. This 

effect is consistent with psychophysical experiments showing impaired McGurk effect in 

AD, where normal subjects fuse auditory and visual percepts of different speech sounds into 

an integrated percept (Delbeuck, et al., 2007).

4.1.3. Inhibitory control from prefrontal cortices—Physiological recordings during 

speech processing in non-human-primates as well as human functional magnetic resonance 

imaging studies have demonstrated that prefrontal cortices are tightly integrated at several 

levels of hierarchical auditory processing (Rauschecker, 1998,Rauschecker and Scott, 

2009,Riecker, et al., 2005,Romanski, et al., 1999,Scott, 2012,Tourville, et al., 2008). Dual 

stream processing models consistently recruits prefrontal connections with both ventral and 

dorsal auditory pathways (Hickok and Poeppel, 2007,Rauschecker, 2011,Scott, 2012). As 

mapped in both lesion and neuroimaging studies, prefrontal cortex is characterized by strong 

reciprocal connections to sensory neocortical as well as motor systems, and thus plays a 

central role in establishing mapping between inputs, internal states, and outputs. (Fuster, 

2015,Miller, 2000,Tanji and Hoshi, 2008). In this context, it is reasonable to assume that 

prefrontal cortex may serve as an ideal hub to modulate the compensatory response to 

auditory feedback discrepancies detected during perturbation. The top-down coordination of 

such frontal modulations may well be generating a net inhibitory influence leading to an 

incomplete compensatory response. Disruption of the rich functional connections of 

dorsolateral prefrontal cortex, a constituent brain region of prefrontal cortex, is a highly 

likely target in AD (Greicius, et al., 2004,Ranasinghe, et al., 2014). The current results 

suggest that lack of prefrontal mediated inhibition as a highly potential contributory factor, 

as we found that the degree of peak-compensation was significantly negatively correlated 

with executive control abilities, which specifically involves prefrontal connections 

(Dosenbach, et al., 2008,Tanji and Hoshi, 2008). Absence of significant correlations with 

other cognitive tasks (i.e. memory, language and fluency) adds further to the evidence 

implicating impaired prefrontal control during pitch-perturbation response in AD.

4.2. Pitch-response-persistence as an indicator of verbal memory deficits

Our results demonstrated a strong pitch-response-persistence in healthy older adults where 

the compensatory response to pitch-perturbation persisted several hundred milliseconds after 

the offset of perturbation. This response-persistence has been shown in several previous 

studies using a similar experimental paradigm of pitch-perturbation (Behroozmand, et al., 

2014,Behroozmand, et al., 2015a). Similar persistent adaptation effects have been reported 

with other forms of auditory feedback manipulations, in humans as well as in animals 

(Houde and Jordan, 1998,Jones and Munhall, 2000,Sober and Brainard, 2009). Moreover, 

the response-persistence seems to be the norm across other domains of sensorimotor control. 

For example, after learning to reach a visual target while wearing prism goggles, the 

participants continue to miss targets in the direction opposite to the displacement created by 

the prisms even after the goggles have been removed (Held, 1965). It has been suggested 

that these effects represent the primary role of learning and memory as subserved by 

underlying mechanisms of neural plasticity (Della-Maggiore, et al., 2015). The current 
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results not only demonstrated significantly impaired pitch-response-persistence in AD, but 

also that the degree of such impairment being significantly positively correlated with verbal 

memory deficits in AD. These findings are also consistent with previous reports suggesting 

that impaired consolidation rather than ineffective retrieval of new information, as the 

underlying mechanism of memory deficits in AD patients (Gallagher and Koh, 2011). The 

strong and significant correlations between impaired pitch-response-persistence and verbal 

memory deficits yet with no significant correlations with other cognitive tasks further attest 

to the specific associations with learning.

4.3. Nature of cognitive dysfunctions and their relation to pitch-perturbation response in 
AD

The composite cognitive scores clearly demonstrated the negative relationship of executive 

dysfunction to the degree of abnormally enhanced compensatory response, and the positive 

relationship of memory function to pitch-response-persistence. Although there was no 

significant correlation with the fluency composite score, lexical fluency ability also showed 

a non-significant negative trend with the peak-compensation of AD patients. Out of the three 

individual fluency tasks, the lexical fluency is relatively strongly mediated by frontal cortex, 

and hence it is likely that this effect is marginally reflected in the associations between peak-

compensation. Similarly, the short delay verbal memory task showed a non-significant 

positive trend with the peak-compensation and cognitive control showed a non-significant 

negative trend with pitch-response-persistence in AD patients. It is likely that these effects 

represent the residual associations between the correlations of peak-compensation and pitch-

response-persistence, although we have minimized such effects in our analyses by running 

partial correlations.

