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Abstract
Although much is known about the cognitive and neural basis of establishing letter-sound mappings in learning word forms,
relatively little is known about what makes for the most effective feedback during this process.We sought to determine the neural
basis by which elaborative feedback (EF), which contains both reward-related and content-specific information, may be more
helpful than feedback containing only one kind of information (simple positive feedback, PF) or the other (content feedback, CF)
in learning orthography-phonology (spelling-sound) mappings for novel letter strings. Compared to CF, EF activated the ven-
tromedial prefrontal cortex, implicated in reward processing. Compared to PF, EF activated the posterior middle temporal,
superior temporal, and supramarginal gyri—regions implicated in orthography-phonology conversion. In the same comparison,
EF also activated the left fusiform gyrus/visual word form area—implicated in orthographic processing. Also EF, but not CF or
PF, modulated activity in the caudate nucleus. In a postscan questionnaire, EF and PF were rated as more pleasant than CF,
suggesting that modulation of the caudate for EF may be due to the coupling of reward and skill content. These findings suggest
the enhanced effectiveness of EF may be due to concurrent activation of reward-related and task-relevant brain regions.
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The ability to map between orthography (written word form)
and phonology (auditory word form) is an essential literacy
skill, and deficits in this skill have been linked to poor reading
outcomes. While instruction that focuses on orthography-
phonology mapping has been shown to be effective, reading
deficits persist for many individuals. Moreover, negative af-
fective reactions to reading difficulties may further impair
one’s progress. While previous research has found positive,
specific feedback to be most effective, no studies to our
knowledge have tested the use of such feedback specifically
with an orthography-phonology task; moreover, no studies to
our knowledge have demonstrated neural activation that may
be responsible for the effectiveness of this type of feedback.
Specifically, while previous research shows activation of

reading network regions for orthography-phonology learning
(McCandliss, Cohen, & Dehaene, 2003; Sandak et al., 2004;
Schlaggar & McCandliss, 2007), no studies to our knowledge
have demonstrated activation of these same regions during the
receipt of feedback.

The purpose of this study was to test the effectiveness of
positive, specific feedback for learning the correct pronuncia-
tion for novel pronounceable letter strings (pseudowords), and
to identify neural mechanisms that may be responsible for the
effectiveness of this type of feedback. We hypothesized that
feedback containing both positive and content-related compo-
nents would be more effective than feedback with either com-
ponent alone. Neurally, we hypothesized that the mechanism
for the effectiveness of this feedback would be reflected in
activation of neural regions implicated in reward processing
as well as those implicated in the target skill—orthography to
phonology processing.

Orthographic-phonological conversion

Reading instruction generally focuses on orthographic to pho-
nological conversion. In the field of education, this skill is
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called Bdecoding^ and has been defined as the ability to use
individual letters and combinations of letters (graphemes) to
access phonemes (elementary sound units of a word) to com-
pute the overall sound form of the word (Vellutino, Scanlon, &
Spearing, 1995). During the early stages of learning to read,
children learn grapheme-phoneme (Bb^–/b/) mappings and
then learn to blend phonemes to form words (/b/–/a/–/t/). As
reading progresses, these associations become automatic; they
learn to segment words into syllables (Lesch &Martin, 1998),
and blend the syllables together to form whole words. More
advanced readers tend to apply this blending strategy
(Orsolini, Fanari, Tosi, De Nigris, & Carrieri, 2006) and do
so more automatically as reading proficiency increases
(Morais, 2003).

Several lines of evidence have converged on the consensus
that instruction in grapheme-phoneme correspondences is cru-
cial for learning to read. Ameta-analysis found that instruction
that systematically teaches grapheme-phoneme correspon-
dences and how to blend them to form words was highly
effective compared to interventions that teach students to read
whole words (Ehri, Nunes, Stahl, & Willows, 2001). Such
systematic instruction was also more effective than whole-
language approaches, where grapheme-phoneme correspon-
dence is taught unsystematically, such as when the need arises
in the context of a story (Ehri et al., 2001). Grapheme-
phoneme conversion and syllabic analysis approaches have
been found to be effective across multiple studies. For exam-
ple, training first graders to read words at the phoneme (Bb—
a—t^) and at the onset-rime (e.g., Bb—at^) level, where the
onset is the initial consonant or consonant cluster and the rime
is the following vowel and consonants, was more effective
than training at the whole-word level (Bbat^; Haskell,
Foorman, & Swank, 1992), suggesting that segmenting words
is an effective strategy. Children who received instruction that
taught them to decode words by comparing them to other
similar words (Bbat^–Bhat^) with additional instruction in
grapheme-phoneme analysis improved more than children re-
ceiving instruction without the additional grapheme-phoneme
analysis (Ehri, Satlow, & Gaskins, 2009). Adolescents taught
to segment words into syllables, compared to those taught to
read whole words without such segmentation, showed greater
improvements in reading and spelling novel words
(Bhattacharya & Ehri, 2004). In the proposed research, we
use an orthography-phonology training paradigm, which
teaches and reinforces word segmentation and blending of
syllables to form words.

Regarding reading problems, research suggests that im-
paired orthographic-phonological conversion underlies the
reading difficulties experienced by individuals with dyslexia
(Harm & Seidenberg, 1999; Lyon et al., 2003; Shaywitz &
Shaywitz, 2005) and other reading impairments (Vellutino,
Fletcher, Snowling, & Scanlon, 2004; Vellutino et al., 1995).
Instruction aimed at teaching orthography-phonology

conversion has been found to be highly effective for strug-
gling readers (Tressoldi, Vio, & Iozzino, 2007; Wentink, Van
Bon, & Schreuder, 1997; Williams, 1980). Yet despite im-
provements, many individuals with dyslexia have persistent
reading difficulties (Gabrieli, 2009; Shaywitz et al., 1999;
Torgesen, 2006). One possibility is that affective reactions to
the experience of difficulty in reading tasks may contribute to
the persistence of literacy problems. For example, such diffi-
culty may lead to low confidence in one’s ability (Dweck &
Bempechat, 1983) and feelings of helplessness (Dweck,
1975). This could result in low motivation and less time spent
reading, further interfering with reading progress. Therefore,
incorporating feedback that promotes positive affect as well as
relevant cognitive skills may help improve outcomes for these
individuals. It has been suggested that researchers as well as
educators should seek to improve motivation in addition to
reading skill among poor readers, given the correlation be-
tween motivation and skill level (Morgan & Fuchs, 2007).
In the current study, we pair training in orthography-
phonology mapping with relevant feedback, with the aim of
enhancing the effectiveness of reading instruction due to re-
cruitment of both affective and cognitive processes.

The neural correlates
of orthography-phonology conversion

Reading novel letter strings aloud is expected to activate neu-
ral systems associated with orthography-phonology conver-
s ion. On the or thographic s ide, the lef t ventra l
occipitotemporal cortex (vOT), part of the fusiform gyrus, is
often referred to as the Bvisual word-form area^ (VWFA;
Dehaene & Cohen, 2011). Damage to this region has been
shown in numerous studies to be associated with pure alexia
(Binder &Mohr, 1992; Damasio &Damasio, 1983; Leff et al.,
2001) , a selective deficit in processing visual input for words
that leaves other functions such as writing intact. In healthy
participants, activity in this region has been shown to increase
for processing letter sequences with increasing in similarity to
English (Binder, Medler, Westbury, Liebenthal, & Buchanan,
2006) and French orthography (Vinckier et al., 2007), sug-
gesting that this area responds to letter combinations. Thus,
studies of participants with and without brain damage seem to
converge to support a role for the vOT in orthographic
processing.

Neural regions implicated in phonological processing in-
clude the left posterior superior temporal gyrus (pSTG;
Graves, Grabowski, Mehta, & Gordon, 2007; Graves,
Grabowski, Mehta, & Gupta, 2008; Price, 2012; Rumsey
et al., 1997). Evidence includes modulation of activity in the
pSTG by exposure to pseudowords, with decreasing activa-
tion for pseudowords the more they are heard and repeated
(Graves et al., 2008), suggesting that this region is recruited
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for processing the phonological form of the word.
Phonological processing is also impaired in conduction apha-
sia, and the pSTG was shown to be the only area of overlap
between damage leading to conduction aphasia and activation
for healthy participants in phonological tasks (Buchsbaum
et al., 2011).

