A 3-D View of Dyslexia: Defect, Diagnosis, and Directive

Eric S. Hussey, OD, FCOVD

Dyslexia is no doubt a multifaceted problem affecting reading and achievement in school – a constellation of possible problems with associated symptoms.  The assertion has often been made - and almost as often discarded - that vision is part of the picture of defect and achievement deficit that is dyslexia.  Perhaps the view of vision as part of the problem of dyslexia (reading problems) might be bluntly stated in the adage, “if the kid can’t see, the kid can’t read”.

Much information is available on the neurological deficit associated with reading problems.  Transferring that knowledge to the clinic can be a problem.  So, the clinical research has to somehow link to the hard science.  These words will hopefully guide what we do:  The DIAGNOSIS, when the DEFECT is understood, will DIRECT therapy.

The Defect – or deficiency – in visual dyslexia.

The hard science on dyslexia (reading problems) suggests that a post-retinal, pre-cortical motion detection defect is present and probably in part responsible for the dyslexia.  Two primary visual pathways carry visual information from the retina through the Lateral Geniculate Nucleus (LGN) to the cortex:  the parvocellular (P-) and the magnocellular (M-) pathways.  The P-pathway primarily carries detail and color to the brain.  The M-pathway is primarily responsible for motion. It is important to understand that this does not represent a simple central - peripheral conflict.  Both the M- and P- pathways are most densely represented centrally.  The P-pathway accounts for 80% of ganglion cells in the optic nerve.  P-cells concentrate more toward the fovea, being 91% of the ganglion cells representing this area.  P-cells continue out into the periphery, but decrease in relative density with increasing eccentricity, being 40 to 45% of the ganglion cells in the periphery.  Ten percent of retinal ganglion cells in the optic nerve are M-cells.  The M-pathway is represented in and density is greatest at the fovea, but still is only 5% of the ganglion cells connected there.  Its absolute density declines with retinal eccentricity, but the relative density increases to 20% of ganglion cells in the periphery.  The M-pathway simply becomes relatively more important in the periphery, while the P-pathway is the overwhelming preponderance of cells centrally, and the somewhat less overwhelming preponderance of cells peripherally (figures 1a & 1b).  But, importantly, if M-cells are concentrated most densely centrally (as the P-pathway is also), then we would expect the effect of a M-pathway deficit to be expressed most strongly centrally.  
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The reason to explore the possible effects of a centrally expressed M- defect is again simply that defects in the magnocellular pathway have been linked to “dyslexia”, or reading problems.  This body of research on vision and dyslexia delineates the existence of these two parallel visual pathways that carry different forms of visual information that complement to form the light adapted (cone) visual world we see.  The Parvocellular or Sustained or P-pathway primarily carries detail and color information.  Its complement, the Magnocellular or Transient or Motion or M-pathway carries motion (on a stimulus level, flicker) information in the same area of the visual field.  These two information streams travel separately to the striate cortex and to different interpretive areas of the brain.  Surprisingly, it is the M- or motion information pathway and not the P- or detail information pathway that is consistently implicated as defective in dyslexia. 

During any light-adapted fixation, the target of regard is seen and analyzed by these pathways that add together to produce what we see.  These pathways maintain some separation through the dorsal Lateral Geniculate Nucleus (dLGN) and on to the striate cortex.  The parvocellular pathway occupies the four more dorsal layers of the dLGN, to the striate cortex, then on to the temporal cortex.  The magnocellular pathway occupies the two more ventral layers of the dLGN, then to the striate cortex, then on through the medial temporal lobe to the parietal cortex.  

Both pathways detect brightness, coarse shapes, coarse stereopsis, and detect contrast in low spatial frequency targets.  Both are involved in scotopic vision.  The parvocellular pathway contributes detail, pattern and color to visual sensation.  It has color opponency and shows binocular enhancement with color at the cortex, indicating P-pathway binocular convergence.  Importantly, it is the parvocellular pathway that carries fine stereopsis.  Along with a lack of fine stereopsis, then, anisometropic amblyopia is associated with a loss of P-pathway function and neurons.  Also, since M-pathway responses are available very early, and since stereopsis continues to develop into adulthood, we can suggest that, while both pathways develop over time, the M-pathway is functional earlier than the P-pathway and that the P-pathway may develop somewhat later than the M-pathway.

