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Background: The substantial evidence that neural timing deficits are prevalent in developmental disorders, aging, and concussions resulting from a Traumatic Brain Injury (TBI) is presented.

Objective: When these timing deficits are remediated using low-level movement-discrimination training, then high-level cognitive skills, including reading, attention, processing speed, problem solving, and working memory improve rapidly and effectively.

Methods: In addition to the substantial evidence published previously, new evidence based on a neural correlate, MagnetoEncephalography physiological recordings, on an adult dyslexic, and neuropsychological tests on this dyslexic subject and an older adult were measured before and after 8-weeks of contrast sensitivity-based left–right movement-discrimination exercises were completed.

Results: The neuropsychological tests found large improvements in reading, selective and sustained attention, processing speed, working memory, and problem-solving skills, never before found after such a short period of training. Moreover, these improvements were found 4 years later for older adult. Substantial MEG signal increases in visual Motion, Attention, and Memory/Executive Control Networks were observed following training on contrast sensitivity-based left–right movement-discrimination. Improving the function of magnocells using figure/ground movement-discrimination at both low and high levels in dorsal stream: (1) improved both feedforward and feedback pathways to modulate attention by enhancing coupled theta/gamma and alpha/gamma oscillations, (2) is adaptive, and (3) incorporated cycles of feedback and reward at multiple levels.

Conclusion: What emerges from multiple studies is the essential role of timing deficits in the dorsal stream that are prevalent in developmental disorders like dyslexia, in aging, and following a TBI. Training visual dorsal stream function at low levels significantly improved high-level cognitive functions, including processing speed, selective and sustained attention, both auditory and visual working memory, problem solving, and reading fluency. A paradigm shift for treating cognitive impairments in developmental disorders, aging, and concussions is crucial. Remediating the neural timing deficits of low-level dorsal pathways, thereby improving both feedforward and feedback pathways, before cognitive exercises to improve specific cognitive skills provides the most rapid and effective methods to improve cognitive skills. Moreover, this adaptive training with substantial feedback shows cognitive transfer to tasks not trained on, significantly improving a person’s quality of life rapidly and effectively.
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1. Introduction

The brain needs to orchestrate and integrate the activity of different cortical areas that are involved in a particular task. This is accomplished by boosting synchronized oscillations that occur between these cortical areas. The neural timing deficits that are found in a wide range of brain disorders, affecting these synchronized oscillations are not well understood. Much evidence has now accumulated to suggest that a fundamental deficit in developmental dyslexia (1–5) atypical, in older adults (6–10), and in traumatic brain injury (TBI) (11–13) is impaired operation of the visual timing functions mediated by the magnocellular system (14). Moreover, this review concludes: “These studies suggest that a paradigm shift from phonologically-based to visually-based methods is required for the treatment of dyslexia. In older adults and following a concussion, the same paradigm shift is also called for. Moreover, this adaptive training, with substantial feedback and rewards, shows cognitive transfer to tasks not trained and can thus help to improve a person’s quality of life rapidly and effectively. The critical issue is that regardless of input modality, effective treatments must address neural timing deficits.”

We will describe additional evidence showing that neural timing deficits that are prevalent in many different types of cognitive impairments, including developmental disorders, like dyslexia where reading is difficult, normal aging, and concussions, reported previously (15), are remediated rapidly by visually-based movement-discrimination exercises, significantly improving cognitive abilities, so that a person’s quality of life improves rapidly, when other methods have been unsuccessful. We will show that a paradigm shift for treating visual timing deficits found in a wide range of different of cognitive disorders is crucial.

The movement-discrimination intervention used in this study is believed to improve the precision in timing of visual events, and thus accelerate reading progress by increasing processing speed, selective and sustained attention, and working memory span (16–20). It achieves this by improving the function of the dorsal stream, boosting magnocellular relative to parvocellular activity, thereby improving inhibitory and excitatory circuits, in feedforward and feedback pathways, taking advantage of the brain’s neural plasticity (21). Visually-based movement-discrimination exercises in both normal participants (16, 22–27), dyslexics (14–16, 18, 19, 25), and after a TBI (15) have demonstrated neuroplasticity in domain of processing speed by practicing these exercises over a short period of time. These studies found that the more movement-discrimination was practiced, the more motion sensitivity, attention, memory, and reading skills improved, indicating that timing deficits are a key factor preventing normal cognitive function in dyslexia, aging, and after a TBI. Movement-discrimination exercises were not only more effective, but also were completed 2–8 times faster than other reading and cognitive interventions (14). We provide additional evidence showing that reading, attention, processing speed, problem solving, and memory problems involve neural timing deficits in visual system’s dorsal stream. These deficits in the dorsal stream affect both feedforward and feedback pathways between visual, parietal, and frontal areas.

The visual system has been hypothesized to exploit the dichotomy of a fast magnocellular channel (dorsal visual stream) together with a slower parvocellular channel (ventral visual stream) for the purpose of selective attention (28–30). The major dorsal stream attentional pathway, receiving predominantly magnocellular input is specialized for processing the location and movement of objects in space, whereas the ventral stream receives both magnocellular and parvocellular inputs and is specialized for extracting the details related to an object’s color and shape (31–33).

The dorsal visual stream provides the input to the attention networks (28–30). The control of spatial attention in early visual cortex is likely to be directed by regions of the Posterior Parietal Cortex (PPC) and dorsal lateral Prefrontal Cortex (dlPFC) (28–30, 34–37). Top-down attentional feedback occurs in the PPC where increased gamma activity is shown to be linked to visual attention and planned saccadic eye movements (38). The parvocellular neurons in the ventral stream subsequently use the coupled alpha-gamma oscillations regulated by the pulvinar for sequential processing (39), as a starting point for deciphering the individual letters (18, 19, 28–30, 40, 41). Sequential processing also uses the functional anatomy of the claustral connections of items being processed serially, such that cross-frequency coupling between low frequency (theta) signals from the claustrum and higher frequency oscillations (gamma) in the cortical areas is an efficient means for the claustrum to modulate neural activity across multiple brain regions in synchrony (42). The timing, period, envelope, amplitude, and phase of the synchronized coupled theta-gamma oscillations are modulating the incoming signals to the striate cortex, and have a profound influence on the accuracy and the speed of reading (30). It is likely that the dyslexic reader’s deficit in attentional focus (43, 44) is a consequence of slow magnocells preventing the linked parvocellular neurons from being able to isolate and sequentially process the relevant information that is needed for reading (28, 29, 45). Cross-frequency theta-gamma coupling enables sensory areas of the brain which capture language stimuli to communicate rapidly with higher-order brain areas for real-time processing of language input (38, 46), playing a crucial role in mediating working memory and in enabling learning (47, 48). Both claustral connections (42) and the pulvinar complex (39) regulate synchronous information transmission between cortical areas based on attentional demands.

Contrast sensitivity-based movement-discrimination training employing figure/ground discrimination improved not only magnocellular function and attention, but also improved magno-parvo integration, figure/ground discrimination, and feedback measured by the strength of coupled theta/gamma activity for the test patterns moving at 6.7 and 8 Hz and coupled alpha/gamma activity for test patterns moving at 10 and 13.3 Hz (14, 15, 18, 19, 25, 27). Moreover, feedback in the dorsal stream from middle temporal cortex (MT), the specific cortical region vital for movement discrimination (31), to V1 improves figure/ground discrimination (49) a task used when reading by discriminating the letters in the word from the remaining text, or discriminating direction of movement relative to a background (50). Furthermore, feedback from MT has its strongest effects for low salience stimuli (49), such as low contrast patterns having less than 10% contrast, i.e., those patterns that maximally activate magnocellular neurons (51, 52). When movement-discrimination training was done using patterns optimal for activating the V1-MT network (49, 53, 54) visual timing deficits were remediated for those with a TBI, causing attention, reading fluency, processing speed, and working memory, all high-level cognitive functions, to improve significantly (15). These results were also found for those with dyslexia (14, 19, 27, 50) and older adults (55).

