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Abstract: (1) Background: Substantial evidence that neural timing deficits are prevalent in develop-

mental disorders, aging, and concussions resulting from a mild Traumatic Brain Injury (mTBI) is 

presented.  We show that if timing deficits are remediated using low-level movement discrimina-

tion training, then high-level cognitive skills, including reading, attention, processing speed, and 

working memory improve substantially. (2) Methods: Two case studies are presented using MEG 

source imaging on an adult dyslexic, and a healthy older adult observed before and after training 

on movement discrimination two times/week for 8 weeks for adult dyslexic. (3) Results:  We found 

improvements in reading, attention, processing speed, and working memory on neuropsychologi-

cal tests. Substantial MEG signal increases in visual Motion Networks (V1, V3, MT, MST), Attention 

Networks (ACC, dlPFC, vlPFC and precuneous/ PCC areas) and Memory Networks (dlPFC).  (4) 

Conclusions: Improving neural timing deficits before cognitive exercises to improve specific cogni-

tive skills provides a rapid and effective method to improve cognitive skills. Improving the timing 

and sensitivity of low-level dorsal pathways, improving feedforward and feedback pathways, is 

essential to improve high-level cognitive skills. 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. 

Keywords: Timing Deficits; Magnocellular Deficits; Remediating Cognitive Skills; Cortical Plastic-

ity; Reading, Attention, Memory, and Executive Control Networks; Perceptual Learning 

 

1. Introduction 

For purposeful and useful interactions with the external world, the brain needs to 

integrate information processed in different parts of the nervous system, so that it can 

efficiently process sensory inputs, often from more than one modality, stored memories, 

emotional aspects of the situation, and executive and motor programs needed for the cho-

sen response. This requires the operation of many brain areas communicating with each 

other to orchestrate and integrate the activity of the different cortical areas that are in-

volved in a particular function by boosting the synchronized oscillations that occur be-

tween these areas. The neural timing deficits that are found in a wide range of brain dis-

orders, affecting these synchronized oscillations are not well understood.  We will de-

scribe the abundant evidence showing that neural timing deficits are prevalent in devel-

opmental disorders, like dyslexia where reading is difficult, normal aging, and concus-

sions resulting from mild Traumatic Brain Injuries (mTBI). We will also describe a novel, 

break-through technique, called PATH to Reading/Insight neurotraining, that has been 
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found to remediate these neural timing deficits, significantly improving cognitive abili-

ties, including reading, processing speed, understanding, attention, and both auditory 

and visual working memory, so that a person’s quality of life improves rapidly. These 

methods require a paradigm shift based on the neuroscience underlying the brain path-

ways used for detecting and discriminating events to see what is happening around us. 

By increasing the timing and sensitivity of the dorsal visual stream, used to locate the 

position of objects, cognitive abilities were found to increase significantly [1–6]. 

The movement direction-discrimination intervention (PATH neurotraining) is be-

lieved to improve the precision of timing of visual events and thus accelerate reading pro-

gress [2,3,7,8].  It achieves this by improving the function of the dorsal stream, boosting 

magnocellular relative to parvocellular activity, thereby improving inhibitory and excita-

tory circuits, based on the data from neural plasticity [9]. This theory is based on the idea 

that the synchronous firing of neurons is what controls communication between different 

areas in the brain [9].  If neurons in one area are “sluggish” with respect to neurons in 

another area, then they will be unable to synchronize properly. In this model, processing 

speed will be slowed down, and therefore communication, and hence learning, will be 

compromised. Experience refines the output of cortical circuits by introducing patterned 

activity that fine-tunes the strength of neuronal connections within and among cortical 

columns [9]. Neuroplasticity is fundamental for the brain’s neural circuits to be malleable 

throughout a person’s lifespan.  

By extensive training on movement-discrimination, we found that we are improving 

the attention, executive control, and reading networks [4,5].  Visually-based movement 

discrimination exercises in both normal participants [1,6,7,10–13] and dyslexics [1–

3,6,7,13,14] have demonstrated neuroplasticity in the domain of processing speed using 

massed practice.  These studies found that the more movement discrimination was prac-

ticed, the more contrast sensitivity for movement-discrimination, reading, attention, and 

memory skills improved, with gains in speed, accuracy, comprehension, attention, and 

working memory being measured using age-appropriate standardized tests for these cog-

nitive skills. Since improving the brain’s timing improves cognitive skills, this indicates 

that timing is a key factor preventing normal cognitive function in dyslexia, aging, and 

mTBI. Not only was PATH training more effective, but it also required less than half the 

training time used by other reading and cognitive interventions.   

We provide additional evidence showing that reading, attention, and memory prob-

lems involve neural timing issues caused by deficits in motion cells in the visual system’s 

dorsal stream. These can be detected in the retina, lateral geniculate nucleus (LGN), visual 

cortical areas V1, V3, which are the input to the visual motion areas, the Middle Temporal 

(MT) and Medial Superior Temporal (MST) Cortex. These deficits in the dorsal stream 

affect feedforward and feedback pathways between visual, parietal and frontal areas. 

1.1 The visual system includes a fast dorsal stream providing input to attention networks 

The visual system has been hypothesized to exploit the dichotomy of a fast magno-

cellular channel (dorsal visual stream) and slower parvocellular channels (ventral visual 

stream) for the purpose of selective attention [15,16].  Receiving predominantly magno-

cellular input [17–19], the major dorsal stream pathway, specialized for processing the 

location and movement of objects in space [17,20,21], projects from the primary visual 

cortex, V1, through visual area MT (middle temporal cortex) to the medial superior tem-

poral area (MST) [22], as well as projecting to V3, V3A and V6 [23]. Then it projects into 

the intraparietal sulcus of the posterior parietal cortex (PPC), a selective spatial attention 

area [24] that is also used to analyze event timing [25]. The PPC provides the input to the 

dorsal lateral PreFrontal Cortex (dlPFC) where working memory is encoded. The PPC and 

dlPFC being the predominant cortical areas, the hubs, that are involved in the Executive 

Control Network [26].  Executive control is a strong predictor for various life outcomes, 

such as academic achievement, since executive function is directly associated with math 

ability as well as with reading, writing, and language comprehension [27]. PATH neuro-

training was one of only ten interventions found to increase executive function and brain 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 27 May 2021                   doi:10.20944/preprints202105.0659.v1

https://doi.org/10.20944/preprints202105.0659.v1


 

fitness for students by Brain Futures [28]; brain fitness: neuroplasticity reveals that neu-

rocircuitry in the brain is highly malleable, continuing to grow and change for the dura-

tion of our lives. 

The ventral stream, in contrast to the dorsal stream, receives both magnocellular and 

parvocellular inputs as it projects from V1 through area V4 and on to the infero-temporal 

(IT) cortex, an area specialized for extracting the details related to an object’s color and 

shape [17,20,21]. The faster transmission time of the magnocellular neurons projecting 

predominantly to the dorsal stream is gated via attentional feedback to the striate cortex 

[16], which can then be used by parvocellular neurons in the ventral stream as a starting 

point for deciphering the individual letters in a word [2,3,15,16,29–31].  Moreover, feed-

back in the dorsal stream from MT to V1 improves figure/ground discrimination [32], a 

task used when reading to distinguish the letters in the word being fixated from the sur-

rounding text.  Furthermore, feedback from MT has its strongest effects for low salience 

stimuli [32], such as low contrast patterns having less than 10% contrast, i.e. those patterns 

that maximally activate magnocellular neurons [33,34].  