4.4. Pitch reflex in patients with Parkinson's disease

Abnormal vocal behavior towards altered auditory feedback was also reported in patients 

with Parkinson's disease in several previous experiments (Chen, et al., 2013,Huang, et al., 

2016,Liu, et al., 2012,Mollaei, et al., 2013). Like the AD patients in the current study 

Patients with Parkinson's disease also showed an elevated pitch-compensatory response 

(Chen, et al., 2013,Huang, et al., 2016). Further, the Parkinson's disease patients also showed 

an elevated amplitude-compensatory response in experiments where amplitude was 

perturbed in the feedback signal (Liu, et al., 2012). The larger compensation error in 

Parkinson's disease patient was associated with an enhanced P2 signal of scalp EEG in the 

brain areas involved in speech motor control. It has been suggested that the elevated 

compensatory response results from an increased gain function due to abnormal basal 

ganglia circuit. However, the neural signatures of these potential mechanisms are yet to be 

demonstrated in neurophysiological experiments. Given that Parkinson's disease and AD 

have distinct underlying pathologies and affect spatially distinct brain regions, it is likely 

that diverse mechanisms target the speech motor control network in each condition, despite 

producing the same behavioral change.

4.5. Limitations and future directions

A distinct advantage of the current study is our access to uniformly characterized cohort of 

patients who were assessed via a consistent battery of neuropsychological tests. Nonetheless, 
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we did not have complete bedside testing available for our age-matched controls. Future 

studies examining the same correlations in elderly controls will further validate the 

associations of executive abilities of human brain, in general, to behavioral pitch reflex 

measures. As the first study to examine the behavioral response within two separate time 

windows, we used a data-driven approach to define the onset and off set of each time 

window based on the time points where the two groups crossed over. Although the cross-

over points were clearly identifiable in our response curves, the ideal analysis approach with 

minimal confounds from between and within subject variability would be to identify these 

time windows across several studies and multiple behavioral paradigms. Further, the current 

study used the methodological approach of analyzing the trial-by-trial variability in a pooled 

dataset from all the participants in respective groups of patients and controls. This approach 

allowed us to address the confounding effects of unequal number of trials per subject and 

trial-by-trial variability, though with the caveat that it obviated the between subject 

variability within our respective groups. Finally, the neural correlates of the key behavioral 

findings uncovered in this study remains to be explored in future research experiments.

4.6. Summary and conclusions

In conclusion, this study demonstrated and quantified the abnormal behavioral response of 

pitch reflex in AD patients. The results further revealed that the abnormally elevated 

compensation and the degree to which patients demonstrate a loss of response persistence 

are sensitive as well as specific indicators of executive dysfunction and memory dysfunction, 

respectively, in AD. This study also exemplified the associations between advanced 

cognitive functions and primary processing behaviors like pitch reflex, and showed that 

abnormal pitch reflex reliably reflects dysfunctions in higher cognitive domains in AD.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS

1. Abnormal primary processing behaviors may serve as biomarkers of higher-

level cognitive dysfunctions.

2. Alzheimer's disease (AD) patients show an aberrant vocal response to altered 

auditory feedback of speech.

3. Enhanced compensation to perturbed pitch during speaking predicts executive 

deficits in AD.

4. Poor response-persistence to pitch perturbations predicts memory deficits in 

AD.
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Figure 1. Cortical circuits of speech motor control
Anatomical locations of candidate cortical areas are depicted on a schematic brain diagram. 

The arrows indicate auditory feedback control pathways where feedback predictions (green 

arrows) are compared with incoming feedback to generate feedback corrections (red 

arrows), whose key processing nodes (premotor cortex and posterior superior temporal/

inferior parietal cortex) are modulated by prefrontal cortex (blue lines).
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Figure 2. Apparatus and behavior
(A) Diagram of the pitch-perturbation apparatus. A digital signal processing method was 

used to shift the pitch of participants’ vocalizations (orange line) and delivered this auditory 

feedback (purple line) to participants’ earphones. (B) A schematic of the mechanisms 

involved in pitch-reflex. Auditory feedback of the participant's voice (orange) is briefly 

perturbed in pitch and heard by the participant (purple). This perturbed auditory feedback is 

conveyed to auditory areas in the central nervous system, where it is mismatched with the 

motor-derived predictions. This mismatch gives rise to a feedback prediction error which 

then modulates the ongoing speech output to compensate for the perturbation. (C) An 

example of pitch-perturbation response from a single control participant. The purple line 

denotes the mean audio feedback of the auditory input across all down perturbation trials. 