Converting orthography to phonology has been shown to
involve the left supramarginal (SMG) and posterior middle
temporal (pMTG) gyri. Previous studies have shown that
damage to the left SMG impairs mapping between phonology
and orthography (Alexander, Fischer, & Friedman, 1992;
Roeltgen, Sevush, & Heilman, 1983). A functional neuroim-
aging study that manipulated word characteristics found that
activity in the SMG was associated with decreasing bigram
frequency, or the frequency with which two letters co-occur
(Graves, Desai, Humphries, Seidenberg, & Binder, 2010).
Such findings suggest this region may be recruited for
converting orthography to phonology.

Struggling readers demonstrate differences in neural acti-
vation during reading tasks, especially in regions implicated in
spelling-sound mapping. One study found that second graders
with dyslexia, compared to typical readers, failed to show
specialization of the fusiform gyrus for letters compared to
symbols (Maurer et al., 2007), suggesting lack of specializa-
tion of this region in dyslexia. Meta-analyses have also found
that struggling readers underactivated the MTG, STG, and
SMG compared to typical readers (Maisog, Einbinder,
Flowers, Turkeltaub, & Eden, 2008; Richlan, Kronbichler, &
Wimmer, 2009).

Since the current study involves learning with feedback,
we note that research has demonstrated improvements in read-
ing performance following remediation, with corresponding
increases in relevant neural regions. Specifically, increases in
activity in the left temporoparietal cortex correlated with im-
provements in reading (Eden et al., 2004; Temple et al., 2003).

While research demonstrates activation of these left-
lateralized regions during reading tasks, as well as the rela-
tionship between such activity and successful reading, no
studies to our knowledge have demonstrated recruitment of
regions implicated in orthography-phonology mapping during
the receipt of instructional, content-based feedback. Thus, we
aimed to determine whether these areas were recruited during
feedback. We predicted that instructional, content-based feed-
back (referred to here as content feedback, CF), as well as
feedback that was both rewarding and content based (referred
to here as elaborative feedback, EF), would recruit prominent
areas of the reading network, including the left MTG, STG,
SMG, and vOT.

Increasing activation in these task-relevant regions during
the receipt of positive feedback has the potential to enhance
activity in such regions for struggling readers, thereby bring-
ing neural activity more closely in line with that of typical
readers. Evidence of neural activation in task-relevant regions

during the receipt of feedback would provide a basis for the
use of such feedback in the classroom, with the aim of benefit-
ing struggling readers.

Feedback

Recruitment of task-relevant regions during the receipt of
feedback should be more effective when feedback indicates
a correct response than when it solely provides skill-content
information, as feedback in the form of praise has been shown
to be rewarding and promote learning (Hattie & Timperley,
2007). Thus, we predicted that feedback that was both positive
and content informative (elaborative feedback, EF) would be
more effective than feedback that was solely instructional or
content based (content feedback, CF).

Feedback that is both rewarding and content informative
should also address the adverse affective reactions to
experiencing difficulty reading, which have been shown to
contribute to the persistence of literacy problems (Dweck,
1975; Dweck & Bempechat, 1983), resulting in low motiva-
tion and less time spent reading. Research shows that feed-
back promotes learning via both cognitive and affective pro-
cesses, including promoting positive self-evaluation and self-
efficacy, as well as confidence to engage in the task (for
reviews, see Hattie & Timperley, 2007; Kluger & DeNisi,
1996). Deci, Koestner, and Ryan (1999) also found that pos-
itive feedback increases likelihood that students will return to
and persist in the task, and that students receiving positive
feedback report higher interest in the task. Another study
showed that participants receiving performance feedback
compared to no feedback showed increased intrinsic motiva-
tion (a factor composed of self-rated enjoyment of the exper-
imental task), increased willingness to return for another
study, higher perceived task performance, and greater amount
of time spent engaging in an activity similar to the task for
which feedbackwas given (Harackiewicz, 1979). Considering
such evidence, we predicted that pairing an affective interven-
tion with relevant cognitive skills, specifically with
orthography-phonology (spelling-sound) conversion, will im-
prove reading performance.

We also predicted that rewarding, content-informative
feedback (EF) would be more effective than feedback that is
rewarding but provides no specific information regarding skill
content (positive feedback, PF). This prediction is consistent
with evidence showing multiple ways by which feedback can
be effective. Specifically, feedback has been shown to be most
effective when it (1) encourages self-regulation (Hattie &
Timperley, 2007), (2) provides specific information about
the use of strategies in a task (Brinko, 1993), (3) emphasizes
and praises cognitive processes rather than the learner person-
ally (Brinko, 1993; Kamins & Dweck, 1999), and (4) empha-
sizes learning as compared to performance goals (Heyman &
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Dweck, 1992). The EF condition used here seems to align
better with these factors than the PF condition.

One example of elaborative feedback being more helpful
than simple positive feedback comes from a study that exam-
ined the effectiveness of feedback on a thermo-energy learn-
ing task. Participants were asked to engage in a computer-
based content-learning task about thermodynamics, then an-
swer 12 multiple-choice questions. They received either sim-
ple positive or elaborative feedback from an animated agent.
Simple positive feedback informed learners about whether or
not their answer was correct, while elaborative feedback ad-
ditionally informed learners about why their answer was cor-
rect or incorrect. Compared to positive feedback, elaborative
feedback facilitated learning (Lin, Atkinson, Christopherson,
Joseph, & Harrison, 2013). The feedback conditions in that
previous study were similar to those in the current study, sug-
gesting that elaborative feedback should be more effective
than simple positive feedback for the current study as well
(hereafter, we will refer to the simple positive feedback con-
dition as Bpositive feedback^). Still unknown, however, are
the neural mechanisms behind this expected difference.

Although previous research suggests that a combination of
positive and specific feedback is most effective, no studies to
our knowledge have paired such feedback with an
orthography-phonology learning task in order to determine
its effectiveness for this essential reading skill. This is what
we do in the elaborative feedback (EF) condition tested here.
We expected elaborative feedback to result in higher accuracy
for reading aloud trained items than feedback that is only
instructional or reward based.

Neural activation for feedback processing

The large-scale neural network associated with reward pro-
cessing has been shown to include the ventromedial prefrontal
cortex (vmPFC), dorsal striatum (caudate and putamen), ven-
tral striatum, amygdala, and dopaminergic midbrain (for re-
views, see O’Doherty, 2004; Smith & Delgado, 2015). Given
that positive feedback is rewarding (Hattie & Timperley,
2007), it is expected to modulate activity in these regions.
The dorsal striatum, for example, has been shown to be com-
parably activated during the receipt of performance feedback
as well as during reward and punishment outcomes on a card-
guessing task (Tricomi, Delgado, McCandliss, &McClelland,
2006), thus demonstrating its role in processing feedback and
extrinsic reinforcers. Further research has shown activation of
the striatum for conditions in which an outcome is contingent
on an action, suggesting that it may be recruited for processing
reinforcement of action due to a reward, rather than the reward
itself (O’Doherty, 2004; Tricomi, Delgado, & Fiez, 2004).
Likely due to its role in reward-based learning, activity in
the striatum during feedback learning may also be related to

subject performance, with activity in the striatum correlating
with subject performance and adjustment of their responses
due to feedback (Vink, Pas, Bijleveld, Custers, & Gladwin,
2013).

Adding to the novelty of this study is the observation that
the literature on the neurocognitive basis of orthography-
phonology mapping, and on different aspects of feedback,
remain essentially separate. We are aware of no studies that
have examined the neural activation associated with the effec-
tiveness of reading-related content plus reinforcement-based
feedback, referred to here as elaborative feedback (EF). We
expected EF to recruit regions implicated in feedback process-
ing, including the vmPFC and striatum. We also expect it to
enhance learning by engaging task-relevant as well as reward-
processing regions.

