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Limb apraxia is a higher brain dysfunction that typically occurs after left hemispheric stroke and its cause cannot be explained by sensory disturbance or motor paralysis. The comparison of motor signals and visual feedback to generate errors, i.e., visuo-motor integration, is important in motor control and motor learning, which may be impaired in apraxia. However, in apraxia after stroke, it is unknown whether there is a specific deficit in visuo-motor temporal integration compared to visuo-tactile and visuo-proprioceptive temporal integration. We examined the precision of visuo-motor temporal integration and sensory-sensory (visuo-tactile and visuo-proprioception) temporal integration in apraxia after stroke by using a delayed visual feedback detection task with three different conditions (tactile, passive movement, and active movement). The delay detection threshold and the probability curve for delay detection obtained in this task were quantitative indicators of the respective temporal integration functions. In addition, we performed subtraction and voxel-based lesion-symptom mapping to identify the brain lesions responsible for apraxia and deficits in visuo-motor temporal integration. The behavioral experiments showed that the delay detection threshold was extended and that the probability curve for delay detection was less steep in apraxic patients compared to controls (pseudo-apraxic patients and unaffected patients), only for the active movement condition, and not for the tactile and passive movement conditions. Furthermore, the severity of apraxia was significantly correlated with the delay detection threshold and the steepness of the probability curve in the active movement condition. These results indicated that multisensory (i.e., visual, tactile, and proprioception) feedback was normally temporally integrated, but motor prediction and visual feedback were not correctly temporally integrated in apraxic patients. That is, apraxic patients had difficulties with visuo-motor temporal integration. Lesion analyses revealed that both apraxia and the distortion of visuo-motor temporal integration were associated with lesions in the fronto-parietal motor network, including the left inferior parietal lobule and left inferior frontal gyrus. We suppose that damage to the left inferior fronto-parietal network could cause deficits in motor prediction for visuo-motor temporal integration, but not for sensory-sensory (visuo-tactile and visuo-proprioception) temporal integration, leading to the distortion of visuo-motor temporal integration in patients with apraxia.
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INTRODUCTION

Visuo-motor integration is an important function for motor control and motor learning (1, 2). It is largely supported by a neural mechanism known as the comparator or forward model (3, 4). The forward model provides stability to the motor system by predicting the sensory outcome of movements before actual sensorimotor feedback becomes available, providing a means of rapid online correction (5–9). When a mismatch occurs between motor prediction and actual sensory feedback, error signals are generated in order to correct/modulate the initial movement plan (5, 6, 10–16). Therefore, comparing motor signals and visual feedback to generate errors, i.e., visuo-motor integration, is the main function of the forward model. Furthermore, iterations of the comparison and matching processes of motor signals (including motor prediction) and sensory feedback generate a motor representation (e.g., kinesthetic memories, gesture engrams, visuo-kinesthetic engrams, and tool/object manipulation/use) (17–27). In addition, the neural basis for this process is the left frontal-parietal network, or more precisely, the left ventro-dorsal stream (19–31).

The main areas of the left ventro-dorsal stream are the inferior parietal lobule (IPL) and inferior frontal gyrus (IFG, including the ventral premotor cortex). Typically, limb apraxia is the result of higher brain dysfunction caused by stroke in the left IPL and left IFG. Apraxia was defined by Cubelli (32) as “the inability to perform specific and predefined actions or to carry out learned and purposeful movements, independently of sensory, motor and cognitive deficits that could impair the comprehension of the task, the recognition of the stimulus and the implementation of the response. Apraxia appears in daily activities and in standardized tests requiring actions to-be-performed on command and/or on imitation.” This current study followed the definition of apraxia by Cubelli (32). In the cognitive models of apraxia, the underlying cause has been ascribed to models rather than to a single deficit (33–35), i.e., there is not a single cause of apraxia. However, stroke patients with apraxia due to damage to the left IPL and left IFG areas have difficulties in performing motor learning tasks, imitating movements, and executing intransitive and transitive gestures, regardless of whether they are meaningless or meaningful (36–50). All of the tasks used in previous studies to examine patients with apraxia after stroke have included elements of visuo-motor integration; therefore, apraxia is thought to arise, in part, from an impairment of visuo-motor integration (17, 18, 44, 45, 47, 51, 52).

Unfortunately, in apraxia, no experimental study has examined whether the time window for visuo-motor integration in the brain is distorted. In apraxia, it is suggested that the sense of agency caused by the temporal integration of visual feedback and motor signals is lost (53), but no study has examined this issue. The time window for visuo-motor integration, i.e., the visuo-motor temporal integration function, which detects a temporal error between motor signals and visual feedback, can be evaluated quantitatively and objectively using a delayed visual feedback detection task (54–59). As apraxia involves an impairment of visuo-motor integration, the time window may also be distorted. Specifically, it may be difficult for subjects with apraxia to detect a temporal error between motor signals and visual feedback. It is important to emphasize that this hypothesis does not imply that the deficits in apraxia cannot occur due to a loss of stored motor representation, i.e., the stored knowledge of learned actions, in the technical reasoning function or in the other main functions. Rather, we believe that by quantitatively evaluating the time window for visuo-motor integration, which operates downstream to mechanisms involved in stored motor representation and technical reasoning, we can understand apraxia better.

The cognitive models for apraxia divide the symptoms generically referred to as apraxia into five categories (35). For example, the model predicts that a deficit of the action input lexicon causes “pantomime agnosia,” an impairment within the action semantic system causes “conceptual apraxia” (ideational apraxia without ideomotor apraxia), and a deficit of the visuomotor conversion mechanism causes “conduction apraxia” (ideomotor apraxia without ideational apraxia) (35). It is very important to recognize that apraxia is not a single disorder with a unique neuropsychological basis, but that various forms of apraxia exist (32). However, the current study focused on the presence of deficits in visuo-motor temporal integration underlying the symptoms generically referred to as apraxia. In other words, we were interested in whether various apraxia symptoms, other than an impairment of the imitation of meaningless gestures arising from a deficit of the visuo-motor conversion mechanism, were the result of deficits in visuo-motor temporal integration.

Therefore, the present study investigated visuo-tactile, visuo-proprioceptive, and visuo-motor temporal integration in left hemispheric stroke patients with or without apraxia under three conditions: tactile, passive, and active movement. Here, visuo-tactile temporal integration was defined as a function for detecting a temporal error between a tactile stimulus and visual feedback. Furthermore, visuo-proprioceptive temporal integration was defined as a function for detecting a temporal error between a proprioceptive stimulus and visual feedback. In the task, a visual feedback delay of 33–600 ms was incorporated into the image of the patient's non-paralyzed left hand, and the patient was asked whether or not there was a delay. The delay detection threshold (DDT, time delay in ms), which is the length of delay when the delay detection probability is 50%, and the steepness of the probability curve for delay detection, which will be referred to as “steepness” from this point onward, can be determined from this task. The DDT and steepness allowed us to examine the time window for multisensory (including motor signals) integration (58). The DDT indicated the extent to which the brain allowed a temporal discrepancy between different sensory modalities, including motor signals (motor prediction). Steepness indicated the mechanism by which the brain integrated multisensory signals. Thus, steepness would be increased if the judgment was more strict and precise. Therefore, shortening the DDT and/or increasing steepness represented highly sensitive multisensory (including motor signals) temporal integration, while prolonging the DDT and/or decreasing steepness represented poorly sensitive multisensory (including motor signals) temporal integration (55, 56). Subjects with apraxia have difficulties with visuo-motor integration (17, 18, 44, 45, 47, 51, 52); therefore, the current study hypothesized that patients with apraxia have normal visuo-tactile and visuo-proprioceptive temporal integration, but have deficits in visuo-motor temporal integration. Specifically, we hypothesized that the DDT would be prolonged and/or steepness would be decreased in patients with apraxia as compared to patients without apraxia.

Furthermore, in order to investigate the relationship between the severity of apraxia and multisensory (including motor signals) temporal integration and lesions, lesion analyses were carried out by subtraction and voxel-based lesion-symptom mapping (VLSM). In addition, imitation is performed by using visuo-motor conversion, while gesture by verbal instruction is processed through the action semantic system and by using procedural knowledge; therefore, lesions related to deficits in imitation and gesture may be subtly different. Thus, we also implemented VLSM based on deficits in imitation and pantomime.

MATERIALS AND METHODS

Participants

The participants were recruited from among patients receiving treatment and rehabilitation at Murata Hospital (Osaka, Japan) and Setsunan General Hospital (Osaka, Japan). The inclusion criterion was the occurrence of left hemispheric stroke. The exclusion criteria were a history of a mental disorder or developmental disability, a cognitive disorder (a cut-off score of 24 or lower on the Mini Mental State Examination [MMSE]), impaired language comprehension precluding the understanding of how to perform the experimental task, or impaired field of vision. In many previous studies, an MMSE cut-off score of 24 was used to exclude the effects of cognitive impairment (60–63). In addition, several studies have also revealed that there is a significant correlation between the MMSE score and the severity of apraxia in patients with cognitive impairment (64, 65). Therefore, in view of the important relationship between cognitive impairment and the symptoms of apraxia, we excluded patients with an MMSE score of 24 or less in the current study.