As might be expected, the information carried by the P-pathway is a function of anatomy.  The receptive field centers are smaller and have stronger antagonistic surrounds.  However, the off-response is weak, giving a more sustained response.  So, response to non-moving detail is good.  That is, the P-pathway is responsible for acuity.  At least early in the visual system, the P-pathway may be without an inhibitory apparatus.

The magnocellular pathway, in contrast, has design characteristics benefiting detection of motion.  Color (wavelength) opponency is not present, but the M-pathway may be relatively enhanced by shorter wavelengths (blue).  Receptive fields are larger than in the P-pathway; latencies are shorter and axon diameters larger.  Response is movement dependant.  On a stimulus level, then, the M-pathway is flicker-dependant, and flicker can differentiate the two pathways at the LGN.  This response to flicker is post-retinal.  Responses are transient, not sustained like the P-pathway.  The M-pathway is suppressed during saccades so the visual world doesn’t rush by with each saccade.  The M-pathway is involved in pursuits.  It responds best to high temporal frequency targets (flicker) with low spatial frequency (large/coarse).  All cone types and rods feed into the M-pathway, and, thanks in large part to the shorter latencies, information is processed and sent quickly to the LGN and then to the cortex.  M-pathway neurons are injured first in glaucoma because of the larger axon size.  Alzheimer’s disease affects the M-pathway and the decline of the M-pathway parallels a loss of smooth pursuits.  That loss of M-pathway ganglion cell neurons in the optic nerve is also reflected in a loss of contrast sensitivity.

The M-cells in the fovea are sensitive enough to fine motion that the small fixational eye movements should produce a magnocellular pathway response.  Motion opponency is seen in the medial temporal lobe M-pathway cells, prior to this pathway proceeding to the parietal cortex.

If only one of these pathways were to be found defective in reading disability, we might expect the P-pathway since reading letters involves the detail and pattern carried by P-.  But, it is the motion-sensitive magnocellular pathway that is consistently implicated in (visual) dyslexia.   The “visual dyslexia defect” is probably fairly early in the visual pathway, likely a post-retinal, pre-cortical defect of the central visual area.  This suggests the visual defect in dyslexia, then, is a disturbance in basic visual processing, not in higher processing or “perception”.  Since this defect occurs at the first level of visual processing, some influence on processing at any subsequent level should be expected.  As a post-retinal/pre-cortical defect, the LGN must be suspected as the location of the M-pathway defect in reading disability. 

The persistent question with reading problems being blamed on a M-pathway motion deficit is simply:  what is the mechanism?  Pursuits are affected by M-pathway defects, so pursuits might be part of the therapy.  Visual attention is affected by M-pathway deficiency.  Perhaps attentional deficit from M-defect is responsible for reading problems.  Saccades require a shift in visual attention, so logically may be negatively affected in an M-pathway deficiency.
That question of mechanism might best and most easily be answered by understanding one more piece of the neurological puzzle: Troxler’s Effect - or Troxler’s Perceptual Fading.  First described in 1804, Troxler’s Effect was originally defined as “the temporary and irregular fading or disappearance of a small object in the visual field during steady fixation”.  This fading is a loss of detail and color (carried by the Parvocellular pathway).  It occurs when motion is removed from the visual stimulus; in the early work simply by a subject developing ultra-steady fixation.  The early explanations for the fading included angioscotomata and receptor fatigue.  Later work expanded into image stabilization experiments.  Those later experiments found that Troxler’s “perceptual fading” is from lack of signal in the motion pathway, not receptor fatigue.  

This suggests the magnocellular pathway is the “on switch” for seeing.  The suggested location of this action is the Lateral Geniculate Nucleus; that is, this Troxler’s fading of detail is a post-retinal, pre-cortical consequence of lack of magnocellular signal.  Sound familiar?  Troxler’s Effect provides a puzzle piece to understand what we might see in a central M-pathway defect.  If we’re on the right track, what could we logically expect as the visual effect of magnocellular defect?  