The scientific premise for using contrast sensitivity-based movement-discrimination training is that remediation of a fundamental visual timing deficit affecting motion discrimination at a low level of cognitive processing generalizes to high level cognitive skills (attention and working memory) reliant upon motion processing as a foundation. Sluggish motion cells make it difficult to locate the beginning and end or identify the order of letters in a word, causing confusion, mis-sequencing, and hence slow reading. Thus, slow neural pathways cause the brain to misdirect visual attention, confuse what the eye sees, and reduce the ability to remember the visual forms of words (14, 15, 19, 27). The movement-discrimination training enhances coupled theta/gamma and alpha/gamma oscillations, improving both the feedforward and feedback attention and executive control networks conveyed by the dlPFC and PPC to modulate attention in MT and striate cortex (V1), enabling a wide range of cognitive skills to improve. This theory of change is validated further by the results of this study: MEG imaging showing the improvements in these networks, and the improvements in cognitive skills found following short period of movement-discrimination training. Contrast sensitivity-based left–right movement-discrimination exercises is the first visually-based intervention that was found to improve both low-level movement-discrimination in the dorsal stream and high-level cognitive functioning. This has been demonstrated both behaviorally and using MEG brain imaging, improving the attention and executive control networks in dyslexics (14, 56) and after a TBI (15). Since contrast sensitivity-based movement-discrimination neurotraining is so rapid and effective, it offers a new approach that represents a paradigm shift in the treatment of dyslexia, one that is based on improving visual timing instead of targeting higher level phonological timing (14, 19).

MagnetoEncephaloGraphy (MEG) brain source imaging, providing a neural correlate, was conducted to determine the brain areas that increase in function for an adult dyslexic following these left–right movement-discrimination exercises. This neural correlate for dyslexia shows for the first time that these left–right movement-discrimination exercises improve the function of the motion area: MT in the first 300 ms, improving the sensitivity and neural timing of magnocells in the dorsal stream. Improvements in cognitive skills were also measured for an older adult with a battery of neuropsychological tests of cognitive skills, for the first time.



2. Methods


2.1. Participants

A 29 years-old dyslexic Caucasian man answered an ad to improve cognitive skills that was posted by UCSD. He had been finding his quality of life was limited by his dyslexia and was interested in any methods to improve his cognitive skills. A healthy 71 years-old Caucasion woman, having a PhD in physics, referred by a professor at UCSD, enrolled in this study, since she wanted to improve her ability to remember. Lately, she found her vision and memory were not as reliable, increasingly reducing her quality of life, especially when driving during dawn or dusk.

The subjects had tried many different interventions that were all unsuccessful. When asked, neither subject could recall the names of these interventions. These vision and cognitive deficits were not experienced by other family members, so not likely to be genetic in origin. Behavioral pre-tests, shown in Tables 1, 2, confirmed both subjects concerns about their cognitive abilities. The inclusion criteria consisted of: wanting to improve their visual and cognitive skills, agreeing to complete two sessions of PATH training twice a week for 8 weeks, at the same time of day, around 11 am, so they were not tired, and agreeing to follow PATH training with at least 30 min of cognitive exercises. Since there was no control condition, there was no blinding in this study.



TABLE 1 Dyslexic pre-post standardized percentiles and reading scores.
[image: Table1]



TABLE 2 Older adult pre-post standardized percentiles and reading scores.
[image: Table2]

Both participants, who lived in the San Diego area, signed informed consent forms, the dyslexic subject’s consent form approved by UCSD Institutional Review Board, and the older adult’s consent form approved by SolutionsIRB, a full service private Institutional Review Board registered with OHRP. This informed consent form assured the subject their data would be anonymous. This study was conducted in accordance with the Declaration of Helsinki, and the protocol was approved by each IRB. The intervention exercises were conducted in a room devoted to this task at either UCSD, Perception Dynamics Institute, or once learned at home.



2.2. Intervention: visual movement-discrimination task- PATH to Reading™ (PATH) neurotraining

The patented (16, 17) visual timing intervention1 uses dim grayscale patterns optimal for activating magnocellular (magno) neurons to retrain the brain’s pathways (15–19), see Figure 1 and https://youtu.be/HgCZn9uVdS0. These patterns are designed to activate motion pathways (by using left–right movement) relative to the pattern pathways by using a stationary background that entrains motion discrimination (23, 24). Each pattern is presented for less than half a second, increasing from slow theta movement (6.7–8 Hz) to faster alpha movement (10–13.3 Hz) every 4 complexity levels. Only the contrast of the center stripes (the test spatial frequency) in the fish shaped pattern that moves left or right relative to a stationary striped background is dimmed until the direction can no longer be seen. The low contrast (0.1–5%) test frequency was set to either 0.25, 0.5, 1, or 2 cyc/deg., being an octave apart. The five stationary vertical background gratings for each test frequency bracket the test frequency, having a fundamental frequency equal to the test frequency or ±1 or 2 octaves from it. Only when movement-discrimination is done relative to a structured background, do all types of dyslexics exhibit motion discrimination deficits (18, 19, 25, 26).

[image: Figure 1]

FIGURE 1
 Time sequence for study design. After subjects were enrolled in study, a battery of visual and cognitive skills standardized tests were administered at the beginning and end of this study, results reported in Tables 1, 2. After standardized tests were administered, the PATH neurotraining program was administered for 8 weeks. The details of the PATH neurotraining program are presented in (A–C) and in the video (https://youtu.be/HgCZn9uVdS0). (A) Sample patterns for intervention at Complexity Level 1 for a background two octaves lower in spatial frequency than the test frequency, one octave lower in spatial frequency than the test frequency, equal in spatial frequency to the test frequency, one octave higher in spatial frequency than the test frequency, and two octaves higher in spatial frequency than the 0.5 cyc/deg. “fish shaped” test pattern. This same set of backgrounds was presented in this order for each of the 4 test spatial frequencies (0.25, 0.5, 1, and 2 cyc/deg). (B) Complexity levels 2, 3, and 4 display multifrequency backgrounds for center pattern in 1.A (0.5, 0.5 cyc/deg), having the same fundamental frequency as in complexity level 1, with a difference frequency equal to the test frequency, increasing the background contrast from 5 to 10 to 20% contrast. (C) A typical trial for PATH to Reading /Insight intervention. Pattern flashes on screen for <= 450 ms while center stripes move left or right. Screen goes blank, waits for left or right arrow key to be pushed. If incorrect, short tone sounds. As soon as left or right key pressed, next pattern with same or different contrast flashes on screen while center stripes move left or right. This sequence of patterns is presented continuously until the contrast threshold for this pattern is measured (20–40 trials). At the end of each contrast threshold measurement, a fishnet appears with a fish for each pattern having a contrast threshold <= 1% contrast, personal best score, current score, and number of patterns remaining. Then the next pattern combination is presented to measure next contrast threshold until all 20 PATH neurotraining patterns were presented, and the program says ‘Thank You’, presents a star for each level of complexity completed, shows a graph with the contrast threshold function (optimal, current, initial) for each test frequency with its 5 background patterns, and quits.


The subject sat 57 cm in front of a 13-inch MacBook Pro computer monitor, with a display similar to the ones in Figure 1. During the presentation, the bars in the “fish-shaped” window in the center of the screen formed by a sinusoidal grating, moved left or right very briefly (<= 450 ms). The fish-shaped pattern subtended 4 deg. visual angle, and the structured background subtended a 16 deg. visual angle. When the screen went blank, the subject reported which way the center pattern moved by pushing the left or right arrow key (Figure 1C). A brief tone was presented after incorrect responses. The program adaptively changed the contrast of the test pattern in order to keep the subject at 79% correct. There are also levels of difficulty introduced by making the background pattern more similar to that in the fish, see center pattern in Figure 1A, and by increasing the pattern’s complexity level (Figure 1B). The complexity level increases: (1) the number of sinewave components in the background from one (Figure 1A) to three harmonically related frequencies having a difference frequency equal to the test frequency (Figure 1B), shown previously to facilitate movement discrimination (23, 24) by providing a wider background frame of reference, (2) the background contrast from 5 to 10 to 20%, to increase the amount of parvocellular activity, since magno-cells saturate at 10% contrast (51), and (3) the pattern’s speed of movement after every 4 complexity levels, increasing from 6.7 to 8 Hz (in theta range) to 10 to 13.3 Hz (in alpha range), so that the subject was challenged as the training progressed. Faster speeds of movement, 10 Hz to 13.3 Hz, were too fast to be trained on until slower speeds of movement had been trained.

