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ABSTRACT

Purpose: Research on how much early phonemic awareness (PA) instruction
is optimal has produced inconclusive answers. We conducted a nonlinear
meta-analysis to estimate the optimal cumulative dosage of early PA instruc-
tion on PA outcomes with an associated maximum effect size in preschool
through first-grade students.

Method: Sixteen experimental and quasi-experimental primary studies (35
effect sizes) on PA instruction effectiveness that reported cumulative dosage
data were included. There were 613 students in treatment and 542 students
in control conditions (Mage = 5.20 years; SDage = 0.87).

Results: The cumulative dosage response model took a concave parabolic
form (an upside-down U shape). Specifically, PA instruction effects improved
with increasing dosage up to 10.20 hours of instruction (dmax = 0.74), after
which the effects declined. Moderator analyses revealed these results held
for students at-risk for reading disabilities and basic PA skills instruction.
Furthermore, moderator analyses showed that the dosage response curves
exhibited a convex parabolic form (a U shape) in PA instruction with letters,
with effects continually increasing after 16 hours of PA instruction.
Discussion: Overall, our findings highlight the importance of planning the
optimal cumulative dosage of early PA instruction in preschool through first-
grade settings so that students acquire the PA and phonological-
orthographic associations taught and show progress in learning to read.

Phonemic awareness (PA) is the ability to recognize and manipulate sounds or phonemes in spoken
words. It is a foundational skill needed for word reading, and it supports later reading and spelling
development (Erbeli et al., 2018, 2023; Foorman, 2003; Hulme et al., 2012; Melby-Lervag et al., 2012;
Muter et al., 2004; National Reading Panel, 2000). The basics of phoneme perception are acquired as
part of language development prior to formal schooling, but explicit PA instruction helps students
refine PA skills and understand how sounds are represented in writing (Rayner et al., 2001; Rice et al.,
2022, 2023). Typically, formal instruction in PA begins in kindergarten in the United States. Most
students will acquire adequate PA skills by the end of kindergarten or the beginning of first grade. To
optimally plan PA instruction, it is crucial to identify salient instruction characteristics and under-
stand how to implement these characteristics to meet the needs of students most effectively. One such
characteristic is the cumulative dosage of PA instruction, defined as the total amount of hours PA
instruction is administered. Given that different amounts of PA instruction dosage might lead to
different magnitude of effects, we ask how much time should optimally be spent on PA instruction to
be the most effective for PA outcomes. The goal of this study was to use nonlinear meta-analysis to
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estimate the optimal cumulative dosage of early PA instruction and associated effect sizes on PA
outcomes in preschool through first grade.

In this study, we define PA as the ability to focus on and manipulate phonemes in spoken words
(National Reading Panel, 2000). Typically, PA is broken down into specific skills/tasks, which are used
to improve students’ PA through instruction (National Reading Panel, 2000). Basic PA skills include
identification (recognizing words that start with identical phonemes), isolation (producing a single
phoneme from a word), categorization (grouping words that do or do not share phonemes), blending
(combining phonemes to pronounce a word), and segmenting (separating a word into its phonemes).
More complex PA skills, sometimes referred to as advanced PA skills, encompass deletion (removing
a phoneme from a word) and substitution (changing a phoneme to produce a new word).

We report primary studies that estimated the effects of PA instruction on PA outcomes. We
focused on instruction at the phoneme level, regardless of whether phonological awareness skills
(syllables and onset-rime) were taught in addition to PA skills or not (see Inclusionary and
Exclusionary criteria). Note that we acknowledge phonological awareness’s role as a predictor of
early word reading skills in many alphabetic languages, including English, and recognize that English
children develop phonological recoding at small (phonemes and corresponding graphemes) as well as
large grain sizes (syllables, rimes; Ziegler & Goswami, 2005). Even though English’s small reading units
might be fairly inconsistent, its larger units are less inconsistent (Treiman et al., 1995), pushing English
readers to use both (e.g. Brown & Deavers, 1999). The reason why we focused on PA instruction rather
than only phonological awareness instruction was three-fold. First, PA is a unitary construct
(Schatschneider et al. 1999). Schatschneider and colleagues (1999) used both terms, phonemic aware-
ness and phonological awareness, interchangeably to refer to PA tasks, although PA has been shown to
be dissociable from the phonological awareness construct in some studies (e.g. Lee-Webb et al., 2004).
Second, PA tasks are the strongest correlate of variability in word reading, even after controlling for
variations in phonological awareness tasks, such as rime awareness (Melby-Lervag et al., 2012). Third,
and relatedly, PA, along with letter naming fluency, has a causal influence on the development of
children’s early literacy skills (e.g. Bus & van Ijzendoorn, 1999; L. Ehri, 2005; Foorman et al., 1998;
Hulme et al., 2005, 2012; Wagner et al., 1997). Altogether, research findings support the importance of
studying instruction that includes PA skills.

