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Abstract  27 
Purpose of review: The magnocellular theory is one of the well-accepted neurobiological 28 
theories to explain developmental dyslexia. However, criticism remains on whether the weaker 29 
magnocellular-dorsal system in dyslexics is a consequence of insufficient practice in reading 30 
skills. This mini-review summarizes recent publications investigating the causal relationship 31 
of magnocellular theory in developmental dyslexia. 32 
Recent findings: Emerging evidence highlights visual magnocellular-dorsal deficits as a cause, 33 
not a consequence, of reading difficulties. Recent studies have indicated that cognitive 34 
impairment of magnocellular-dorsal functions is a biomarker of developmental dyslexia and 35 
does not relate to the reading experience. However, training magnocellular-dorsal functions 36 
can also improve the reading skills in dyslexic children.   37 
Summary: Magnocellular-dorsal functions should be included in the battery of tests to identify 38 
children at risk of developmental dyslexia. However, other factors discussed in this review, 39 
including the involvement of the parvocellular system and noise cancellation deficit, should 40 
also be considered. 41 
 42 
 43 

44 
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Introduction 45 
Reading is an essential survival skill, but not all people can learn and master this skill well. 46 
About 5% to 17.5% of the population worldwide have developmental dyslexia (DD),1 a 47 
neurodevelopmental disorder characterized by persistent impairment in reading skills, 48 
including reading accuracy, fluency, and comprehension, even after receiving formal 49 
education.2 People with DD have ordinary intellectual levels and mental health, and are free 50 
from neurological and sensory diseases, but still read less well than their peers of similar age.2 51 
 52 
The hardships borne by dyslexics are far more than just simple reading difficulties. In the 53 
current competitive education system, dyslexic children and youths are often labelled as ‘lazy’ 54 
or ‘stupid,’ even though they are as intelligent as (or sometimes even more intelligent than) 55 
their peers. They have to endure anxiety, emotional stress, and depression due to failure to 56 
achieve expectations from family, school, or themselves.3-6 Some dyslexic youths may decide 57 
or are compelled to quit school early, leading to the school dropout rate in dyslexics being six 58 
times higher than for typical readers.7 Those who can no longer withstand the tremendous 59 
academic pressure may consider or even attempt suicide, the rate of which is three times higher  60 
than that of their peers.7 Given that DD creates substantial impacts on individual and society, 61 
various disciplines have investigated the neurobiological roots of DD and attempted to develop 62 
genuine solutions to improve dyslexics’ reading performance. 63 
 64 
Various theories have been proposed to explain the reading difficulties of DD, including 65 
phonological theory, rapid auditory processing theory, visual theory, cerebellar theory, and 66 
magnocellular theory.8 Among these, the magnocellular theory is the one that attempts to unify 67 
other theories by attributing the reading difficulties to dysfunction of the magnocellular-dorsal 68 
system. It attracts researchers’ attention because it provides a neurobiological explanation of 69 
DD and opens a new direction to train dyslexics’ reading skills. However, the theory is not 70 
without criticism, and the underlying causes of DD are still a widely debated topic. This mini-71 
review aims to summarize recent relevant research findings to support the magnocellular theory 72 
of DD. The literature search was conducted between January 2017 and March 2022 using 73 
PubMed, Scopus, and PsycInfo digital bibliographic databases. The following keywords were 74 
included in the literature search: (“Dyslexia” OR “Developmental dyslexia” OR “Reading 75 
disorder”) AND (“Magnocellular” OR “Dorsal”). In general, emerging evidence affirms the 76 
magnocellular deficit, particularly the visual magnocellular-dorsal system, as a root cause of 77 
DD. However, other factors discussed in this review should also be considered when further 78 
investigating the neurobiological basis of DD and applying this theory in clinical practice. 79 
 80 
Magnocellular theory 81 
Before discussing the recent research, the magnocellular theory will be briefly reviewed. For 82 
more details, reference may be made to earlier comprehensive review articles.9-14 The 83 
magnocellular theory describes inaccurate timing of the magnocellular networks in processing 84 
visual temporal information when reading. The visual magnocellular pathway originates from 85 
the retina, where the parasol retinal ganglion cells project visual signals to the inner two layers 86 
of the lateral geniculate nucleus (LGN), which then travel primarily to the layer 4Cα of the 87 