The presence of mental disorders was checked from the morbidity history in a database in which patient information was recorded, and patients with a history of a mental disorder (depression, schizophrenia, etc.) were excluded. This was because several previous studies revealed that patients with schizophrenia have difficulty in agency-attribution based on visuo-motor temporal integration, similar to the experimental task of the current study (66, 67).

Subjects with developmental disabilities, such as autism spectrum disorder and developmental coordination disorder, have been shown to have difficulties in sensory-sensory integration and sensory-motor integration (55, 68). Therefore, we also excluded patients with a history of developmental disabilities.

In consideration of the frequent occurrence of apraxia and aphasia (69), we evaluated the presence of aphasia in the patients using the standard language test of aphasia (SLTA) (70) and the supplementary tests for the SLTA (SLTA-ST) (71) to be certain that the patients could understand and respond to the experimental task. The SLTA is the only aphasia test standardized in Japan. The SLTA-ST is a battery of tests aimed at evaluating mild symptoms of aphasia and facilitates deeper testing than can be covered with the SLTA alone. The listening comprehension item of the SLTA is a 6-grade evaluation, and grades 5 and 6 indicate that there is no impairment of listening comprehension. The SLTA-ST includes Yes-No response items to which an answer of “Yes” or “No” is required. Therefore, as criteria to ensure that the patients could understand and respond to the experimental task, the current study included patients whose listening comprehension items of the SLTA were grade 5 or 6 and with 100% correct answers to the Yes-No response items of the SLTA-ST. We excluded patients who did not meet these criteria.

As a result, 22 patients with left hemispheric stroke (average age ± standard deviation [SD] of 67.5 ± 15.5 years, male = 15, all right-handed) consented to participate in the present study. The study received approval from the ethics committee of the Faculty of Health Sciences at Kio University (approval number: H27-16). The demographic characteristics of the patients are shown in Table 1.


Table 1. Patient demographic characteristics and apraxia assessment results.
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Procedure

Neurological Assessments

All patients underwent a neurological assessment of the left (unaffected side of the body) upper limb and performed the experimental task using the left limb over a 2-day period.

The Stroke Impairment Assessment Set (SIAS) (73) was used to exclude patients with a paralyzed left upper limb or sensory loss in that limb. Moreover, the motor function test of the SIAS included two different upper limb motor function tests: the knee-mouth test and finger-function test. All participants were evaluated on a 6-point scale (0–5 points) with 0 points being no muscle contraction and no movement observed, and 5 points being muscular strength and coordination comparable to the non-paralyzed side, with limb movements possible. Therefore, the total possible score of the knee-mouth and finger-function tests was 10 points, indicating that upper limb motor function was normal. The sensory evaluation test of the SIAS was performed with the upper limbs by applying a tactile stimulus (a brush) to the palm of the hand and a proprioceptive stimulus by passive movement of the thumb and index finger. Each test was evaluated using a score from 0 to 3 points, with a loss of sensation being 0 points and normal sensation being 3 points. In addition, patients with abnormal perception and pain were rated at 2 points. Therefore, if the total score of the tactile and proprioceptive tests was 6 points, it indicated that there was no disorder and/or abnormal feeling of tactile sensation and proprioceptive sensation in the hand. The results of the SIAS indicated that all patients had a motor function score of 10 points for their left upper limb and a sensory function score of 6 points (Table 1); thus, none of the upper left limbs of the patients were paralyzed or showed sensory loss.

In addition, the Verbal Asomatognosia and Somatoparaphrenia Assessment (VASA) (74) was used to exclude patients with asomatognosia or somatoparaphrenia involving the left upper limb. Further, body ownership of the hand was evaluated using the following 7-item scale: 3, I think it is my hand to the utmost extent; 2, I think it is my hand to a moderate extent; 1, I think it is my hand to a minimal extent; 0, I cannot say either way; −1, I think it is not my hand to a minimal extent; −2, I think it is not my hand to a moderate extent; and −3, I think it is not my hand to the maximum extent. The results of the VASA verified that none of the patients had asomatognosia or somatoparaphrenia involving their left upper limb. In addition, the 7-point Likert scale of body ownership indicated normal ownership of the left upper limb of the patients (Table 1).

Furthermore, apraxia in the left upper limb was evaluated using an apraxia screen created from the 12 following test items extracted from the Test of Upper Limb Apraxia (TULIA [AST]) (75, 76): one imitation of a meaningless intransitive gesture, one imitation of a meaningful intransitive gesture, five imitations of transitive (tool-related) gestures, two meaningful intransitive gestures from verbal instructions, and three pantomimes of transitive (tool-related) gestures from verbal instructions. The AST has high specificity (93%) and sensitivity (88%) and good test–retest reliability (76, 77). On the basis of the AST scoring criteria, 0 points were given as a “Fail” if the following were observed: appearance of a body part as an object error, considerable spatial errors, extra movements, omissions, false end position, substitutions, perseverations, or amorphous or seeking movements not related to the desired gesture. On the basis of the AST scoring criteria, 1 point was given as a “Pass” if the following were observed: normal movement, slight slowdown or discrete spatial errors (e.g., diminished amplitude), discrete extra movements or omissions, corrected brief substitutions or perseverations. The maximum score on the AST was 12 points. A score of 12 points indicated no apraxia, a score of <9 points indicated apraxia, and a score of <5 points indicated severe apraxia. The 22 left limbs of the patients were classified into three groups according to their AST-based apraxia score. Non-apraxic limbs with a perfect score of 12 points on the AST formed the unaffected group; limbs with a score of ≥9 points and ≤ 11 points that exhibited apraxia-like symptoms, but were free of apraxia, formed the pseudo-apraxic group; and limbs with a score of <9 points (the cut-off for apraxia on the AST) formed the apraxic group. On the basis of the standards described above, 9 patients were categorized into the unaffected group (male = 7, average age ± SD = 69.3 ± 13.9 years, range: 43–87 years), 6 into the pseudo-apraxic group (male = 5, average age ± SD = 57.2 ± 16.5 years, range: 30–77 years), and 7 into the apraxic group (male = 3, average age ± SD = 74.0 ± 11.7 years, range: 53–88 years) (Table 1). This classification took into consideration the possibility that there may be a difference in the index obtained in the experimental task between the group of patients (pseudo-apraxic group) who were not diagnosed at a level indicating apraxia, but had slightly apraxic symptoms, and a group of patients with no apraxic symptoms (unaffected group).

All evaluations were performed by neurologists, physical therapists, and occupational therapists with clinical experience of neurological assessments.

Experimental Task

Set-up

In this study, a similar experimental design as that reported by Shimada et al. (58) was used in the testing laboratory of each hospital (Figure 1A). The patient's left hand was placed under a two-way mirror, and they were unable to see their hand directly. The reflection of the hand in a two-way mirror was imaged with a video camera (FDR-AXP35; Sony, Tokyo, Japan). The image of the videoed hand was reflected from an installed monitor (LMD-A240, Sony) onto the two-way mirror via a video delay device (EDS-3306; FOR-A YEM Eletex, Tokyo, Japan), and the patient observed the image of their own hand reflected in the mirror. The intrinsic delay of the visual feedback in this experimental setting was 33.71 ms as measured by a time-lag check device (EDD-5200; FOR-A YEM Eletex, Tokyo, Japan). Seven delay conditions of 33, 100, 200, 300, 400, 500, and 600 ms were used. Thus, the patient observed the delayed visual feedback of their own hand vs. the tactile stimulation, passive motion, and active motion of their own hand in real-time. In addition, the experimental design included a blackout curtain so that the patient could not see outside the experimental chamber.
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FIGURE 1. Experimental setup and experimental task. (A) Setup of the experimental task. The patient placed their left hand under a two-way mirror. The patient was able to see their left hand projected on a two-way mirror. (B) Tactile stimulation condition. The patient's left index finger was stimulated tactilely by a brush. (C) Passive movement condition. The patient's left index finger was moved passively. (D) Active movement condition. The patient moved their left index finger under their own volition. The finger was filmed by a video camera under all conditions (B–D). Visual feedback delay was achieved using a hardware device. The patient observed the reflected image of their delayed finger displayed on an LCD monitor. For each trial of each stimulation condition, the patient was instructed to reply orally “delayed” or “not delayed” by the forced-choice method immediately following the trial.