Regarding the definition of the optimal cumulative dosage of PA instruction, we use S. F. Warren
et al. (2007) framework. We define it as the product of dose (the number of minutes per instruction
session), dose frequency (the number of instruction sessions per week), and duration (the total
number of weeks instruction is implemented). Typically, the cumulative dosage is measured in
minutes or hours. In this study, we measure the cumulative dosage of PA instruction in hours.

Theoretical Perspectives on Studying the Optimal Cumulative Dosage of PA Instruction

Emphasis on studying the optimal cumulative dosage of PA instruction can be, in part, predicated
upon studies in the field of pharmacology. Specifically, the medical community has widely recognized
the importance of treatment parameters like form (liquid/pill), dose frequency (daily/hourly), and
cumulative dosage (1 mg every 12 hours for 7 days for a total of 14 mg). Each parameter contributes
unique information within decision guides that physicians may use to maximize treatment response.
In much the same way, we can think of PA instruction as a “treatment” or an approach to helping
children acquire PA skills, such that variations in instruction parameters, like cumulative dosage, can
differentially influence gains in PA outcomes.

There are several theoretical perspectives on why understanding the optimal cumulative
dosage of PA instruction represents an important undertaking. The first perspective refers to
the role of PA skills in reading instruction. Based on reading theories (Harm & Seidenberg,
1999; C. Perfetti, 2007; C. A. Perfetti, 1992), PA is not acquired for its own sake but instead
helps children understand and use the alphabetic system to read and spell. When children begin
with reading instruction, their phonemic and phonological representations do not need to be
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fully specified to support the use of spoken language. Children typically only have partial
knowledge of these structures before reading. With increased exposure to orthography and
explicit instruction in sublexical orthographic-phonological representations, children’s phonemic
and phonological representations are further refined. In other words, an optimal dosage in
instruction will facilitate the dynamic, reciprocal relations between the child’s phonemic repre-
sentations, orthography-phonology mapping, and reading (Foorman & Francis, 1994; Foorman
et al.,, 1991; Rayner et al.,, 2001; Wagner et al., 1994) in the most effective manner possible as
well as enable children to progress in their reading through self-teaching (Share, 1995). Even
though the rate at which children learn to amalgamate/bond (L. C. Ehri et al., 2001;
C. A. Perfetti, 1992) orthographic and phonological representations is item- (i.e. child’s acquisi-
tion of individual word representations; see also Harm & Seidenberg, 1999) and child-specific
(i.e. how fully specified and redundant these representations are within each child; C. A. Perfetti,
1992), it is important to understand the dosage of PA instruction needed to most effectively
assist the process of children’s development of specified representations. This meta-analysis
attempts to answer the dosage question.

How does this theoretical background lend itself to experimental design studies? For PA skills, the
notion of an “optimal cumulative dosage of instruction” means that the effect sizes in a treatment
group receiving PA instruction will increase only up to the point of relative PA mastery, after which
any further increase in the cumulative dosage of PA instruction will probably yield diminishing
returns relative to a control group. In such instances, the control group will likely still acquire PA
skills but at a slower rate. The control group will eventually catch up to the treatment group because
the control group will continue improving their skills while the treatment group has already mastered
them. Hence, after further observation of both treatment and control groups, the between-group effect
sizes will reduce and probably disappear when studying PA. This mechanism suggests that at some
point during the instruction, the differences between the treatment and control groups will be the
largest. In our study, that point is referred to as the optimum dosage.