Age

The main purpose of the study was to test the effectiveness of
EF and identify its neural mechanisms. To this end, we sam-
pled from the unimpaired adult population, since these indi-
viduals would be able to perform the in-scanner task with
minimal complications. Ultimately however, we hope that ev-
idence provided here would motivate future studies to test the
generalizability of results to younger populations, especially
those actively learning to read. If elaborative feedback is ef-
fective for adults, as a next step we feel it would be worth
testing for effectiveness in those still learning to read, espe-
cially considering previous research demonstrating the effec-
tiveness of positive feedback for children (van Duijvenvoord,
Zanolie, Rombouts, Raijmakers, & Crone, 2008). As a first,
exploratory step in this direction, we tested whether the effec-
tiveness of the current approach is modulated by age.
Specifically, we predicted that relative to the other feedback
conditions, the effectiveness of elaborative feedback would be
heightened for younger participants.

The current study

In this study, we compare the ability of different types of
feedback to promote learning the pronunciation of novel letter
strings (pseudowords). This is done during functional magnet-
ic resonance imaging (fMRI) to determine the neural mecha-
nisms supporting these different types of feedback.
Specifically, we tested three different kinds of feedback: sim-
ple positive feedback (PF), containing reward-related but not
content-related information; content feedback (CF), contain-
ing information about the proper blending of letter sounds in
the pseudowords; and elaborative feedback (EF), which com-
bines pronunciation-specific and reward-based components.
All feedback was given as part of a pseudoword training par-
adigm, where we expected EF to result in the highest
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accuracy. We were then in a position to use fMRI to determine
the neural source of the improvements, whether from
orthography-phonology based processing, reward-based pro-
cessing, or both.

Materials and method

Participants

Twenty participants were recruited from the Rutgers
University–Newark psychology undergraduate student partic-
ipant pool, the Rutgers graduate student LISTSERV, and
Craigslist. One participant reported that he could not hear
the feedback and thus was excluded from the study, such that
there were 19 remaining participants. All participants provid-
ed written informed consent according to Rutgers University
Institutional Review Board (IRB) guidelines. Participants
were prescreened for no diagnosis of a learning disability,
psychiatric, or neurological disorder. The average age of the
sample was 24.3 years (SD = 3.8), with a range of 19 to 32
years. Fourteen of the participants were female. The average
(age-standardized) score on the Wechsler Test of Adult
Reading (WTAR), an estimate of verbal intelligence quotient
(VIQ; Wechsler, 2001), was 113 (SD = 10.49), where the
population average is 100. All participants were native
English speakers. Four participants were bilingual or multilin-
gual. Participants were compensated for their time at $30 per
hour.

Stimuli

Stimuli were selected from an existing, normed set of
pseudoword stimuli (Gupta et al., 2004), which contains sets
of pseudowords ranging from two to seven syllables. A rela-
tively small number of pseudoword stimuli was chosen based
on evidence from pilot testing that revealed that 12 to 15 two-
syllable pseudowords, each with multiple possible pronunci-
ations, was a reasonable learning task for participants in the
given amount of time. The lower end of this range of the 12 to
15 pseudoword range was chosen since the task would be
completed while participants were in the scanner, a novel
learning environment, with scanner noise.

Three lists of four two-syllable pseudowords, or pro-
nounceable letter strings that are not real words, were selected
(see Table 1) so as to control across lists for word character-
istics. With word list as the independent variable, three one-
way ANOVAs were conducted, yielding no significant differ-
ences between word lists in number of letters, F(2, 9) = 0.273,
p > .05; bigram frequency, F(2, 9) = 0.462, p > .05 (Miller,
Bruner, & Postman, 1954); or biphone frequency, F(2, 9) =
0.458, p > .05 (two-phoneme combinations, analogous to
bigram frequency; Vitevitch & Luce, 1998). Each list was

paired with one type of feedback. The pseudoword list/
feedback pairs were counterbalanced across participants, so
that the type of feedback was paired with each pseudoword
list for an equal number of participants. This was done as an
additional control to ensure effects of feedback type were not
confounded with pseudoword list.

Three types of feedback, provided only on correct trials,
were compared in order to identify the influence of content
and reward processing. Elaborative feedback (EF) provides
the learner with explicit information regarding the skill he/
she applied (e.g., BGreat! You blended po-tep^). Positive feed-
back (PF; e.g., BGreat! You got the answer correct^) provides
positive reinforcement but no task-specific information.
Content feedback (CF; e.g., BIt’s always best to blend po-tep^)
provides task-specific information without explicitly positive
reinforcement. These conditions are illustrated in Fig. 1.
Auditory feedback in all three conditions contained exactly
eight syllables, and the duration was approximately 4 seconds.
Auditory stimuli were recordings of a female voice with an
American English accent. They were recorded using an
Audio-Technica ATR-1200 Cardioid Dynamic Vocal/
InstrumentMicrophone, plugged into a laptop computer using
Audacity software. The feedback stimuli were matched across
feedback conditions, as verified with feedback condition as
the independent variable in each ANOVA analysis. They were
matched for duration (measured in milliseconds), F(2, 33) =
0.106, p > .05, with EFM = 3,197 (SD = 152.8), CFM = 3,197
(SD=8.2), PF M = 3,199 (SD = 0); average pitch, F(2, 33) =
0.748, p > .05, with values of EFM = 226.88 Hertz (Hz; SD =
3.8), CFM = 229.42 Hz (SD = 7.95), PFM = 228.09 Hz (SD =
0); and intensity, F(2, 33) = 0.531, p > .05, with values of EF
M = 76.47 decibels (dB; SD = 1.45), CFM = 75.96 dB (SD =
1.32), and PF M = 76.14 dB (SD = 0).

Procedure

There were three phases in the study, all of which were con-
ducted during scanning. During the first phase (the learning
phase), each pseudoword appeared once on the screen, in
random order, for 1 second. Participants were asked to read
the pseudoword aloud while speaking clearly into the

Table 1 The full set of pseudoword stimuli used in the study, selected
from Gupta et al. (2004), and surface characteristics controlled across
lists. Standard deviations are in parentheses

List A B C

Pseudowords Tesib
tinabe
desut
kegide

Terid
botet
kopise
kedene

gilat
bisob
butib
tosote

Bigram frequency 0.006 (0.002) 0.008 (0.002) 0.007 (0.001)

Biphone frequency 0.002 (0.002) 0.002 (0.001) 0.002 (0.001)
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Advanced Noise Cancelling Fiber Optic Microphone for
fMRI. After the pseudoword was read aloud, the correct pro-
nunciation was played through the speakers. The participant
was instructed to listen carefully to the pronunciation of each
pseudoword.

In the second phase (feedback phase), each pseudoword
appeared on the screen, and the participant was asked to read
it aloud into the microphone (see Fig. 2a). The experimenter
sat in the control room and pressed a By^ or Bn^ for correct or
incorrect answers, in order for participants to receive appro-
priate feedback based on their response. Participants saw an
BX^ after an incorrect response. After a correct response, par-
ticipants received one of the three types of feedback, as de-
scribed above. Each word appeared six times successively,
regardless of whether or not the answer was correct.

In the EF and CF conditions, the hyphenated pseudoword
was presented visually on the screen starting at 2 seconds from
the start of the auditory feedback (e.g., BYou blended po-tep^).
Visual presentation of the pseudoword lasted 2 seconds and
ended simultaneously with the completion of the auditory
feedback (see Fig. 2a). The experiment was presented using
PsychoPy (Peirce, 2007), a standardized, open-source soft-
ware platform for conducting computerized psychology
experiments.

During the last phase (testing phase), each pseudoword
appeared once on the screen in randomized order, and the
participant was asked to read it aloud (see Fig. 2b). During
each of the three phases, a fixation cross appeared on the
screen between trials, with randomized interstimulus intervals
following a fully event-related design.

To familiarize participants with the procedure prior to the
start of the study, participants also engaged in a practice run,
which included a shortened version of each of the three study
phases.