Task

The delayed visual feedback detection tasks were performed on the left hand of all patients using the experimental setup for the three stimulation conditions (tactile, passive, and active movement) and the seven delay conditions (33–600 ms). The patients had to answer orally whether or not there was a visual feedback delay compared to their own hand sensation/movement, in a forced-choice manner, immediately after the trial.

In the tactile stimulation condition (Figure 1B), tactile stimulation was performed by the experimenter with a brush on the patient's index finger with one stroke from the base to the tip of the finger, and back again. In the passive movement condition (Figure 1C), passive extension (rising) and flexion (lowering) movements (movement of the index finger away from the supporting surface and returning back again to the supporting surface) were performed on the patient's index finger. The passive extension (rising)-flexion (lowering) movements were performed by the experimenter raising and lowering a rod fixed to a hook and loop fastener (e.g., Velcro®) on the patient's index finger. The tactile stimulations and passive movements were performed by the same experimenter for all patients in order to ensure that all trials were performed with uniform stimulation. The experimenter was familiar with the purpose and tasks of this experiment, but was not informed of the patients' symptoms to avoid a bias in that the amount of stimulation might be changed by that knowledge. In the active movement condition (Figure 1D), extension (raising)-flexion (lowering) movements of the index finger were performed based on each patient's own volition. The patient was able to start the movement according to their own volition after the experimenter had informed them orally of the start of a trial. In addition, when the patient performed the wrong movement (i.e., movement other than extension-flexion of the index finger), the trial was performed again.

The seven delay conditions of one trial were treated as one set, and seven sets were performed for each stimulation condition. The presentation order of the delay conditions in a single set was randomized. In addition, the order of the three stimulation conditions was also randomized across patients. Three stimulation conditions × 7 delay conditions × 7 sets were conducted for each patient's left hand, resulting in a total of 147 trials. A 10 s rest period was set between each trial. In addition, a 3-min break period was set between each stimulation condition.

Data Analysis

The three groups were compared in terms of sex using the chi-square test for independence. Age was compared by one-way analysis of variance (ANOVA) because a normal distribution and homoscedasticity were confirmed with the Shapiro–Wilk test and Levene's test. Duration of education (years), general cognitive function (MMSE), and period of time after stroke (days) were tested by the Kruskal-Wallis test because a normal distribution was not detected with the Shapiro–Wilk test.

Experimental data analysis

All 22 patients completed the visual feedback delay detection tasks for all conditions. We calculated the delay detection probability for each condition and patient. In order to examine the differences in the shapes of the delay detection probability curves, a logistic curve was fitted to the patient's responses (58, 78) according to the following formula: P(t) = 1/1 + exp(-a[t–tDDT]), where t was the visual feedback delay length, P(t) was the probability of delay detection, a indicated the steepness of the fitted curve, and tDDT indicated the observer's DDT, representing the delay length at which synchrony and asynchrony judgment probabilities were equal (50%). In our experiment, t served as an independent variable, and P(t) was the observed value. Fitting was performed using a nonlinear least squares method (a trust-region algorithm), provided by the Curve Fitting toolbox in MATLAB R2014b (MathWorks, Inc., Natick, MA, USA), to estimate a (signifying the steepness of the logistic curve) and tDDT.

As the values for the perceived DDT had a normal distribution in Shapiro–Wilk tests, ANOVA for split-plot factorial designs was used for comparisons between three groups and the three stimulation conditions in the DDT. The values for perceived steepness did not have a normal distribution in Shapiro–Wilk tests; therefore, the Kruskal-Wallis test was used for intergroup comparisons of steepness. Mann–Whitney U tests were used for post-hoc analyses. In addition, the comparison between the stimulus conditions of steepness used the Friedman test and Wilcoxon signed-rank test for post-hoc analyses. Correlation analysis was performed using Spearman's correlation coefficient by a rank test between the severity of apraxia and DDT/steepness.

The significance level was set at p < 0.05 for all statistical analyses, and the Bonferroni correction was used to adjust for multiple comparisons. All statistical analyses were performed using SPSS, version 24 (SPSS, Chicago, IL, USA).

Lesion analysis

Lesion analyses were based on the cranial magnetic resonance imaging (MRI) scans of patients conducted in their clinical stage. MRI examinations of the patients were performed at the hospitals where they were examined. Of the 22 participants, 19 imaging findings were collected. No imaging findings were collected for two patients (numbers 8 and 11) in the pseudo-apraxic group and one patient (number 18) in the unaffected group.

Subsequently, using the collected MRI data (n = 19), lesion analyses and spatial normalizations were performed according to the following procedure. Two experienced investigators (RI and YT) manually delineated the boundaries of the ischemic lesion on anonymized imaging scans using MRIcron (79), and the AC-PC line was set automatically using a custom MATLAB script. The ischemic lesion was delineated on fluid-attenuated inversion recovery (FLAIR) MRI sequences (1.5 T MRI: repetition time = 4,500 ms, echo time = 108 ms, field of view = 480 × 480 mm2, slice thickness = 6 mm, voxel size = 0.6875 × 0.6875 × 8 mm3) that had been performed at 4–7 days post-stroke. To assure sufficient spatial normalization, we used T2-weighted images (1.5 T MRI: repetition time = 4,500 ms, echo time = 108 ms, field of view = 480 × 480 mm2, slice thickness = 6 mm, voxel size = 0.4583 × 0.4583 × 8 mm3) as the anatomical scans. To avoid observer bias, two raters were blinded to the clinical parameters and apraxia scores (AST) during image analysis. The MRI scans and ischemic lesion shape were transferred into a stereotaxic space using the normalization algorithm of SPM8 and the Clinical Toolbox for SPM8 (80). Using the MR normalized algorithm of Clinical Toolbox, the MRI-derived lesion shape and the MRI scans were transformed to the T1 template based on older individuals with a resampled voxel size of 1 × 1 × 1 mm3 (80).

The ischemic lesion was delineated manually on a pathologic scan, i.e., the FLAIR sequences, as described above. To remove the jagged edges that were created during lesion delineation, the lesion was smoothed with 8 mm full width at half maximum and 0.5 threshold. The pathological scan was used to coregister the lesion map to the T2-weighted anatomical scan. Then, a unified-segmentation normalization algorithm was applied to the anatomical scan by assuming a priori maps of gray matter, white matter, and cerebral spinal fluid in the brain (80–82). The modality was FLAIR, the template mask was not set, the bounding box was set to 2 × 3 double, intermediate images were set to define the origin automatically as False, and normalization was conducted. The normalized T1 scan and 3 mm smoothed lesion were resliced and the normalized lesion was binarized (80). The normalized lesion map was then analyzed with non-parametric mapping software implemented in the MRIcron software package (80). Individual normalized lesion maps were subjected to intensity filters (minimum threshold, 100; maximum threshold, 255). Individual lesion volumes were recorded after filtering.

We performed subtraction analysis to determine whether the lesion overlap of the patients in the apraxic group differed from the lesion overlap of patients without apraxia (pseudo-apraxic and unaffected groups). We created an overlap image of the apraxic group (n = 7) and of the pseudo-apraxic and unaffected groups (n = 12). The subtraction analysis subtracted the lesion overlap of the pseudo-apraxic and unaffected groups from the lesion overlap of the apraxic group (83).

As a second approach for lesion analysis, non-parametric mapping, a statistical package implemented in MRIcron, was used (79). To correlate the individual AST scores (severity of apraxia) and experimental variables (DDT and steepness) with the individual lesion of each patient with left hemispheric stroke, we administered VLSM to identify those lesioned voxels that were significantly associated with deficits in the respective task. In addition, since the AST was composed of imitation and gesture tests, VLSM was also implemented for imitation and gesture deficits, respectively. Regarding the comparison of the lesion patterns of left hemispheric stroke patients with and without apraxia, only voxels that were damaged in at least 20% of patients were included in VLSM. The Brunner-Munzel test was used to compare each voxel, and considered significant when passing a statistical threshold of p < 0.05, corrected by the false discovery rate (47, 84, 85). Anatomical localization was assessed using automatic anatomical labeling (86) implemented in MRIcron.

In addition, correlation analysis between lesion volume, severity of apraxia (AST score), and experimental variables (DDT and steepness) was conducted using Spearman's correlation coefficient by a rank test, taking account of the relationship between lesion volume and each measured value.

RESULTS

The three groups showed no significant differences in sex [[image: image] = 5.991, χ2 = 3.086, p = 0.214], age [F(2, 21) = 2.092, p = 0.151], educational background (χ2 = 3.109, p = 0.211), general cognitive function (χ2 = 1.417, p = 0.492), or length of time since stroke (χ2 = 0.526, p = 0.769).