primary visual cortex.15, 16 Because the magnocellular cells are sizable, with extended dendritic 88 
arborization and myelinated axons, the magnocellular system is more sensitive to visual 89 
stimulations characterized by rapid motion (high temporal frequency) and coarse details (low 90 
spatial frequency).17-19 About 90% of visual inputs from the magnocellular pathway are then 91 
projected to the dorsal (or parietal) stream, also called the “where pathway”, which travels from 92 
the visual cortex via V5/MT (the motion-sensitive area) to the parietal lobe. The dorsal stream 93 
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mediates visual motion perception and is responsible for guiding visual action and recognizing 94 
spatial location with respect to the viewer.19-22 When reading a book, the magnocellular-dorsal 95 
system deploys visual attention to the letter strings of interest,21, 22 controls corresponding eye 96 
movements,21, 22 recognizes letter sequences,9, 13, 14 and integrates the rapid coarse visual 97 
signals.9, 13, 14 Once this rapid temporal processing skill is disturbed, it leads to errors in 98 
sequencing the letter orders and sounding out the words.9-14 99 
 100 
The magnocellular theory was mainly developed based on the observation that dyslexics often 101 
exhibit impairments in cognitive and neurophysiological functions mediated by the 102 
magnocellular-dorsal stream. Figure 1 summarizes the reported magnocellular deficits in 103 
dyslexia. Basically, dyslexics underperform in visual tasks that involve low spatial and high 104 
temporal frequency,23-28 motion discrimination,24, 29-33 and heavy attention load34-36. In addition 105 
to cognitive impairment, post-mortem histological examination has also revealed more 106 
disorganized magnocellular layers and smaller cell bodies in the LGN of dyslexic than age-107 
matched non-dyslexic brains.37 Data from magnetic resonance imaging supports the 108 
histological evidence, showing a reduced volume of left LGN and impaired brain areas over 109 
the magnocellular-dorsal pathway in dyslexic children and adults.38-41 110 
 111 
One major criticism of the magnocellular theory is the causal link between magnocellular-112 
dorsal deficits and DD. While dyslexics often perform visual motion and attention tasks less 113 
well than typical readers, it does not mean that these impairments are the causes of DD. It has 114 
been argued that dyslexics have a weaker magnocellular-dorsal system because of the lack of 115 
practice in reading-associated visual skills.42, 43 In other words, the magnocellular deficit is a 116 
consequence, not a cause, of dyslexia. However, recent studies refute this argument and 117 
provide further evidence to confirm the causal role of the magnocellular-dorsal system in DD. 118 
 119 
Visual motion perception is an endophenotype of dyslexia 120 
Endophenotype (EP) is a measurable biomarker correlated genetically to an illness and can be 121 
used to identify those at high risk of a disorder. Only cognitive phenotypes that fulfil the six 122 
restrictive criteria can be classified as an EP (see references44, 45 for details). Mascheretti et 123 
al.46•• recently investigated which previously reported cognitive phenotypes of DD met the 124 
criteria of EP. The cognitive phenotypes included rapid auditory processing (RAP), rapid 125 
automatized naming, multisensory nonspatial attention, and visual motion processing (rotating-126 
tilted-line illusion). These phenotypes were measured in a total of 100 nuclear families with 127 
DD (229 offspring) and 83 unrelated typical readers. Their results indicated that visual motion 128 
and RAP were the only two cognitive phenotypes fulfilling all testable criteria (except for the 129 
criterion that required a longitudinal study design) and could be considered potential EPs of 130 
DD. Given that visual motion perception is mediated via the dorsal stream, their results support 131 
the magnocellular-dorsal deficit as a cause of DD. 132 
 133 
Magnocellular deficits are not related to reading experience 134 
Because dyslexics struggle with reading, it has been argued that they read less than typical 135 
readers.42 The magnocellular-dorsal functions are less practiced or developed, thus, making it 136 
less efficient.42, 43 To test whether the impaired magnocellular-dorsal system is related to 137 
reading experience, Flint and Pammer47• compared coherent motion and frequency-doubling 138 
illusion sensitivities among dyslexics, illiterate, semi-illiterate, and typical readers. If 139 
magnocellular-dorsal deficits result from lack of practice in reading-related visual skills, 140 
illiterate and semi-literate persons, who have received little or no education, should 141 
underperform in these rapid visual motion tasks. They found that dyslexics were, as expected, 142 
less sensitive to coherent motion and frequency-doubling illusion. However, illiterate and 143 
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semi-illiterate subjects performed similarly to typical readers. Their findings refute the 144 