Postscan measures

To facilitate comparison of measured performance for each
feedback type with participants’ subjective experience, partic-
ipants were given an 8-item Likert scale questionnaire after
the experiment. The scale ranged from 1 to 5, assessing their
ratings of pleasantness and helpfulness of each type of feed-
back, and self-rating their level of reading difficulty as a child
and as an adult. An example of an item assessing the helpful-
ness of a feedback type is BTo what degree was the following
feedback helpful: ‘It’s best to blend – —‘,^ with responses
ranging from 1 (not helpful at all) to 5 (very helpful). An
example of an item assessing the pleasantness of a feedback

Fig. 1 a The three types of feedback are displayed. Each typewas matched on number of syllables, duration (s), pitch (Hz), and intensity (dB). b Planned
contrasts between the three feedback types
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type is BTo what degree was the following feedback pleasant:
‘It’s best to blend –—‘,^ with responses ranging from 1 (very
unpleasant) to 5 (very pleasant). Level of reading difficulty as
a child and adult were assessed with two separate questions:
BTo what degree did you experience difficulty reading, as a
child (or adult), in learning to read?^Responses ranged from 1
(no difficulty at all) to 5 (severe difficulty).

Data analysis

Response times (RT) for participants’ spoken responses dur-
ing the testing phase were calculated as the duration from the
onset of the visual pseudoword display to the onset of partic-
ipant speech. A rater who was blinded to feedback type ana-
lyzed each pseudoword response for timing by listening to and
viewing the waveform of the audio file corresponding to each
pseudoword response. Accuracy during feedback and testing
phases was also recorded. If both the first and second syllable
of the pseudoword were pronounced correctly, including cor-
rect pronunciation of the vowel sound (short or long), the
pronunciation was marked as correct and received a score of

1. If either or both of the syllables were read incorrectly, the
item received a score of 0, signifying incorrect. Accuracy was
scored by independent raters who were blind to the feedback
type with which each pseudoword was trained. A subset of
items from the testing phase (n = 72) were scored by both
raters to ensure interrater reliability, yielding a Cohen’s kappa
(Cohen, 1960) of 0.65, a value established by previous studies
to be in the acceptable range (Landis & Koch, 1977).
Accuracy during the feedback phase was recorded by
PsychoPy based on the experimenter’s keypress (By^ or Bn^)
after listening to the participant’s response.

On two out of 228 total trials (0.9% of trials), the experi-
menter mistakenly coded accurate participant responses as
being inaccurate. The experimenter informed the participant
immediately that an experimenter error was made. This oc-
curred during the feedback phase of the experiment. In the
behavioral analysis of testing-phase accuracy and reaction
time (RT), the data for these two pseudowords were simply
excluded from the analysis. For the neuroimaging analysis
(discussed further, below), the feedback trials for these two
pseudowords were coded separately in the regression analysis

Fig. 2 a Feedback phase for content feedback (CF) and elaborative feed-
back (EF), where audio feedback was paired with visual presentation of
the hyphenated pseudoword; Feedback phase for positive feedback (PF),
where audio feedback was paired with no visual presentation of the

pseudoword. The duration of each stimulus presentation is shown in
milliseconds (ms). b Testing phase, where pseudowords were presented
on the screen and participants asked to read each pseudoword aloud
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as errors and thus were not included in the feedback condition
regressors.

To examine the effectiveness of the different feedback
types, a one-way analysis of covariance (ANCOVA) was per-
formed, using accuracy during the testing phase as the depen-
dent variable, accuracy during the feedback phase as a covar-
iate, and feedback category as the independent variable of
interest with three levels (EF, CF, and PF). Testing accuracy
was calculated by averaging each participant’s accuracy for
reading aloud the four pseudowords in each feedback condi-
tion. Feedback accuracy was calculated by averaging each
participant’s accuracy for each of the six repetitions of the four
pseudowords during the feedback phase. Accuracy during the
feedback phase was included as a covariate because feedback
was given only for correct answers during this phase, such that
the number of correct responses determined the number of
times the feedbackwas received. If, for example, an individual
was not successful at pronouncing the pseudoword correctly
during the feedback phase, he or she would not have heard the
feedback specified for the given target pseudoword. This, in
turn, would presumably affect the influence of feedback on
performance during the testing phase.

An additional mixed-effects linear-regression model was
used to determine the contrast coefficients for each feedback
condition, adjusted for the covariate (accuracy during the
feedback phase) and for random subject-level variance, fol-
lowing the general approach outlined by Baayen, Davidson,
and Bates (2008). In this model, EF and CF were entered as
regressors, with PF serving as an implicit baseline for com-
parison with the other two conditions. As such, the resulting
coefficient for EF represents the effect of EF compared to PF;
and the coefficient for CF represents the effect of CF com-
pared to PF. This resulted in coefficients representing the ef-
fect of each feedback type on testing-phase accuracy, adjusted
for feedback-phase accuracy and for random subject variance.

fMRI data acquisition and analysis

Magnetic resonance imaging data were collected on a 3-T
SiemensMagnetom Trio Tim Scanner with a 12-channel head
coil. AT1 high-resolution anatomical brain scan was collected
for each participant, using a three-dimensional magnetization-
prepared rapid gradient-echo (MPRAGE) sequence, with a
TR of 1,900 milliseconds (ms) and a TE of 2.52 ms (matrix
= 256 × 256 voxels, 176 contiguous 1-mm axial slices, field of
view, FOV = 256 mm, flip angle = 9 degrees). Four runs of
blood-oxygen-level-dependent (BOLD) data were collected
using a gradient-echo echoplanar imaging (EPI) sequence
(TR = 2,000 ms, TE = 25 ms, FOV = 208 mm, matrix = 64
× 64, flip angle = 60 degrees). Each volume consisted of 35
axial slices (3.25 × 3.25 × 3-mm voxels).

All images were preprocessed using the AFNI software
suite (http://afni.nimh.nih.gov/afni; Cox, 1996). For each

participant, the first six images in each run were ignored due
to initial saturation. Slice timing and motion correction were
applied to the time series images, and the high-resolution
structural scan was then aligned to these images (Saad et al.,
2009). Additional noise covariates from motion correction
parameters and signal in the ventricles were entered as regres-
sors of no interest. Regressors of interest were included for
each feedback condition paired with pseudoword presentation
for each feedback type, during the feedback phase, and ana-
lyzed using the AFNI program for statistical regression,
3dDeconvolve. Pseudoword stimuli were paired with trial
number using the amplitude modulated option in
3dDeconvolve, in order to analyze modulation of neural ac-
tivity by trial number (Presentations 1–6). Only correct trials
were included in the main analysis. Trials with erroneous re-
sponses (e.g., mispronounced pseudoword) were modeled
separately. Each subject’s anatomical scan was aligned to the
Talairach atlas (Talairach & Tournoux, 1988), and this align-
ment solution was applied to align each subject’s image re-
gression results to the same atlas. The group analysis was
subsequently conducted on these registered images for each
condition. A brain mask excluding most white matter and
cerebrospinal fluid was applied to all contrast images as well
as a smoothing kernel of 6-mm FWHM. A two-tailed t test
with a voxelwise threshold of p < .005 and a cluster correction
of 617 μl (mapwise corrected p < .05) was used. Note that this
voxelwise threshold is more strict than the p < .01 threshold
identified by Eklund, Nichols, and Knutsson (2016) as being
problematic for controlling false positives in fMRI. The AFNI
program 3dttest++ was used to obtain group contrast images.
Each individual’s WTAR score was entered as a covariate in
order to account for any effects of differences in VIQ. An
additional analysis examined the correlation between accura-
cy during the testing round for each particular feedback type
and neural activation during pseudoword presentation as well
as receipt of feedback.