A complementary reason why studying optimal dosage is important refers to student characteristics
that may influence a differential response to the dosage of PA instruction (S. F. Warren et al., 2007).
Deficits in PA among students at risk for reading disabilities lead to limited growth in building
phonemic-orthographic associations. Therefore, explicit, intensive PA instruction is needed for these
students to succeed in learning to read. In addition, previous syntheses and intervention research have
suggested that lower pretest scores on measures of phonological processing, rapid naming ability,
verbal ability, and attention are associated with diminished response to reading instruction and
interventions (Al Otaiba & Fuchs, 2002; Fletcher et al., 2011; Nelson et al., 2003; Schatschneider
et al., 2004). Hence, changes in the cumulative dosage of PA instruction may systematically produce
different effects for different participants, including students at risk for reading and other disabilities.

Finally, the spacing effect theory (S. F. Warren et al., 2007) serves as another perspective that
highlights the importance of studying the optimal cumulative dosage of PA instruction. This
theory posits that scheduling higher treatment intensity in a shorter time (i.e. massed, concen-
trated practice) would lead to differential impacts than treatment intensity delivered over
a longer time (i.e. spaced, distributed practice; S. F. Warren et al., 2007). To illustrate, the
prediction from the spacing effect theory would be that a student who received 20 hours of PA
instruction distributed across 20 1-hour sessions per week would not learn PA skills as efficiently
as if she were exposed to 20 hours of PA instruction distributed across 60 20-minute sessions
held three times per week. This would be the case even though the number of treatment minutes
per week would be the same, and the cumulative dosage would be the same. This theory
highlights the significance of measuring dose, dose frequency, duration, and cumulative dosage
separately to assess the effect of each parameter on the treatment’s efficacy and, in turn, optimize
it accordingly. Current research on this theory is inconclusive for PA and other reading out-
comes, with results suggesting no differences between concentrated and distributed practice
(Erbeli & Rice, 2022; Ukrainetz et al., 2009).
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Altogether, theoretical perspectives underlying the optimal cumulative dosage of PA
instruction have at least one thing in common - the discourse that is directly relevant to
practice (Fuchs & Fuchs, 2015). Without knowledge about an optimal cumulative dosage, it
might mean that practitioners are administering PA instruction below or above the optimal
level, leading to suboptimal allocation of time and financial resources for promoting reading
achievement.

Empirical Support from Randomized Control Trials on the Optimal Cumulative Dosage of PA
Instruction

In reading research, several designs can be used to answer the question of the optimal cumulative
dosage of early PA instruction. Experimental designs such as randomized control trials (RCTs) are
the gold standard. Students can be randomly assigned to two or more levels on a key variable,
cumulative dosage. Although we could not locate RCTs that had carried out such experiments for
PA outcomes, some studies have explored the cumulative dosage question for other reading
outcomes.

One of the first studies of this kind was by Wanzek and Vaughn (2008). The researchers manipulated
dosage (minutes per intervention session), which, in turn, impacted the cumulative dosage of the inter-
vention. The authors reported on two studies examining the effects of a multi-component (i.e. phonics,
fluency, and comprehension) reading intervention with first-grade students who were at-risk for reading
difficulties. Study 1 randomly assigned students to 50 sessions at 30 minutes daily (25 total hours of
instruction) or a control group. Study 2 randomly assigned students to 50 sessions at 60 minutes daily (50
total hours) or a control group. The intervention procedures were identical in both studies except for
dosage. Outcomes from both studies found that neither treatment group significantly outperformed the
control group on phonics, word recognition, reading fluency, and passage comprehension. In addition,
both treatment groups (25 hours vs. 50 hours) had similar pretest to posttest reading effect sizes, alluding to
no differences in outcomes as a function of intervention cumulative dosage. Hatcher and colleagues
(Hatcher et al., 2006) reached a similar conclusion in their study. They found that Year 1 British students
with reading difficulties who received supplemental intervention in PA, phonics, and word and text reading
for two consecutive 10-week periods (33 hours of instruction) performed comparably on measures of PA,
letter knowledge, and single-word reading to a group who received the same intervention only during
the second 10-week period (16.5 hours of instruction). Such a finding was further demonstrated in another
study. Denton and colleagues (Denton et al., 2011) compared the effects on reading outcomes of delivering
a multi-component reading intervention (i.e. PA, phonics, fluency, vocabulary, and comprehension) to
first-grade students at risk for reading difficulties. The authors assigned students to three treatment
conditions: extended practice (4 sessions per week, 16 weeks; 29.5 hours of instruction), concentrated
practice (4 sessions per week, 8 weeks; 14 hours of instruction), or distributed practice (2 sessions per week,
16 weeks; 15 hours of instruction). Denton et al. (2011) found no statistically significant differences in
decoding, fluency, and reading comprehension, suggesting that longer, more spread-out interventions were
not necessarily associated with higher gains than briefer, more concentrated interventions.

