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Executive Summary

Reading is a relatively recent cultural invention: The human brain is not designed for reading
In order to read, we must borrow from and build on other neural systems; we build on
Oral language processing systems, for spoken sound processing
Systems to connect printed letters with spoken sounds
Visual processing areas, to perceive printed words
Visual processing systems, to move our eyes across the text on a page

Learning to read does not happen naturally
Children must be taught to read
Brains that can read must be built

The human brain is not designed for reading
Reading is a relatively recent cultural invention. Biologically, that means that the human brain is not designed for reading.
That is, the brain is not endowed with an innate part that “does reading.” Indeed, from an evolutionary perspective, there has
not been sufficient time to develop a part of the brain that “does reading.” And yet you are reading these words. How is that
possible?
You have built a brain that can read by borrowing from, building on, and “recycling” other neural systems [e.g., 1,2]. Over time and
with practice with reading, you and your brain have connected these systems to work together in the service of reading. For
those who have not had the opportunity to do this, the social and economic costs of illiteracy, particularly for women and
girls, are staggering [e.g., 3]. This brief, in two parts (see also Building a brain that can read, part 2: vocabulary and meaning),
considers some of the systems involved in building a brain that can read words.[1]
Spoken language processing: phonemic awareness
Phonological awareness is a sensitivity to the sound structure of spoken language [e.g.,] [4,5]. It involves the abilities to detect,
identify, and manipulate the sounds of spoken language. The smallest units of spoken language that distinguish one word
from another are called phonemes. For example, the sound that the letter p makes is a phoneme in English. From here
forward, I will use slashes to indicate that I am referring to sounds rather than letters; so, the sound that the letter p makes is
/p/.
Phonological awareness at the level of phonemes is called phonemic awareness. For example, knowing which of the spoken
words mop, car, and mat start with the same sound reflects phonemic awareness. So does being able to blend the separated
sounds /m/ /a/ /t/ into the spoken word mat. And so does being able to substitute /b/ for /m/ in the spoken word mat to
create the new spoken word bat. Phonemic awareness is one of the best predictors of learning to read in alphabetic
languages [e.g., 6,7]. Indeed, phonemic awareness is predictive of reading ability throughout the school years, from kindergarten
through grade 12 [8].[2] Explicitly teaching students to recognize and manipulate phonemes (for example, through isolation and
matching, blending, and substitution games, as in the examples above) is considered best practice based on strong research
evidence [e.g., 10,11, p. 2]. Figure 1 summarizes some phonemic awareness tasks.
[1] Both parts of this brief use English as an example of an alphabetic language (a language in which printed alphabet
symbols are mapped onto sounds of spoken language). Reading in all languages involves mapping printed text to speech,
but at different levels (grain sizes). Both parts of this brief also refer to beginning readers as young children, but the same
principles apply to older and adult beginning readers.

[2] In particular, the linguistic nature and phonological complexity of the stimuli, along with the requirement to produce a
verbal response, are components of phonemic awareness tasks that have been related to later reading ability (in terms of
decoding) [9].

Figure 1. Some phonemic awareness tasks, with examples, from less difficult (bottom) to more difficult (top). Note that the
most difficult task, phoneme substitution, relies on many of the other skills. Also recall that phonemic awareness involves
sound processing, so no print is involved in these tasks – only spoken words and sounds.
Unfortunately, parsing spoken words into phonemes is not easy. For example, consider the spoken word box. How many and

which phonemes are in this word? There are four phonemes in the spoken word box: /b/ /o/ /k/ /s/. If you were mistaken in
your phonemic analysis, you are not alone. Try this one: How many and which phonemes are in the spoken word shoe? There
are only two phonemes in shoe: /sh/ and /oo/. Many pre-service and in-service teachers are unable to perform phoneme
counting and manipulation tasks, such as these phoneme segmentation examples, accurately [e.g., 12,13,14]. It is difficult for
teachers to instruct young children about the phonemes in spoken words without an adequate understanding of phonemes
themselves. Luckily, there are resources to help teachers improve their phonemic awareness and instruction [e.g., 11,15,16].
Spoken language is processed across many regions in the brain. For example, one area at the top of the temporal lobe
(called the posterior superior temporal gyrus/sulcus, see Figure 2) is specialized for speech processing [e.g., 17]. In adults listening
to speech, specific clusters of neurons in this region are activated by specific speech sounds, like /p/ or /m/ [18,19]. That is, this
region encodes and processes spoken language at the level of phonemes. This same superior temporal region is also active
during silent reading in fluent readers – when there is no spoken sound input from the external environment [e.g., 20,21]. Thus, we
borrow from the spoken language processing system in the service of reading [e.g., 22].