Results

Performance

Performance was analyzed in terms of RT and accuracy.
During the testing phase, analysis of RT showed that
pseudowords did not reliably differ by feedback training con-
dition (see the rightmost column in Table 2). In terms of ac-
curacy during the testing phase, there was a significant main
effect of feedback type, F(1, 15) = 3.77, p < .05. Pseudowords
trained with elaborative feedback (EF; e.g. BExcellent, you
blended po-tep^) were read aloud during the testing phase
with higher accuracy than those trained with content feedback
(CF; e.g., BIt’s best to blend po-tep^) and positive feedback
(PF; BExcellent, you got it correct^), as shown in the Testing
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Acc column in Table 2 and Fig. 3a. Pairwise comparisons
revealed a significant difference in testing accuracy (unadjust-
ed for accuracy during the feedback phase) between EF and
PF, t(18) = 2.19, p < .05; but no significant difference between
EF and CF, t(18) = 1.24, p > .05. The linear regression model
provided an estimate of the effect size of EF and CF relative to
PF, after taking into account feedback accuracy. This model
showed an increase of 0.18 points, or about an 18% increase,
in accuracy (p < .01) for EF, and an increase of 0.12 points (p
> .05), or a 12% increase in accuracy for CF, in comparison to

reference variable, PF. As expected, accuracy during the feed-
back phase, during which the participant was actively learning
the pseudoword pronunciations, did not differ by condition:
F(1, 15) = 2.41, p > .05 (see the Feedback Acc column in
Table 2). Accordingly, pairwise comparisons revealed no sig-
nificant difference between EF and CF on feedback accuracy,
t(34) = 1.094, p > .05; EF and PF, t(34) = −0.667, p > .05; or
EF and PF, t(34) = −1.73, p > .05.

Because four of the final 19 participants were bilingual or
multilingual, we tested for any influence of number of lan-
guages spoken on task performance. An ANCOVA analysis,
with testing accuracy as the dependent variable, feedback ac-
curacy as the covariate, and the interaction of feedback con-
dition with languages spoken (bilingual or multilingual vs.
monolingual) revealed no main effects of languages spoken
on accuracy, F(1, 16) = 0.55, p > .05, nor any interaction
effects of languages spoken with feedback condition, F(1,
16) = 0.61, p > .05.

Self-report ratings of reading difficulty experienced as a
child and as an adult were collected to ensure that effects of
feedback were stable across reading levels, and that there were
not any major differences according to self-reported reading
levels. An ANCOVA analysis revealed no main effect of self-
reported reading difficulty as a child,F(1, 16) = 0.347, p > .05,
or as an adult, F(1, 16) = 0.127, p > .05, and no significant
interaction between feedback condition and reading difficulty
as a child, F(1, 16) = 0.339, p > .05, or adult, F(1, 16) = 0.436,
p > .05.

We also performed an exploratory analysis to determine if
there is any initial evidence of greater benefit for EF relative to
the other feedback types for participants of decreasing age. To
maximize power within the limited age range or our partici-
pants, age was treated as a continuous variable. Using an
ANCOVA analysis on accuracy data in the testing phase, we
tested for the multiplicative interaction of feedback conditions
with age. This revealed a reliable interaction, with a greater
effect of feedback condition for younger participants, F(1, 16)
= 6.53, p < .01 (see Fig. 3b). This interaction held even when
the effects of VIQ and the interaction of VIQ and feedback
condition were entered into the model, F(1, 15) = 6.35, p <
.01.

To determine whether or not the most effective types of
feedback were also experienced as the most pleasant, we per-
formed additional post hoc analyses of subjective ratings pro-
vided by participants. Positive feedback was rated as the most
pleasant type of feedback on a scale from 1 to 5, with 1 being
very unpleasant and 5 being very pleasant. EF was rated the
secondmost pleasant (EF:M = 4.42, SD = 0.69; CF:M = 3.42,
SD = 1.12; PF: M = 4.63, SD = 0.59), F(1, 18) = 26.56, p <
.001 (see Fig. 4a). EF and PF were rated as equally pleasant.
When considered together with the fact that EF resulted in
higher accuracy than PF, this pattern suggests that the effec-
tiveness of EF may be due to pairing of skill-content and

Fig. 3 a Elaborative feedback (EF) resulted in the highest accuracy, com-
pared to positive feedback (PF) and to content feedback (CF); ANCOVA:
p < .05. b Interaction of age and feedback condition (elaborative feedback,
EF; content feedback, CF; positive feedback, PF). Younger participants
showed a stronger effect of feedback condition. Dotted lines represent 95
percentile confidence intervals. (Color figure online)

Table 2 Mean accuracy during the feedback phase (Feedback Acc),
accuracy during the testing phase (Testing Acc), and response time
during the testing phase (Testing RT) for each condition. Standard
deviations are in parentheses

Feedback Acc Testing Acc Testing RT

EF .86 (.12) .65 (.20) 1.33 (.85)

CF .81 (.15) .55 (.21) 1.33 (.76)

PF .88 (.11) .49 (.25) 1.25 (.69)
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reward information. Finally, congruent with effectiveness of
feedback, EFwas rated as the most helpful on a scale from 1 to
5 (EF:M= 4.26, SD = 0.93; CF:M = 3.47, SD = 1.12; PF:M =
4.11, SD = 0.99), F(1, 18) = 3.97, p < .05 (see Fig. 4b).

Neuroimaging results: Comparisons by feedback type

Analyses of neural activation by feedback type during the
feedback phase yielded results that were generally in line with
our hypotheses. Directly contrasting EF and CF, EF signifi-
cantly activated the vmPFC (see Table 3; Fig. 5a), while CF
activated a large portion of the bilateral frontal cortex, includ-
ing the bilateral dlPFC and IFG as well as the bilateral AG and
MTG (see Table 3; Fig. 5a). Directly contrasting EF and PF,
EF activated the left vOT/FG, left pSTG extending to pMTG,
and SMG (see Table 3; Fig. 5b), while PF activated the pos-
terior cingulate cortex (pCing; see Table 3; Fig. 5b). Directly
contrasting CF and PF, CF activated the bilateral vOT/FG, left
pSTG, SMG, and IFG, while PF activated the vmPFC (see
Table 3; Fig. 5c).

Considering that the vmPFC is in an area sensitive to fMRI
signal dropout, the mean signal in the vmPFC ROI (the

resulting cluster of the EF > CF contrast) was plotted against
the beta values for each participant’s EF–CF contrast (see Fig.
S2 in the SupplementaryMaterials). No significant correlation
was found between the mean signal and beta value for EF–CF,
r(19) = −0.14, p > .05, thus verifying that the effect was not
driven by low signal levels in this region.

Distinct from the feedback phase just described, this study
was not designed to test neural activation during the testing
phase, given the small number of words per condition in that
phase. Accordingly, no activation differences were found
among feedback conditions during this phase.

Neuroimaging results: Pseudoword comparisons

The fact that the feedback directly followed pseudoword pre-
sentation allowed us to examine how the BOLD signal during
pseudoword presentation was modulated by feedback type.
We also included trial number as a covariate to see how neural
activation over the course of the six learning trials may have
differentially changed by feedback type. Note that it is this
whole-brain analysis that established the location of signifi-
cant interaction effects. Follow-up analyses to describe the
pattern of the interactions were then performed. Activation
in the left IFG was modulated by trial number differently for
EF compared to CF (see Fig. 6a) and for EF compared to PF
(see Fig. 6b). Since the resulting clusters in the EF–CF and
EF–PF analyses covered both the IFG and STG, these regions
were plotted separately to visualize the activation pattern in
each region. Two ROIs were generated with a radius of 3 mm
surrounding a maximum point in the IFG (x = −50, y = 17, z =
2; see Table 4) and a maximum point in the STG (x = −45, y =
−5, z = 1; see Table 4). Parameter estimates were plotted for
each trial for both the STG and IFG separately for EF versus
CF. Since the overall pattern was the same for pseudowords in
these two ROIs, and the cluster covered a greater portion of
the IFG, only the IFG plot is shown. To better characterize the
interaction effect, a linear regression was conducted on the
parameter estimates for the IFG sphere, with trial number as
the independent variable. This analysis showed no effect of
trial number on IFG activation for pseudowords trained with
EF, F(1, 18) = −1.69, β = −0.23, p > .05, but a significant
positive effect of trial number on IFG activation for
pseudowords trained in the CF condition, F(1, 18) = 5.39, β
= 0.77, p < .0001.