argument that magnocellular-dorsal deficit is secondary to inadequate reading experience.  145 
 146 
Retina is involved in DD 147 
Recent and earlier studies show that dyslexics usually exhibit lower sensitivity to frequency 148 
doubling (FD) illusion than typical readers.25-27, 48, 49 This drop in FD sensitivity is believed to 149 
reflect a deficit of the retinal ganglion cells (RGC). In clinical practice, FD technology has 150 
been applied to detect patients with glaucoma,50, 51 an eye disease resulting from damaged RGC. 151 
The reduced FD indices correlate significantly with the loss in retinal nerve fibre layer 152 
thickness in glaucomatous eyes.52, 53 However, FD technology, using a psychophysical 153 
approach, does not determine the retinal function directly. To confirm the involvement of 154 
retinal function in DD,  the steady-state pattern electroretinogram (PERG) response between 155 
dyslexics and typical readers has been compared.48 By presenting visual stimulation with low 156 
spatial (0.3 c/deg) and high temporal frequency (15 Hz), PERG selectively measures the 157 
electrophysiological response of the RGC that mainly activate the magnocellular system. In 158 
agreement with the FD illusion findings, the reduced PERG response in dyslexics suggests an 159 
impaired retinal function for ganglion cells diverging to the magnocellular pathway. Because 160 
reading experience is not likely to alter retinal function, it is improbable that the reduced retinal 161 
ganglion cell response is a consequence of DD. However, this study was limited by small 162 
sample size (dyslexics, n = 10; typical readers, n = 10), reducing generalization. In addition to 163 
retinal function, further studies, including retinal imaging measurements, are required to 164 
confirm retinal involvement in terms of the RGC layer thickness in DD, to explore the 165 
relationship between structural and functional deficits related to the magnocellular pathway.  166 
 167 
Reading performance in dyslexics can be improved by magnocellular-dorsal training 168 
If DD does indeed result from a magnocellular-dorsal deficit, the reading performance of 169 
dyslexics should improve once magnocellular-dorsal function is recovered. Training on the 170 
magnocellular-dorsal system refers to repetitive practising tasks that demand rapid visual 171 
signal processing or heavy visual attention. The aim is to enhance the magnocellular-dorsal 172 
function through accumulating experience with relevant visual stimulation. Table 1 173 
summarizes five recent publications investigating direct or indirect (i.e., by action video games) 174 
magnocellular-dorsal training on the reading performance of dyslexics. All revealed that 175 
reading skills in dyslexic children can be improved after alleviating magnocellular-dorsal 176 
deficits, further supporting the magnocellular theory. 177 
 178 
Ebrahimi et al.54, 55• investigated how training a series of magnocellular-dorsal functions 179 
affected dyslexic children’s reading performance. The training included visual tasks targeting 180 
saccadic eye movement, coherent motion, and digital and dot counting skills. They found that 181 
the training improved magnocellular-dorsal functions, and importantly, these improvements 182 
were transferred to the reading performance. To understand training sustainability, they 183 
repeated the reading tests one month after the intervention and found that the improvement in 184 
reading skills was maintained. However, while most reading functions were improved, 185 
phonological errors increased. They suggested that after the training, dyslexic children may 186 
have learnt to use the lexical information (i.e., whole word form) and rely less on the sublexical 187 
information (i.e., phonological segments and their sequence), which may have temporarily 188 
worsened their phonological skills. However, fewer phonological errors were observed when 189 
testing was repeated a month after the intervention. 190 
 191 
Action video games (AVG) are highly demanding visual tasks that has been applied to provoke 192 
neural plasticity of visual temporal processing skills and improve visuospatial attention.29, 56-58 193 
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Thus, AVG have been adopted as an indirect approach to enhance magnocellular-dorsal 194 
function. Recent studies have investigated whether the improvement of the magnocellular-195 
dorsal system through AVG training can be transferred to reading performance and whether 196 
improvements in reading skills are associated with AVG performance and levels of attention 197 
demanded.59-61  198 
 199 
Bertoni et al.59 investigated the treatment effect of AVG on DD, adopting a partial crossover 200 
intervention paradigm. Participants received either a 9-day AVG training followed by a 9-day 201 
non-AVG training or these in reversed sequence, with a 10-day wash-out period between the 202 