Experimental Data Analysis

The delay detection probability curve for each group is shown in Figure 2. The three groups had a similar probability curve for the tactile stimuli (Figure 2A) and passive movement conditions (Figure 2B). The apraxic group produced a probability curve in response to active movements that differed markedly from the probability curves for the unaffected and pseudo-apraxic groups (Figure 2C).
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FIGURE 2. Delay detection probability curve for each condition in each group. Blue, unaffected group (n = 9); yellow, pseudo-group (n = 6); and red, apraxic group (n = 7). (A) Tactile stimuli condition. The delay-detection probability curve shows a similar shape in each group. (B) Passive movement condition. The logistic curve forms were similar to those in (A). (C) Active movement condition. The judgment curve for active movements of the apraxic group showed a different shape from the other groups.



For the DDT, there was no main effect [F(2, 38) = 2.602; p = 0.087] of stimulation condition according to ANOVA for split-plot factorial design, but there was a significant interaction effect [F(4, 38) = 8.285; p < 0.001] of group and stimulus condition. The comparisons between groups and stimulation conditions for the DDT are shown in Figure 3A. A multiple comparisons test using Tukey's method showed that the DDT for active movements was significantly longer in the apraxic group than in the pseudo-apraxic and unaffected groups (vs. pseudo-apraxic, p < 0.001; vs. unaffected, p < 0.001). There was no significant difference in the active movement condition between the pseudo-apraxic and unaffected groups (p = 0.914). There was no significant difference in the DDT for the tactile and passive movement conditions among the three groups (Figure 3A).
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FIGURE 3. Mean DDT or steepness under each stimulus condition in each group. DDT, the delay detection threshold for the detection of delayed visual feedback. Steepness, the steepness of the probability curve for the detection of delayed visual feedback. The horizontal axis shows each stimulus condition. Blue bar, unaffected group (n = 9); yellow bar, pseudo-apraxic group (n = 6); and red bar, apraxic group (n = 7). Error bars represent standard error of the mean. (A) Comparison of the mean DDT of each group in each stimulus condition. (B) Comparison of the mean steepness of each group in each stimulus condition. *p < 0.05; **p < 0.01, Bonferroni-corrected.



In addition, subsequent analyses using paired t-tests and Bonferroni's correction showed that the DDT in the apraxic group was significantly longer in the active movement condition than in the tactile and passive movement conditions (vs. tactile stimuli, t = −4.461; p = 0.013, Bonferroni-corrected; vs. passive movements, t = −3.968; p = 0.022, Bonferroni-corrected). There was no significant difference in the DDT of the apraxic group between the tactile stimuli and passive movement conditions (t = 0.222; p = 2.495, Bonferroni-corrected). There was no significant difference in the DDT among the stimulus conditions in the pseudo-apraxic and unaffected groups (Figure 3A).

Similarly, we found significant differences in the steepness of the delay detection probability curve among the three groups in the active movement condition (p < 0.001; Figure 3B). Subsequent analyses showed that steepness decreased significantly in the apraxic group compared to the pseudo-apraxic group (p = 0.003, Bonferroni-corrected) and unaffected group (p < 0.001, Bonferroni-corrected). There was no significant difference in the steepness of the active movement condition between the pseudo-apraxic and unaffected groups (p = 0.108, Bonferroni-corrected). There was no significant difference in steepness among the three groups in the tactile and passive movement conditions (tactile stimuli, p = 0.526; passive movements, p = 0.729).

A significant difference in steepness among the three stimulation conditions was found in the unaffected group (p = 0.035; Figure 3B). Subsequent analyses showed that steepness in the unaffected group was significantly lower in the tactile condition than in the active movement condition (p = 0.040, Bonferroni-corrected). There was no significant difference in the unaffected group between the tactile and passive movement conditions (p = 0.231, Bonferroni-corrected) as well as between the passive and active movement conditions (p = 0.1000, Bonferroni-corrected). There was no significant difference in steepness among the stimulation conditions in the pseudo-apraxic and apraxic groups (pseudo-apraxic group, p = 0.846; apraxic group, p = 0.066).

Finally, correlation analyses showed that there was a significant inverse correlation between the severity of apraxia and DDT in the active movement condition (r = −0.705; p < 0.001), but not in the tactile (r = 0.112; p = 0.620) and passive movement conditions (r = −0.262; p = 0.239; Figure 4A). Similarly, a significant correlation was observed between the severity of apraxia and steepness in the active movement condition (r = 0.850; p < 0.001), but not in the tactile (r = −0.227; p = 0.310) and passive movement conditions (r = 0.002; p = 0.994; Figure 4B).
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FIGURE 4. Scatterplot showing the relationship between the severity of apraxia and DDT or steepness for all patients in each stimulus condition. DDT, the delay detection threshold for the detection of delayed visual feedback. Steepness, the steepness of the probability curve for the detection of delayed visual feedback. The horizontal axis shows the AST score for the severity of apraxia. (A) Correlation between the severity of apraxia and the DDT of each stimulus condition (n = 22). (B) Correlation between the severity of apraxia and the steepness of each stimulus condition (n = 22).



Lesion Analysis

Figure 5 shows the distribution and overlap of lesions in all patients and each group, and the results of the subtraction analyses. The peak coordinates and the number of lesion overlaps of all patients, each group, and after subtraction are shown in Table 2. Larger clusters (71%) of lesioned voxels in the left precentral gyrus, left IFG (including the opercular and triangular regions), left rolandic operculum, left insular, and left IPL (including the supramarginal gyrus) were associated with apraxia after stroke. Subsequently, the next largest clusters (57%) of lesioned voxels were in the left superior and middle frontal gyrus, left postcentral gyrus, left superior parietal lobule, and left angular gyrus, as well as in the left superior and middle temporal gyrus, and were associated with apraxia after stroke.
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FIGURE 5. Overlap and distribution of ischemic lesions of all patients and each group, and subtraction lesion mapping. The number of overlapping lesions is illustrated by different colors indicating increasing frequency from red to yellow. Montreal Neurological Institute z coordinates of each transverse section are given. L, left hemisphere; R, right hemisphere; N, number of individuals with a lesion in a given voxel; N (%), number of lesion overlaps after subtraction, expressed as a percentage. (A) Overlap and distribution of ischemic lesions of all patients (n = 19). (B) Overlap and distribution of ischemic lesions of the apraxic group (n = 7). (C) Overlap and distribution of ischemic lesions of the pseudo-apraxic and unaffected groups (n = 12). (D) After subtraction of lesion overlap of the patients in the pseudo-apraxic and unaffected groups from the lesion overlap of the patients in the apraxic group, lesioned voxels in the left precentral gyrus, left inferior frontal gyrus (including the opercular triangular regions), left rolandic operculum, left insular, and left inferior parietal lobule (including the left supramarginal gyrus) were associated with apraxia after stroke.




Table 2. Voxel-wise lesion overlapping and subtraction analyses.
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Significant associations of lesion location and task performance were assessed with VLSM (Figure 6, Table 3). For the severity of apraxia (deficits in the AST) (Figure 6A, Table 3), significant clusters of lesioned voxels were found within the left frontal cortex (precentral gyrus, superior frontal gyrus, middle frontal gyrus, IFG, including the opercular, triangular, and orbital regions, and rolandic operculum), left insula, and left parietal cortex (postcentral gyrus, superior parietal lobule, and IPL, including the supramarginal and angular gyrus). In addition, significant clusters of lesioned voxels were found within the left temporal cortex (superior temporal gyrus, superior temporal pole, and middle temporal gyrus). Subcortically, lesions affecting the left putamen were significantly associated with a lower accuracy in the AST (severe apraxia).
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FIGURE 6. Voxel-based lesion-symptom mapping analysis. Color shades indicate z-scores (z = z-score). Axial slices with the Montreal Neurological Institute z coordinates from −47 to +73 are shown. Lesions significantly related to each factor are displayed in yellow. (A) Voxel-based lesion symptom mapping (VLSM) for the severity of apraxia (AST score). The results are shown at a false discovery rate (FDR)-corrected threshold of p < 0.05, z > 1.77. (B) VLSM for imitation deficits. FDR-corrected threshold of p < 0.05, z > 1.97. (C) VLSM for gesture deficits. FDR-corrected threshold of p < 0.05, z > 1.85. (D) VLSM for the delay detection threshold (DDT) for the detection of delayed visual feedback during active movements. FDR-corrected threshold of p < 0.05, z < −2.12. (E) VLSM for the steepness of the probability curve for the detection of delayed visual feedback during active movements. FDR-corrected threshold of p < 0.05, z > 1.82.




Table 3. Voxel-based lesion-symptom mapping (VLSM) showing associations between lesioned brain areas and the severity of apraxia (imitation and gesture deficits), and distortion of visuo-motor temporal integration.
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The VLSM results based on imitation and gesture deficits are shown in Figures 6B,C, respectively (Table 3). The clusters of lesioned voxels significantly associated with gesture deficits were exactly the same as the VLSM results for apraxia severity (Figure 6C, Table 3). The clusters of lesioned voxels significantly associated with imitation deficits were similar to the lesions significantly associated with the severity of apraxia and gesture deficits, but did not include the orbital part of the IFG and temporal pole of the superior temporal gyrus (Figure 6B, Table 3).