The dorsal visual stream provides the input to the attention networks [15] which are 

composed of two Attention Networks: 1) Exogenous Attention, called the Salience Net-

work and 2) Endogenous Attention, called the Executive Control Network [26]. The Sali-

ence Network operates using dynamic switching, having hubs in the anterior insula (AI) 

and the anterior cingulate cortex (ACC), by activating the Central Executive Control Net-

work and at the same time suppressing the Default Mode Network [26]. The two major 

hubs of the Executive Control Network used for cognitively challenging tasks are the PPC 

and the dlPFC [26]. The control of spatial attention in early visual cortex is likely to be 

directed by regions of the PPC and dlPFC [35].  Neural timing deficits will prevent the 

correct functioning of these two attention networks, especially when caused by slow mag-

nocells that are found at all levels of the dyslexic’s visual dorsal stream, as described in 

the Discussion.  

When reading, it has been proposed that the PPC uses the spatial information of the 

location and overall shape and form of a word that is received through the rapid magno-

cellular pathway to gate the information that is going into the temporal stream [16].  The 

information is gated via attentional feedback to the striate cortex and to other regions in 

the occipito-temporal cortex [15,16,36–38] most likely done by top-down feedback which 

uses synchronized neuronal oscillations at the lower end of the gamma frequency range 

[15]. Since top-down attentional signals from PPC to Frontal Eye Fields (FEF) [39] and 

from PPC to MT [40] have been identified, as well as top-down signals from the PPC to 

MT and then on to V1[16,41], modulation of gamma oscillations during reading might 

arise from the ‘back-end’ of the dorsal stream network. Archer, Pammer, and Vidyasagar 

[42] hypothesize that this occurs in the PPC where increased gamma activity is shown to 

be linked to visual attention and planned saccadic eye movements. This in turn is used by 

the parvocellular neurons in the ventral stream, using coupled alpha-gamma oscillations 

regulated by the pulvinar for sequential processing [43], as a starting point for deciphering 

the individual letters [15,16].  In fact, the visual word form area (VWFA) in the ventral 

stream, where the visual shapes of words are analyzed in detail [44] receive significant 

magnocellular input from the dorsal stream to direct the VWFA’s attention to which word 

it should analyze next [15,45].  It is likely that the dyslexic reader’s deficit in attentional 

focus [16,29,46,47] is a consequence of sluggish magnocellular neurons preventing the 

linked parvocellular neurons from being able to isolate and sequentially process the rele-

vant information that is needed for reading [16,29,48], and not from an information over-

load as was proposed previously [49].  

Each cycle of gamma oscillation focuses an attentional spotlight on the primary vis-

ual cortical representation of just one or two letters, in order to recognize those letters in 

the right sequence to concatenate them into words [15]. The timing, period, envelope, am-

plitude, and phase of the synchronized oscillations that is modulating the incoming sig-

nals to the striate cortex have a profound influence on the accuracy and the speed of read-

ing [15]. The speed determined by the gamma frequency oscillation is the essential rate-
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limiting step in dyslexia [15].  It is proposed that impaired theta and gamma frequency 

oscillations in the visual domain hinder effective visual temporal sampling and parsing 

of text [42]. 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 [42,50].  Impaired theta-gamma oscillations also 

underlie the impaired coding of spoken syllables and phonemes, which is essential for 

phonological processing [51]. Sequential processing 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 oscilla-

tions in the cortical areas is an efficient means of the claustrum modulating neural activity 

across multiple brain regions in synchrony [52].  In addition to the claustral connections 

mediating this theta-gamma cross frequency coupling, coupled alpha-gamma oscillations 

regulated by the pulvinar are used for sequential processing [43] to read words, for exam-

ple. Both claustral connections [52] and the pulvinar complex [43] regulate synchronous 

information transmission between cortical areas based on attentional demands. Cross-fre-

quency coupling is being recognized as an efficient means of communication between 

multiple cortical areas that is likely to play a crucial role in mediating working memory 

and in enabling learning [53,54]. 

1.2 Improving visual dorsal stream function remediates reading fluency, attention span, and 

memory retention 

The motion (magno) cells in dyslexics are responding up to 40 msec slower than they 

should be [55,56].  Therefore, the motion (dorsal) pathway and the pattern (ventral) path-

ways are not in sync and working together optimally, since the dorsal brain pathways are 

slowed down.  This slowdown causes problems with paying attention, multitasking, se-

quential processing and remembering easily [1–6,57], as described in this short movie: 

https://youtu.be/LDdhuhPeXNI. Sluggish motion cells make it difficult to locate the be-

ginning and end or identify the order of letters in a word, causing confusion, mis-sequenc-

ing, and hence slow reading. 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.  

The sluggish magnocellular neurons in dyslexics not only result in attention deficits, 

causing an impairment in the low gamma frequencies that reduce feedback to visual cor-

tical areas [15], but it also disrupts processing in the Lateral IntraParietal (LIP) area. This 

area keeps a salience map for the control of saccadic eye movements and visual attention 

[58] and FEF, either within a fixation, between a fixation sequence, or both [16,59–61]. Its 

disruption causes very slow reading speeds. Moreover, finding that left-right movement-

discrimination training improved not only reading fluency, but also selective and sus-

tained attention, and working memory when done before reading or other cognitive ex-

ercises [3–6] indicates that movement-discrimination training (PATH to Reading/Insight: 

https://pathtoreading.com) helps develop the attention and executive control networks. 

These results provide more evidence showing that slow visual motion processing is a fun-

damental cause of reading and attention problems in dyslexia and other cognitive slow-

downs, like those caused by a concussion [5].  By improving the attention network’s func-

tioning, movement-discrimination training provides a wider window of attention, so that 

more objects are perceived in their correct location in a single glance [62].  Movement 

direction-discrimination training also improves the ability to detect the synchronicity of 

multiple objects in space and see their trajectories over time, most likely by increasing the 

ease of magno-parvo integration, thereby facilitating figure/ground discrimination within 

a wider window of focused attention [6].  Moreover, there is evidence that improvements 

in the reading speed of dyslexics after movement-discrimination training are sustained 

over time [2], whereas improvements in word reading found following auditory interven-

tions to improve phonological processing degrade over time, two years later showing no 

difference in word reading skills when compared to controls who did not complete the 
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auditory intervention [63]. Moreover, improvement following visual movement-discrim-

ination training is significantly faster and more effective than auditory movement-dis-

crimination training (FastForWord) as shown in a randomized clinical trial [3]. 

Improving cognitive function by training left-right movement discrimination relative 

to a background is a novel method [4,7] that was found to be both rapid and effective in 

improving cognitive skills in dyslexics, as well as those with mTBI [5] and older adults 

[62].  Only when low-level visual timing deficits, in slow magnocells are remediated are 

the improvements in high-level cognitive functions, such as reading fluency (speed and 

comprehension), attention, processing speed, and working memory improved quickly, 

with improvements that are sustained over time [2]. PATH neurotraining is the first vis-

ually-based intervention that was found to improve both low-level movement discrimi-

nation in the dorsal stream and high-level cognitive functioning, both behaviorally and 

using MEG brain imaging, improving the attention and the executive control networks in 

dyslexics [4] and mTBI [5]. Since movement-discrimination (PATH) neurotraining is so 

rapid and effective, it offers a new approach that represents a paradigm shift in the treat-

ment of dyslexia, one that is based on improving visual timing instead of improving pho-

nological timing, as used by FastForWord. When reading, students who allocate all their 

resources to identify the letters in the word, instead of allocating their resources to inter-

pret a sentence, understand its meaning, and integrate the information into their existing 

knowledge need movement figure/ground discrimination training to remediate their vis-

ual timing deficits. 