These findings, however, were in contrast with those of Al Otaiba and colleagues (Al Otaiba et al., 2005).
Al Otaiba et al. (2005) found that at-risk kindergarten students who received a year-long multi-component
reading intervention (i.e. PA, phonics, fluency, vocabulary, and comprehension) four times per week had
more robust basic reading outcomes, word identification, and passage comprehension than those who
received the same intervention only two times per week. Results from Al Otaiba et al. (2005) study suggest
that higher cumulative dosage of instruction might lead to better outcomes. In sum, most existing
experimental research reveals no differences in reading outcomes based on the cumulative dosage, even
though at least one study (Al Otaiba et al., 2005) reported an opposite finding. While these studies represent
critical steps aiming to pinpoint the ideal cumulative dosage of reading instruction, none specifically
evaluated PA outcomes.
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Empirical Support from Meta-Analyses on the Optimal Cumulative Dosage of PA Instruction

One method that can, in part (but not ideally since correlational methods are used) circumvent the
issue of a dearth of experimental research and help address the question of the optimal cumulative
dosage of PA instruction is a meta-analysis. In meta-analytic studies examining PA instruction
effectiveness, the cumulative dosage parameter typically serves as a moderator in a meta-regression
model. Hence, if the cumulative dosage were a significant moderator in these studies, we could
conclude that the effects of PA instruction differ as a function of cumulative dosage of PA instruction.

Perhaps one of the best-known meta-analyses exploring the effectiveness of PA instruction on PA
outcomes was that conducted by the National Reading Panel (National Reading Panel, 2000). The
NRP meta-analyzed 52 studies on PA instruction effectiveness for preschoolers to sixth graders and
reported that PA instruction of moderate cumulative dosage was more effective than the instruction of
shorter or longer cumulative dosage. Specifically, the National Reading Panel (2000) reported that PA
instruction of a total of 5-9.3 hours (d = 1.37) or 10-18 hours (d = 1.14) was more effective compared
to 1-4.5hours (d =0.61) or 20-75 hours (d =0.65). Some caution is warranted about these results,
though. The populations of students (at-risk versus no risk for learning disabilities) were not clearly
identified in the NRP primary studies. Further, given that the cumulative dosage is a continuously
distributed parameter, caution about it being estimated as a categorical parameter, like in the NRP
report (2000), was raised by Wanzek and colleagues (Wanzek et al., 2016). They suggested examining
cumulative dosage as a continuous variable as a more robust analysis approach. More recently, Rice
and colleagues (Rice et al., 2022) attempted to replicate National Reading Panel (2000) findings in their
examination of PA instructional effectiveness on PA outcomes for the treatment parameter of
duration. Using duration as a continuous moderator, there were no significant moderating effects
for preschool through first-grade students on PA outcomes (Rice et al., 2022).

Overall, it appears that meta-analyses on PA instruction effectiveness have been unable to reach
a consensus on the optimal cumulative dosage of PA instruction. This failure to identify the optimal
cumulative dosage can arise for at least two reasons. First, there may truly be no significant differences
in PA instruction effectiveness as a function of cumulative dosage. Second, it may be that the way we
measure the relation between PA instruction effectiveness and cumulative dosage is not the most
compelling. The use of a linear meta-regression to study a moderator’s effect is typical in the reading
field, including the abovementioned meta-analyses. However, the relation between PA instruction
effectiveness and cumulative dosage might be of a nonlinear rather than linear nature, which means
that the linear methods will not be able to describe the data adequately. In the current study, we use
a nonlinear meta-analytic approach to determine whether nonlinear relations between PA instruction
effectiveness on PA outcomes and cumulative dosage are at play.

How Can We Statistically Model the Optimal Cumulative Dosage of PA Instruction?