At the start of a session, both the test and background gratings were set to 5% contrast to ensure that the contrast of the test pattern is in the middle of the magnocellular contrast range (51). The mean luminance was approximately 120 cd/m2, measured using a Pritchard 1980A Spectra photometer. Each time the subject correctly identified the direction the fish stripes moved, the contrast of the test grating was lowered one step until the subject answered incorrectly. Following the first incorrect response, a double-staircase procedure (22) was used to measure the movement-discrimination contrast threshold. Lowering a subject’s contrast threshold is what increased a subject’s sensitivity to motion discrimination. This staircase procedure estimates the contrast threshold by using the most sensitive, repeatable measurements of contrast sensitivity possible (57). Each contrast threshold required 20-40 trials. A full training cycle of the movement-discrimination task required 20 contrast threshold determinations: for each of the four test spatial frequencies (0.25, 0.5, 1, and 2 cyc/deg) paired with each of the five background spatial frequencies (equal to test frequency or ±1 or ±2 octaves from the test frequency), patterns chosen to optimally active magno-cells, see Figure 1A. After each contrast threshold measurement, a score was given to make the training more game-like. The lower the contrast threshold, the higher was the score. Other motivational strategies in PATH training included earning a fish for each low contrast threshold (<= 1% contrast), showing a graph at end of each training cycle displaying original, current, and optimal contrast sensitivity function for each test frequency, and a star for each complexity level completed. This training was adaptive in response to the subject’s performance, and incorporates cycles of feedback and reward at multiple levels, ranging from positive and negative feedback on a trial-by-trial basis, as well as cumulative block and session feedback. Such feedback greatly accelerates learning (58, 59). This interactive training procedure (15–19, 25, 26) and feedback motivated the user to continue to improve. Motion direction-discrimination was trained for between 15 and 20 min to complete one training cycle, twice a week for 8 weeks. Initially this intervention was administered one-on-one by staff. After the intervention was learned, it was completed by each subject at their home unsupervised. This training was followed by at least 30 min of reading an interesting story (dyslexic) or cognitive exercises (older adult), helping this training to generalize to high-level cognitive skills.


2.2.1. Fidelity of implementation

Contrast threshold data was collected using the most sensitive, repeatable measurements of contrast sensitivity (57). All contrast threshold data with date and time stamps was stored in individual and summary files, and collected automatically by the computer. Therefore, there was no means for tampering with the data collection. Data in summary files showed each subject’s contrast thresholds, and how long it took to complete each threshold. This summary data was examined weekly to ensure the subject was completing one training cycle twice a week and seeing left–right movement dimly. Compliance was never a problem.




2.3. Neural correlate: MEG source imaging

Two MEG exams were performed for the dyslexic subject: one before and another after 8-weeks of the movement-discrimination intervention to evaluate whether he had significant improvements in brain functioning after intervention training. A structural MRI used for superimposing the functional activity on top of the brain anatomy was done before initial MEG recording. MEG responses evoked by a 2.5% contrast 1 cyc/deg. sinewave grating moving left or right at 10 Hz relative to a 5% contrast 1 cyc/deg. background, using the same time sequence, as described above and in Figure 1C, was collected using the VectorViewä whole-head MEG system (Elekta-Neuromag, Helsinki, Finland) with 306 MEG channels. The movement-discrimination task entails on-line monitoring, updating, and manipulation of remembered information. During this task, the subject was required to monitor the direction of movement. A fixation cross was presented during the 3,000 ms interstimulus interval. The subject was instructed to push a right button if the test pattern moved right relative to the background and push a left button if the pattern moved left relative to the background. About 50 trials per load condition were collected for this subject. Performance was recorded using an MEG-compatible response pad, in which index finger blocks-and-unblocks a laser-beam.

The dyslexic subject, who did not have metals objects in his brain, was seated in an upright position inside a multi-layer magnetically-shielded room at the UCSD MEG Center. MEG data were sampled at 1000 Hz and were run through a high-pass filter with a 0.1 Hz cut-off, and a low-pass filter with a 330 Hz cut-off. Eye blinks and eye movements were monitored using two pairs of bipolar electrodes with one pair placed above and below the left eye, and the other pair placed on the two temples. Heart signals were monitored with another pair of bipolar electrodes. Precautions were taken to ensure head stability; foam wedges were inserted between the subject’s head and the inside of the unit, and a Velcro strap was placed under the subject’s chin and anchored in superior and posterior axes. Head movement across different sessions was about 2–3 mm on average. Analysis of MEG sensor waveforms were described previously (15, 60–62).



2.4. Behavioral measures used before and after intervention (pre-post tests)

Improvements in cognitive skills were measured using a battery of neuropsychological tests, described below, administered by trained staff before and after intervention training in the middle of the day around noon so subject was not tired or hungry. These tests were chosen since they are considered the gold standard for assessing impairments in cognitive function (15). Based on subject’s raw score and age, a standard score that was converted into a standardized percentile score was assigned. Visual skills were measured using tests of near visual acuity (Good-Lite acuity card held 16 inches away), and measuring the eyes’ convergence near-point (distance where 1 cm letter ‘A’ blurs or becomes two).

The tests of cognitive skills that were completed are:

1. Adult Dyslexia Test (ADT), https://www.good-lite.com/products/482700, to measure reading proficiency evaluated whether a subject’s visual processing and phonological processing was above normal, normal, borderline, mildly below normal, moderately below normal, or markedly below normal.

2. Wide Range Achievement Test (WRAT) measures Reading: number of words read correctly, Spelling: number spelled correctly, and Math: number math problems solved correctly in 15 min.

3. Computer-Based Reading Speed test determined speed needed to read six consecutive words in story, Wrinkle in Time by Madeleine L’Engle, on computer screen, at increasing speeds to measure two reading rate thresholds (16–19, 25–27, 63).

4. Attention tests measured using either: Integrated Visual and Auditory Continuous Performance Plus (IVA + Plus) Tests from BrainTrain to measure attentional focus, sustained attention, or inattention, hyperactivity, and impulsivity by measuring the accuracy and reaction time of different responses to different tasks that are scored and converted to standardized percentile scores by the IVA+ computer program, Or Delis-Kaplan Executive Function System (DKEFS) Color-Word Interference test, where subject says printed color of words that denoted a different color (Stroop Attention test), and Attention Switching (Cognitive Flexibility), switching between color of word and what word says when surrounded by a rectangular box. The standardized percentile is reported in Tables 1, 2 (Attention and Cognitive Flexibility) since these are the most meaningful scores to understand attention levels pre and post intervention training.

5. Wechsler Adult Intelligence Scale (WAIS)-4 Processing Speed required two subtests: (1) the WAIS Symbol Search subtest which required subjects to scan a target group (two symbols) and search a group of 5 symbols, indicating whether one of the target symbols appeared in the search group, and (2) WAIS Digit Symbol Coding subtest, where the subject filled in boxes below digits with symbols that were paired with them in a key at the top of the page. Both of these subtests were timed for 2 min each. The scaled scores from each subtest were combined to create an overall Processing Speed Index score, that was converted to a standardized percentile score.

6. WAIS-4 Working Memory Index to measure Auditory Working Memory (AWM) required two subtests: (1) the Digit Span subtest, where the subject had to repeat a list of spoken numbers, requiring the subject to remember subsequently more numbers: in the correct order, backwards, and in numerical sequence on three different subtests, and (2) the Letter-Number Sequencing subtest which required sequencing subsequently more numbers and letters in the correct numerical and alphabetic sequence. Presentation of the numbers and letters were timed for one second each for these working memory tests.

7. Visual Working Memory (VWM) using the Test of Information Processing Skills (TIPS), provided by WPS: WesternPsychologicalServices. The subject recalled a sequence of letters presented visually one at a time for 2 s each, for sequences of from 2 up to 9 letters right after seeing the entire sequence of letters. Short Term VWM was assessed by recalling the correct sequence of letters after counting from 1 to 10 numbers in sequence, starting at different initial numbers, slowly, and after repeating a short sentence with an animal subject for VWM. Delayed Recall was assessed by remembering all animal names in repeated sentences 3 min after finish the VWM test.

All of these cognitive assessments, which were age-appropriate, took 1.5 h to complete.




3. Results

Both MEG brain imaging, see Figure 2, and neuropsychological behavioral tests, see Tables 1, 2, found substantial improvements in the visual, attention, and executive control networks after PATH to Reading™ training. The dyslexic subject read A Wrinkle in Time for 30 min after each training cycle (2 sessions), whereas the older adult practiced cognitive exercises, either math problems or playing chess, for 30 min following each training cycle, since previous research (14) found that practicing on what one needs to improve is essential for PATH neurotraining to be effective. Both subjects found the intervention to be easy to complete, noticing the improvements right away, and had no trouble completing the intervention on their own, after initial training at UCSD or Perception Dynamics Institute.