Clearly, there is a need to provide this novel treatment not only for individuals who 

have sustained a concussion or traumatic brain injury, for which there are no proven so-

lutions to improve working memory in mTBI patients [64], but also for people with learn-

ing problems caused by dyslexia, as well as speech and language problems, attention def-

icits, autism, and schizophrenia. As indicated by recent scientific studies, magnocellular 

deficits are a major factor in these diseases [65,66].  

PATH neurotraining measures contrast sensitivity for direction discrimination of 

left-right movement, since the cells in the motion area MT are optimally tuned to the di-

rection of moving patterns [67]. The direction of movement is tested relative to stationary, 

textured background patterns that enable the lowest movement discrimination thresholds 

to be measured [10–12].  Moreover, these moving patterns consist of dim achromatic 

stripes, since these are the patterns optimal for activating magnocellular (magno) neurons. 

In fact, once the contrast (difference in luminance between dark and light bars) exceeds 

10%, the magnocells saturate and no longer convey new information to higher processing 

levels [33].  Normally the motion cells signal not only the beginning and end of each 

word but also shifts of attention or eye movements from letter to letter, enabling the high-

resolution pattern cells (called parvocellular neurons) to fill in the details. However, when 

the motion cells are not fast enough, this delay causes many problems. 

PATH training in movement figure/ground discrimination improved not only mag-

nocellular function, attention, processing speed, and memory, but also improved magno-

parvo integration, figure/ground discrimination, and is hypothesized to increase coupled 

theta-gamma activity for the test patterns moving at 6.7 and 8 Hz and coupled al-

pha/gamma activity for test patterns moving at 10 and 13.3 Hz. After doing PATH neuro-

training, test patterns moving at 10 and 13.3 Hz were the patterns that improved in con-

trast sensitivity the most [2,3,6]. They were not discriminated until direction-discrimina-

tion for more slowly moving patterns were learned. Both coupled alpha-gamma and 

theta-gamma oscillations are key for efficient reading skills, both being trained by PATH 

neurotraining, and validated by improving reading speeds 11-fold after only 12 weeks of 

training for 20 minutes twice a week [2]. 

To verify that these improved cognitive skills following PATH training are also 

found in the dorsal visual stream (V1, V3, MT, and MST) as well as in the attention net-

works (ACC, precuneus/PCC, PPC, dlPFC, and vlPFC of a dyslexic, MagnetoEncephaloG-

raphy (MEG) brain source imaging, providing a biomarker, was conducted to determine 

the brain areas that  increase in function for an adult (29 years-old) dyslexic following 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 27 May 2021                   doi:10.20944/preprints202105.0659.v1

https://doi.org/10.20944/preprints202105.0659.v1


 

PATH training [4], with data never before published.  This biomarker for dyslexia shows 

for the first time that PATH training improves the function of the motion area: MT in the 

first 300 msec, improving the sensitivity and neural timing of magnocells in the dorsal 

stream. Improvements in cognitive skills were also measured for an older adult (71 years-

old) with a battery of cognitive skills standardized tests, for the first time. These results 

validate the reported improvements in cognitive skills found previously [62] using robust 

neuropsychological tests. Since coupled alpha-gamma activity is reduced in older adults 

with mild cognitive impairments resulting from memory loss [68], the improvements 

found in this person’s working memory provides more evidence PATH training improves 

both coupled alpha-gamma and theta-gamma activity. For both people, improvements in 

cognitive skills were measured using a battery of standardized tests before and after 8 

weeks of PATH neurotraining twice a week for 15-20 minutes, providing more rigorous 

evidence than available previously. 

2. Materials and Methods 

2.1 Participants 

A 29 years-old dyslexic 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 

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 memory was 

not as reliable, increasingly reducing her quality of life, causing frustration in daily activ-

ities, especially when driving during dawn or dusk. 

 Both participants signed informed consent forms before they participated in this 

study. The dyslexic subject’s consent form was approved by UCSD Institutional Review 

Board, and the older adult’s consent form was approved by Solutions IRB, a full service 

private Institutional Review Board registered with OHRP. The study was conducted in 

accordance with the Declaration of Helsinki, and the protocol was approved by each IRB. 

2.2 PATH Neurotraining 

PATH neurotraining uses dim grayscale patterns to retrain the brain’s pathways. 

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 (Lawton, 1985, 1989).  Each pattern is presented for less than half a second, 

see Fig. 1 below. Only the contrast of the center stripes (the test frequency) in the fish 

shaped object 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 fre-

quency was set to either 0.25, 0.5, 1 or 2 cyc/deg, being an octave apart, since spatial fre-

quency neural channels are sensitive to one octave of different spatial frequencies [69]. 

Based on physiological data, the lowest spatial frequency channel is 1 cyc/deg [69] requir-

ing summation across neural channels to discriminate the direction the 0.25 cyc/deg test 

frequency moved. The five stationary vertical background gratings for each test frequency 

consisted of single and multiple spatial frequencies at increasing levels of complexity.  

The background gratings whose fundamental frequency is equal to the test frequency or 

± 1 or 2 octaves from the test frequency were chosen to bracket the test frequency.  These 

patterns were designed to activate adjacent spatial frequency channels in V1 and MT 

[70,71]. There are 16 levels of complexity, each increasing in difficulty slowly, from slow 

theta movement (6.7, 8 Hz) to faster alpha movement (10, 13.3 Hz) for both one (Motion 

Program) and two (MotionMemory Program) directions of left-right movement. The feed-

back to the user makes this a game that motivates the user to continue to improve.   
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Figure 1.  Schematic of Stimulus Presentation for PATH to Reading /Insight intervention. Pattern 

flashes on screen (shown above) 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.  Pattern with same or dif-

ferent contrast flashes on screen while center stripes move left or right. Screen goes blank, waits 

for left or right arrow key to be pushed. This sequence of patterns is presented continuously until 

the contrast threshold for this pattern is measured.  Then the next pattern combination is pre-

sented to measure next contrast threshold until all 20 PATH neurotraining patterns were pre-

sented, and the program says ‘Thank You’, presents a star for each level of complexity completed, 

and quits. 

The subject was seated an arm’s length (57 cm) from the computer screen. 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 was in the middle of the magnocellular contrast range [33]. 

The test pattern subtends 4 deg visual angle surrounded by a background that subtends 

16 deg visual angle. The mean luminance of the patterns was 125 cd/m2 calibrated using 

a Spectra Pritchard 1980A Photometer. Each time the direction the fish stripes moved was 

identified correctly, the contrast of the test grating was lowered until the first incorrect 

response. Following the first incorrect response, a double-staircase procedure was used to 

estimate the direction-discrimination contrast threshold, which allowed measuring the 

contrast sensitivity, defined as the reciprocal of the contrast threshold times 100.  This 

staircase procedure estimates the contrast needed for 79% correct responses, providing 

the most sensitive, repeatable measurements of contrast sensitivity [72].  This training 

was adaptive on a trial-by-trial basis in response to the subject's performance, such that 

lower contrasts were presented in response to good performance to improve sensitivity 

to motion at each of four durations and as the complexity of the background increased. 