Perturbations start at 0ms on the x-axis and last for 400ms. The orange line denotes the 

vocal output (mean response across all the down perturbation trials) demonstrating the 

compensatory response entailing an increase in pitch. (D) Histogram of peak compensatory 

responses as a percentage of pitch shift for the down perturbation trials for the same 

response shown in C.
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Figure 3. AD patients showed an altered behavioral response to auditory feedback perturbation
(A) Vocal response to down (top panel) and up (bottom panel) perturbations of 100 cents, for 

controls and patients. (B) Single combined vocal response to pitch-perturbations including 

both up and down perturbations. Combined responses were generated by flipping the 

deviations from the mean time-course in response to up perturbations and adding these 

flipped trials to the data from down perturbations. The combined data were generated for 

each participant separately. Dark lines indicate the mean responses of each group and the 

shaded areas indicate standard error across the trials per each group. The time axis is time 

locked to perturbation onset (0ms). Grey shaded area indicates the duration of perturbation. 

The dotted lines in B indicate the two segments of the behavioral response—pitch-

compensatory-response and pitch-response-persistence.
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Figure 4. Increased peak-compensation predicted poor executive function in AD patients
Pearson partial correlations between the residuals of peak-compensation after regressing on 

pitch-response-persistence, age, sex and MMSE, and the composite scores of: (A) Executive; 

(B) Fluency (generation tasks); (C) Memory; (D) Language. Each composite score was 

estimated as the average of z scores derived for each of its component tasks. The component 

tasks included: executive – cognitive control (Stroop) and set-shifting (modified Trail 

Making); fluency (generation tasks) – lexical fluency (D words), category fluency (animals) 

and design fluency; memory – short delay verbal recall (CVLT 30 second recall) and 

delayed verbal recall (CVLT 10 minute recall); language – naming (BNT), repetition, and 

PPVT. Abbreviations: AD=Alzheimer's disease; BNT=Boston Naming Test; 

CVLT=California Verbal Learning Test (short form); MMSE=Mini-Mental State 

examination; PPVT=Peabody Picture Vocabulary Test.
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Figure 5. Decreased pitch-response-persistence predicted better memory function in AD patients
Pearson partial correlations between the residuals of pitch-response-persistence after 

regressing on peak-compensation, age, sex and MMSE, and the composite scores of: (A) 

Executive; (B) Fluency; (C) Memory; (D) Language. Each composite score was estimated as 

the average of z scores derived for each of its component tasks (same as for Figure 4). 

Abbreviations: AD=Alzheimer's disease; MMSE=Mini-Mental State examination.
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Table 1

Participant Demographics

Controls (n=16) AD Patients (n=19) P Value
*

Age – yr 63.99 ± 5.25 60.09 ± 8.94 0.134

Female sex – no. (%) 11 (68.75) 13 (68.42) 1.000

White – no. (%)† 16 (100.00) 18 (94.74) 1.000

Education – yr 18.0 (17.0 – 18.5) 16.0 (14.0 – 18.0) 0.004

Right handedness – no. (%) 16 (100.00) 15 (78.95) 0.109

MMSE‡ 30.0 (29.5 – 30.0) 22.0 (19.0 – 24.0) <0.0001

Abbreviations: AD=Alzheimer's disease; MMSE=Mini-Mental State examination;

Values for age are means ±SD. Age ranges are 48.99 – 84.32 and 56.22 – 75.56, for AD patients and control participants respectively.

Values for education, MMSE are medians and interquartile ranges.

*
Statistical tests were unpaired t-test for age; Fisher Exact test for sex, race, and handedness; Wilcoxon-Mann-Whitney test for education and 

MMSE.

†
Race was self-reported.

‡
Scores on the MMSE range from 0 to 30, with higher scores denoting better cognitive function.
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Table 2

Partial correlation coefficients between cognitive performance, peak-compensation and pitch-response-

persistence

Neuropsychological test Partial correlation coefficient with peak-
compensation

r (P)

Partial correlation coefficient with pitch-
response-persistence

r (P)

Executive

Cognitive control (Stroop test) −0.770 (0.0008) −0.490 (0.0635)

Set-shifting (Trail making test B) −0.598 (0.0185) 0.152 (0.5887)

Fluency

Lexical fluency (D words) −0.464 (0.0606) −0.382 (0.1303)

Semantic fluency (Animals) −0.189 (0.4666) 0.059 (0.8225)

Design fluency −0.315 (0.2344) −0.105 (0.6985)

Memory

Short delay verbal memory (CVLT 30 s recall) 0.103 (0.7255) 0.622 (0.0175)

Verbal free recall (CVLT 10 m recall) 0.496 (0.0715) 0.522 (0.0553)

Language

Naming (BNT) −0.382 (0.1441) 0.277 (0.2981)

Sentence repetition −0.073 (0.7878) −0.338 (0.2002)

PPVT −0.217 (0.4026) −0.390 (0.1220)

Abbreviations: AD=Alzheimer's disease; BNT=Boston Naming Test; CVLT=California Verbal Learning Test (short form); PPVT=Peabody Picture 
Vocabulary Test.
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