As a result of VLSM for the DDT and steepness in the tactile and passive movement conditions, there were no significantly related lesioned voxels. However, in VLSM for the DDT and steepness in the active movement condition, there were significantly related lesioned voxels (Figures 6D,E, Table 3).

An extension of the DDT during active movements (deficits in visuo-motor temporal integration) (Figure 6D, Table 3) was significantly associated with lesioned voxels within the left frontal cortex (precentral gyrus, superior frontal gyrus, middle frontal gyrus, IFG, including the opercular and triangular regions, and rolandic operculum), left insula, and left parietal cortex (postcentral gyrus, superior parietal lobule, and IPL, including the supramarginal and angular gyrus). Furthermore, lesions of the left temporal cortex (superior temporal gyrus and middle temporal gyrus) were significantly associated with an increased DDT. Subcortically, there was no area significantly associated with DDT prolongation.

For decreases in steepness during active movements (deficits in visuo-motor temporal integration) (Figure 6E, Table 3), significant clusters of lesioned voxels were found within the left frontal cortex (precentral gyrus, superior frontal gyrus, middle frontal gyrus, IFG, including the opercular, triangular, and orbital regions, and rolandic operculum) and left insula as well as the left parietal cortex (postcentral gyrus, superior parietal lobule, and IPL, including the supramarginal and angular gyrus). Significant clusters of lesioned voxels were found within the left temporal cortex (superior temporal gyrus, superior temporal pole, and middle temporal gyrus). Subcortically, lesions affecting the left putamen were significantly associated with decreased steepness.

Finally, there was a significant correlation between lesion volume and the severity of apraxia (r = −0.893; p < 0.001), DDT (r = 0.716; p = 0.001), and steepness (r = −0.888; p < 0.001) in the active movement condition.

A summary of the subtraction and VLSM results is shown as a surface rendering in Figure 7 as a reflected lesion projection onto the surface of the left hemisphere. In the subtraction lesion analyses, they were included in the largest clusters (71%) of lesioned voxels (Figure 7A), and in the VLSM for the severity of apraxia (Figure 7B) (imitation deficits, Figure 7C; gesture deficits, Figure 7D), DDT extension (Figure 7E), and decrease of steepness (Figure 7F). All significantly related lesioned voxels were in the left IFG (including the opercular and triangular regions), left precentral gyrus, and left insula as well as the left IPL (including the supramarginal gyrus).
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FIGURE 7. Summary of lesion analyses. Surface rendering reflects the projection of lesions onto the surface of the left hemisphere at any depth with maximum intensity. (A) Results of subtraction analyses of lesion overlap of patients in the pseudo-apraxic and unaffected groups from the lesion overlap of patients in the apraxic group. (B) Results of voxel-based lesion symptom mapping (VLSM) for the severity of apraxia. (C) Results of VLSM for imitation deficits. (D) Results of VLSM for gesture deficits. (E) Results of VLSM for the delay detection threshold (DDT) for the detection of delayed visual feedback during active movements. (F) Results of VLSM for the steepness of the probability curve for the detection of delayed visual feedback during active movements.



DISCUSSION

In this study, we evaluated the visuo-tactile, visuo-proprioceptive, and visuo-motor temporal integration functions of patients with apraxia by implementing three types (tactile stimulation and passive or active movement conditions) of delayed visual feedback detection tasks.

Our results showed that the DDT and steepness during active movements were extended and decreased, respectively, in the apraxic group compared to the unaffected and pseudo-apraxic groups. However, in the tactile stimulation and passive movement conditions, there was no difference in the DDT and steepness between the groups. Further, the DDT was extended significantly in the apraxic group during active movements compared to tactile stimulation and passive movements. These results indicated that apraxic patients had significantly distorted time windows of visuo-motor integration compared to non-apraxic patients and visuo-tactile/proprioceptive integration.

Correlation analyses showed that there was a significant correlation between the severity of apraxia and the indices of visuo-motor temporal integration (DDT and steepness). That is, as the difficulty of visuo-motor temporal integration increased, the severity of apraxia increased.

In addition, lesion analyses by subtraction and VLSM indicated that damage to the brain areas in the left ventro-dorsal stream, centered on the left IFG and left IPL, was significantly associated with both apraxia and distorted visuo-motor temporal integration.

Specific Distortion of Visuo-Motor Temporal Integration in Limb Apraxia

The current results suggested that apraxic patients had no difficulty in visuo-tactile and visuo-proprioceptive temporal integration, but had a specific difficulty with visuo-motor temporal integration. In this study, patients with a history of a mental disorder, developmental disability, cognitive disorder, impaired language comprehension precluding one's understanding of how to perform the experimental task, or impaired field of vision were excluded. In addition, this study included only patients with left hemispheric stroke, and the experimental tasks were conducted using the non-paralyzed left hand in the absence of sensory disturbance and a reduction in the sense of body ownership (asomatognosia and somatoparaphrenia). Furthermore, there were no significant differences between sex, age, educational background, general cognitive function, and length of time since stroke between the apraxic and non-apraxic (pseudo-apraxic and unaffected) patients. Therefore, the difficulty with visuo-motor temporal integration observed in patients with apraxia was not due to these factors.

Indeed, previous studies reported that visuo-motor integration in a novel motor learning task was difficult for patients with apraxia (44, 45). However, the current study evaluated the temporal aspects of visuo-motor integration. Therefore, the present study is the first to show that patients with apraxia had a deficit in visuo-motor temporal integration. That is, patients with apraxia had a distortion of the time window for integrating self-generated hand movements and visual information of their own hand. Here, we referred to the difficulty of visuo-motor temporal integration observed in apraxia as a distortion. In the active movement condition of the delayed visual feedback detection task, only the answer provided when a patient's left index finger flexion-extension movement was performed correctly was included in the analysis. Therefore, not only in non-apraxic limbs (pseudo-apraxic and unaffected) but also in apraxic limbs, the movement performed (flexion-extension of the left index finger) was correct. Specifically, in this study we observed a significant extension of the DDT and a significant decrease in steepness for visuo-motor temporal integration in apraxic limbs. When temporal errors between correctly executed self-generated movements and visual feedback were small, patients with apraxia could not detect the errors. Therefore, we defined the difficulty observed as a distortion of visuo-motor temporal integration.

The distortion of multisensory (including motor signals) temporal integration in apraxia was observed only in active movement conditions. The elements included in the visuo-motor temporal integration conditions (active movements), but not included in the visuo-tactile (tactile stimulation) and visuo-proprioceptive (passive movements) temporal integration conditions, were self-generated movements. Signals that arise during self-generated movements and not caused by integration between sensory feedback include motor prediction. Therefore, the difficulty with visuo-motor temporal integration observed in the apraxic group may be due to an impairment of motor prediction (e.g., efferent copy/predicted sensory feedback) during active movements (self-generated movements).

Several previous studies have suggested that a fundamental problem in apraxia is impaired motor prediction prior to the generation of a movement. In studies using motor imagery tasks (22, 87–90), patients with apraxia showed difficulty with mentally simulating movements of their own hands, and a significant correlation was noted between impaired motor imagery and impaired pantomiming of tool use (22). These previous results suggest that patients with apraxia have an impairment in anticipating the sensory consequences of hand movements (53). Two previous studies using electroencephalograms revealed that readiness potential, reflecting motor preparation, was missing in patients with apraxia (91, 92). This lack of readiness potential suggested that patients with apraxia cannot predict the consequences of their own motor actions (93, 94). A previous study by Wolpe et al. (95) used the “intentional binding” paradigm (the perceived temporal attraction between voluntary actions and their sensory effects) to study patients with corticobasal syndrome and apraxia. While there were no differences in the time taken to perceive sensory feedback, the apraxic limbs of patients with corticobasal syndrome had a significantly delayed perception of action (significantly increased “binding” of the time of actions to their effects) compared to unaffected limbs and the limbs of control subjects. In addition, there was a significant correlation between the binding effect and the severity of apraxia. This result suggested the reduced precision of voluntary action signals in patients with apraxia (95). These previous studies consistently showed that apraxia was associated with an impairment of motor prediction.

The current study did not use motor imagery tasks, electroencephalograms, or intentional binding paradigms. Instead, we compared visuo-tactile, visuo-proprioceptive, and visuo-motor temporal integration, and revealed that the time window for visuo-motor integration was distorted in patients with apraxia, while the time window for the integration of visuo-tactile and visuo-proprioceptive was preserved. Therefore, the previous studies and our data showed that the distortion of visuo-motor temporal integration in patients with apraxia was caused by deficits in motor prediction.