Moreover, the training incorporated cycles of feedback and reward at multiple levels, 

ranging from positive and negative feedback on a trial-by-trial level, as well as cumulative 

block and session feedback. It has been found that feedback greatly accelerates learning 

[73,74].  A full training cycle of the direction-discrimination task required 20 threshold 

determinations (i.e. one for each of the four test spatial frequencies paired with each of the 

five background spatial frequencies).  

The complexity level increased the:  1) number of sinewave components in the back-

ground from one to three, providing more structured background frame of reference en-

abling lower contrast thresholds [11,12], 2) background contrast from 5% to 10% to 20%, 

and 3) pattern’s speed of movement after every 4 complexity levels, increasing from 6.7 

Hz to 8 Hz to 10 Hz to 13.3 Hz, so that the student was challenged as the training pro-

gressed.  The background contrast was increased to 20% contrast to provide a back-

ground that increased parvocellular activity, since magnocellular neurons saturate at 10% 

contrast [33].  The 20% contrast background required students to analyze information 

from magnocellular activity relative to increased parvocellular activity, making the task 

more challenging.  The order of presentation for each complexity level was chosen to 

gradually increase the difficulty of the task [2].  Therefore, as the complexity level in-

creased, the contrast sensitivity should be lower initially.  Once all 16 complexity levels 

of the Motion program were completed, the subject progressed onto the next program, 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 27 May 2021                   doi:10.20944/preprints202105.0659.v1

https://doi.org/10.20944/preprints202105.0659.v1


 

the MotionMemory program. Instead of discriminating the direction one pattern moved 

by pushing the left or right arrow key as in the Motion program, MotionMemory requires 

signaling the direction that two separate patterns moved, one after the other, by pushing 

one of four arrow keys.  Each threshold in both the Motion and MotionMemory pro-

grams required 20-40 trials to complete. A score was given to make the training more 

game-like. The lower the contrast threshold, the higher was the score.  After learning 

how to do this task, each subject typically took about 15-20 minutes to complete one train-

ing cycle, consisting of 20 contrast thresholds.  Motion direction-discrimination was 

trained for between 15-20 minutes, twice a week for 8 weeks.   

This patented movement discrimination program [7,8] called PATH to Reading/In-

sight uses positive feedback that is provided in the form of catching more fish in a net - 

resulting from meeting specific thresholds-, i.e. less than or equal to 1% contrast, and 

through a score that increases as performance improves.  There is also immediate feed-

back in the form of a beep if the user identifies the direction of movement incorrectly, in 

addition to other verbal feedback when needed.  Simply interacting with a game-like 

training program for 8 weeks on a computer for 20 minutes twice a week, is all that was 

involved. 

2.2.1 Fidelity of Implementation: 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, how long it took to complete 

each threshold.  At the end of each training cycle, the subject earned a star for each level 

of complexity completed to let them follow their training progress more easily. 

2.3 MEG Source Imaging 

  MEG responses evoked by a 2.5% contrast 1 cyc/deg sinewave grating relative to a 

5% contrast 1 cyc/deg background moving left or right at 10 Hz was collected using the 

VectorViewä whole-head MEG system (Elekta-Neuromag, Helsinki, Finland) with 306 

MEG channels. This task was used, since sensitivity to a 1 cyc/deg moving pattern was 

based on output from single spatial frequency channels used for movement discrimina-

tion. Meta-analyses indicate that the working memory network consists of six reliably ac-

tivated cortical regions [75,76]: (1) bilateral rostral prefrontal cortex (rPFC) including 

frontal pole (FP, BA 10), ventromedial prefrontal cortex vmPFC, and orbitofrontal cortex 

(OFC, BA 11); (2) bilateral dlPFC (BA 9, 46); and (3) bilateral ventrolateral prefrontal cortex 

(vlPFC) or frontal operculum (BA 45,47); (4) bilateral medial posterior parietal cortex 

(PPC), including the precuneus, and the inferior parietal lobules (approximate BA7,40); 

(5) bilateral premotor cortex (BA 6, 8); and (6) dorsal cingulate/medial premotor cortex, 

including supplementary motor area (SMA; BA 32, 6). The cerebellum is also consistently 

activated during WM. 

 The dyslexic subject underwent MEG recordings while performing the task above. 

The task entails on-line monitoring, updating, and manipulation of remembered infor-

mation. During the task, the subject was required to monitor the direction of movement.  

A fixation cross was presented during the 3000 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 was seated in an upright position inside a multi-layer magneti-

cally-shielded room (IMEDCO-AG) at the UCSD MEG Center. Two MEG exams were per-

formed for this subject who did not have metals objects in his brains, one before and an-

other after the movement-discrimination intervention. 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 
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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.  

 MEG sensor waveforms in raw (un-averaged) format were first run through MaxFil-

ter, also known as signal space separation [77–79], to remove external interferences (e.g., 

magnetic artifacts due to metal objects, strong cardiac signals, environment noises, etc.). 

Next, residual artifacts near the sensor array due to eye movements and residual cardiac 

signals were removed via Independent Component Analysis using Fast-ICA (http://re-

search.ics.aalto.fi/ica/fastica/) [80,81]. The waveforms associated with top independent 

components (ICs) were examined by an experienced MEG data analyst, along with ECG 

and EOG signals. ICs associated with eye blinks, eye movements, heartbeats, and other 

artifacts were removed.  

 Following the pre-processing step, MEG sensor-waveform datasets were run 

through band-pass filters for beta band (15-30 Hz). Each data set was then divided into 

trials, each with 2.5-second duration (-500 ms to 1500 ms with respect to the stimulus on-

set). In the present study, we focused on the trials associated with target stimuli. 

 Different from the conventional MEG approach in which sensor waveforms are av-

eraged with respect to the onset of the stimuli, the sensor covariance matrices for individ-

ual trials were calculated. Then a total sensor-waveform covariance matrix of the target 

condition was calculated by averaging across the covariance matrices from individual tri-

als for the target stimuli. Then the covariance matrices across trials were averaged. Using 

the total covariance matrix, voxel-wise MEG source magnitude images that cover the 

whole brain were obtained for the dyslexic subject, and each frequency band, following 

the Fast-VESTAL procedure [82,83], measuring time-locked signals during a movement 

discrimination task to evaluate improvements in brain function.  An objective pre-whit-

ening method was applied to remove correlated environmental noise and objectively se-

lect the dominant eigen-modes of sensor-waveform covariance matrix [82]. 

 Voxel-wise whole brain MEG source magnitude images obtained from Fast-VESTAL 

were first spatially co-registered to the MNI-152 [84] brain-atlas template using a linear 

affine transformation program, FLIRT, in the FSL software package [85,86]. Then in MNI-

152 space, the MEG source magnitude images were spatially smoothed using a Gaussian 

kernel with 5 mm full width half maximum (FWHM), followed by a logarithmic transfor-

mation using FSL. Next, in MNI-152 coordinates, voxel-wise paired-sample t-test statisti-

cal analysis was performed to detect differences in brain activation during the MEG move-

ment discrimination task before and after the PATH neurotraining intervention. Cluster 

analysis with threshold of corrected p=0.01was used to correct the family-wise error across 

voxels. 