[image: Figure 2]

FIGURE 2
 For dyslexic subject, after standardized tests were administered MEG brain imaging before and after the PATH neurotraining intervention was completed. Left Panel: Different slices from the left (L) and right (R) sides of the brain. Hot spots showing significant MEG source magnitude (i.e., root-mean-square measure) signal increases were computed from mean square measure of MEG signal increases for the 0–1,000 ms time interval following the stimulus onset in post- versus pre-intervention exams, for an adult male dyslexic aged 29 years. Familywise error was corrected for multiple comparison across spatial voxels using standard cluster analysis. For those hot spots, the corrected value of p thresholds were at p = 0.01 for red, and p = 0.001 for bright yellow color. Green arrows: Visual Area 1 (V1); Blue arrows: Middle Temporal (MT) cortex; Magenta arrows: visual Area 3 (V3); Cyan arrow: Medial Superior Temporal (MST) cortex; Red arrows: Anterior Cingulate Cortex (ACC); Yellow arrow: precuneus/Posterior Cingulate Cortex (PCC); Black arrows: dorsal lateral Prefrontal Cortex (dlPFC); Right Panel: MEG source time-courses from left MT area during post-intervention (Blue line) and pre-intervention (Green line) exams in the figure above.



3.1. Dyslexic adult improved in reading, attention, processing speed, and memory

MEG brain imaging, Figure 2, right panel, shows that improvements in MT (difference between pre-and post- MEG exams) happen in the first 300 ms. Showing that this training sped up magnocells in visual dorsal pathways. The details of the evoked potentials in MT are shown (right panel), whereas the data from other regions were not chosen, because MT is the main region of interest for improving the function of the dorsal stream that has been shown previously not to be responsive in dyslexics (64, 65). The improvements in MT reveal improvements in P1 and N1, showing that the post-intervention signal is increased in sensitivity for both excitatory and inhibitory signals, at durations between 80 and 150 ms that result from alpha activations (10–13.3 Hz), and in P2 and N2 at durations between 240 and 300 ms from theta activations (6.7–8 Hz), improvements in N1 and N2 known to be enhanced by selective attention (66) were found for older adults following twice as much perceptual training (67). Different slices from the left (L) and right (R) sides of the brain are shown in the left panel since the brain exhibits asymmetrical functioning in the two sides of the brain, with dyslexics showing more cognitive deficits in the left side of the brain (68). Hot spots showing significant MEG source magnitude (i.e., root-mean-square measure) signal increases were computed from mean square measure of MEG signal increases for the 0–1,000 ms time interval following the stimulus onset in post- versus pre-intervention exams, for an adult male dyslexic aged 29 years. Familywise error was corrected for multiple comparison across spatial voxels using standard cluster analysis. For those hot spots, the corrected value of p thresholds were at p = 0.01 for red, and p = 0.001 for bright yellow color. Substantial MEG signal increases (left panel) in visual Motion Networks [V1, V3, MT, Medial Superior Temporal cortex (MST)], Attention Networks [Anterior Cingulate Cortex (ACC) and precuneous/Posterior Cingulate Cortex (PCC) areas] and Memory Networks (dlPFC) were observed following a short period of training on contrast sensitivity-based movement-discrimination, the same improvements found after a TBI (15).

Behavioral tests, shown in Table 1, found that his reading speed improved almost 3-fold, and his processing speed improved from much lower than average (23%) to average (50%). Moreover, his attention skills improved markedly. His performance in IVA+ Focusing Attention improved from the lowest 1% to just above average (54%), his IVA+ Sustained Attention improved from the lowest 10% to 82% (i.e., better than 82% of his peers), and his IVA+ Impulsivity improved from much lower than average (18%) to above average (62%). His working memory skills improved markedly as well. His visual working memory improved from the lowest 6% to 99% (better than 99% of his peers), and his delayed recall improved from the lowest 1% to 25%. He also improved in visual skills, markedly reducing his convergence insufficiency: his near point of convergence was reduced from 9 cm down to 3.5 cm and his visual acuity improved from 20/20 to 20/16. In addition to these improvements, his quality of life also improved remarkably, doing activities that previously were too overwhelming to consider: getting married, starting a business helping dyslexics, finishing college, and becoming an electrician, being very grateful. These improvements were retained years later, this subject reported.

These improvements in cognitive skills found for dyslexics following contrast sensitivity-based movement-discrimination training were not found by targeting higher level phonological skills like FastForWord, nor linguistic-based training like Learning-Upgrade (19), nor computer-based repeated reading (14, 27, 69) which was 4-fold less effective. These improvements were also found in 6–8 year-old typically-developing children (25–27, 50), which is the age when the temporal lobe shows peak synaptogenesis (70). These findings support the hypothesis that visual magnocellular pathways provide the gateway for attentive processing (28–30) and reading (71–73), since timing impairments can be reduced following training using contrast sensitivity-based left–right movement-discrimination exercises (19, 27). Research finds that there is an imbalance between magno- and parvo-cellular systems in dyslexics (74). These results confirm the causal role of visual motion sensitivity and faulty synchronization of parvocellular with magnocellular visual pathways in the dorsal stream as a fundamental cause of dyslexic reading problems.



3.2. Older adult improved in reading, attention, processing speed, and working memory

The older adult’s contrast sensitivity function for movement-discrimination for each test frequency, when averaged across the five background patterns at each level of complexity, is shown in Figure 3. These contrast sensitivities are amongst the highest yet recorded, showing age was not a limiting factor. The contrast sensitivities for the widest bars, 0.25 cyc/deg., were much lower than for other test frequencies, supporting the hypothesis that information from several spatial-frequency neural channels must be combined for movement-discrimination, making this task so difficult. The highest contrast sensitivities were found for 2 cyc/deg. test frequency, detected using a single spatial-frequency channel (75). A similar pattern of contrast sensitivities for movement-discrimination in older adults was found previously (55).

[image: Figure 3]

FIGURE 3
 Older adult mean contrast sensitivity function for left–right movement discrimination at each complexity level, for each test frequency, when averaged across the five background patterns, each 4 complexity levels having a faster test frequency temporal frequency (TF). The first eight complexity levels trained coupled gamma/theta oscillations (6.7–8 Hz) and the second eight complexity levels trained coupled alpha/gamma oscillations (10–13.3 Hz), showing similar contrast sensitivities for both.


After 8 weeks of movement-discrimination training, and practicing cognitive exercises, either math problems or playing chess, for 30 min following each training cycle, large improvements in working memory (VWM: from 34 to 86%, AWM: from 55 to 97%) were found for the older adult who was already adept at paying attention, yet still improved after training, see Table 2. Moreover, her processing speed improved from 42 to 77%. Her reading skills improved markedly, more than doubling in reading speed, dyslexia improving to above normal, and WRAT Reading, Spelling and Math improving substantially, as shown in Table 2. These results show that not only reading, attention, processing speed and working memory skills, but also problem-solving skills improved markedly, showing cognitive transfer to untrained tasks. When this older adult was tested on these behavioral tests 4 years and 2 months later, when she was 76 years old, having had no additional cognitive training, the remarkable cognitive improvements were still evident, showing that the improvements in cognitive skills after PATH training are sustained over time. Remarkably, some cognitive skills were even higher 4 years later, see Table 2, including processing speed, now 87% (improving 10% more), VWM, now 87%, and Spelling now 73%. AWM was still high at 90%, as was problem solving at 92%. Not only cognitive skills improved, but her visual skills also improved, improving from a near point of convergence of 25 cm down to 15 cm. Her visual acuity of 20/32 did not change. These results validate the reported improvements in cognitive skills found previously (55) using robust neuropsychological tests. Since coupled alpha-gamma activity is reduced in older adults with mild cognitive impairments (76), these improvements in processing speed and working memory provide more evidence movement-discrimination training improves coupled alpha-gamma activity.

Following contrast sensitivity-based left–right movement-discrimination training, this older adult’s quality of life improved remarkably. She reported “My memory, reading speed, ease of understanding, processing speed, ability to multitask, concentrate, and pay attention have improved remarkably in just a few months. Since doing PATH training, I find that driving is much easier, and I am able to attend to a much wider region, allowing me to see street signs more easily. I am now able to distinguish the other car movements at dawn and dusk much better improving my driving skills. These improvements in remembering, concentrating, and reading have made life much easier and more enjoyable. I have noticed that everyday activities are so much easier to complete and are more enjoyable. I hope that you are able to help other older adults so that forgetting and everyday activities are no longer difficult.” This subject reported that these improvements have not degraded over time, and are really appreciated.