If we were able to somehow progressively reduce the transmission ability of the motion signal at the LGN, two things would likely happen:  First, electrophysiological tests of magnocellular function would start to look more like those sighted in the body of research linking M-pathway deficit to dyslexia.  Second, the motion signal that keeps Troxler’s fading from occurring would be decreasing.   In essence we would be increasing the threshold for motion detection in that visual area.  As that magnocellular signal weakened, at some point the small fixational eye movements would no longer produce a magnocellular signal.  The motion detecting threshold would become high enough that a Troxler’s fade would occur and the detail and color (P-pathway) would fade.  A defective, or perhaps deficient M-pathway, therefore, doesn’t keep the P-pathway “awake”, allowing the P-pathway to fade.  If the M-pathway fails, the P-pathway fades.  This will probably be seen most strongly or dramatically centrally since the cell density of both pathways is greatest centrally.  

How would that express itself clinically?  We might logically expect the central area of vision of one eye to fade.  During a Troxler’s fade the central vision would fade due to lack of magnocellular signal.  During the fade, we would expect the normal fixation lock would be decreased, or possibly even absent centrally.  Some drift in fixation would be likely.  As the suppressed eye drifted off target, visual motion would be produced by the increased drift in aim and therefore the M-pathway signal would be increased from that motion induced by the drift.  When sufficient motion was produced by the fixation drift to pass whatever threshold the defective motion pathway required, the increased M-signal would re-establish the image in the P-pathway.  

Once the image was re-established, the brain would likely require proper realignment of images for single binocular vision.  Motion in the signal would be maintained during realignment.  But, after some period of alignment, since the deficient M-pathway is still deficient, this sequence of events would likely repeat, allowing - or causing - another fade.  

Therefore, we would expect repetition of the fade:  intermittency.  Since (excluding trauma for the moment) a M-pathway defect would likely be a developmental deficiency, both sides of the M-pathway as a whole would probably be affected, meaning simply that alternation is likely as well as the intermittency.  All of this occurs as an afferent sensory neurological defect – a post-retinal, pre-cortical defect.

As this fading occurs and some drift in aim occurs, some letter and word confusion would be likely as the fade resolved and both eyes were now seeing simultaneously, but not precisely aligned (one degree off target corresponds to two or three letters in standard print).  Visual confusion would result from the misalignment, then some movement would occur as the brain demanded realignment of the mis-aligned images.  We might expect smaller words would more likely be confused than larger, in part because relatively more of a small word will fit in the central fade confusion area.   Since small words might be expected to be affected more, textbooks would probably cause more confusion than novels simply because small words count more significantly for content in a text than in a novel.  

Variability in how specific words are read would occur depending on the fixation misalignment at the precise time the word is sighted.  That variability would include some correct reading when aim is correct.  So, a common complaint from a parent might be about “memory”:  A word appearing several times in a story would be read wrong.  The parent would tell the child to “go back and look at it”.  During that time of pondering the faulty word, the Troxler’s fade would have time to resolve (along with faulty eye movements no longer complicating viewing), resulting in correctly reading the word.  Moving on, this might happen again, only perhaps the word would be read inaccurately differently than the earlier mis-read.  “Go back an look at it!”  This would proceed with the repetitive fading sequence happening at its own separate timing, irrespective of what is on the printed page.  The basic level of familiarity with the specific word would also likely be involved.  Accurate reading would occur occasionally simply because accurate alignment happened to randomly occur at the time that word again appeared in the story.  At that point, the parent would think the child had finally learned.  But, when a later misalignment occurred as the reading continued and the same word was again mis-read (perhaps still differently), the parent or teacher would be inclined to declare the child’s memory as defective - as the child runs for cover.  Does this sound like the “dyslexia” or reading problems you hear from school age kids (or their parents)?  It happens in my practice.

Further, if these together define an afferent central vision defect that affects the stability of detail vision, then given an appropriately aged and inexperienced child, would we expect that same afferent visual defect to affect perception and perceptual testing, given that visual perception involves various cortical areas?  How could it not?

If we could detect this afferent magnocellular defect with its repetitive fading with routine optometric testing, we would better know how to treat; plus expanding our knowledge base of the defect.  