2.4 Behavioral improvements in cognitive skills were measured using a battery of standardized 

and reading skill tests 

The following standardized tests of reading, attention, and working memory skills 

were administered by trained staff at the beginning and end of 8 weeks of PATH neuro-

training twice a week for 20 minutes.  These tests provide a standardized measure of the 

improvements in high- level cognitive functions after PATH neurotraining. They were 

chosen because these tests are the “Gold Standard” tests for fast and accurate measure-

ments of fluency-based reading, attention, processing speed, and working memory (both 

visual and auditory) skills. The tests of visual and cognitive skills that were completed 

are: 

1. Movement Discrimination Diagnosis program for dyslexic subject, consisting of first 

session of PATH neurotraining to determine whether the subject had difficulty doing 

left-right movement discrimination, being characterized by  6 levels of movement-

discrimination: 1-above normal, 2-normal, 3-borderline movement discrimination 

deficits, 4-mild movement discrimination deficits, 5-moderate movement discrimi-

nation deficits, and 6-markedly below normal movement discrimination deficits. 
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2. Adult Dyslexia Test for Older Adult measures how many words read correctly in 2 

seconds or less at each grade level up to post graduate after doctorate. Words that 

are pronounced correctly in 2 second or less are then spelled. Words not able to be 

pronounced correctly are spelled phonetically. Based on the number of correctly 

spelled words at each grade level compared to actual grade level, proficiency is eval-

uated as above normal, normal, borderline, mildly below normal, moderately below 

normal and markedly below normal. 

3. Wide Range Achievement Test (WRAT) for Older Adult measures number of words 

read correctly (Reading), spelled correctly (Spelling), and number of math problems 

solved correctly (Math). Based on a person’s age, a standardized percentile score was 

assigned. 

4. Computer-Based Reading Speed test, not limited by the person’s rate of speaking, 

was completed by determining the speed needed to read 6 words of text on the screen 

from an interesting story (Cheaper by the Dozen) at increasing speeds to measure 2 

reading rate thresholds (79% correct) using a double-staircase procedure, after being 

trained by watching a 4-minute movie. 

5. Attention tests for Dyslexic measured using Integrated Visual and Auditory Contin-

uous Performance Plus (IVA+Plus) Tests to measure attentional focus, sustained at-

tention, or inattention, hyperactivity, and impulsivity were converted to standard-

ized percentile scores. (15 min). 

6. Attention tests for older adult measured using Delis-Kaplan Executive Function Sys-

tem (DKEFS) Color-Word Interference test, where subject had to say the printed color 

of words that denoted a different color (Stroop Attention test), and Attention Switch-

ing (Cognitive Flexibility), switching between the color of the word and what the 

word says when surrounded by a rectangular box. Standardized scores were con-

verted to standardized percentile scores. 

7. Wechsler Adult Intelligence Scale (WAIS)-4 Processing Speed required two subtests: 

the WAIS Symbol Search subtest which required subjects to scan a target group and 

search a group of symbols, indicating whether one of the target symbols appeared in 

the search group, and the 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 two minutes 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.   

8. WAIS-4 Working Memory Index is based on two subtests to measure Auditory 

Working Memory (AWM): 1) the Digit Span subtest, where the subject had to repeat 

a list of spoken numbers, requiring the subject to remember subsequently more num-

bers: 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 se-

quence. Presentation of the numbers and letters were timed for one second each for 

these working memory tests. The standardized AWM score was converted to a stand-

ardized percentile score. 

9. Visual Working Memory (VWM)) using the Test of Information Processing Skills 

(TIPS).  The subject recalled a sequence of letters presented visually one at a time:  

right after seeing the entire sequence of letters, after counting 10 numbers in se-

quence, and after repeating a short sentence with animal names for the VWM task, 

and being asked to remember these animal names 3 minutes after completing the 

VWM task to measure Delayed Recall. Presentation of the letters were timed for two 

seconds each for this task. Standardized scores were converted to standardized per-

centile scores. 

In addition to tests of cognitive skills, the dyslexic subject’s visual skills: near point of 

convergence, and breaking and recovery points for near-point fixation disparity were 
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measured to determine whether PATH neurotraining improved convergence insuffi-

ciency. All of these cognitive assessments, which were age-appropriate, took one hour to 

complete. 

3. Results 

Both MEG brain imaging, see Fig. 3, and behavioral tests, see Tables 1 and 2, found 

substantial improvements in the visual, attention, and executive control networks after 8 

weeks of PATH neurotraining twice a week for 15-20 minutes. 

3.1 Dyslexic Adult Improved in Reading, Attention, Processing Speed, and Memory 

 

Figure 3. Significant MEG source magnitude (i.e., root-mean-square measure) signal increases 

(color scale for t-test: 3 – 3.5) in post- versus pre-intervention exams for an adult male dyslexic 

aged 29 years. Green arrows: V1; Blue arrows: MT; Magenta arrows: V3; Cyan arrow: MST; Red 

arrows: ACC; Yellow arrow: precuneus/PCC; Black arrows: 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. 

Notice that the improvements in Fig. 3 happen in the first 300 msec, showing the 

training speeds up magnocellular activity in the motion area MT, as seen in the right 

panel. PATH neurotraining improves the function of many related brain pathways, im-

proving the visual, attention, and memory networks, as shown by MEG brain imaging 

conducted by Dr. Ming-Xiong Huang at UCSD after only 8 weeks of PATH training 2 

times/week. The improvements in MT reveal improvements in P1 and N1 at durations 

between 80-150 msec that result from alpha activations (10-13.3 Hz), and in P2 and N2 at 

durations between 240-300 msec from theta activations (6.7 to 8 Hz), improvements in N1 

and N2 found for older adults following perceptual training on 10 Hz and 5 Hz moving 

patterns, respectively [87]. The visual P1 and N1 components reflect early sensory pro-

cessing in visual cortices that are modulated by top-down attentional control [88]. The 

improved N1 and N2 components in Fig. 3, known to be enhanced by selective attention 

[89], were found after only 5 hours of perceptual training, whereas those from older adults 

in study of Mishra et al. [87] required twice as much training.  Substantial MEG signal 

increases in visual Motion Networks (V1, V3, MT, MST), Attention Networks (ACC, 

dlPFC, vlPFC and precuneous/ PCC areas) and Memory Networks (dlPFC) were observed 

following training on direction-discrimination 2 times/week for 8 weeks for a 29 years 

adult dyslexic (first presented by Lawton & Huang [4]). Notice that the left cortical areas 

V1 and MT showed more improvements than the right V1 and MT. Finding larger im-

provements on the left side is consistent with previous imaging studies showing that dys-

lexics have reduced activations on the left temporal, parietal, and fusiform (VWFA) re-

gions [90]. These improvements in the left hemisphere visual, attention, and memory net-

works are also validated behaviorally.  