These results demonstrate neuroplasticity in the domain of visual motion sensitivity and timing, processing speed, reading speed, attention, working memory, and problem solving using a short period of practice on discriminating moving patterns that optimally activate magnocells, relative to a stationary background that optimally activates parvocells. We found, using MEG source imaging and behavioral neuropsychological tests, that speeding up these motion cells improves not only the visual pathways, but also the attention and executive control networks of both young adults who are dyslexic, and older adults with mild cognitive impairments. The dramatic improvements are reliable and cannot be due to practice effects, since none of the test items nor their order of presentation could be memorized. These improvements are also verified by patient reports at the end of the study and years later. Subjects experienced no adverse effects, only benefits.




4. Discussion

This study supports our working hypothesis (14, 15, 19, 27) that magnocellular neurons in dorsal visual pathway (V1-MT) of dyslexics are sluggish, causing visual timing deficits at lower levels of visual processing that disrupt processing at higher levels of dorsal stream processing, including the development of these visual, attention, and executive control pathways. Considerable evidence confirms that many dyslexic readers demonstrate impairments in motion perception that rely upon magnocellular functioning. People with dyslexia have been found to have motion perception deficits at each of the processing levels in the magnocellular stream (14). These visual timing deficits limit reading acquisition in dyslexics. These results suggest a strong relationship between dorsal stream processing and reading ability, such that poor dorsal stream processing caused by sluggish magnocells is associated with slower timing and poorer reading skills (14, 16–20, 25–29, 63, 71–73, 77–80). Dyslexics lack the ability to process sequential information quickly and accurately, causing deficits in both reading speed and comprehension. These findings show that just by doing rapid brain exercises that improve a person’s ability to discriminate left–right movement relative to a stationary background pattern, improving the brain’s timing, one’s ability to read rapidly and accurately can be improved significantly.

These improvements indicate that remediation of visual timing deficits (visual motion networks), via PATH training, generalizes to high level cognitive abilities, improving the function of not only the hubs of the attention networks (ACC, precuneus/PCC) but also the hub of the executive control network, dlPFC, where working memory is analyzed (81). Notice that the left cortical areas V1 and MT showed more improvements than the right V1 and MT, which is consistent with previous imaging studies showing that dyslexics have reduced activations in the left temporal, parietal, and fusiform regions (68). These improvements in visual, attention, and memory networks are also validated behaviorally. Only by improving low-level skills (movement-discrimination) do high-level cognitive skills such as attention, processing speed, working memory and reading improve.

The MEG results from both an adult dyslexic and after a TBI (15) corroborate these findings, showing that the timing and sensitivity of magnocells in MT improve significantly after a short period of contrast sensitivity-based movement-discrimination training. Moreover, finding P1, N1, and P2, N2 MT signals improved markedly after only 5 h of training on movement-discrimination indicates that attentional signals driven by coupled alpha/gamma and theta/gamma oscillations, respectively, are enhanced (67). Furthermore, there is evidence that improvements in the cognitive skills of dyslexics after this movement-discrimination training that is more rapid and effective than the competition are sustained over time (14, 18, 19, 27), as also shown for the older adult in this study.

The data from this study provides new evidence that deficits in attentional focus, working memory, and navigation experienced by older adults result from timing deficits in the dorsal stream that are abated rapidly following training on contrast sensitivity-based movement-discrimination. Slower processing speeds and more effortful attention were found to explain a large part of age-related memory loss (82–84). This mental slowing can lead to inefficient processing based on strategies where further elaboration is required (85). Since this study found that improving bottom-up timing improved high-level cognitive skills, requiring coupled theta/gamma and alpha/gamma oscillations, this indicates bottom-up processing is the limiting factor in cognitive skills declining as we age. This conclusion is supported by the neural plasticity underlying visual perceptual learning in aging following training on a movement-discrimination task designed to activate MST (67). This perceptual training of older adults (67) produced large improvements in speed and accuracy, but no improvements in cognitive skills validated by neuropsychological tests, like those shown in Table 2, were reported. It is likely that contrast sensitivity-based movement-discrimination training, activating magnocells at both early and late levels of dorsal stream processing is more effective in improving cognitive skills in older adults.


4.1. Study limitations

This study has limitations since only two subjects were studied. The purpose of a case report is to demonstrate phenomena worthy of future investigation. Since those who completed PATH training, including dyslexics, older adults, and following a concussion experienced improvements in their visual and cognitive skills (14, 15, 17–20, 27, 50, 55, 56), we expect the improvements in visual and cognitive skills reported in this case report to be found when a larger group of subjects is studied. Additionally, due to sample size standard statistics showing whether these improvements are statistically significant cannot be assessed. Further limitations come from the relatively small number of trials in the imaging paradigm (approximately 200 at pre- and post- test, each). Future studies could improve the strength of the MEG signal with a larger number of experimental trials. However, the magnitude of improvements seen in the two cases presented are certainly promising. Currently, PATH training is used by some therapy centers, since some, like Stowell Learning Center, have found it rapidly remediates attention deficits that are not addressed by any other intervention. Future studies are planned to provide MEG neural correlates showing that coupled theta/gamma and alpha/gamma oscillations increase following PATH neurotraining.




5. Conclusion

Since this study found that a short period of movement-discrimination training improved dyslexic and older adult’s cognitive skills, both behaviorally and using a neural correlate, MEG physiological brain recordings, this data provides irrefutable evidence that improving low-level dorsal stream activity by increasing the timing and sensitivity of magnocells enhances coupled theta/gamma and alpha/gamma oscillations that enable improving both low- and high- level cognitive functions. Other cognitive training programs: (1) had little effect on improving the executive functions and attention in TBI (86, 87), (2) had results from brain training that were neither robust nor consistent, with transfer and sustained effects which were limited (88), and (3) improved only the task being trained on, and do not generalize to tasks not trained on or everyday cognitive performance (59). Currently, there are no proven solutions to improve attention and working memory in TBI patients (86, 89–91). We propose that rehabilitative treatments fall short because visual timing issues, persistent in individuals with a TBI (15, 92), with dyslexia (14, 17–20, 27–30, 50, 71–73), and older adults (55, 67, 82), are not being addressed. This study found that remediating visual timing deficits, via PATH training, generalizes to high level cognitive abilities not trained on, improving not only attention and memory, improving the functioning of the executive control network (81), but also processing speed and reading speed, behavioral measures of timing, after a short period of movement-discrimination exercises. By using a broad battery of pre-post neuropsychological tests, as well as pre-post MEG recordings, in this study and previously (15), the data indicate that PATH training improvements transfer to a broad range of cognitive abilities. These improvements were found for all users of PATH neurotraining (14, 17–20, 27, 50, 55, 56), also verified by testimonials on https://pathtoreading.com/testimonials. Recovering these cognitive skills will substantially improve a person’s quality of life. These studies indicate that a paradigm shift for remediating dyslexia and in treating attention, processing speed, memory, problem solving, and reading impairments in older adults, and after a concussion is needed.



Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Ethics statement

The studies involving human participants were reviewed and approved by UCSD Institutional Review Board and SolutionsIRB. The patients/participants provided their written informed consent to participate in this study. Written informed consent was obtained from the individual(s) for the publication of any potentially identifiable images or data included in this article.



Author contributions

TL and M-XH contributed to conception and design of the study. JS-T and M-XH performed the statistical analysis. TL wrote the first draft of the manuscript. TL, JS-T, and M-XH wrote sections of the manuscript. All authors contributed to manuscript revision, read, and approved the submitted version.



Funding

This work was supported in part by Merit Review Grants from the U.S. Department of Veterans Affairs (P.I.: M.X.H., I01-CX002035-01, NURC-007-19S, I01-CX000499, MHBA-010-14F).



Conflict of interest

TL has a potential conflict of interest, since she is the developer of PATH to Reading/Insight program (https://pathtoreading.com), and was employed by Perception Dynamics Institute. The role of this author was to design the behavioral study, recruit and train staff, run daily operations and help write the article. She had no part in collecting or analyzing the data, however, thereby having no influence over the results that were obtained.