two types of training. Compared to non-AVG training, AVG significantly enhanced dyslexic 203 
children’s visual searching skills, a common measure for visual magnocellular function. In 204 
addition to magnocellular-dorsal function, the training also improved pseudoword reading 205 
speed, confirming the application of AVG as a training tool for DD.  206 
 207 
Franceschini and Bertoni60 hypothesized that if AVG had direct benefits to reading, those with 208 
more pronounced improvement in game-playing skills could learn how to read more effectively. 209 
To test this hypothesis, they divided the dyslexic children who received AVG training into high 210 
and low learning players according to the game score enhancement. Following their hypothesis, 211 
high learning players showed significant improvement in their pseudoword reading rate and 212 
phonological short-term memory, while the low learning players did not. Thus, game score 213 
enhancement can be considered as an evaluation index when applying AVG for DD treatment. 214 
 215 
Lastly, Peters et al.61 investigated whether increasing the attentional demand in AVG playing 216 
could further improve dyslexic children’s reading performance. This study divided the 217 
treatment group into the regular (AVG-R) and increased attention AVG (AVG+) groups. Both 218 
groups played the same AVG but with different game controlling methods: the AVG-R group 219 
used a computer mouse, whilst the AVG+ group used the players’ eye movements tracked by 220 
an eye-tracker to increase the attentional demands. However, while AVG training improved 221 
reading accuracy, rate, comprehension, and rapid naming skills, there were no significant 222 
differences between the AVG-R and AVG+ groups. They proposed that the treatment efficacy 223 
relied more on the automatic attentional control required by the AVG rather than conscious 224 
attention and eye movements, but it was also possible that the AVG+ training was too 225 
challenging and affected children’s motivation to play the game. 226 
 227 
Given the encouraging evidence mentioned above, magnocellular-dorsal training can be 228 
considered as a treatment approach to improve reading performance in dyslexics. However, 229 
most intervention studies reported have been small scale. Larger-scale clinical trials are needed 230 
to confirm the treatment efficacy. It has also been suggested that because the test-retest 231 
correlation for reading tests is low in dyslexics, the reading tests before and after the 232 
interventions should be repeated, preferably thrice, to increase the statistical power.62• 233 
 234 
Other factors to be considered  235 
The accumulated evidence from the literature strongly supports magnocellular-dorsal deficit 236 
as one of the root causes of DD. However, recent studies have also indicated additional factors 237 
worth considering when investigating this neurobiological deficit further. 238 
 239 
Magnocellular deficits do not happen in all dyslexics 240 
It should be noted that not all dyslexics exhibit a magnocellular deficit. By using clustering 241 
analyses, Peters et al.63•• classified dyslexics into two subgroups, Magnocellular-Deficit 242 
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Dyslexics (MD-Dyslexics) and Magnocellular-Typical Dyslexics (MT-Dyslexics) based on 243 
their flicker fusion threshold (FFT) performance. FFT measures the temporal frequency for 244 
rapidly modulated luminance at which the flickering light is perceived as entirely steady.64, 65 245 
The achromatic FFT performance is associated with the magnocellular activation observed in 246 
non-linear multifocal visual evoked potential responses66 and is believed to reflect the ability 247 
of the primary visual cortex to process temporal visual information. Their analyses classified 248 
53.7% of dyslexics as the MD-Dyslexics who showed a reduced FFT, while others as the MT-249 
Dyslexics with normal FFT.  250 
 251 
Further studies may need to investigate what factors differentiate MD- from MT-Dyslexics and 252 
if languages requiring different orthographic and phonological processing skills (e.g., English 253 
vs. Chinese) affect the proportion of these dyslexic subtypes. More importantly, whether 254 
magnocellular-dorsal training described above can be adopted to improve reading performance 255 
for both dyslexic subtypes. 256 
 257 
Parvocellular-ventral stream should not be neglected 258 
The magnocellular theory assumes that the parvocellular-ventral stream remains intact in 259 
dyslexics. This assumption arises because dyslexics underperform only in visual tasks that 260 
attempt to activate the magnocellular-dorsal stream. Indeed, visual stimulations used in 261 
previous studies encompassed a broad range of spatio-temporal properties that may also 262 
stimulate the parvocellular-ventral system. In addition, there is increasing evidence that the 263 
dorsal stream does not only receive magnocellular inputs, but also signals from neurons in the 264 