In our report, we expand upon prior educational research emphasizing the importance of considering
non-linearity for educational outcomes, including in meta-analyses (e.g. Dumas & McNeish, 2017,
2018; Roberts et al., 2022). This type of meta-analysis approach is guided by established optimization
methods in pharmacology, where the efficacy of a drug (treatment group), in comparison to a placebo
(control group), decreases after reaching the optimal cumulative dosage (Ogungbenro et al., 2009).
Theoretical perspectives suggest that the effectiveness of PA instruction may exhibit a concave,
parabolic shape (an upside-down U), characterized by increasing benefits up to a certain point of
cumulative dosage (i.e. the maximum or the optimum), after which benefits begin to decline as
a function of increased cumulative dosage. To model this shape for early PA instruction, we utilize
a model developed by Cudeck and du Toit (2002). This model was initially employed in a study of
medication effects in kidney transplant patients and later by Roberts et al. (2022), who applied it in the
reading research literature. As illustrated in Figure 1, the model enables us to identify the cumulative
dosage apex at which the maximum effect of treatment is achieved (in this study, the treatment refers
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Treatment Intensity at Maxinnm

Standardized ES

Treatment Intensity (e.g., Cumulative Dosage in Hours)

Figure 1. Conceptual diagram of optimal cumulative dosage - Model from Cudeck and du Toit (2002). Note. ES = effect size.

to early PA instruction). Note, however, that mathematically speaking, the model might not exhibit
a concave, parabolic shape. Depending on the data, the model can also take a convex, parabolic shape
(a U shape) characterized by a minimum. See Cudeck and du Toit (2002) for an example of a learning
experiment where the function takes a parabolic shape with an associated minimum.

Nonlinear effects modeling within a meta-analysis has been scarcely used in reading research. In
the only published study of its kind, Roberts and colleagues (Roberts et al., 2022) used a nonlinear
meta-analytic approach to test the optimal cumulative dosage of reading interventions on various
reading outcomes. Roberts et al. (2022) found that 186 effect sizes of reading interventions followed
a concave parabolic shape with an associated maximum in cumulative dosage. The findings indicated
the optimal cumulative dosage of reading interventions was 39.92 hours, with an associated overall
maximum effect of d = 0.77. Moreover, the authors noted that the effect was not significantly different
from the overall model for foundational skills (d = 0.90; 107 effect sizes). In addition, they found that
the effects of one-on-one interventions increased indefinitely and did not have an associated cumu-
lative dosage optimum. Roberts et al. (2022) study is the first step in outlining the optimal cumulative
dosage of reading instruction using a nonlinear modeling approach in a meta-analysis.

Moderators

In examining the literature on the optimal cumulative dosage of PA instruction, it is essential to
consider salient moderators that might impact observation of when the maximum effect occurs and its
magnitude. In our study, we included PA instruction-level and participant-level moderators.

The first moderator was group size. Reducing group size is a commonly used strategy to
intensify reading instruction and intervention. Theoretical explanations and empirical evidence
suggest that as group size decreases, effect sizes do not necessarily improve (e.g. small group vs.
individual instruction), alluding to a potential nonlinear association between group size and PA
instructional effectiveness. Theoretically, one possible explanation is that there may be “diminish-
ing returns” that come with the reduced size of instructional groups. For example, small group
instruction allows the teacher to control the group’s composition. Teachers may form a group of
students with the same skill level on specific PA tasks and practice those skills. Alternatively,
teachers could form groups of somewhat higher- and lower-performing students, with higher-
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performing students serving as models for lower-performing students. In both scenarios, oppor-
tunities for response are significantly increased. Students can see other student models and hear
corrective feedback from teachers on their own and others’ performance. In a one-on-one
instructional setting, there might be more opportunities for exposure and feedback. Still, students
lose the opportunity to view other students’ responses and hear specific feedback for others.
Simply increasing opportunities for exposure and feedback alone may not compensate for the
additional opportunities lost when shifting from a small group to a one-on-one instructional
format. Empirical evidence supports this theoretical explanation. For example, Vaughn et al.
(2003) studied the effects of reading intervention on three group sizes (one teacher to one student,
a small group of one teacher to three students, and a large group of one teacher to ten students).
Results indicated that one-on-one grouping demonstrated more improvement than the large-
group instruction for phoneme segmentation. However, the one-on-one grouping was not more
effective than the small group on a PA outcome. The National Reading Panel (2000) also studied
the effects of group-size on PA outcomes. The authors found that small-group instruction (d =
1.38) was more effective than whole-group instruction (d =0.67) and individual instruction (d =
0.60) on PA outcomes. A similar result, though statistically non-significant, was reported in the
Rice et al. (2022) meta-analysis. Small group PA instruction (g=0.70) was descriptively more
effective than the whole class (g=0.65) or one-on-one (g=0.59) instruction. However, note that
a decrease in group size typically happens when reading instruction is intensified, alluding to
a potential confound of student characteristics when discussing group size. For instance, students
at risk for reading disabilities are typically taught in small groups, whereas students with reading
disabilities could be trained in one-on-one settings. Thus, it is possible that a lack of benefit for
one-on-one settings when compared to small-group instruction is due to one-on-one instruction
typically being provided to the students with the most significant learning needs.