The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Footnotes

1   https://pathtoreading.com




References

 1. Goswami, U. A temporal sampling framework for developmental dyslexia. Trends Cogn Sci. (2011) 15:3–10. doi: 10.1016/j.tics.2010.10.001 

 2. Hancock, R, Pugh, KR, and Hoeft, F. Neural noise hypothesis of developmental dyslexia. Trends Cogn Sci. (2017) 21:434–48. doi: 10.1016/j.tics.2017.03.008 

 3. Hornickel, J, and Kraus, N. Unstable representation of sound: a biological marker of dyslexia. J Neurosci. (2013) 33:3500–4. doi: 10.1523/JNEUROSCI.4205-12.2013 

 4. Van Hirtum, T, Ghesquière, P, and Wouters, J. Atypical neural processing of rise time by adults with dyslexia. Cortex. (2019) 113:128–40. doi: 10.1016/j.cortex.2018.12.006 

 5. Žarić, G, Fraga González, G, Tijms, J, van der Molen, MW, Blomert, L, and Bonte, M. Crossmodal deficit in dyslexic children: practice affects the neural timing of letter-speech sound integration. Front Hum Neurosci. (2015) 9:369. doi: 10.3389/fnhum.2015.00369 

 6. Anderson, S, White-Schwoch, T, Parbery-Clark, A, and Kraus, N. Reversal of age-related neural timing delays with training. Proc Natl Acad Sci. (2013) 110:4357–62. doi: 10.1073/pnas.1213555110 

 7. Balci, F., Meck, W. H., Moore, H., and Brunner, D. Timing deficits in aging and neuropathology. In: J. Bizon and A. Woods, editor. Animal models human cognitive aging. Totowa, New Jersey: Humana Press (2009). p. 1–41.

 8. Johari, K, and Behroozmand, R. Event-related desynchronization of alpha and beta band neural oscillations predicts speech and limb motor timing deficits in normal aging. Behav Brain Res. (2020) 393:112763. doi: 10.1016/j.bbr.2020.112763 

 9. Johari, K, and Behroozmand, R. Neural correlates of speech and limb motor timing deficits revealed by aberrant beta band desynchronization in Parkinson’s disease. Clin Neurophysiol. (2021) 132:2711–21. doi: 10.1016/j.clinph.2021.06.022 

 10. Voytek, B, and Knight, RT. Dynamic network communication as a unifying neural basis for cognition, development, aging, and disease. Biol Psychiatry. (2015) 77:1089–97. doi: 10.1016/j.biopsych.2015.04.016 

 11. Ghajar, J, and Ivry, RB. The predictive brain state: timing deficiency in traumatic brain injury? Neurorehabil Neural Repair. (2008) 22:217–27. doi: 10.1177/1545968308315600 

 12. McDonald, BC, Flashman, LA, and Saykin, AJ. Executive dysfunction following traumatic brain injury: neural substrates and treatment strategies. NeuroRehabilitation. (2002) 17:333–44. doi: 10.3233/NRE-2002-17407 

 13. Verga, L, Schwartze, M, Stapert, S, Winkens, I, and Kotz, SA. Dysfunctional timing in traumatic brain injury patients: co-occurrence of cognitive, motor, and perceptual deficits. Front Psychol. (2021) 12:731898. doi: 10.3389/fpsyg.2021.731898 

 14. Lawton, T, Shelley-Tremblay, J, and Stein, J. Visual neural timing problems may interfere with reading, attention, and memory: Looking beyond 20/20 acuity. Optom Vis Perf. (2022) 10:9–23.

 15. Lawton, T, and Huang, M-X. Dynamic cognitive remediation for a traumatic brain injury (TBI) significantly improves attention, working memory, processing speed, and reading fluency. Restor Neurol Neurosci. (2019) 37:71–86. doi: 10.3233/RNN-180856 

 16. Lawton, T. Methods and apparatus for diagnosing and remediating Reading disorders. United States patent no 6,045,515. Washington, DC: Patent and Trademark Office (2000).

 17. Lawton, T. Diagnosing and remediating cognitive deficits involving attention, sequential processing, Reading, speed of processing, and navigation. United States patent no. 8,979,263 B2. Washington, DC: U.S. Patent and Trademark Office (2015).

 18. Lawton, T. Improving magnocellular function in the dorsal stream remediates reading deficits. Optom Vis Develop. (2011) 42:142–54.

 19. Lawton, T. Improving dorsal stream function in dyslexics by training figure/ground motion discrimination improves attention, Reading fluency, and working memory. Front Hum Neurosci. (2016) 10:397. doi: 10.3389/fnhum.2016.00397 

 20. Shelley-Tremblay, J, Syklawer, S, and Ramkissoon, I. The effects of magno-parvocellular integration training on fluency and visual evoked potentials in poor readers. J Behav Optom. (2011) 222:31–8.

 21. Buzsaki, G. Rhythms of the brain. Oxford, UK: Oxford University Press (2006).

 22. Lawton, T. The effect of phase structures on spatial phase discrimination. Vis Res. (1984) 24:139–48. doi: 10.1016/0042-6989(84)90099-3 

 23. Lawton, TB. Spatial-frequency spectrum of patterns changes the visibility of spatial-phase differences. JOSA A. (1985) 2:1140–52. doi: 10.1364/JOSAA.2.001140 

 24. Lawton, T. Outputs of paired Gabor filters summed across the background frame of reference predict the direction of movement (vision). IEEE Trans Biomed. (1989) 36:130–9. doi: 10.1109/10.16458 

 25. Lawton, T. Training direction-discrimination sensitivity remediates a wide spectrum of reading skills. Optom Vis Develop. (2007) 38:33.

 26. Lawton, T. Filtered text and direction discrimination training improved reading fluency for both dyslexic and normal readers. Optom Vis Develop. (2008) 39:114–26.

 27. Lawton, T, and Shelley-Tremblay, J. Training on movement figure-ground discrimination remediates low-level visual timing deficits in the dorsal stream, improving high-level cognitive functioning, including attention, Reading fluency, and working memory. Front Hum Neurosci. (2017) 11:11. doi: 10.3389/fnhum.2017.00236 

 28. Vidyasagar, TR. A neuronal model of attentional spotlight: parietal guiding the temporal. Brain Res Rev. (1999) 30:66–76. doi: 10.1016/S0165-0173(99)00005-3 

 29. Vidyasagar, TR. Chapter 19 from attentional gating in macaque primary visual cortex to dyslexia in humans. Prog Brain Res Elsevier. (2001) 134:297–312. doi: 10.1016/S0079-6123(01)34020-7

 30. Vidyasagar, TR. Reading into neuronal oscillations in the visual system: implications for developmental dyslexia. Front Hum Neurosci. (2013) 7:7. doi: 10.3389/fnhum.2013.00811

 31. Felleman, DJ, and Van Essen, DC. Distributed hierarchical processing in the primate cerebral cortex. Cereb Cortex. (1991) 1:1–47. doi: 10.1093/cercor/1.1.1 

 32. Livingstone, M, and Hubel, D. Segregation of form, color, movement, and depth: anatomy, physiology, and perception. Science. (1988) 240:740–9. doi: 10.1126/science.3283936 

 33. Ungerleider, LG, and Mishkin, M. Two cortical visual systems In: DJ Ingle, MA Goodale, and RJW Mansfield, editors. Analysis of visual behavior. vol. 6. Cambridge: MIT Press (1982). 549–86.

 34. Silver, MA, Ress, D, and Heeger, DJ. Topographic maps of visual spatial attention in human parietal cortex. J Neurophysiology. (2005) 94:1358–71. doi: 10.1152/jn.01316.2004 

 35. Martínez, A, Anllo-Vento, L, Sereno, MI, Frank, LR, Buxton, RB, Dubowitz, DJ , et al. Involvement of striate and extrastriate visual cortical areas in spatial attention. Nat Neurosci. (1999) 2:364–9. doi: 10.1038/7274 

 36. Somers, DC, Dale, AM, Seiffert, AE, and Tootell, RBH. Functional MRI reveals spatially specific attentional modulation in human primary visual cortex. Proc Natl Acad Sci. (1999) 96:1663–8. doi: 10.1073/pnas.96.4.1663 

 37. Watanabe, T, Sasaki, Y, Miyauchi, S, Putz, B, Fujimaki, N, Nielsen, M , et al. Attention-regulated activity in human primary visual cortex. J Neurophysiol. (1998) 79:2218–21. doi: 10.1152/jn.1998.79.4.2218 

 38. Archer, K, Pammer, K, and Vidyasagar, TR. A temporal sampling basis for visual processing in developmental dyslexia. Front Hum Neurosci. (2020) 14:14. doi: 10.3389/fnhum.2020.00213 

 39. Saalmann, YB, Pinsk, MA, Wang, L, Li, X, and Kastner, S. The pulvinar regulates information transmission between cortical areas based on attention demands. Science. (2012) 337:753–6. doi: 10.1126/science.1223082 

 40. Vidyasagar, TR. Visual aspects of dyslexia In: J Stein and Z Kapoula, editors. Visual aspects of dyslexia. Oxford, UK: Oxford University Press (2012). 151–70.