Similarly, in the EF versus PF contrast, one ROI was gen-
erated in the left IFG at the local maximum (x = −44, y = 2, z =
11; see Table 4) and another in the left STG (x = −56, y = −4, z
= 2; see Table 4). Parameter estimates were plotted separately,
and again, the overall pattern was the same for both the left
IFG and left STG. Only the IFG parameter estimates are
shown in Fig. 6b. A linear regression on the parameter esti-
mates for the IFG ROI revealed no effect of trial number for
EF, F(1, 18) = −0.36,β = −0.04, p > .05, but a significant main

Fig. 4 a Positive feedback (PF) and elaborative feedback (EF) were rated
as more pleasant than content feedback (CF). b EF was rated as more
helpful than CF. Error bars represent standard error. Two asterisks (**)
indicates p < .01. Three asterisks (***) indicates p < .001
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Table 3 Talairach coordinates and peak t statistic for each cluster significantly activated in the main feedback comparisons

Location of extreme point Cluster size (μl) x y z Peak t statistic

EF > CF

Ventromedial prefrontal cortex 1,250 0 31 −3 3.91

CF > EF

Right lateral frontal cortex 14,993 51 21 27 4.45

R middle frontal gyrus 44 18 41 4.31

R inferior frontal gyrus (triangularis) 43 24 12 4.22

R inferior frontal gyrus (opercularis) 35 2 35 4.01

R inferior frontal gyrus (orbitalis) 45 31 −8 3.93

R inferior frontal gyrus (orbitalis) 33 22 −2 3.95

Dorsal frontal cortex 4,488

R medial superior frontal gyrus 8 29 42 3.64

L medial superior frontal gyrus −8 3 56 3.58

L inferior/ middle frontal gyrus 3,993 −38 23 20 4.04

L angular gyrus 2,877 −35 −56 35 4.23

R superior temporal sulcus 2,784 49 −26 −2 4.49

L lateral middle frontal gyrus 2,528 −51 10 47 3.75

Right parietal lobe 2,144

R angular gyrus 36 −61 41 3.48

R inferior parietal lobule 52 −52 36 3.31

Right fronto-medial cortex 2,012

R middle frontal gyrus 25 50 11 4.79

R superior frontal gyrus 12 47 30 3.36

L middle temporal gyrus 1,173 −54 −37 4 3.73

L claustrum 946 −29 21 0 4.44

R precuneus 625 11 −52 35 3.95

EF > PF

Left occipital cortex 2,408

Left fusiform gyrus (posterior) −41 −53 −9 4.33

Left fusiform gyrus (anterior) −38 −39 −17 3.99

Left temporal / parietal cortex 904

L superior temporal gyrus (posterior) −43 −43 14 3.47

L supramarginal gyrus −49 −27 23 3.45

L middle occipital gyrus 624 −27 −85 −1 3.48

PF > EF

R posterior cingulate 2,171 15 −50 35 3.70

CF > PF

Left frontal cortex 13,453

L precentral sulcus −40 1 33 4.62

L inferior frontal gyrus (triangularis) −48 19 25 4.28

L inferior frontal gyrus (orbitalis) −51 16 6 4.21

L precentral gyrus −47 −1 49 3.60

L inferior frontal sulcus −29 24 7 3.32

L inferior frontal gyrus (triangularis) −53 39 12 4.23

Right frontal cortex 9,687

R precentral sulcus 37 7 29 4.87

R inferior frontal gyrus (triangularis) 40 27 15 4.27

R middle frontal gyrus 51 16 27 3.72

Left temporal cortex 5,227

L middle temporal gyrus −48 −45 7 5.30
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effect of trial number on IFG activation for pseudowords
trained in the PF condition, F(1, 18) = −4.208, β = 0.33, p <
.01.

Trial number during the feedback phase also modulated
activity in the caudate differently for EF compared to CF
(see Fig. 6a) and PF (see Fig. 6b). Since the cluster included
a small portion of the cingulate as well, a 3-mm sphere sur-
rounding the maximum points in the caudate for both the EF–
CF contrast (x = −13, y = 15, z = 15; see Table 4) and the EF–
PF contrast (x = −13, y = 7, z = 20; see Table 4) were created.
Again, the pattern was the same in the caudate as in the overall
cluster, but only the parameter estimates for the caudate were
plotted so as to exclude activation in surrounding brain re-
gions. The overall pattern in both the left and right caudate
was similar as well for both the EF–CF and EF–PF contrasts;
only the left caudate plots are shown in Fig. 6b. To better
characterize the modulation by trial number in the EF–CF
and EF–PF contrasts, we conducted a linear regression on
the caudate parameter estimates for each condition. For EF
compared to CF, trial number significantly negatively predict-
ed neural activation in the caudate ROI, F(1, 18) = −5.92, β =
−0.55, p < .0001; but there was no significant effect of trial
number for CF, F(1, 18) = −.47,β = −0.05, p > .05. In the EF–
PF contrast, trial number significantly negatively predicted
neural activation in the caudate ROI, F(1,18) = −4.2, β =
−0.55, p < .0001; but there was no effect of trial number for
PF, F(1, 18) = −0.16, β = −0.02, p > .05.

Discussion

Interpretation of behavioral results

Feedback that praises the learner for correctly applying the
target skill (EF) was predicted to be more helpful than that
which only praises the learner (PF) or only provides skill-
content information (CF). In line with these predictions, par-
ticipants learned to pronounce novel letter strings with higher
accuracy when the pseudowords were trained with EF than
with PF or CF, suggesting that EF promotes learning the
orthography-phonology conversion for novel letter strings.
This is consistent with previous literature demonstrating feed-
back to be most effective when it provides specific informa-
tion about the use of strategies (Brinko, 1993) and more elab-
orative compared to simple information (Lin et al., 2013). The
novel contribution, however, is that this study provides spe-
cific evidence for the use of EF to support an essential literacy
skill—orthography to phonology conversion. Given that dif-
ficulties in orthography-phonology conversion typically un-
derlie reading difficulties (Blomert, 2011; McNorgan,
Randazzo-Wagner, & Booth, 2013), improving upon this skill
is of high importance for struggling readers. While systematic
instruction in orthography-phonology conversion has previ-
ously been shown to be effective (Ehri et al., 2001), our study
has demonstrated an additional advantage through the use of a
particular kind of feedback that explicitly combines

Table 3 (continued)

Location of extreme point Cluster size (μl) x y z Peak t statistic

L superior temporal gyrus (posterior) −61 −29 7 4.02

L superior temporal gyrus −43 −24 2 3.50

L superior temporal gyrus (anterior) −58 7 −5 3.38

Left occipital cortex 2,303

L fusiform gyrus −39 −50 −9 4.07

L fusiform gyrus (posterior) −36 −65 −11 4.02

R inferior parietal lobule 1,834 36 −51 31 4.70

L middle occipital gyrus 1,324 −28 −84 1 4.19

L superior frontal gyrus (posterior) 1,169 −5 16 51 4.02

R fusiform gyrus 1,106 42 −50 −8 3.94

Right occipital cortex 1,073

R lingual gyrus 23 −85 −10 3.67

R middle occipital gyrus 34 −75 8 3.53

L subcallosal gyrus 886 −2 12 −11 4.37

L inferior temporal gyrus 735 −41 −35 −19 3.92

PF > CF

Medial frontal cortex 776

R mid-orbital gyrus 1 45 3 3.48

L mid-orbital gyrus 0 65 7 3.24

R precentral gyrus 586 19 −20 57 3.57
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information about orthography-phonology mappings with
positive verbal reinforcement for correct answers.

The post-hoc analysis examining the interaction of age
with feedback condition shows that in our sample, younger
individuals benefited more from EF, which included both

reward and explicit skill content, compared to feedback that
simply indicated that their answer was correct (PF). This is
consistent with previous research showing that adolescents
may be more sensitive than adults to positive social feedback
(Cauffman et al., 2010; Jones et al., 2014) and less able to
learn from negative feedback (Cauffman et al., 2010).
Although, in those two studies, adolescents up to age 17 years
were compared to adults ages 18 to 25 years, recent research
demonstrates that during emerging adulthood, 18 to 25 years,
cognitive and affective patterns may resemble those of ado-
lescence (Arnett & Jensen, 2000). This is relevant to the cur-
rent study, where participants ranged in age from 19 to 32
years, offering evidence that responsiveness to feedback type
may also differ between periods of emerging and later adult-
hood. While we take caution in interpreting these results due
to the limited age range of the participants, we do suggest that
our results are promising enough to warrant further testing of
positive, specific feedback for younger individuals.