Figure 2. A left hemisphere view of the human brain with the posterior superior temporal region
shaded pink. Modified from Hugh Geiney (shading added) on Wikimedia Commons, CC BY-SA

But there is even more to this story: This language processing system is fundamentally altered in the course of learning to
read [e.g., 23,24,25]. That is, learning to read actually changes the way that speech is processed in the brain. After learning to read,
“speech processing automatically involves breaking up the speech sound into constituent phonemes… Language is never the
same again” [26, pp. 1010-1011]. After just one year of reading instruction, activation levels in the superior temporal region are
increased when children listen to spoken language [27]. That children can identify the same sound /m/ in the spoken words mat
and small and jam is the result of learning to read. In alphabetic languages, learning to read is what allows us to process
speech at the phoneme level, and what reorganizes the neural language processing systems underlying this skill [2].
Connecting speech to print: decoding
So learning to read in alphabetic languages involves becoming aware of phonemes in speech. It also involves knowledge of
letters and letter combinations in print.[1] Crucially, it further involves realizing that these two things are related: that the
sounds of language map onto the written letters. The alphabetic principle is the understanding that there are specific relations
between spoken sounds and printed letters. Reading instruction and phonological awareness are mutually reinforcing
because “phonological awareness helps children to discover the alphabetic principle… [and] learning to read alphabetic
script also develops phonological and phonemic awareness” [28, p. 9]. The job of the beginning reader is to learn which letters go

with which sounds, called grapheme-phoneme correspondences.
Learning the mappings between letters (graphemes) and sounds (phonemes) is the basis of decoding in beginning reading.
Decoding is the effortful process of considering each letter in a printed word, mapping it to a sound, and then blending the
sounds together in order to read the word. For example, in beginning reading, the written word caton the page is read as
/kuh/ /ahh/ /tuh/ and then those sounds are blended together into the spoken word cat. Letter-by-letter decoding depends in
part on verbal short-term memory, which is predictive of beginning word-level reading [29].
Decodable texts are books that are designed to provide ample practice with sounding out pattern-based words (for example,
cat, hat, mat, sat, bat) and are often used in phonics curricula.[2] See Figure 3 for an example. Phonics methods of teaching
reading focus on building grapheme-phoneme correspondence knowledge in an explicit, systematic, and structured way and
are considered best practice in teaching beginning reading in alphabetic languages [e.g., 10,31]. There is strong evidence in favor
of teaching students to decode in beginning reading in order to recognize single words, as a foundational skill to support
reading for understanding [11].
[1] For information about the development of letter knowledge, see the brief in this series Emergent literacy: building a
foundation for learning to read.
[2] Decodable texts expose children to repeated letter-sound patterns (for example, -at) so that, with practice, beginning
readers will eventually recognize the pattern and not have to sound out each element (for example, /at/ rather than /a/ /t/).
Because of the controlled (and therefore limited) vocabulary and storyline in decodable texts, teachers may want to consider
supplementation with other narrative and informational texts that can be read with support or read aloud by the teacher.
Such texts can facilitate wider exposure to vocabulary and may increase interest in and motivation for reading [30].

Figure 3. An example of a decodable text (fiction). From http://www.freereading.net/w/images/f/f5/Decodable_Fiction_6.pdf,
CC-BY SA 3.0 US