 41. Vidyasagar, TR. Visual attention and neural oscillations in reading and dyslexia: are they possible targets for remediation? Neuropsychologia. (2019) 130:59–65. doi: 10.1016/j.neuropsychologia.2019.02.009 

 42. Vidyasagar, TR, and Levichkina, E. An integrated neuronal model of claustral function in timing the synchrony between cortical areas. Front Neural Circuits. (2019) 13:3. doi: 10.3389/fncir.2019.00003 

 43. Facoetti, A, Zorzi, M, Cestnick, L, Lorusso, ML, Molteni, M, Paganoni, P , et al. The relationship between visuo-spatial attention and nonword reading in developmental dyslexia. Cogn Neuropsychol. (2006) 23:841–55. doi: 10.1080/02643290500483090 

 44. Solan, HA, Larson, S, Shelley-Tremblay, J, Ficarra, A, and Silverman, M. Role of visual attention in cognitive control of oculomotor readiness in students with reading disabilities. J Learn Disabil. (2001) 34:107–18. doi: 10.1177/002221940103400202 

 45. Vidyasagar, TR, and Pammer, K. Dyslexia: a deficit in visuo-spatial attention, not in phonological processing. TiCS. (2010) 14:57–63. doi: 10.1016/j.tics.2009.12.003

 46. Hyafil, A, Fontolan, L, Kabdebon, C, Gutkin, B, and Giraud, A-L. Speech encoding by coupled cortical theta and gamma oscillations. eLife. (2015) 4:e06213. doi: 10.7554/eLife.06213 

 47. Hyafil, A, Giraud, A-L, Fontolan, L, and Gutkin, B. Neural cross-frequency coupling: connecting architectures, mechanisms, and functions. Trends Neurosci. (2015) 38:725–40. doi: 10.1016/j.tins.2015.09.001 

 48. Canolty, RT, and Knight, RT. The functional role of cross-frequency coupling. TiCS. (2010) 14:506–15. doi: 10.1016/j.tics.2010.09.001

 49. Hupe, JM, Payne, AC, Lomer, BR, Girad, SG, and Bullier, J. Cortical feedback improves discrimination between figure and background by V1, V2, and V3 neurons. Nature. (1998) 394:784–7. doi: 10.1038/29537 

 50. Lawton, T. Increasing visual timing by movement discrimination exercises improves reading fluency, attention span, and memory retention in dyslexics. Neurol Neurosurg. (2019) 2:1–8. doi: 10.15761/NNS.1000118

 51. Kaplan, E, and Shapley, RM. The primate retina contains two types of ganglion cells, with high- and low-contrast sensitivity. Proc Natl Acad Sci. (1986) 83:2755–7. doi: 10.1073/pnas.83.8.2755 

 52. Sclar, G, Maunsell, JHR, and Lennie, P. Coding of image contrast in central visual pathways of the macaque monkey. Vis Res. (1990) 30:1–10. doi: 10.1016/0042-6989(90)90123-3 

 53. Allman, J, Miezin, F, and McGuiness, E. Stimulus specific responses from beyond the classical receptive field: neurophysiological mechanisms for local-global comparisons in visual neurons. Annu Rev Neurosci. (1985) 8:407–30. doi: 10.1146/annurev.ne.08.030185.002203 

 54. DeValois, RL, Cottaris, NP, Mahon, LE, Elfar, SD, and Wilson, JA. Spatial and temporal receptive fields of geniculate and cortical cells and directional selectivity. Vis Res. (2000) 40:3685–702. doi: 10.1016/S0042-6989(00)00210-8 

 55. Lawton, T, and Stephey, D. Field of view, figure/ground discrimination, sequential memory, and navigation skills improve following training on motion discrimination in older adults. Optom Vis Develop. (2009) 40:82–93.

 56. Lawton, T, and Huang, MX. Improving visual timing enhances cognitive functioning by altering dorsal stream and attention networks, In 12th annual world congress of the Society for Brain Mapping and Therapeutics, Los Angeles, CA. (2015).

 57. Higgins, KE, Jaffe, MJ, Coletta, NJ, Caruso, RC, and de Monasterio, FM. Spatial contrast sensitivity: importance of controlling the patient’s visibility criterion. Arch Ophthalmol. (1984) 102:1035–41. doi: 10.1001/archopht.1984.01040030837028 

 58. Dobres, J, and Watanabe, T. Response feedback triggers long-term consolidation of perceptual learning independently of performance gains. J Vis. (2012) 12:9. doi: 10.1167/12.8.9 

 59. Simons, DJ, Boot, WR, Charness, N, Gathercole, SE, Chabris, CF, Hambrick, DZ , et al. Do “brain-training” programs work? Psychol Sci Public Interest. (2016) 17:103–86. doi: 10.1177/1529100616661983 

 60. Huang, M-X, Huang, CW, Robb, A, Angeles, A, Nichols, SL, Baker, DG , et al. MEG source imaging method using fast L1 minimum-norm and its applications to signals with brain noise and human resting-state source amplitude images. NeuroImage. (2014) 84:585–604. doi: 10.1016/j.neuroimage.2013.09.022 

 61. Huang, CW, Huang, M-X, Ji, Z, Swan, AR, Angeles, AM, Song, T , et al. High-resolution MEG source imaging approach to accurately localize Broca’s area in patients with brain tumor or epilepsy. Clin Neurophysiol. (2016) 127:2308–16. doi: 10.1016/j.clinph.2016.02.007 

 62. Huang, M-X, Nichols, S, Robb-Swan, A, Angeles-Quinto, A, Harrington, DL, Drake, A , et al. MEG working memory N-Back task reveals functional deficits in combat-related mild traumatic brain injury. Cereb Cortex. (2019) 29:1953–68. doi: 10.1093/cercor/bhy075 

 63. Lawton, TB. Training directionally-selective motion pathways can significantly improve reading efficiency In: BE Rogowitz and TN Pappas, editors. Human vision and electronic imaging IX, vol. 5292. Bellingham, WA, USA: SPIE-IS&T Electronic Imaging, SPIE (2004). 34–45.

 64. Demb, JB, Boynton, GM, Best, M, and Heeger, DJ. Psychophysical evidence for a magnocellular pathway deficit in dyslexia. Vis Res. (1998) 38:1555–9. doi: 10.1016/S0042-6989(98)00075-3 

 65. Eden, GF, VanMeter, JW, Rumsey, JM, Maisog, JM, Woods, RP, and Zeffiro, TA. Abnormal processing of visual motion in dyslexia revealed by functional brain imaging. Nature. (1996) 382:66–9. doi: 10.1038/382066a0 

 66. Hillyard, SA, Vogel, EK, and Luck, SJ. Sensory gain control (amplification) as a mechanism of selective attention: electrophysiological and neuroimaging evidence. Philos Trans R Soc Lond B Biol Sci. (1998) 353:1257–70. doi: 10.1098/rstb.1998.0281 

 67. Mishra, J, Rolle, C, and Gazzaley, A. Neural plasticity underlying visual perceptual learning in aging. Brain Res. (2015) 1612:140–51. doi: 10.1016/j.brainres.2014.09.009 

 68. Richlan, F. Developmental dyslexia: dysfunction of a left hemisphere reading network. Front Hum Neurosci. (2012):120:6. doi: 10.3389/fnhum.2012.00120 

 69. Vadasy, PF, and Sanders, EA. Repeated reading intervention: outcomes and interactions with readers’ skills and classroom instruction. J Educ Psychol. (2008) 100:272–90. doi: 10.1037/0022-0663.100.2.272

 70. Thatcher, RW, Walker, RA, and Giudice, S. Human cerebral hemispheres develop at different rates and ages. Science. (1987) 236:1110–3. doi: 10.1126/science.3576224 

 71. Stein, J. The magnocellular theory of developmental dyslexia. Dyslexia. (2001) 7:12–36. doi: 10.1002/dys.186 

 72. Stein, J. The current status of the magnocellular theory of developmental dyslexia. Neuropsychologia. (2019) 130:66–77. doi: 10.1016/j.neuropsychologia.2018.03.022 