Diagnosis – In the Clinic – of Magnocellular Defect in Visual Dyslexia

In the clinic, we need to routinely test for this fading caused by magnocellular deficiency.  Since central afferent visual neurology is responsible for the fade of detail and color sensation, under proper test conditions this should be seen as a drop-out of the image – a clinical suppression.  This is a little different from the more constant strabismic suppression since, as we saw above, we expect repetitive suppression / bilateral sight / suppression sequences.  This has been known clinically for some time as intermittent central suppression (ICS).  The time-course of ICS has been studied, and fits our understanding of what should occur as a result of a magnocellular deficiency Troxler’s fade.  Table 1 shows the on-off sequence in a group of intermittent suppressors to be roughly two to five seconds long, happening twice in a given ten-second span diagnostic span.  A “typical” diagnostic time course for ICS then might show suppression of the central vision of one eye for approximately two seconds, then that suppression will resolve and either the other eye’s central vision will suppress immediately, or after a two or three second period of binocularity either eye’s central vision will suppress for another few seconds.  The key finding is repetitive short-duration suppressions.
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The standard analytical examination can be modified with vectographic binocular testing to maximize ICS yield and evaluate binocular visual sensation over time.  Vectographic binocular refraction with a projected test chart has been used since the 1960s.  Suppression will be seen as vectographic targets “disappearing”, or, with children especially, “being erased and coming back”.  The time course of ICS must be respected with all targets, and appropriate documentation taken about time course and targets.  Time and target documentation aids evaluation of progress if therapy is undertaken to eliminate the suppression.

The projected distance vectographic chart serves as the target (figure 2). The projected distance chart subtends a visual angle of just under three degrees.  The best distance lens is tested as in any subjective lens examination except that the vectographic monocular acuity groups are used with both sides of the phoropter open instead of monocularly occluded.  In some cases, the contralateral eye will have to be occluded simply because the suppression won’t allow an acceptably easy and accurate lens determination.  On each acuity set with both sides of the phoropter open, but with the polarizers in place, the patient should be questioned about ICS (leading patient responses as little as possible).  Take your time.

When the distance lens prescription has been defined and therefore initial ICS probing done, slowly scan through the other projected chart targets questioning about ICS and its “disappearing” target response.  A favorite with children is the clockdial target.  I ask them what they think it looks like.  Current descriptions range from a “sun” through “headlights in the fog” or a “dragonfly” to - are you ready? - “Siamese porcupines joined at the eyeball”.

As everyone has fun, question again about ICS.  Often quadrants of the clockdial will disappear, suggesting size of the suppression zone.  Vertical and lateral fixation disparity/associated phorias provide another target for questioning about ICS before and after the prism testing.  
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The Borish vectographic near card serves as the near ICS target.  The inferior diamond target is modified with added polarizers bisecting the diamond vertically so that the right eye sees the right side and the left eye sees the left side (figure 3).
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The modified diamond at near subtends an angle of just less than two degrees.   A suppression will be seen as the affected side blackening (not disappearing) to the point that the underlying acuity letters cannot be seen.  ICS diagnosis with this modified target correlates well to distance vectographic testing for ICS (Figure 4).  Figure 4 also shows how poorly other screening tests correlate to these two primary ICS targets when vectographic refraction is the reference criterion.  The vectographic chart and modified Borish card were the test targets used to determine the temporal characteristics of ICS. Strabismus and amblyopia screening tests such as stereopsis and the Worth 4-dot test are quick, “one-look” tests.  As such, they are likely to miss ICS simply because the test can hit the binocular periods, especially if the examiner pushes the patient to “look again” to get a normal response. 
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The modified diamond target is the target for near ductions (vergence) testing.  Make sure the phoropter polarizing filters are in place.  I have typically done three sets of ductions in succession to add a little stress and fatigue.  The rotary prisms are then removed.  Often (especially with children) a reminder that both eyes are to remain open and head posture is to remain straight is well advised.  Vigilence on this point may preclude a spurious finding, or, perhaps worse, the embarassment of a child explaining the doctor’s finding of a visual problem by merely saying, “oh, yeah, it happened every time I shut one eye”.  Preceding the ICS testing with duction testing gives some assurance of proper posture, since diplopia would not be achieved on ductions if one eye was screened off, for example, due to head tilt.