This explains the significant correlation between the severity of apraxia and distorted visuo-motor temporal integration (extended DDT and reduced steepness). Indeed, there is reportedly a significant correlation between the severity of apraxia and motor imagery impairments (22) and delayed perception of self-generated actions (95). Therefore, the present results, in agreement with previous studies (22, 95), suggested that the degree of deficit in motor prediction may affect the severity of apraxia. Previous studies have also shown that the detection of delayed visual feedback for active movements was better than the detection of delayed visual feedback for passive movements in healthy volunteers (58, 96). That is, the DDT and steepness were significantly shortened (96) and increased (58), respectively, in active movement conditions compared to passive movement conditions. The advantage of delay detection in an active movement condition is brought about by motor predictions associated with self-generated movements (58, 96). In the current study, delay detection of the unaffected group was significantly improved (increased steepness) in the active movement condition compared to the tactile stimuli condition. In contrast, delay detection of the apraxic group was significantly lower (extended DDT) in the active movement condition than in the tactile stimulation and passive movement conditions. This result strengthens the hypothesis that patients with apraxia show deficits of motor prediction.

Common Lesions Between Apraxia and the Distortion of Visuo-Motor Temporal Integration

The subtraction and VLSM results showed that both the severity of apraxia of the left upper limb and the degree of distortion in visuo-motor temporal integration were significantly related to common lesions, e.g., in the IFG (including the opercular and triangular regions), left precentral gyrus, left rolandic operculum, left insula, and left IPL (including the supramarginal gyrus).

In the current study, the AST, which is a shortened version of the TULIA, was used to evaluate apraxia. Earlier VLSM studies investigating lesions associated with a low score (severe apraxia) for the TULIA also reported lesions such as in the left IFG (including the opercular, triangular, and orbital regions), left rolandic operculum, left insula, left pre-postcentral gyrus, left IPL (including the supramarginal and angular gyrus), and left superior temporal and superior temporal poles (97). The current results accurately matched those of these previous studies. Theta burst stimulation to the left IFG also reportedly significantly lowered the score for the TULIA (98). Furthermore, previous studies have also revealed that theta burst stimulation to the left IPL significantly reduced the imitation score in the TULIA, regardless of being meaningful or meaningless gestures (99). Therefore, the current results showing a significant association between the reduction (severe apraxia) of the AST score and lesions in the left IFG and IPL were consistent with the findings of previous stimulation studies. Previous lesion studies related to apraxia reported that lesions in the left IPL (21, 22, 69, 100–102), left IFG (39, 102, 103), left insula (104), and left precentral gyrus (102) were significantly associated with an impairment of transitive gestures (pantomime). These previous studies, in line with the current results, were performed using brain lesion areas associated with ipsilateral limb errors (apraxic symptoms). Previous imaging studies also reported that the left IPL (105–112), IFG (105, 106, 108, 111, 112), and left insula (106) were significantly associated with the execution of transitive gestures (pantomime). In addition, there were differences between hands and fingers, and between meaningful and meaningless gestures, but previous lesion studies reported that lesions significantly associated with imitation deficits were located in the left IPL (40, 49, 69, 101, 102, 113–116), left IFG (102, 113, 116), and left precentral gyrus (102). Therefore, in this study, the data regarding several lesions indicated by subtraction and VLSM for the severity of apraxia, i.e., in the left IFG (including the opercular and triangular regions), left precentral gyrus, left rolandic operculum, left insula, and left IPL (including the supramarginal gyrus), were consistent with previous lesion and imaging studies. This further indicated that the lesions of patients with apraxia who participated in the current study were general lesions that resulted in apraxia. The current study reconfirmed that the left IPL and left IFG in the left ventro-dorsal stream are important lesion regions for the development of apraxia, and the data were consistent with previous lesion and imaging studies.

The damaged areas related to imitation and gesture deficits were almost the same. However, the lesions associated with gesture deficits included lesions associated with imitation deficits, including slightly ventral areas (orbital part of the IFG and temporal pole of the superior temporal gyrus). Imitation is possible with simple visual-motor conversion, whereas gesture from verbal instruction requires semantic processing, and the ventral regions are more involved (100, 117). The current findings were consistent with the results of these previous studies and showed that the visuo-motor conversion region and semantic processing region overlap, but do not completely match.

In addition, the current lesion analysis revealed that these lesions were significantly related not only to the severity of apraxia but also to the degree of distortion (extended DDT and decreased steepness) in visuo-motor temporal integration. Activation of the IFG (including ventral premotor areas) has been reported in various functional imaging studies on finger movements (118–121), motor imagery of hand-fingers (122–124), motor learning of finger movements (125), and observation of finger movements. According to these previous investigations, a clear representation of finger movements exists in the IFG. The IPL is known to contribute to motor representations of hand and finger movements (126–129). Recently, the IFG was reported to have an important role in the visuo-motor integration of finger movements (130). The IFG and IPL are related to planning, execution, and feedback perception of finger movements, and also function in the visuo-motor integration of finger movements. Therefore, it is predicted that patients who have damage to these areas will have difficulty with visuo-motor integration. Damage to the left IFG (47, 116), left supramarginal gyrus, and left IPL (50, 85, 131, 132) impairs both the production and recognition of gestures. Therefore, the left IFG and left IPL are important areas for the production and recognition of hand movements (i.e., visuo-motor integration of hands). Consistent with these findings, our lesion analyses provided evidence that the left IFG and left IPL served as a time window for visuo-motor integration, but not visuo-tactile and visuo-proprioceptive functions.

Many studies have investigated brain regions involved in temporal errors between actions and feedback using delayed visual feedback, similar to the current study (133–144). Most of these studies have identified parietal areas that were active during such discrepancies, in particular the IPL (angular gyrus). Khalighinejad and Haggard (145) reported that anodal transcranial direct current stimulation to the left angular gyrus significantly reduced intentional binding regardless of whether the right or left hand was used. This effect was not observed after anodal stimulation to the right angular gyrus (145). Therefore, the left angular gyrus is suggested to have an important role in the integration of self-generated movements and perceptions. Another study (146) used functional MRI to measure a delayed visual feedback detection task for self-generated movements, similar to the current study, and found that the left angular gyrus was an important area for the detection of delay. The connectivity analysis in this study showed positive connectivity between the left angular gyrus and left frontal regions. This previous study concluded that the left angular gyrus was a supramodal comparator area in action-outcome monitoring, as significant activity was observed in the left angular gyrus not only during visual feedback but also during the detection of delayed auditory feedback, further suggesting that the left angular gyrus and connected frontal processes are specifically relevant for the comparison of predicted and perceived time points of the consequences of visual actions (146). Straube et al. (147) showed that transcranial direct current anodal stimulation to the left frontal-parietal regions (left dorsolateral prefrontal cortex and left angular gyrus) significantly improved the detection of delayed visual feedback for self-initiated movements compared to cathodal stimulation. In contrast, cathodal stimulation to the left frontal-parietal (and anodal stimulation to the right frontal-parietal) provided a benefit to the detection of delay in visual feedback for passive movements. This previous study concluded that the frontal-parietal network of the left hemisphere has a more important role than the right hemisphere in the generation of motor predictions and for the comparison of predicted and perceived time points of sensory information (147). These previous studies provided evidence that directly supports the current results. Our results showed that damage to the left inferior fronto-parietal (including the left middle frontal gyrus and angular gyrus) did not affect delay detection in visual feedback for tactile stimuli and passive movements, but had a negative effect on the delayed detection of visual feedback for self-generated movements. Thus, consistent with these previous studies, the current study provided additional evidence for the significance of the left hemisphere in temporal comparison/integration between motor prediction and actual feedback.

The VLSM results in the current study showed that damage to the insula is involved in both apraxia and the distortion of visuo-motor temporal integration. Lesions in the insula have been reported to cause apraxia (104, 106). Conversely, the insula receives various inputs and has various functions such as error awareness, moment of recognition, decision making, time perception, self-recognition, interoception, and rhythm (148). Furthermore, previous studies revealed that the insula is involved not only in the generation of buccofacial and limb actions but also in the recognition of action sounds (46, 47). Therefore, damage to the insula does not specifically cause only apraxia or distortion of visuo-motor temporal integration.

Apraxia is thought to be caused by an impairment of “stored motor representation” (19–22, 31, 52, 149–152), “technical reasoning” (mechanical problem solving) (153–165), and/or “body part coding” (113, 166–168) functioning in the regions (especially the left IPL) of the left ventro-dorsal stream. Here, it is important to emphasize that the present study does not insist that the impairment of stored motor representation, technical reasoning, or body part coding is not a cause of apraxia. There is evidence showing that the IFG and IPL in the left ventro-dorsal stream are engaged in the mental simulation of hand-finger movements (169–171), motor learning (generation of a forward model) based on a comparison of motor prediction and actual feedback (172–174), production and recognition of gestures (47, 50, 85, 116, 131, 132), and visuo-motor integration (130), in addition to functions that are the main causes of apraxia. These findings suggested that in the left ventro-dorsal stream, the basic functions of the temporal integration of self-generated movements and visual feedback are carried out downstream of the main function, which causes apraxia. Therefore, the current findings indicated that damage to the inferior frontal-parietal regions in the left ventro-dorsal stream caused not only apraxia but also a distortion of the time window of visuo-motor integration operating downstream of the mechanism underlying apraxia.