Behavioral tests, shown in Table 1, found that not only did his ability to discriminate 

left-right movement improve from mildly below normal to above normal, his reading 

speed improved almost 3-fold, his attention skills improved remarkably, improving both 

focusing from 1% to 54%, sustained attention from 10% to 82%, and impulsivity from 18% 

to 62%, attention improving an average of 22-fold, his processing speed more than dou-

bled, from 23% to 50%, visual working memory improving 17-fold, from 6% to 99%, and 
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delayed recall 25-fold. In addition, his visual skills improved substantially: his near point 

of convergence was reduced from 9 cm down to 3.5 cm, and his near point fixation dis-

parity breakpoint went from 29 cm to 18 cm and recovery went from 31 cm to 20 cm. 

Therefore, these improvements show that PATH neurotraining reduces convergence in-

sufficiency. In addition to these improvements in visual and cognitive skills, his quality 

of life also improved remarkably, doing activities that previously were too overwhelming 

to consider.  He felt so secure that he decided to get married, and started a new business, 

an online app to help other dyslexics who need text magnified to be able to read online 

menus, for example. He also finished his Bachelors’ Degree at College. 

Table 1. Dyslexic Pre-Post Standardized Percentiles and Reading Scores 

Standardized Tests Pre-Test Post-Test 

Reading Speed 154 wpm 437 wpm 

IVA+ Focusing Attention 1% 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% 

These improvements in cognitive skills found for dyslexics following PATH move-

ment-discrimination training were not found by improving auditory timing using 

FastForWord nor linguistic-based training using Learning Upgrade [3], nor by computer-

based repeated reading using Raz-Kids [6]. When compared to PATH neurotraining, re-

peated reading interventions do less to improve reading fluency, as supported by finding: 

1) reading speeds improved only 2-fold following repeated reading exercises [91], instead 

of from 3-fold to 11-fold, when reading aloud with a student following PATH neurotrain-

ing [2], and 2) improvements in comprehension using repeated reading interventions are 

much lower than found using PATH neurotraining.  For example, Vadasy & Sanders [91] 

found that repeated reading aloud improved comprehension 8%, assessed by the Gray 

Oral Reading Test (GORT), whereas PATH neurotraining improved comprehension, 

when assessed by the GORT, 28% for dyslexic students and 37% for typically-developing 

students [6], even though each group trained for half as much time as done by Vadasy & 

Sanders [91].  The improvements in cognitive skills following PATH training were also 

found in typically-developing children [6] who were in second and third grade (6 to 8 year 

olds), which is the age when the temporal lobe shows peak synaptogenesis [92].  PATH 

movement-discrimination training was also found to significantly improve reading flu-

ency in typically-developing 6 to 8 year-old children previously [1,13,57]. Since timing 

impairments can be reduced following training using PATH movement-discrimination 

brain exercises [3,6], these findings support the hypothesis that visual magnocellular path-

ways provide the gateway for attentive processing [15,16] and reading [66,93]. 

3.2 Older Adult Improved in Reading, Attention, Processing Speed, and Working Memory 

The older adult’s contrast sensitivity for movement discrimination when conducting 

PATH neurotraining for each test frequency, when averaged across the five background 

patterns, at each level of complexity is shown in Fig. 4.  These contrast sensitivities are 

amongst the highest yet recorded, showing she was able to do this task easily, and age 

was not a limiting factor. The contrast sensitivities for the widest bars, 0.25 cyc/deg, were 

much lower than the contrast sensitivities for the other test frequencies.  These results 

support the hypothesis that information from several spatial-frequency neural channels 

must be combined to discriminate the direction of movement for a 0.25 cyc/deg test fre-

quency, since 1 cyc/deg is the lowest spatial frequency channel [69]. This also explains 

why participants report that discriminating the direction of movement of 0.25 cyc/deg test 
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frequency is the most difficult. The highest contrast sensitivities were found for the 2 

cyc/deg test frequency. A similar pattern of contrast sensitivities for movement discrimi-

nation in older adults was found previously [62]. 

 

Figure 4. 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 training coupled gamma/theta oscillations and the second eight complexity lev-

els training coupled alpha/gamma oscillations, showing similar contrast sensitivities for both. 

After 8 weeks of PATH training, large improvements in working memory (VWM 

improved from 34% to 86%, AWM improved from 55% to 97%) were found for a healthy 

71 years-old adult who was already adept at paying attention, yet still improved after 

training (81% to 87%), see Table 2.  She also improved substantially in processing speed: 

from 42% to 77%. Her reading skills improved markedly, more than doubling in her read-

ing speed (229 to 541 words/min),  dyslexia improving from markedly or mildly below 

normal to above normal, and Wide Range Achievement Tests (WRAT) of Reading, 

Spelling and Math improved, Math increasing from 73% to 95%, 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. These results show 

cognitive transfer to untrained tasks. Since coupled alpha-gamma activity is reduced in 

older adults with mild cognitive impairments [68], these improvements in working 

memory provide more evidence PATH training improves coupled alpha-gamma activity 
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Table 2. Older Adult Pre-Post Standardized Percentiles and Reading Scores 

Standardized Tests Pre-Test Post-Test 

Adult Dyslexia Test (ADT) Visual Processing Markedly Below Normal Above Normal 

ADT Phonological Processing Mildly Below Normal Above Normal 

WRAT Reading 75% 87% 

WRAT Spelling 58% 61% 

WRAT Math 73% 95% 

Reading Speed 229 words/min 541 words/min 

WAIS Processing Speed 42% 77% 

DKEFS Attention 81% 87% 

DKEFS Cognitive Flexibility 81% 87% 

TIPS Visual Working Memory 34% 86% 

WAIS Auditory Working Memory 55% 97% 

 

Following PATH neurotraining, this older adult’s quality of life improved remarka-

bly. 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, I find that driving is much easier, and I am able to at-

tend 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.” 

These results demonstrate neuroplasticity in the domain of visual processing, pro-

cessing speed, reading speed, attention, working memory, and problem solving using 

massed practice discriminating moving patterns that optimally activate magnocells. We 

found, using MEG source imaging, that speeding up these motion cells improves the at-

tention and executive control networks of both young adults who are dyslexic, and older 

adults with mild cognitive impairments.  Previously, PATH training was shown to im-

prove visual and cognitive skills in dyslexic and typically developing children [1–3,6], 

older adults [62], and an adolescent and adults 50-68 years old after a concussion from a 

mTBI [5]. We will now demonstrate that these timing deficits are prevalent in the dorsal 

stream of dyslexics, older adults, and those with a mTBI. 

4. Discussion 

4.1 Theory of Change 

The scientific premise for using PATH 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, working memory, processing speed, 

and reading) reliant upon motion processing as a foundation.  We propose that by im-

proving the slow processing speed of magnocells at low levels of the dorsal stream (V1-

MT), we are improving subsequently higher levels in the dorsal stream (PPC) improving 

visual and auditory attention, and dlPFC improving working memory, cognitive flexibil-

ity, and problem solving, and subsequently reading speed and comprehension.  This 

movement discrimination training enhances coupled theta/gamma and alpha/gamma os-

cillations, improving both the feedforward and feedback attention pathways used by the 

dlPFC to modulate attention in MT and V1, enabling a wide range of cognitive skills to 

improve. This theory of change, see Fig. 2, has been validated by the results of the MEG 
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imaging study below and the improvements in cognitive skills following only 8 weeks of 

15-20 min twice a week of PATH training, as described below. 