How quickly children learn to decode and read words depends on the nature of the language involved [e.g., 32,33,34]. This is

because the regularity of grapheme-phoneme correspondences varies across languages. This regularity, or lack thereof, is
referred to as the orthographic depth of a language; orthographic depth information is plotted worldwide in Figure 4. When
the mappings are very consistent (a given grapheme almost always maps to the same phoneme), as in languages with a
shallow orthography such as Italian, children can learn all the correspondences that will apply to all words within the first year
(or even months) of instruction. But when the mappings are less consistent (a given grapheme may map to multiple
phonemes, such as a c in English mapping to either /k/ or /s/, as in cat or city) in languages with a deep orthography, it takes
more time to learn. For example, children learning to read in English take at least two more years of training to read at the
same level as children learning to read in Italian[32].
[1] Decodable texts expose children to repeated letter-sound patterns (for example, -at) so that, with practice, beginning
readers will eventually recognize the pattern and not have to sound out each element (for example, /at/ rather than /a/ /t/).
Because of the controlled (and therefore limited) vocabulary and storyline in decodable texts, teachers may want to consider
supplementation with other narrative and informational texts that can be read with support or read aloud by the teacher.
Such texts can facilitate wider exposure to vocabulary and may increase interest in and motivation for reading [30].

Figure 4. Orthographic depth, plotted as three levels although a spectrum in reality, for languages across the globe.
Attribution: R. Pereira,
https://linguisticmaps.tumblr.com/post/187856489343/orthographic-depth-languages-have-different-levels

In both children and adults, visual letter and auditory speech sound information are integrated in neural regions along the top
of the temporal lobe [35-38]. The superior temporal sulcus and planum temporale/Heschl’s sulcus regions are tucked into the
folds at the top of the temporal lobe, as illustrated in Figure 5. These are the regions that encode grapheme-phoneme
correspondences as children learn to read. Although which letters go with which sounds may be learned within months in
consistent languages, developing from building associations to automatically integrating letters and sounds into new audiovisual neural representations may take years of reading experience [37,39].

Figure 5. (A) A left hemisphere view of the human brain with the superior temporal region shaded pink. (B) An internal view
from the top of the left temporal lobe with parietal areas removed to reveal Heschl’s sulcus (HS) and the planum temporale
(PT). Modified from Michelle Moerel, Federico De Martino, and Elia Formisano, 2014, Wikimedia Commons, CC-BY 3.0

Visual processing: perceiving words
The ventral visual pathway, which travels from the occipital lobe along the bottom of the temporal lobe (see Figure 6), is
specialized for processing texture, color, pattern, form, and fine detail [e.g., 40]. These characteristics of any incoming visual
information are processed along this pathway. The neural processing of letters and words borrows heavily from the
specializations of this part of the visual system. For example, the fine detail that distinguishes a G from a C, the form of the
letter B as one vertical line and two curves in a specific arrangement, and the patterns of graphemes that comprise
meaningful sequences, like cat or -ing, all capitalize on the specialties of this pathway.

Figure 6. The ventral (purple shading) and dorsal (green shading) visual processing streams

(labels added). Selket/Wikimedia Commons, GNU Free Documentation License, CC BY-SA 3.0

Reading not only borrows from the ventral visual pathway but also builds on and changes it. In an early study, researchers
presented adult fluent readers with four types of stimuli: real words (for example, ANT), made-up words (for example, GEEL),
letter strings (for example, VSHFFT), and strings of letter-like symbols [41]. In comparing the neural responses to these different
types of stimuli, the researchers noticed one area along the ventral visual pathway that was active only for the real and
made-up words. As these were the stimuli that visually took the form of words in English, the researchers called the area the
“visual word form area.” This was one of the first neuroimaging reports of a brain region specialized for processing visual
objects that took the form of – “looked like” – words. This tiny bit of cortex seemed to be tuned to the orthography of words
(see Figure 7). This finding has since been replicated many times, and the visual word form area has consistently been
associated with automatic orthographic word processing in fluent readers [e.g., 42,43-46].

Figure 7. A left hemisphere view of the human brain with the approximate location of the visual
word form area shaded purple. Modified from Hugh Geiney (shading added) on Wikimedia
Commons, CC BY-SA