Take time to explain to patients the response method for ICS.  The diamond target has acuity letters.  ICS will blacken one side of the target so the letters can’t be seen.  With appropriate posture and both eyes open, the patient can either give a running oral commentary of changes from black to clear, or raise and lower the hand on the appropriate side when one side of the diamond is suppressed.  The advantage of this hand signaling is that children often have trouble keeping up with visual changes verbally; but also hand signaling can be video documented if desired (and with appropriately informed parental consent).  Without further prompting let the patient signal the blackening and clearing for thirty to sixty seconds.  Then both the examiner and the parent have a good accounting of the sensory defect over time (as well as a good segment for video documentation).  If the ICS lasts for only one suppression, it may not be significant, but perhaps is worth re-evaluation later.  If one hand stays aloft (constant suppression), recheck for strabismus, check posture, and question again for ICS at distance.  Both the timing and repetitiveness of the suppression response should approximate the above ICS timing.

Probing for ICS can include vertical and lateral fixation disparity testing.  The target is the center cross target.  Vernier alignment using a forced-duction aligned/misaligned procedure produces an often-prescriptable vertical prism correction:  With the rotary prisms, push the cross target lines in and out of precise alignment to determine a rest position or prism power.  Before and after testing, ask if any target lines disappear.

How can we correct this Troxler’s fading induced by a deficient magnocellular pathway that we identify clinically as intermittent central suppression?  As the only documented treatment, active anti-suppression therapy must be considered the standard of care and generally accepted principles of medical care should define such treatment as medically necessary and appropriate.  Reduction of ICS should correspond to improved function of the magnocellular pathway.
Directive– Treating the Magnocellular Defect in Visual Dyslexia

Louis Jaques, Sr. stated that correction of “suspension of vision” was the “first and most important” step in correcting vision problems with vision therapy.  In 1950, he didn’t have the hard science to understand the gravity of those words.  Large-scale studies of therapy for intermittent central suppression have not been done.  Nor have studies been done yet to compare electrophysiological evidence of M-pathway deficiency pre-and post-ICS therapy.  The literature on ICS does, however, represent some 650 individual ICS diagnoses.  But, based on our understanding of the neurology as outlined above, effective therapies should be designable for ICS.  The neurophysiology described will teach us how to treat.  Further, if we describe therapies that would logically change magnocellular function based on this understanding of the neurolophysiology, those therapies should parallel the therapies we have historically used to treat suppression, if in fact magnocellular deficiency presents clinically as intermittent central suppression.

It should not surprise anyone that with the suggested defect at LGN synapses, and therefore a need to change those synapses for elimination of the suppression, the only documented treatment for ICS is active vision therapy.  Therapies will be driven by the defect in neurology and changing those synapses.  Synaptic modification is fundamental to behavior change and results from repeated, synchronous stimulation of the postsynaptic neuron by adjacent presynaptic neurons.  We need to drive groups of presynaptic neurons with stimuli these presynaptic neurons are designed to respond to; that is, motion stimuli.  Therefore, therapies such as lenses, as valuable as lens corrections are, would not be expected to change those synapses.  Also, although perhaps color would help in choosing or highlighting the specific pathway on which we wish to perform a specific therapy, simply gazing at a non-moving target in a specific color or with a specific color of light would not be expected to change synapses.  Similarly, simply looking at red-green targets would be expected to have a minimal effect.

We know we’ve got to force both eyes to see simultaneously, and we know the underlying defect is in the motion pathway.  So, both those should be combined in any suppression therapy.  Therefore, if we were to force simultaneous sight, say with vertical dissociating prism and add motion by watching a rotating target alternately fixating with either eye, we should be treating the magnocellular defect.  As the fixing eye watches one target, the other eye receives a motion stimulus.  On the same line of logic, if we instead of prism used a stereoscope to demand simultaneous sight and for the visual motion use a pencil scrubbing across the central vision, the pencil motion should be stimulating the magnocellular pathway.

Clinically, those suggestions would include dissociated rotations, cheiroscopic tracings of all sorts and VO stars – all well known clinical treatments for suppression.  Even the Brock String with motion of the patient’s head or with plucking of the string follows the therapeutic directive of combining motion with bilateral stimulation – and has been promoted as a low-level suppression therapy. 