 

Figure 2. Theory of Change proposes that low-level timing deficits (V1-MT) improve processing at 

subsequently higher cortical levels of processing, being the primary factor causing impairments in 

cortical processing for developmental disorders, aging, and concussions. 

4.2 Timing Deficits Prevalent in Dyslexics Remediated by Movement Discrimination Exercises 

Dyslexics have magnocellular responses that were found to be 20-40 ms slower than 

typically developing observers [55,56], being 2-4 fold slower than the normal magnocel-

lular lead time of 10-20 ms [94,95].  Some investigators hypothesize that in dyslexics a 

lack of synchronization in timing between magnocellular and parvocellular activations 

may prevent effective sequential processing, pattern analysis, and figure/ground discrim-

ination, and hence impede the development of efficient reading and attention skills 

[1,2,3,6,7,8,13,14,16,29,30,57, 66,93,96,97]. Our working hypothesis [3,7] is that magnocel-

lular neurons in the dorsal cortical visual pathway (V1-MT) of dyslexics are sluggish, 

causing visual timing deficits at lower levels of visual processing [55,56].  These disrupt 

processing at higher levels of dorsal stream processing, as shown by dyslexics having little 

or no activity in MT [98,99], including the development of these visual and attention path-

ways. These visual timing deficits limit reading acquisition in dyslexics.   

Convergent evidence finds that many dyslexic readers demonstrate impairments in 

movement discrimination tasks that rely upon magnocellular functioning. Dyslexics were 

found to have motion perception deficits at each of these levels of processing in the dorsal 

stream:   

1. the retinal level when measured using the frequency doubling illusion [100–103], 

2. the Lateral Geniculate Nucleus (LGN) where the magnocellular layers were found to 

be 30% smaller and more disorganized [55],  

3. V1 measured using VEPs [55, 56, 104,105],  

4. V1 and MT using both fMRI brain imaging [98,99] and MEG brain imaging [4], and 

psychophysical tasks of movement discrimination relative to a stationary back-

ground [1–3,7,13,96],  

5. MT using motion coherence for direction discrimination [106–111],  

6. the Lateral IntraParietal cortex (LIP) and Frontal Eye Fields (FEF), anterior cortical 

areas activated by saccades, based on saccade and anti-saccade training tasks [61], 

causing text to appear to move, a symptom that many dyslexics report [112,113], and  

7. parietal structures, prefrontal language systems, cerebellum, basal ganglia [114], and 

hubs of the attention networks [4,5].   

 

These results suggest a strong relationship between dorsal stream processing and 

reading ability, such that poor dorsal stream processing caused by sluggish magno (mo-

tion) cells is associated with slower timing and poor reading skills 

[1,2,3,13,14,16,40,57,66,93,96,97,102,107,115–117]. In fact, motion sensitivity in individuals 
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predicts orthographic reading skills in good and poor readers [118,119]. Dyslexics have 

sluggish motion cells that do not properly signal the pattern-sensitive cells, causing diffi-

culty in isolating and identifying the critical elements needed for reading, such as the be-

ginning and end of the word before sequentially analyzing the letters in the word.  In 

fact, research finds that there is an imbalance in magno- and parvo-cellular systems in 

dyslexics [120]. Dyslexics thereby lack the ability to process sequential information 

quickly and accurately, causing deficits in both reading speed and comprehension.  

Just by doing rapid brain exercises that improve a person’s ability to discriminate 

left-right movement relative to a stationary background pattern, PATH neurotraining, 

significantly improves a person’s ability to read rapidly and accurately.  These brain ex-

ercises can be used to not only detect slow reading, dyslexia and other developmental 

problems, like speech and language, attention deficits, autism, schizophrenia, and concus-

sions earlier than other methods, but also they can be used to remediate the cognitive 

deficits rapidly and effectively, as shown extensively in controlled validation studies in 

schools and with individual patients [1–3,6,13] by improving the brain’s timing as shown 

in this study and previously [4,5,105]. 

Since only in MT and higher processing levels are neurons selectively sensitive to 

motion coherence [121,122], direction discrimination using motion coherence has not been 

found to be an effective training paradigm [123].   Instead vertical sinewave gratings are 

used for PATH training, since these activate all motion sensitive neurons throughout all 

visual cortical areas.  Studies that have questioned the hypothesis that dyslexics have 

magnocellular deficits [124–127] examined dyslexics’ sensitivity to stimuli that are not op-

timal for activating direction-selective cells in the V1-MT network [71,128], using either 

flicker or high contrast random dot patterns without a background pattern.   

The PATH movement-discrimination training patterns, vertical sinewave gratings, 

are designed to differentially activate motion-sensitive (magnocellular) neurons in the V1-

MT network [20,32,71,129,130] relative to pattern-sensitive (parvocellular) neurons, 

thereby being an effective training stimulus to improve magno-parvo integration, and 

timing deficits at both early and higher levels of visual motion processing. Contrast sen-

sitivity for Figure (moving test stripes) / Ground (stationary background stripes) discrim-

ination is needed to provide an effective training stimulus to improve dorsal stream func-

tion [1–3,6,7]. The MEG results presented in Fig. 3 from an adult dyslexic corroborates 

these findings, showing that the timing and sensitivity of magnocells in MT improve sig-

nificantly after a short amount of PATH training. Moreover, finding P1, N1, and P2, N2 

MT signals improve markedly after only 5 hours of training on movement discrimination 

indicates that attentional signals driven by both alpha/gamma and theta/gamma oscilla-

tions, respectively, are enhanced [87]. The results from this study suggest that a short 

amount of movement discrimination training enhances coupled alpha/gamma and 

theta/gamma oscillations, improving attentional modulation, and the cognitive skills of 

reading, attention, processing speed, and working memory in dyslexics, as found previ-

ously [3,6].  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 [2]. 

4.3 Timing Deficits Prevalent in Older Adults Remediated by Movement Discrimination 

Exercises 

Older adults have deficits in visual processing [131], motion discrimination [132], at-

tention [133], and working memory [134], timing deficits being a prevalent factor. Age-

based changes in task-switching also is likely due to a slowing of perceptual processing 

[135]. Results from behavioral methodologies have indicated a general age-related decline 

in cognitive functions such as speed of processing, attention, perception, and working 

memory [133–135] that have been verified by fMRI and PET scans as well [136–139]. The 

data from this study provide new evidence that the deficits in attentional focus, working 

memory, and navigation experienced by older adults result from an information overload 
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due to timing deficits in the direction-selectivity network that are abated following train-

ing on movement discrimination using a dynamic visual attention (PATH) therapy.  

These results support a previous study [62] suggesting that magnocellular pathways pro-

vide the gateway for attentive processing for older adults.   

Lawton and Stephey’s [62] data suggest that training on movement discrimination, 

designed to strengthen magnocellular activity, increased the ability of the dorsal pathway 

to improve navigation and memory. These studies provide evidence that in older adults 

the timing in their brain is disrupted, affecting attention, processing speed, memory, mul-

titasking, and navigation. Slower processing speeds and more effortful attention have 

been found to explain a large part of age-related memory deterioration [133,135,138]. Re-

duced information processing speed may explain problems in memory encoding and re-

trieval because this mental slowing can lead to superficial processing and inefficient strat-

egies where elaboration is required [140].   