The visual word form area is not activated by print in people who cannot read [2]. Learning to read drives the development
and specialization of the visual word form area. This region becomes increasingly tuned to words with reading experience [e.g.,
42,44]. Essentially, the visual word form area takes shape within the ventral visual pathway with increasing expertise in reading
[e.g., 44,47].[1] It starts to specialize with growing letter knowledge, letter-sound knowledge, and decoding abilities [e.g., 47,49,50]. Indeed,
activation levels in the visual word form area are associated with decoding ability in readers from age 7 to age 18 [e.g., 51]. It
follows that specialization of the visual word form area for automatic orthographic word processing extends beyond late
elementary school [e.g., 52,53] through adolescence [e.g., 54].
Visual processing: eye movements
The dorsal visual pathway, which travels from the occipital lobe through the posterior temporal lobe up into the parietal lobe
(refer to Figure 6), is specialized for motion processing and depth perception [e.g., 40]. The contribution of this visual processing
pathway to reading might be less obvious, given that there is nothing that moves on a standard page of text and print has
no depth. However, the reader’s eyes do need to move across the text on a page, in a carefully calibrated and coordinated
fashion. For example, trying to read English from right to left or skipping every other line of text will certainly create problems
for understanding. Because of its primary specialties, the dorsal visual pathway is also involved in oculomotor control (eye
movements) [e.g., 55]. So learning to read borrows from the dorsal visual processing pathway, as well.

Readers’ eyes move across the page in a series of stops and jumps. The stops are called fixations, periods during which the
eyes are relatively still, and the jumps are called saccades, periods when the eyes are moving to the next fixation [e.g., 56]. This is
illustrated in Figure 8. Watching a beginning readers’ eye movements shows that the skills involved in fluidly moving one’s
eyes across the text on a page take some time to develop! In comparison to fluent readers, beginning readers have longer
fixations (their eyes stay in one place on the page longer), shorter saccades (they move their eyes to the next fixation by only
a letter or two, rather than seven to nine as in fluent readers), and more regressions (they return their eyes more often to look
at text already viewed) [e.g., 56,57,58]. On average, “it takes beginning readers two fixations to identify a word, whereas adult
readers only need one fixation” [58, p. 232]. It is important to note that letters that are not fixated are still seen, within what is
called the perceptual span [e.g., 58].[2]Every letter on the page is visually processed during reading. With reading practice, eye
movements during reading become more adult-like. This likely occurs as the dorsal visual system learns “the specialized eye
movements and visual attention patterns needed for reading” [60, p. 72]. Thus, in learning to read, we both borrow from and
change processing in the dorsal visual pathway.
[1] Similar to other areas along the ventral visual pathway becoming specialized for birds in expert birdwatchers or cars in car
experts [48].
[2] As a fluent reader, your perceptual span allows you to see 7 to 9 letter spaces to the right of your fixation, although not as
clearly as the letters within fixation, as you are reading in an alphabetic language that is read left-to-right, like English. In
alphabetic languages that are read right-to-left, the perceptual span extends the same distance to the left as fluent readers
are reading [59].

Figure 8. A cartoon of a sentence read with fixations (blue dots, when the eyes are briefly stopped) and saccades (orange
lines, when the eyes are moving across the text) marked. For skilled readers, fixations last about 200-250 milliseconds and
average saccade length is 7 to 9 letter spaces. For beginning readers, fixations can last over 300 milliseconds and average
saccade length is much shorter, sometimes only 1 or 2 letter spaces. Fixation and saccade length also depend on the
familiarity and complexity of the text.

Conclusion, part 1
Because the brain is not designed for reading, learning to read does not happen naturally, without instruction [cf. 61]. Put
another way, reading is not innate and children must learn the systematic relations between speech sounds and visual
symbols in their language(s): Children must be taught to read. It follows that learning to read is not only a set of technical
skills but also a social practice, situated in a cultural context of schooling and other learning environments [62].
At the start of formal instruction, learning to read in alphabetic languages depends on structured experiences with the sounds
of language (phonemes) and printed letters and words (graphemes), understanding of the alphabetic principle, and lots of
practice mapping graphemes to phonemes until words can be recognized and read automatically.[1] As discussed in this
brief, these experiences borrow from, build on, and reshape multiple processing networks in the brain. Instruction must
address all of these skills in order to cultivate a child who can read, and all of these neural networks in order to build a brain
that can read.
Yet learning to read words involves even more; many processes must happen in concert. Some other important aspects of
beginning reading are discussed in the second part of this brief, Building a brain that can read, part 2: vocabulary and meaning.
[1] It follows that basic vision and hearing screenings are recommended well before formal learning to read commences; if a
child cannot see the graphemes clearly or hear the phonemes clearly, the process will be compromised.
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