parvocellular-recipient layer 4Cβ of the primary visual cortex.19 At higher cortical levels, the 265 
magnocellular-dorsal and parvocellular-ventral signal processing are not entirely isolated, but 266 
inter-mingled.67, 68 Thus, it is hypothesized that the parvocellular-ventral stream may also be 267 
involved in DD. 268 
 269 
Contemori et al.69• recently reported that typical readers had higher contrast sensitivity in visual 270 
tasks that involve activation of the parvocellular-ventral system (i.e., low temporal frequency) 271 
than in tasks specific to the magnocellular-dorsal system (i.e., low spatial & high temporal 272 
frequency). However, such facilitation in contrast sensitivity was absent in dyslexics. They 273 
therefore suggested that dyslexics may have an inefficient magno-parvo co-activation that 274 
disturbs the feedforward processing of words during reading. The same team later investigated 275 
the lateral masking effect in dyslexics and typical readers.70• The lateral masking task required 276 
participants to discriminate the motion direction of a Gabor target of low spatial frequency (0.5 277 
c/deg) drifting at 16 deg/s, which was intended to stimulate the magnocellular-dorsal system. 278 
A pair of static vertical flankers (spatial frequency: 0.125, 0.5, or 2 c/deg) were located above 279 
and below the target. Theoretically, lateral masking is provoked if the target and flankers share 280 
similar spatial frequencies.71 As expected, typical readers showed less lateral masking when 281 
the flankers’ spatial frequency was higher than the target, which was expected to trigger the 282 
magno-parvo coactivation. In contrast, the lateral masking under this magno-parvo co-283 
activation condition was not observed in dyslexics, supporting their hypothesis that unbalanced 284 
magnocellular and parvocellular activities may exist in DD. 285 
 286 
Dyslexics have difficulties in excluding noises  287 
One of the frequently used indicators for magnocellular-dorsal deficit is coherent motion 288 
sensitivity,24, 29-32 a measure of global motion perception. This low-level visual motion 289 
processing is determined using the Random Dot Kinematogram (RDK), which comprises two 290 
sets of moving dots, the signal and noise dots. The signal dots move coherently in the same 291 
direction, while the noise dots move randomly. Dyslexics usually require a higher proportion 292 
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of signal dots to detect the presence of global motion.24, 29-32 Given that perception of motion 293 
coherence is mediated by the V5/MT,72-75 a region of the extrastriate visual cortex dominated 294 
by magnocellular input,67, 68, 76 it is speculated that the reduced coherent motion sensitivity in 295 
DD may reflect a deficit of the magnocellular-dorsal system. However, it has been argued that 296 
rather than impaired perception of global dot motion, dyslexics might have difficulties in 297 
excluding the noise dots.77-79 In other words, they may fail to filter out the environmental 298 
distractors and fail to properly orient visual-spatial attention to the target. 299 
 300 
Recently, Ji and Bi80• tested this hypothesis by comparing the performance of dyslexics and 301 
typical readers in the coherent motion and static global form tasks under high (Signal & Noise 302 
contrast = 63.88%) and low noise levels (Signal contrast = 63.88%, Noise contrast = 58.52%). 303 
If the magnocellular deficit is the only cause of DD, dyslexics should perform worse in the 304 
coherent motion task than typical readers, but similarly in the global form task, regardless of 305 
the noise levels. Contrary to this prediction, dyslexics exhibited lower sensitivities than typical 306 
readers for both coherent motion and global form tasks in the high-noise, but not the low-noise 307 
condition. These results further support the noise cancellation theory that dyslexics have 308 
difficulties in excluding distractors. Nevertheless, as indicated by Ji and Bi,80 the magnocellular 309 
deficit and noise exclusion theories are not contradictory. Indeed, noise exclusion is one of the 310 
mechanisms explaining visuospatial attention,81 which, in turn, is also mediated by the 311 
magnocellular-dorsal pathway.82, 83  312 
 313 
Conclusions 314 
Recently published evidence supports the magnocellular theory and affirms the dysfunction of 315 
the magnocellular-dorsal system as the cause, rather than the consequence, of DD. Although 316 
not all dyslexics have magnocellular-dorsal deficits, a visual task with rapid temporal modality 317 
can discriminate a subtype of dyslexics from typical readers with adequate sensitivity and 318 
specificity.63 Thus, magnocellular-dorsal functions, taken together with the magno-parvo co-319 
activation and noise cancellation theory, should be included in the battery of tests alongside 320 
conventional phonological measurements to help identify earlier children at risk of DD.  321 
 322 
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