The second moderator was the use of letters with PA instruction. The National Reading Panel
(2000) and a meta-analysis (Rice et al., 2022) reviewed studies where PA instruction was taught with
and without letter representations. Within the studies reviewed, the authors of both reports found that
using letters was not significantly associated with PA outcomes but did play a role in other reading
outcomes (National Reading Panel, 2000). However, due to phonology playing an essential role in
helping students establish word-specific orthographic representations (see also Share’s (1995) self-
teaching hypothesis), reading theorists emphasize the importance of explicitly incorporating letter
knowledge instruction within PA and literacy instruction (e.g. L. C. Ehri & Roberts, 2006; Foorman &
Francis, 1994; Hulme et al., 2012; Kim et al., 2010). Hence, it may be hypothesized that PA and
alphabetic instruction in tandem might lead to more PA learning gains than PA instruction with no
letters.

The third moderator was whether students were at risk for reading disabilities. The NRP
report (2000) and the meta-analysis by Rice et al. (2022) reported no significant differences
between typically developing readers and at-risk students on PA outcomes. In contrast, some
studies found PA instruction to be more effective for students at-risk for reading disabilities
than typically developing readers (Hatcher et al., 2004). Given a hypothesis that students at risk
for reading disabilities might need an increased total PA instruction length to display
a maximum PA instruction effect, further investigation is warranted for this moderator.

The fourth moderator was whether PA instruction targeted basic versus “advanced” PA skills.
Previous research has suggested that basic skills like blending and segmentation are critical for
reading development (L. C. Ehri et al., 2001). However, state education agencies and publishers
have suggested “advanced PA training,” including deletion and substitution, may be vital for
reading development despite a lack of empirical evidence to support this claim (Clemens et al.,
2021). Rice and colleagues (Rice et al., 2022) found no differences in the PA instruction
effectiveness for this moderator. Nonetheless, since basic versus “advanced” PA skills progress
from less to more complex (Schuele & Boudreau, 2008), we can hypothesize that a longer dosage
of PA instruction on complex PA skills outcomes, such as deletion and substitution, may be
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required when “advanced” skills are evaluated as the outcome. However, given that previous
research (Rice et al.,, 2022) has not shown any differences in effectiveness based on PA skills
taught, it may be predicted that no difference in the maximum effect size magnitude will be
observed.

The Current Study

In the current study, we used the same approach as Roberts et al. (2022) but focused on early PA
instruction rather than reading interventions. The goal was to conduct a nonlinear meta-analysis and
estimate the maximum effect size achieved by PA instruction and the optimal cumulative dosage at
which the maximal effect occurred. Moreover, we aimed to determine what PA instruction and
participant characteristics were salient in moderating the estimated optimal cumulative dosage of
PA instruction and the estimated maximum effect. Our research questions were: (1) What is the
optimal cumulative dosage of PA instruction and the maximum effect associated with that dosage on
PA outcomes for pre-school through first-grade students? (2) When studying group size, the use of
letters, risk for reading disabilities status, and types of PA skills as moderators, to what degree did the
optimal cumulative dosage and maximum predicted effect vary from the overall optimal dosage and
maximum predicted effect? Based on theory (C. A. Perfetti, 1992) and prior empirical reports (Roberts
et al.,, 2022), we predicted that PA instruction effects would follow a concave parabolic shape (an
upside-down U). We hypothesized that increasing cumulative dosage would improve PA instruction
effectiveness to a point, after which the instruction would become less effective as the instruction’s
cumulative dosage increased. In addition, we hypothesized that our moderators would be significantly
associated with the optimal cumulative dosage of PA instruction and the maximum effect at which this
cumulative dosage occurred. Specifically, per National Reading Panel (2000) and Rice et al. (2022), we
predicted the optimal cumulative dosage of PA instruction in small groups would be shorter and in
one-on-one settings would be longer than the overall model. In accord with theory and empirical
evidence (L. C. Ehri et al., 2001; Foorman & Francis, 1994), we expected the effect of PA instruction to
be more accelerated if letters were added to the PA instruction. Based on theory (L. C. Ehri et al., 2001;
C. A. Perfetti, 1992), we expected that the optimal cumulative dosage of PA instruction for students at
risk for reading disabilities would be longer than the overall model. Finally, for “basic” PA skills, we
predicted no differences from the overall model for the dosage and effect. To the extent that
“advanced” PA skills were taught, we predicted that a longer optimal cumulative dosage of PA
instruction might be required to observe a maximum PA instruction effect.