Although a general slowing of information processing [135], as well as declines in 

bottom-up sensory processes [131,132] may account for many age-related changes, deficits 

in selective attention do appear to exist in several domains: feature selection, object-based 

attention, and temporal attention [133]. Furthermore, age-related declines in spatial search 

appear to be attributable to deficits in selective attention, yet it is unclear whether this 

reflects deficient top-down mechanisms or insufficient compensation to overcome bot-

tom-up declines [133]. 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 acti-

vate MST [87]. This study showed that following training on slow (theta) and fast (alpha) 

speeds of movement, improvements in the ERP were found in the first 300 msec, as also 

found in the MEG recordings in Fig. 3, improving the allocation of attention. The percep-

tual training of older adults by Mishra et al. [87] 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 PATH training, activating 

magnocells at both early and late levels of dorsal stream processing is more effective in 

improving attention, processing speed, and memory in older adults. 

It may be that aging causes a decline in frontal inhibitory control over posterior brain 

regions [141], thereby having reduced coupled theta/gamma and alpha/gamma oscilla-

tions. This hypothesis is supported by fMRI data that establishes that top-down modula-

tion mediated by the PFC, subserved by alpha band activity, provides a causal link be-

tween early attentional processes and subsequent memory performance [142]. Adults 

with cognitive deficits / dementia may have decreases in the proper PFC areas within the 

working memory (WM) network, but over recruitment from other PFC regions outside 

the proper WM network [136,139].  Since this study found that a short amount of move-

ment discrimination training improved an older adult’s reading, attention, processing 

speed, problem solving, and both visual and auditory working memory skills, this data 

provides irrefutable evidence that improving low-level dorsal stream activity by increas-

ing the timing and sensitivity of magnocells enhances coupled theta/gamma and al-

pha/gamma oscillations that enable improving high-level cognitive functions. It is likely 

that after PATH training improves the timing and sensitivity in the dorsal stream, older 

adults have enhanced activity in the proper WM network, and reduced activity from re-

gions outside the WM network, as found in the dyslexic adult in this study, and following 

a mTBI [5]. 

4.4 Timing deficits Prevalent After a Concussion Caused by mTBI Remediated by Movement 

Discrimination Exercises 

Research has found that the effects of a mTBI reflect disruptions of the neural net-

works for attention and working memory [143–146]. After a mTBI, patients have trouble 

in sustaining attention [147]. Cognitive deficits in those with a mTBI are hypothesized to 
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result from neural timing deficits [148]. Compensation for timing issues by increased pre-

frontal cortical recruitment would be manifest as increased distractibility, working 

memory deficits, and problems with balance and coordination. This expended effort may 

underlie fatigue, headache, irritability, anxiety, and when prolonged, depression [148].  

Visual timing deficits, resulting from magnocellular (motion) deficits often persist after a 

mild TBI [149], manifesting as timing deficits in the dorsal pathways, and attention and 

executive control networks [5,148]. Thus, daily living is dramatically impaired after a 

mTBI. 

The magnocellular deficits persistent in those having a mTBI [149] were remediated 

quickly [5] by completing a short amount of movement-discrimination (PATH) training 

designed to optimally activate magnocellular (left-right movement) relative to parvocel-

lular (stationary background) neurons in the dorsal stream. After a mTBI in people aged 

15-68 years, substantial MEG signal increases in Motion Networks (V1, V3, MT, MST) and 

Attention / Memory Networks (ACC, precuneous/PCC, vlPFC, and dlPFC areas) were 

found following PATH training 2 times/week for 8-16 weeks, as well as significant behav-

ioral improvements in movement discrimination, processing speed, reading speed, both 

sustained and selective attention, and both auditory and visual working memory [5]. 

These are the same improvements found in this study for the dyslexic adult. The data 

suggest that the PATH movement-discrimination training paradigm improves magnocel-

lular function, which improves processing speed, attention, memory, and reading, in part 

by improving attentional feedback to V1 and MT, that can be measured by the strength of 

coupled theta/gamma and alpha/gamma frequency oscillations [15]. Our data found that 

PATH exercises improved processing speed, attention, working memory, problem solv-

ing, and reading, so less effort had to be spent decoding information, hence more effort 

was available for interpreting the information, improving timing by using the working 

memory network more efficiently [26], skills that improve a person’s quality of life after a 

mTBI.  PATH training in mTBI patients [5] is the first time that improving low-level vis-

ual timing deficits in the dorsal stream were found to improve high-level cognitive func-

tioning, both behaviorally and using a biomarker, MEG physiological brain recordings. 

Other cognitive training programs: 1) had little effect on improving the executive 

functions and attention in mTBI [150,151],  2) had results from brain training that were 

neither robust nor consistent, with transfer and sustained effects which were limited [152], 

and 3) improved the task being trained on, but do not extend to tasks not trained on or 

everyday cognitive performance [74]. Currently, there are no proven solutions to improve 

attention and working memory in mTBI patients [64,150,153,154].  However, not only at-

tention and memory, but also reading and processing speed improved significantly in 

mTBI patients after a short amount of movement discrimination exercises [5]. 

5. Conclusions 

What emerges from multiple studies is the essential role of timing deficits in the dor-

sal stream that are prevalent in developmental disorders like dyslexia, in aging, and fol-

lowing a mTBI. Training visual dorsal stream function at low levels (V1-MT pathways) 

significantly improved high-level cognitive functions, including reading fluency, selective 

and sustained attention, processing speed, problem solving, and working memory.  This 

study provides irrefutable evidence that these improvements in cognitive skills result 

from increasing the temporal precision and neuronal sensitivity of magnocellular neurons 

in MT relative to linked parvocellular neurons in the dorsal stream. PATH movement-

discrimination training was faster and more effective in improving reading, attention, and 

memory for dyslexics than found after training on:  1) repeated reading interventions, 2) 

interventions designed to improve auditory timing, or 3) linguistic-based reading inter-

ventions. This training was found to be rapid and greatly accelerate learning, improving 

reading, attention, processing speed, and memory more than found previously, since it: 

1) improved neural timing by improving the function of magnocells using figure/ground 

movement-discrimination at both low and high levels in the dorsal stream, improving 
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feedforward and feedback pathways to modulate attention by enhancing coupled 

theta/gamma and alpha/gamma oscillations, 2) is adaptive on a trial-by-trial basis based 

on the participant’s performance, and 3) incorporated cycles of feedback and reward at 

multiple levels. Remediating visual timing deficits in the dorsal stream revealed the causal 

role of visual movement discrimination training to facilitate reading acquisition in dys-

lexic and typically-developing students between the ages of 6 to 8 years old.  Moreover, 

this research supports the hypothesis that faulty timing in synchronizing the activity of 

magnocellular with parvocellular visual pathways in the dorsal stream is a fundamental 

cause of dyslexia and argues that the phonological reading deficiencies in dyslexia are 

caused by impaired development of the visual magnocellular timing system.  These stud-

ies indicate that a paradigm shift in treating dyslexia from phonologically-based to visu-

ally-based methods is called for urgently. In addition, a paradigm shift in treating reading, 

attention, processing speed, and memory impairments in older adults, and after a concus-

sion is needed as well.  Improving the timing and sensitivity of low-level dorsal path-

ways, improving feedforward and feedback pathways to modulate attention, is essential 

to improve high-level cognitive skills: reading, attention, processing speed, working 

memory, and problem solving in dyslexics, older adults, and those with a mTBI quickly 

and effectively. 
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