Changing synapses in the magnocellular pathway at the LGN would also include alternating flicker.  Visual motion  is essentially a series of “on” signals followed by “off” in individual receptors as a light stimulus sweeps across the field of receptors:  “on-off-on”, etc.  The sensation of continuing motion would then entail the ongoing repetition of this whole process with a series of similar bars of light moving across the same receptor field, stimulating each receptor in its proper turn.  This would produce repetitive “on” signals in each of those receptors, followed by that individual signal “turning off” repetitively (Figures 5A to 5D).
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Now imagine a very small aperture letting a light beam to a single receptor instead of the above moving bar.  If we continue to alternately open and close the aperture, we repeatedly stimulate that single receptor.  This is visual flicker for that receptor.  For this single receptor, then, is there any difference between this flickering stimulus and the prior motion stimulus, so long as the rate of flicker matches the speed of the prior “on”-“off” motion stimulus at that receptor?   The answer is either none, or very little.  

Said more succinctly, flicker is motion in stimulus form.  This is consistent with the hard science suggesting the P and M pathways can be differentiated at the Lateral Geniculate Nucleus based on their flicker responses: that the M pathway is more responsive to flicker.  Further, if that particular receptor is “tuned” to detect motion at a particular speed, then we can choose appropriate rates of flicker at  speed which corresponds to that temporal frequency.  We can pick that receptor to maximally stimulate based on its temporal frequency tuning.  

If instead of considering the response of an individual receptor, we look at motion and flicker responses across the retina, some differential in speed tuning fits our knowledge of flicker fusion and what I’ve suggested I’ve observed in treatment. That is, simply, that the central retina is tuned to a slower speed of motion than the paracentral and peripheral retinal areas.  The central receptors that are part of the motion detection pathway are designed to be sensitive to small movements in detailed objects such as watching the cursor move on a computer monitor, while the more peripheral motion receptors are most sensitive to fast, large, abrupt stimuli such as a moving vehicle on one side of your car.  

Moving, then to a broader format in the above discussion, one can imagine that instead of a single receptor, we now stimulate a broader group of receptors, clustered according to this differential in speed tuning - or sensitivity to frequency of the flicker - of those receptors.  Clinically, this larger aperture might be a liquid crystal shutter lens changing from black to clear.  Neurologically this cluster would be adjacent similarly motion responsive (or flicker-tuned) neurons, which, then, can synchronously stimulate a post-synaptic neuron to build and strengthen the synapses.  This offers the possibility of selectively using flicker as a visual motion stimulus for M-pathway synapses at the LGN.  
If the suppression is a function of a Troxler’s fade from magnocellular defect, lower rates of flicker should be more useful in overriding suppression than higher rates.  This follows from data on Troxler’s showing high rates of flicker (25 Hz) don’t prevent Troxler’s fading whereas low rates (1-2 Hz) will prevent the fade.  This is born out in data on alternating flicker for treating suppression.  Clinically, the alternation frequency most effective for treatment of a central suppression is around 5 Hz. The brain reads alternation at an appropriate pace as a continuous signal centrally, and the flicker is a strong magnocellular motion stimulus.  

One of the first clinical applications of alternating visual flicker was Merrill Allen’s TBI Trainer.  That unit was primarily used to treat the suppression of strabismus (at 9 Hz), not ICS.  A more recent form of the same basic alternating flicker therapy uses alternating liquid crystal shutter glasses.  We continue various clinical trials on alternating flicker for this condition.  Case studies show that alternating flicker at a suppression-appropriate pace– an isolated motion stimulus - as an isolated therapy can eliminate suppression and reduce symptoms as expressed in a COVD symptom questionnaire.  More traditional vision therapy can also eliminate suppression.  For example, I’ve documented subjectively restored reading levels using traditional therapies to treat whiplash trauma-induced suppression.

In all forms of anti-suppression therapy, whether alternating flicker or more traditional anti-suppression therapies respecting the directive to combine bilateral stimulation with motion stimuli, it’s worth remembering that, according to this theory, we are either building or strengthening magnocellular synapses at the LGN.  This takes time.  

Summary

A 3-D View of Visual Dyslexia:

Defect – at least in part a Magnocellular pathway defect.

Diagnosis – Intermittent Central Suppression is the clinical diagnosis of that Magnocellular defect.

Directive – treat the suppression until it is gone.
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