Method
Literature Search Procedure

We used four steps to search for and review studies relevant to our research questions (title and
abstract screening/primary screening). We used one step to identify studies that adhered to our
inclusionary and exclusionary criteria, which were included in the final meta-analysis (full-text
screening/secondary screening). The search procedure resulted in 16 studies included in the final
meta-analysis. Please see the flowchart in Figure SII.

For the primary screening, we first conducted a comprehensive computerized search of PsycINFO,
ERIC, and Academic Search Ultimate databases. We used Boolean search terms from four categories -
PA, reading, instructor, and experimental design - linked with an AND. A full list of search terms is
available in the Supplementary Materials. We conducted the search on January 25, 2022. We did not
restrict our search to publication year. Peer-reviewed articles, book chapters, theses, and dissertations
were queried. The electronic database search yielded a total of 8,961 publications (PsycINFO 2,942,
ERIC 2,272, Academic Search 3,747). We removed 1,702 duplicates, so that the first step of the search
yielded 7,259 publications for screening. We reviewed all studies by reading titles and abstracts on the



SCIENTIFIC STUDIES OF READING 9

platform Rayyan, locating any publications that were eligible for inclusion in the meta-analysis based
on the inclusion and exclusion criteria. Through this screening process, we excluded 7,206 studies for
different reasons (see Figure SI1 in Supplementary Materials). Two doctoral students completed the
computerized screening with an agreement percentage of 99% on the overlapping titles/abstracts
reviewed in Rayyan. Any disagreements were resolved through discussion. The first step of the
primary screening resulted in 53 publications which were eligible for secondary screening. In
the second step of primary screening (backward search), we examined the references of relevant
articles and screened What Works Clearinghouse (WWC) Intervention Reports relevant to early PA
instruction to search for additional potential studies to be included, which were not identified by the
computerized search. Seven additional studies were identified through the second step. In the third
step of primary screening, we performed a forward search of the relevant articles to find any studies
that cited these works. We used Google Scholar with its “Cited By” link and the Web of Science Cited
Reference Search. From this search method, four studies were identified. In the fourth step of primary
screening, we aimed to identify gray literature. To this end, we emailed three authors who have
published in the field and asked them to provide any unpublished data or literature relevant to the
current study. No additional studies were found from this search method.

Altogether, the primary screening resulted in 64 studies that were eligible for secondary screening.
Full articles from the resulting 64 studies were obtained and reviewed carefully for secondary screen-
ing for eligibility. Of the 64 studies, 48 studies were further excluded. See the Supplementary Materials
for reasons for exclusion. This resulted in 16 studies that were included in the final meta-analysis. The
first and second authors completed the secondary screening process with an agreement percentage of
98% for the included studies. The one disagreement was resolved through discussion and consulting
the original article.

This study is a meta-analysis, which only involves analysis of aggregate data extracted from primary
studies. All data provided in primary studies were de-identified. Hence, we did not request informed
consent from parents or assent from included children prior to their inclusion in the meta-analysis.
The meta-analysis conforms to recognized standards from U.S. Federal Policy for the Protection of
Human Subjects.

Search Terms

Please see the Supplementary Materials for details.