In addition, cognitive models for apraxia predict that deficits of visuo-motor conversion result in deficits of meaningless gesture imitations (conduction apraxia) (35). However, the current results showed that the distortion of visuo-motor temporal integration is related to various symptoms of apraxia, e.g., not only imitation deficits of meaningless intransitive gestures but also imitation deficits of meaningful intransitive gestures, imitation deficits of pantomimes, deficits of intransitive gestures from verbal instructions, and deficits of pantomimes from verbal instructions.

Finally, the present study revealed that there are deficits in visuo-motor temporal integration in patients with apraxia, although visuo-tactile and visuo-proprioceptive temporal integration are preserved. Therefore, it may be possible to help visuo-motor integration, promote motor prediction, and improve the symptoms of apraxia through normal visual, tactile, proprioceptive, and other sensations. Assistive technology devices (175–177), and virtual and augmented reality neurorehabilitation (178, 179) may be useful in this regard (180). In addition, action observation therapy (181) and motor imagery training (182) may be effective in promoting visuo-motor integration and improving the symptoms of apraxia (180). Therefore, future clinical trials are needed to verify whether these approaches ameliorate these symptoms.

Limitations of the Current Study and Future Directions

The current study has several limitations that must be noted. Only the MMSE was used to evaluate the cognitive function of the patients. Therefore, the state of other cognitive functions may have influenced the results of the experimental task. Thus, future studies need to investigate cognitive function in more detail.

There was a large range of disease duration in the current study; therefore, the effects of neuroplasticity and adaptation might have influenced the results. We found a significant correlation between lesion volume and the severity of apraxia (AST score) and experimental variables (DDT and steepness in the active movement condition). Furthermore, the sample size in this study was very small, and the slice thickness (6 mm) of MRI used in lesion analyses was coarse. Therefore, the current study could not sufficiently clarify the differences in lesions related to apraxia and the distortion of visuo-motor temporal integration. Therefore, future studies that match disease duration and lesion size, increase sample size, and improve the imaging technique to clarify the difference between apraxia-causing lesions and visuo-motor temporal integration distortion-causing lesions are necessary.

In addition, the current study was unable to investigate in detail the relationship between various apraxia symptoms and distortions of visuo-motor temporal integration and lesions, according to the cognitive models for apraxia. In conformity with the cognitive models for apraxia, future studies are needed to investigate the classification of apraxia symptoms and the corresponding lesions. Future studies may be better to use the test battery by Bartolo et al. (34), which enables the evaluation of detailed apraxic symptoms based on the cognitive models.

The current results do not insist that apraxia is mainly caused by a distortion of visuo-motor temporal integration. We did not investigate the relationship between symptoms other than apraxia and the time window of multisensory integration. The superior parietal lobule of the dorso-dorsal stream is known to make an important contribution to visuo-motor integration (183–185). Optic ataxia is a typical visuo-motor disorder caused by damage in these areas (186–188). Therefore, a distortion of visuo-motor temporal integration may be observed in other brain lesions (especially those in the superior parietal lobule) and with other symptoms (especially optic ataxia, which is a typical visuo-motor disorder). Further studies investigating the time window of multisensory integration (including motor prediction) for other brain lesions or symptoms, using a paradigm similar to that of the present study, will contribute to our understanding of the brain mechanism underlying multisensory integration and symptoms.

CONCLUSIONS

Patients with apraxia have specific distortions of visuo-motor temporal integration, but the temporal integration of visuo-tactile and visuo-proprioceptive information is preserved. The degree of distortion of visuo-motor temporal integration is significantly correlated with the severity of apraxia. Damage to the left IFG and left IPL in the left ventro-dorsal stream is a common lesion significantly related to apraxia and the distortion of visuo-motor temporal integration. However, in order to understand apraxia more deeply, future studies that take into account several of the limitations of the present study are necessary.
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Group Area Max MNI
(N,%)  coordinates

x,2)

Al patients (1 = 19) Frontal_inf_Oper_L 7 55,15, 18
Frontal_Inf_Tr_L 7 68,20, 17
Rolandic_Oper_L. 7 —41, 17,24
Precentral L 6 —42,5,23
Insula_L 6 -31,13,10
Postoentral_L 6 —49, 19,28
Parietal_Inf_L 6 —44, 26,36
SupraMarginal_L 6 56, 27,26

Apraxic group (1 = 7) Precentral_L 5 —42,5,23
Frontal_inf_Oper_L 5 —54, 14,17
Frontal_Inf_Tri_L. 5 48,19, 17
Rolandic_Oper_L 5 -8, 20,20
Insula_L 5 -7, 20,20
Parietal_Inf_L 5 —44, 26,36
SupraMarginal_L 5 —48, 25,33
Frontal_Sup_L 4 29, 25,33
Frontal_Mid_L 4 -33,33,17
Posteentral_L 4 —50, -8, 19
Parietal_Sup_L 4 —381, -49, 51
Angular_L 4 40, -55,22
Temporal_Sup_L 4 —42, -40, 19
Temporal_Mid_L 4 —42, 54,22

Pseudo-apraxic and Putamen_L 5 —24,-3, 11

unaffected groups (1 = 12)
Insula_L 4 -33, -15, 17
Rolandic_Oper_L 3 ~36,-7,15
Palicum_L 3 —19, -4,2
Thalamus_L 3

Subtraction analysis Precentral L 71 —42,2,31

(lapraxic

group]-[pseudo-apraxic and

unaffected groups))
FrontalInf_Oper L 71 54,14, 17
Frontal_Inf_Tri_L 71 50,25, 17
Rolandic_Oper_L. 71 38, 20,20
Insula_L 71 -7, 20,20
Parietal_Inf_L 71 —45, 25,87
Supra_Marginal_L 71 —48, 25,35
Frontal_Sup_L 57 29, 26,33
Frontal_Mid_L 57 -33,33, 17
Postoentral_L 57 —48, 19,25
Parietal_Sup_L 57 —31, - 49,

51

Angular_L 57 —40,-55,22
Temporal_Sup_L 57 —42, 40,19
Temporal_Mid_L 57 —42, 54,22

Overlapping regions of all patients and each group, with corresponding peak coordinates
outlined in Montreal Neurological Institute (MNi) space, and the number of lesion
overlaps are shown. Lesioned areas associated with apraxia with corresponding peak
coordinates outined in MNI space and the number of lesion overlaps after subtraction
in percentage are shown. Only regions where there are many overlapping preferences
have been reported. Angular_L, left angular gyrus; Frontal_Inf Oper_L, left opercular
part of the inferior frontel gyrus; Frontal_Inf_Tri_L, left triangular pert of the inferior
frontal gyrus; Frontal Mid_L, left middle frontal gyrus; Frontel Sup_L, left superior
frontal gyrus; Insula_L, left insula; Pallicum_L, left palidum; Parietal_Inf_L, left inferior
parietal lobule; Parietal_Sup._L, left superior paristal lobule; Postcentral_L, left postcentral
gynus; Precentral L, left precentral gyrus; Putemen_L, left putamen; Rolandic_Oper_L,
leftrolendic operculum; Supra_Marginal_L, left supremarginel gyrus; Temporal_Mid_L, left
middle temporal gyrus; Temporal_Sup_L, left superior temporal gyrus; Thalamus_L, left
thalamus.
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Patientno. Education MMSE Disease Handedness  Leftupperlimb  Body awareness Apraxia Group
(vears) duration function of left
(days) upper limb
Motor  Sensory Asomato Senseof Imitation Gesture  Total
function  function  gnosia  ownership score
1 18 25 61 right 10 6 none 3 5 2 7 apraxia
2 21 25 280 right 10 6 none 3 4 1 5 apraxia
3 18 25 68 right 10 6 none 3 o 1 1 apraxia
4 21 30 42 right 10 6 none 3 2 3 5 apraxa
5 18 27 397 right 10 6 none 3 4 3 7 apraxia
6 18 26 18 right 10 6 none 3 4 2 6 apraxia
7 12 25 1126 right 10 6 none 3 4 3 7 apraxia
Mean 180 261 2846 100 60 30 33 21 5.4
sD 28 17 3679 00 00 00 16 08 20
8 18 27 a3 tight 10 6 none 3 7 4 11 pseudo-
apraxia
9 18 25 631 right 10 6 none 3 7 3 10 pseudo-
apraxia
10 12 25 35 right 10 6 none 3 5 4 9 pseudo-
apraxia
11 18 29 123 right 10 6 none 3 6 3 9 pseudo-
apraxia
12 18 27 19 right 10 6 none 3 6 3 9 pseudo-
apraxia
13 18 28 523 right 10 6 none 3 7 4 11 pseudo-
apraxia
Mean 170 268 2782 100 60 30 63 35 98
SD 22 15 2375 0.0 0.0 0.0 0.7 0.5 0.9
14 18 26 54 right 10 6 none 3 7 5 12 unaffected
15 2 28 48 tight 10 6 none 3 7 5 12 unaffected
16 18 29 628 right 10 6 none 3 7 5 12 unaffected
17 18 28 a7 right 10 6 none 3 7 5 12 unaffected
18 21 25 120 right 10 6 none 3 7 5 12 unaffected
19 22 30 556 right 10 6 none 3 7 5 12 unaffected
20 18 25 a7 right 10 6 none 3 7 5 12 unafected
21 18 29 15 right 10 6 none 3 7 5 12 unaffected
22 18 25 48 right 10 6 none 3 7 5 12 unaffected
Mean 192 272 1737 100 60 30 70 50 120
sD 1.7 19 2257 00 00 00 00 00 00

MMSE, Mini-Mental State Examination; SD, Standard deviation.