The analysis of subjective ratings suggests that feedback in
the form of praise elicits positive affect and a sense of efficacy,
yet may not be effective in promoting learning without addi-
tional informational (skill) content. EF was rated as more
pleasant and helpful than CF, and resulted in the highest mean
accuracy score. These results suggest that by combining praise
with skill content, EF elicits reward value associated with the
target skill, thus improving learning. If future studies demon-
strated that these results generalized to struggling readers, this
would be particularly important for these individuals, whose
adverse affective reactions to their difficulties may further
deter their progress (Dweck, 1975; Dweck & Bempechat,
1983). Feedback that is both rewarding and informative may
counter these negative affective reactions, thereby potentially
improving learning for struggling readers.

Interpretation of neuroimaging results: Feedback
processing

As predicted, EF recruited neural regions implicated in both
reward and orthography-phonology content. Compared to CF,
EF recruited the vmPFC, implicated in both reward (Blair
et al., 2006; for review, see Smith & Delgado, 2015) and
self-processing (D’Argembeau, 2013). Given that EF was rat-
ed as more rewarding than CF, activation of this region for EF
compared to CF is likely due to reward processing. The
vmPFC has been implicated in encoding reward value, includ-
ing expected monetary outcomes (Knutson, Fong, Bennett,
Adams, & Hommer, 2003) and social rewards (Somerville,
Kelley, & Heatherton, 2010). In one study, participants with
low self-esteem showed increased activity in this region for
positive compared to negative social feedback (Somerville
et al., 2010), suggesting a role for the vmPFC in evaluating
the salience of a social reward. Since in EF the learner’s ac-
tions are being perceived by another, it may be that the

Fig. 5 a Contrasting elaborative feedback (EF) with content feedback
(CF), EF (warm colors) activated the vmPFC. CF (cool colors) bilaterally
activated the dlPFC, IFG, AG, and MTG. b Contrasting EF with positive
feedback (PF), EF (warm colors) activated the left SMG, pSTG extending
to pMTG, and vOT/FG. PF (cool colors) activated the precuneus/pCing. c
Contrasting CF with PF, CF (warm colors) activated the left STG, SMG,
and bilateral IFG and vOT/FG. PF (cool colors) activated the vmPFC.
(Color figure online)
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vmPFC is recruited due to this social aspect. However, inter-
pretation of the results of the EF–CF contrast is limited due to
the presence of two differences between the EF and CF con-
ditions. EF involves both reward and self-processing, as com-
pared to CF, which involves only task-relevant information.
Thus, activation of the vmPFC for EF compared to CF cannot
be attributed specifically to reward or self-processing.
However, research suggests that activation of vmPFC for
self-processing may be due to assigning personal value for
self-related concepts (D’Argembeau, 2013). For example, this
region was recruited for processing evaluative feedback (e.g.,
BYou’re a great girl!^; Pan, Hu, Li, & Li, 2009). Therefore,
even if activation of vmPFC was due to self-processing in the

EF compared to CF condition, it is likely that such recruitment
is also reward related.

On the flip side of the same contrast, CF showed greater
activation than EF in a number of regions previously shown to
be involved in reading, such as the MTG, IFG, and AG
(Binder, Medler, Desai, Conant, & Liebenthal, 2005; Fiez,
Balota, Raichle, & Petersen, 1999; Graves et al., 2010;
Turkeltaub, Eden, Jones, & Zeffiro, 2002), as well as the
dlPFC (Barbey, Koenigs, & Grafman, 2013; Owen,
McMillan, Laird, & Bullmore, 2005), implicated in working
memory. It is somewhat surprising that CF resulted in greater
activation of reading network regions, compared to EF, given
that skill-content was equated across these two conditions.

Fig. 6 a Left: Interaction of EF–CF pseudoword presentation during the
feedback phase with modulation by trial number. Right: Graphs represent
parameter estimates for each trial number for an ROI in the left IFG
sphere (shown on the sagittal slice, x = −32) and left caudate sphere
(shown on the axial slice, y = 80). b Left: Interaction of EF–PF

pseudoword presentation during the feedback phase with modulation by
trial number. Right: Graphs represent parameter estimates for the ROI in
the left IFG sphere (shown on the sagittal slice, x = −34) and left caudate
sphere (shown on the axial slice, y = 81). Coordinates are in Talairach
space. (Color figure online)
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Table 4 Talairach coordinates and peak t statistic for each pseudoword contrast significantly modulated by trial number

Location of extreme point Cluster size (μl) x y z Peak t statistic

EF pseudowords (modulation by trial number) > CF pseudowords (modulation by trial number)

No significant activations

CF pseudowords (modulation by trial number) > EF pseudowords (modulation by trial number)

Left frontal / temporal / parietal cortex 5,416

L superior temporal gyrus −67 −9 6 4.59

L inferior frontal gyrus (triangularis) -50 17 2 3.89

L superior temporal gyrus −45 −5 1 3.67

L postcentral gyrus −53 −7 17 3.59

L superior temporal gyrus −61 −25 15 3.42

Right lateral parietal / temporal cortex 2,979

R postcentral gyrus 60 −23 17 4.14

R superior temporal gyrus (anterior) 59 −9 −5 3.67

R superior temporal gyrus (posterior) 2,165 51 −31 8 4.55

R middle frontal gyrus 1,784 43 20 27 4.61

R middle frontal gyrus 1,534

Precentral sulcus 30 −10 43 3.89

Precentral sulcus 51 9 38 3.23

Right caudate / cingulate cortex 1,499

R caudate (body) 14 7 21 3.76

R caudate (body) 16 −10 24 3.72

R cingulate gyrus 10 −10 39 3.47

L cingulate gyrus 1,486 -16 −3 46 4.25

Left caudate / cingulate cortex 1,113

L cingulate gyrus 0 10 29 4.29

L caudate (body) −13 15 15 3.52

R postcentral gyrus 1,106 54 −23 41 3.75

Left insular / temporal cortex 1,038

L insula −37 −15 23 3.97

L superior temporal gyrus (posterior) -43 −30 8 3.91

R superior frontal gyrus (posterior) 735 9 12 52 3.44

R culmen 625 24 −40 −25 4.12

EF pseudowords (modulation by trial number) > PF pseudowords (modulation by trial number)

No significant activations

PF pseudowords (modulation by trial number) > EF pseudowords (modulation by trial number)

Left frontal / temporal cortex 4,751

L insula −44 2 11 4.26

L transverse temporal gyrus −33 −30 9 4.17

L superior temporal gyrus −56 −4 2 3.18

R middle frontal gyrus 1,471 43 28 29 4.12

L thalamus 988 −7 −7 16 4.75

Right caudate / lentiform nucleus 879

R caudate 21 2 19 4.14

R lentiform nucleus 15 8 6 3.27

L caudate 651 −13 7 20 3.99

L superior frontal gyrus 587 −28 33 31 3.64

L middle frontal gyrus 576 −28 0 43 3.61
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Such activation may be due to greater attention to the skill-
content in CF, when an individual is told what skill should be
applied in order to achieve the correct answer. Interestingly,
although CF recruited reading network regions to a greater
degree than EF, EF resulted in higher accuracy. Thus, it is
likely that pairing reward and skill-content is responsible for
the effectiveness of EF. Further, activation of the dlPFC for CF
is consistent with research showing activation of this region for
negative feedback (Zanolie, Teng, Donohue, van
Duijvenvoorde, Band, Rombouts & Crone, 2008), especially
when feedback is informative for achieving a correct answer
on the subsequent trial (Zanolie, van Leijenhorst, Rombouts &
Crone, 2008). Although CF was provided on correct and not
incorrect trials, its form was similar to negative feedback, in
that it provided the learner with information regarding the skill
which should be applied in order to achieve the correct answer.
Thus, dlPFC activation for CF is consistent with this literature.

Consistent with our predictions, EF compared to PF re-
cruited regions involved in orthography-phonology process-
ing including the fusiform gyrus, MTG, SMG, and STG.
While previous studies have shown recruitment of these re-
gions for engaging in orthography-phonology tasks ( Binder
et al., 2005; Fiez et al., 1999; Graves et al., 2010; Turkeltaub
et al., 2002), this is the first study to our knowledge that has
demonstrated such activation during the receipt of feedback.