 73. Laycock, R, and Crewther, SG. Towards an understanding of the role of the 'magnocellular advantage' in fluency reading. Neurosci Biobehav Rev. (2008) 32:1494–506. doi: 10.1016/j.neubiorev.2008.06.002 

 74. Ciavarelli, A, Contemori, G, Battaglini, L, Barollo, M, and Casco, C. Dyslexia and the magnocellular-parvocellular coactivaton hypothesis. Vis Res. (2021) 179:64–74. doi: 10.1016/j.visres.2020.10.008 

 75. Blakemore, C, and Campbell, FW. On the existence of neurones in the human visual system selectively sensitive to the orientation and size of retinal images. J Physiol. (1969) 203:237–60. doi: 10.1113/jphysiol.1969.sp008862 

 76. Chen, Y, He, H, Xu, P, Wang, J, Qiu, Y, Feng, W , et al. The weakened relationship between Prestimulus alpha oscillations and response time in older adults with mild cognitive impairment. Front Hum Neurosci. (2020) 14:48. doi: 10.3389/fnhum.2020.00048 

 77. Gori, S, Cecchini, P, Bigoni, A, Molteni, M, and Facoetti, A. Magnocellular-dorsal pathway and sub-lexical route in developmental dyslexia. Front Hum Neurosci. (2014) 8:460. doi: 10.3389/fnhum.2014.00460 

 78. Gori, S, Seitz, AR, Ronconi, L, Franceschini, S, and Facoetti, A. Multiple causal links between magnocellular–dorsal pathway deficit and developmental dyslexia. Cereb Cortex. (2016) 26:4356–69. doi: 10.1093/cercor/bhv206 

 79. Saalmann, YB, Pigarev, IN, and Vidyasagar, TR. Neural mechanisms of visual attention: how top-down feedback highlights relevant locations. Science. (2007) 316:1612–5. doi: 10.1126/science.1139140 

 80. Stein, J, and Walsh, V. To see but not to read; the magnocellular theory of dyslexia. Trends Neurosci. (1997) 20:147–52. doi: 10.1016/S0166-2236(96)01005-3 

 81. Menon, V, and Uddin, LQ. Saliency, switching, attention and control: a network model of insula function. Brain Struct Funct. (2010) 214:655–67. doi: 10.1007/s00429-010-0262-0 

 82. Salthouse, TA. Aging and measures of processing speed. Biol Psychol. (2000) 54:35–54. doi: 10.1016/S0301-0511(00)00052-1 

 83. Tisserand, DJ, and Jolles, J. On the involvement of prefrontal networks in cognitive ageing. Cortex. (2003) 39:1107–28. doi: 10.1016/S0010-9452(08)70880-3 

 84. Zanto, TP, and Gazzaley, A. Attention and ageing. In: The Oxford handbook of attention. K. Nobre and S. Kastner, editors. New York, NY, US: Oxford University Press (2014). 927–71.

 85. Jolles, J. Chapter 2 cognitive, emotional and behavioral dysfunctions in aging and dementia. In D. F. Swaab, E. Fliers, M. Mirmiran, W. A. Gool Van, and F. Haaren Van (Eds.), Prog brain res. Amsterdam: Elsevier. (1986) 70:15–39

 86. Bogdanova, Y, Yee, MK, Ho, VT, and Cicerone, KD. Computerized cognitive rehabilitation of attention and executive function in acquired brain injury: a systematic review. J Head Trauma Rehabil. (2016) 31:419–33. doi: 10.1097/HTR.0000000000000203 

 87. Hallock, H, Collins, D, Lampit, A, Deol, K, Fleming, J, and Valenzuela, M. Cognitive training for post-acute traumatic brain injury: a systematic review and Meta-analysis. Front Hum Neurosci. (2016) 10:537. doi: 10.3389/fnhum.2016.00537 

 88. Buitenweg, JIV, Murre, JMJ, and Ridderinkhof, KR. Brain training in progress: a review of trainability in healthy seniors. Front Hum Neurosci. (2012) 6:183. doi: 10.3389/fnhum.2012.00183 

 89. Raymer, AM, Roitsch, J, Redman, R, Michalek, AMP, and Johnson, RK. Critical appraisal of systematic reviews of executive function treatments in TBI. Brain Inj. (2018) 32:1601–11. doi: 10.1080/02699052.2018.1522671 

 90. Rohling, ML, Faust, ME, Beverly, B, and Demakis, G. Effectiveness of cognitive rehabilitation following acquired brain injury: a meta-analytic re-examination of Cicerone et al.’s (2000, 2005) systematic reviews. Neuropsychology. (2009) 23:20–39. doi: 10.1037/a0013659

 91. Roitsch, J, Redman, R, Michalek, AMP, Johnson, RK, and Raymer, AM. Quality appraisal of systematic reviews for Behavioral treatments of attention disorders in traumatic brain injury. J Head Trauma Rehabil. (2019) 34:E42–50. doi: 10.1097/HTR.0000000000000444 

 92. Poltavski, D, Lederer, P, and Cox, LK. Visually evoked potential markers of concussion history in patients with convergence insufficiency. Optom Vis Sci. (2017) 94:742–50. doi: 10.1097/OPX.0000000000001094 



OPS/images/fneur-14-898781-t002.jpg
Standardized tests Pre-tests Post-tests after 8weeks  Post-tests 4 years later

ADT visual processing Markedly Below Normal Above Normal Above Normal
ADT phonological processing Mildly Below Normal Above Normal Above Normal
'WRAT reading 75% 87% 87%
WRAT spelling 58% 61% 73%
'WRAT math 73% 95% 92%
Reading speed 229 words/min 541 words/min 430 words/min
WAIS processing speed % 7% 87%
DKEFS attention 81% 87% 81%
DKEFS cognitive flexibility 81% 87% 81%
TIPS visual working memory 34% 86% 87%

WAIS auditory working memory 55% 97% 90%





OPS/images/fneur-14-898781-g003.jpg
%
2
&
3
8
]
-
§
S

1000.0

100.0

100

8- g -

-
Test Frequency
—e- 0.25 cycldeg
-4- 0.5 cycldeg
—8—1 cycldeg

-2 cycldeg

1.2 3 4
TF=6.7Hz

5 6 7
TF=8Hz

0 11 12
TF=10Hz

Complexity Level

13 14 15 16
TF=133Hz






OPS/images/fneur-14-898781-t001.jpg
est Post-test

Reading speed 154 wpm 437 wpm
IVA+ focusing attention 19% 54%
IVA+ sustained attention 10% 82%
IVA+ impulsivity 18% 62%
WAIS processing speed 23% 50%
TIPS visual working memory 6% 99%

TIPS delayed recall 1% 25%





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Case report: Neural timing deficits prevalent in developmental disorders, aging, and concussions remediated rapidly by movement discrimination exercises



		1. Introduction



		2. Methods



		2.1. Participants



		2.2. Intervention: visual movement-discrimination task- PATH to Reading™ (PATH) neurotraining



		2.2.1. Fidelity of implementation









		2.3. Neural correlate: MEG source imaging



		2.4. Behavioral measures used before and after intervention (pre-post tests)









		3. Results



		3.1. Dyslexic adult improved in reading, attention, processing speed, and memory



		3.2. Older adult improved in reading, attention, processing speed, and working memory









		4. Discussion



		4.1. Study limitations









		5. Conclusion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Conflict of interest



		Publisher’s note



		Footnotes



		References



















OPS/images/fneur-14-898781-g001.jpg
A
PATH Stimulus Sequence

Complexity Level 1

Compiexw Level2  Complexity Level 3 Complexity Level 4

Temporal Frequency increased
after every 4 complexity levels:
From 6.7 to 8to 10 to 13.3 Hz.
Spanning 16 complexity levels.

5% Back Contrast  10% Back Contrast  20% Back Contrast

ATypical Trial What direction did

stripes move?

Adjust contrast of
center pattern

Response-
“left or right”






OPS/images/fneur-14-898781-g002.jpg
Green: pre intervention; Blue: post intervention

€
£
g
§

W 0 30 40 s0 60 700 0 00 1000
Time (ms)






OPS/images/cover.jpg
, frontiers | Frontiers in Neurology

Case report: Neural timing decfi its
prevalent in developmental
disorders, aging, and concussions
remediated rapidly by movement
discrimination exercises












OPS/images/crossmark.jpg
(®) Check for updates







OPS/images/logo.jpg
¥ frontiers = Frontiers in Neurology