Handedness was determined according to the Edinburgh Handedness nventory (72).
Left upper lmb function was measured with the Stroke Impaimment Assessment Set (SIAS)
Body awareness of the left upper limb was measured by the Verbal Asomatognosia and Somatoparephrenia Assessment (VASA) and a 7-point Likert scale on body ownership.

Apraxia was evaluated using the apraxia screen of the TULIA (AST).

Group (apraxia; pseudo-apraxia; unaffected) shows grouping based on the AST results.
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Factor Lesion area Number of Max/Min X Y z

lesioned
voxels
Apraxia severity Precentral L 28,174 2742 —42 2 31
Frontal_Sup_L 28,915 2.49 -29 25 33
Frontal_Mid_L 38,722 2.496 -32 22 31
Frontal_Inf_Oper_L 8271 2742 -54 14 17
Frontal_Inf_Tri_L 20,104 2742 -50 25 17
Frontal_Inf_Orb_L 13,590 1972 -43 19 -13
Rolandic_Oper_L. 7,939 2953 -38 -20 20
Insula_L 15,025 2953 -37 -20 20
Postcentral_L 31,053 2.468 -a7 -35 g
Parietal Sup_L 16,519 2397 -31 —49 51
Parietal_Inf_L 19,447 2737 —45 -25 37
Supra_Marginal L 9,907 2787 -6 -25 35
Angular_L 9,313 2.397 —40 -55 22
Putamen_L 7,942 2155 -33 -1 -4
Temporal_Sup_L 18,307 2.397 -2 —40 19
Temporal_Pole_Sup_L 10,228 1972 —44 16 -17
Temporal_Mid_L 39,353 2.397 —42 -54 22
Imitation deficits Precentral L 28,174 2.727 -2 2 31
Frontal_Sup_L 28,915 2424 -29 25 33
Frontal_Mid_L 38,722 2424 -32 22 31
Frontal_Inf_Oper_L 8271 2727 —54 14 17
Frontal_Inf_Tri_L 20,104 2727 -50 25 17
Rolandic_Oper_L. 7,939 2820 -38 -20 20
Insula_L 15,025 2938 -37 -20 24
Postcentral_L 31,053 2.767 —43 -33 44
Parietal_Sup_L 16,519 2767 -31 —49 51
Parietal_Inf_L 19,447 2938 —44 -26 36
Supra_Marginal_L 9,907 2938 -46 -25 33
Angular_L 9,313 2767 -40 -55 22
Temporal_Sup_L 18,307 2767 -2 -40 19
Temporal_Mid_L 39,353 2767 —42 ~54 2
Gesture deficits Precentral_L 28,174 2353 -6 -4 25
Frontal_Sup_L 28,915 2353 29 25 3
Frontal_Mid_L. 38,722 2353 -32 22 31
Frontal_Inf_Oper_L 8271 2.499 -85 15 18
Frontal_Inf_Tri_L 20,104 2.499 -53 20 17
Frontal_Inf_Orb_L. 13,590 1916 -43 19 -13
Rolandic_Oper_L. 7,939 3.130 -4 17 24
Insula_L 15,025 3.006 —40 -14 23
Postcentral_L 31,053 2916 -50 -8 19
Parietal Sup_L 16,519 2,086 -31 -49 51
Parietal_Inf_L 19,447 2762 —44 -26 36
Supra_Marginal_L 9,907 2762 —46 -25 3
Angular_L 9,313 2086 -40 -55 22
Putamen_L 7,942 2,053 -33 -1 -4
Temporal_Sup_L 18,307 2.353 —45 -32 19
Temporal_Pole_Sup_L 10,228 1916 —44 16 -17
Temporal Mid L 39.353 2,086 -2 -54 2
DDT during active Precentral_L 28,174 -2.770 -42 2 31
movements
Frontal_Sup_L 28915 —2.648 -29 26 38
Frontal_Mid_L. 38,722 -2.648 -33 33 19
Frontal_Inf_Oper_L 8271 —2.770 —54 14 17
Frontal_Inf_Tr_L 20,104 -2.770 -50 25 17
Rolandic_Oper_L 7,939 -3.130 -38 20 20
Insula_L 15,025 -3.130 -37 -20 20
Postcentral_L 31,053 —2.470 —49 -36 43
Parietal_Sup_L 16519 ~2.465 -31 —49 51
Parietal_nf_L 19,447 —2.663 —45 25 87
Supra_Marginal_L 9,907 —2.663 —46 -25 35
Angular_L 9313 ~2.465 -40 -85 22
Temporal_Sup_L. 18,307 —2.465 —42 -0 19
Temporal_Mid_L 39,353 —2.465 —42 54 22
Steepness during Precentral_L 28,174 2788 -42 2 31
active movements
Frontal_Sup_L 28,915 2,636 -209 26 3
Frontal_Mid_L. 38,722 2,636 -33 33 17
Frontal_Inf_Oper_L 8271 2.788 —54 14 17
Frontal_Inf_Tri_L 20,104 2788 -50 25 17
Frontal_Inf_Orb_L 13,590 2241 -39 19 -15
Rolandic_Oper_L. 7,939 3.205 -38 -20 20
Insula_L 15,026 3205 -37 -20 20
Postcentral_L 31,058 2926 -50 -8 19
Parietal_Sup_L 16519 259 -31 —49 51
Parietal_inf_L. 19,447 2.804 -45 -25 a7
Supra_Marginal_L 9,907 2.804 -46 -25 35
Angular_L 9313 259 -40 -55 22
Putamen_L 7942 2241 -33 0 -4
Temporal_Sup_L. 18,307 2,59 —42 -40 19
Temporal_Pole_Sup_L 10,228 2241 55 17 -17
Temporal_Mid_L 39,353 259 —42 -54 22

For each region, the Montreal Neurological Institute coordinates of the center of mass are provided along with the maximum/minimum Brunner-iunzel (BM) z statistic obtained in
each cluster and the number (n) of clustering voxels tht survived the threshold of p < 0.05, faise discovery rate (FDR)-corrected. DDT, the delay detection threshold for the detection
of delayed visual feedback during active movements. Steepness, the steepness of the probabilty curve for the detection of delayed visual feediback during active movements. FDR-
corrected threshold of VLSM for apraxia severity was p < 0.0, z > 1.77. FDR-corrected threshold of VLSM for imitation deficits was p < 0.05, z > 1.97. FDR-corrected threshold of
VLSM for gesture deficits was p < 0.05, z > 1.85. FDR-corrected threshold of VLSM for DDT was p < 0.05, z < ~2.12. FDR-corrected threshold of VL.SM for steepness was p < 0.05,
2> 1.82. Angular_L, et anguler gyrus; Frontal_inf_Oper._L, left opercular pert of the inferior frontal gyrus; Frontal_inf_Orb,_L, et orbital part of inferior frontal gyrus; Frontal_inf_Tri_L, left
triangular part of the inferior frontal gyrus; Frontal_Mid L, left midde frontal gyrus; Frontal_Sup_L, left superior frontal gyrus; Insula_L, leftinsule; Paristal_inf_L, left inferior parietel lobule;
Parietel_Sup_L, left superior prietal lobule; Postcentral_L, left postcentral gyrus; Precentral_L, left precentral gyrus; Putemen_L, left putamen; RolendicOper._L, left rolandic operculum;
Insula._L, left insula; SupraMarginal_L, left supramarginal gyrus; Temporal_Mid_L, left middle temporal gyrus; TemporalPole_Sup._L, left superior temporal pole; Temporal_Sup.L, left
superior temporal gyrus.
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