The opposite contrast, PF compared to EF, resulted in ac-
tivation of the pCing, a region considered part of the putative
default-mode network. This is a set of mutually correlated
regions typically found to be active during conditions in
which participants are not engaged in any particular task
(Buckner, Andrews-Hanna, & Schacter, 2008; Gusnard,
Raichle, & Raichle, 2001). Given that PF also resulted in
lower accuracy than EF, the pCing activation may correspond
to the learners being less engaged in the task during the receipt
of PF compared to EF.

Lastly, PF was also compared to CF, with the prediction
that PF would recruit reward-related regions, and CF would
recruit task-related regions. These predictions were also sup-
ported. PF recruited the vmPFC, while CF recruited the left
MTG, STG, SMG, and vOT/FG. This provides additional
confirmation that PF recruited reward-related but not task-
related regions, and CF recruited task-related but not reward-
related regions, thus validating the results of the EF–PF and
EF–CF contrasts.

Interpretation of neuroimaging results: Pseudowords

Higher accuracy for pseudowords trained with EF, along with
a relative lack of activation increase in reading-related neural
regions while reading aloud these pseudowords as trial num-
ber increased, suggests greater habituation to pseudowords
trained with EF. Previous literature has found similar habitu-
ation effects for trained items. For example, Graves et al.

(2008) found decreased neural activity in the left pSTG over
the course of six trials on which participants repeated auditory
pseudowords. In our study, the fact that activation in the left
IFG and STG remained steady for pseudowords trained in the
EF condition, but increased for the other feedback conditions,
combined with the greater accuracy for EF than the other
conditions, suggests that these areas may be maintaining in-
formation for accurately pronouncing pseudowords. Another
possibility is that activation in these areas may reflect in-
creased recruitment of resources in the service of learning to
pronounce pseudowords under conditions of less beneficial
feedback. This interpretation is consistent with literature find-
ing increased activation of some reading-related regions, in-
cluding the IFG, under conditions that were more difficult,
due to either word characteristics (Graves, Boukrina,
Mattheiss, Alexander, & Baillet, 2017; Graves et al., 2010)
or domain-general demands (Fox & Raichle, 2007; Fox
et al., 2005).

Modulation of the caudate by trial number for EF, but not
PF or CF, supports the role of the caudate in feedback pro-
cessing. However, interestingly, EF and PF were both rated as
more pleasant than CF, yet the caudate was modulated by trial
number only for EF and not PF, suggesting that recruitment of
the caudate for EF may be due to the coupling of rewarding
and skill content. Specifically, the caudate has previously been
shown to facilitate action–outcome associations (Knutson &
Cooper, 2005), and here may have facilitated the binding of
reward and reading-related information, thereby leading to
higher accuracy in this condition.

Together, behavioral and neuroimaging main results sug-
gest the enhanced effectiveness of EF may be due to concur-
rent activation of reward-related and reading-relevant regions.
Thus, receiving elaborative feedback upon correctly applying
a skill may not only promote learning, but may also enhance
the reward value of a target skill.

Limitations

While this study provides evidence of the effectiveness of EF
in an orthography-phonology learning task, the question of
generalizability of results from adults to children and adoles-
cents remains. The current study has provided proof of con-
cept in the form of evidence that the feedback manipulation is
effective among adults. Follow-up analyses also showed EF to
be particularly effective in this sample for the younger end
(18–23 years) of our adult age range. This suggests it may at
least be worth exploring the usefulness of EF with younger
developing readers in future studies.

Additionally, since the CF condition provided instructive
feedback on spelling-sound content, its status as reinforcing a
skill they had just demonstrated may have been a bit ambigu-
ous. Mitigating this concern, however, is the fact that partici-
pants did change their answers on subsequent trials when an

Cogn Affect Behav Neurosci (2018) 18:68–87 83



BX^ was provided to indicate it was incorrect but repeated
their answers when CF was provided, demonstrating that they
at least understood that CF indicated that their answer was
correct.

Regarding the stimuli, although average pitch was matched
across feedback types, it is possible that feedback types differed
in natural pitch fluctuations due to differences in social and
emotional content. We chose not to control pitch fluctuations,
as this may have diminished the natural social and emotional
cues present in the feedback. While potential differences in
pitch fluctuations across feedback types may be a confound in
the study, we feel our results are unlikely to be due to differ-
ences in basic auditory characteristics of the feedback. Instead,
pitch fluctuations have been shown to modulate neural regions
in the auditory cortex, while our results demonstrate activation
in areas outside this region, including the supramarginal and
fusiform gyri.Moreover, if activation in the temporal cortex, for
example, were due to pitch intonation differences, one would
expect similarity between EF and PF, which were more similar
in emotional content (participants rated these two types of feed-
back as more rewarding than CF). On the contrary, activation in
auditory cortex was greater for EF than for PF and greater for
CF than for PF. Since EF and CF differed in reward ratings but
included the same content (orthography-phonology mapping),
the resulting activation in the auditory cortex is likely due to the
skill content (present in both EF and CF) rather than reward
ratings (different for EF and CF).

Lastly, both CF and EF, but not PF, presented the target
pseudoword both visually and auditorily. This was done in
order to highlight neural regions implicated in orthography (vi-
sual pseudoword presentation) and phonology (auditory
pseudoword presentation). The contrast of neural activation
during the receipt of feedback for EF–PF and CF–PF were
designed such that EF and CF included skill content
(pseudoword visual and auditory presentation), but PF did
not, and thus was used as a baseline comparison for skill con-
tent in these contrasts. However, a limitation remains in that
neural activation for EF versus PF and CF versus PF could be
due to mere exposure to the word form in the non-PF condition
rather than differences due to orthography-phonologymapping,
per se. Mitigating this concern, however, is the fact that the
neural activation for EF versus PF and CF versus PF recruited
the predicted neural regions involved in orthography-
phonology mapping rather than solely regions implicated in
basic, early visual processing. This limitation is also relevant
to the pseudoword comparisons. It is true that for EF, but not
PF, the pseudoword was presented on the screen on each trial
during the receipt of feedback, and thus one would expect ha-
bituation for pseudowords in the EF, but not the PF, condition.
However, interestingly, the EF–PF contrast revealed neural ac-
tivation in much of the same neural regions as the EF–CF
contrast, where both EF and CF presented the pseudoword on
each trial during the receipt of feedback. Thus, it unlikely that

these results are due to repeated stimulus presentation in the EF
and CF but not PF conditions.

Implications

Elaborative feedback focuses on both skill-related content and
praising instances of correct application of the skill. This con-
trasts with feedback that focuses primarily on skill-content
alone. Implementing elaborative feedback requires that edu-
cators seek positive behaviors and demonstrations of skill
among learners, and subsequently communicate their obser-
vations to learners in a positive manner, thus promoting pos-
itive affect as well as future applications of the behavior.
Concurrent activation of task-relevant and reward regions
may, over time, increase an individual's positive affective ex-
perience of the target academic skill, thus addressing both
cognitive and affective impediments to reading. In terms of
neural consequences, activation of task-relevant regions dur-
ing the receipt of feedback has the potential to enhance func-
tion in these regions over time, which is associated with im-
provements in reading performance.

Since the elaborative feedback used here helped readers who
were already skilled, this raises the possibility that it may also
help struggling readers. If future studies were to show that
elaborative feedback similarly recruited reading-related neural
regions among struggling readers, this could be potentially
helpful, given that these individuals have been shown to have
reduced activation of these brain regions during reading tasks
(Maisog et al., 2008; Richlan et al., 2009). Conversely, improv-
ing reading skills has been shown to correspond to increasing
activation in the same reading-related brain regions (Eden et al.,
2004; Temple et al., 2003). Therefore, one implication of this
study would seem to be that enhancing activation of these neu-
ral regions, as shown here during elaborative feedback, could
potentially serve to improve reading skills among struggling
readers. The rewarding aspect of elaborative feedback may be
particularly beneficial in this process, as struggling readers of-
ten experience further detriments due to adverse affective reac-
tions to low performance.
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