Inclusion and Exclusion Criteria

We used the following inclusion and exclusion criteria. First, a study must have implemented a group
experimental or quasi-experimental design for evaluating PA instruction with a control group for
comparison. Studies not including a control group were excluded. Second, the instruction must have
been focused on PA skills and included at least one measure of PA as an outcome measure (i.e., one or
more of the PA skills listed in the Introduction). Studies may have also included instruction in other
phonological skills (e.g., onset-rime or syllable clapping). However, they were excluded if they only
focused on phonological awareness skills without including the phoneme-level skills. Studies with
instruction progressing further than PA instruction, such as reading decodable texts, were also
excluded. Third, a study must have provided an estimate for the total cumulative dosage of PA
instruction (in minutes or hours) or data to compute it. Fourth, a study must have provided sufficient
quantitative information (pre- and posttest score data) to permit effect size calculation. The same PA
measure must have been administered at pre- and posttest to calculate the effect size. Fifth, partici-
pants in a study must have been in early childhood programs, preschool, kindergarten, or first grade.
A study was also included if disaggregated data for one or more of these grade levels were reported.
Sixth, a study must have implemented PA instruction delivered by a classroom teacher, parent, and/or
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computer. Seventh, a study must have been published in English, and the PA instruction must have
been conducted in English.

Study Coding Procedures

Coding was completed using the full texts of the 16 studies eligible for our meta-analysis. A codebook
was created with the following information listed by study: study information, instruction character-
istics, participant characteristics, and outcome measures. For study information, studies were coded
for publication type (i.e., journal article or dissertation/thesis) and study design (i.e., randomized
controlled trial or quasi-experimental design). For instruction characteristics, studies were coded for
group size, phonemic awareness (PA) skills taught, use of letters, and cumulative dosage. Group size
was coded as whole class, small group (i.e., any number dividing the class into groups), or one-on-one.
PA skills taught was coded as basic PA skills (i.e., identification, isolation, categorization, blending, or
segmenting only) or advanced PA skills (i.e., had to teach deletion and/or substitution but could also
include basic PA skills). Use of letters was coded as no (i.e., no letters were taught/used with the PA
instruction) or yes (i.e., letters were taught/used along with the PA instruction). Cumulative dosage
was coded as the average cumulative dosage reported in the primary studies in hours. When the
average cumulative dosage was not available, we calculated the product of duration, dose, and dose
frequency to compute the cumulative dosage intensity (Roberts et al., 2022; S. F. Warren et al., 2007).
As to participant characteristics, studies were coded for grade level, and whether students were at-risk
for reading disabilities. Grade level was coded as preschool, kindergarten, first grade, or mixed grade
levels. Risk status was coded as at-risk (i.e., the authors of primary studies identified the participants as
at-risk for reading disabilities) or low risk (i.e., the authors of primary studies did not describe the
participants as being at-risk for reading disabilities). Students who were at risk were described by
authors as having low PA skills, low socioeconomic status, teacher referral, or as receiving special
education services. We also extracted quantitative information on the outcome measures (i.e., means
and standard deviations for both pre- and posttest) for treatment and control groups along with the
number of participants in each group to calculate effect sizes.

The study coding process was completed by doctoral students in educational psychology with prior
research experience in meta-analysis in the reading field. The second author developed a detailed
codebook and trained another doctoral student on the coding categories and definitions. Two practice
studies were coded independently, and then the coders met to confirm agreement on coding. After
confirming the coding, the raters completed coding the remaining studies independently and over-
lapped on 65% of the included studies. The agreement percentages ranged from 94% to 100% across all
categories, and disagreements were resolved through discussion and consulting the original article.

Effect Size Calculations and Modeling the Optimal cumulative Dosage of PA Instruction

As proposed by Becker (1988), the standardized mean-change measure was used as the measure of
effect size. We followed established practices (Roberts et al., 2022) and chose this effect size because it
helped us estimate and model the optimal treatment cumulative dosage. To model the outcome in
Equation 2, we needed an effect size representing the difference between treatment and control
groups. The standardized mean-change measure effect size (Becker, 1988) compares the standardized
pre- to post-PA instruction change in the treatment group to the standardized pre- to post-PA
instruction change in the control group. Standardization is formulated so that it is relative to the
pretest standard deviation. In terms of the metric, the standardized mean-change effect size is on the
same metric as Cohen’s d (however, see the Limitations section). In terms of conceptualization, this
effect size is akin to a standardized effect for an entire two by two design, and it incorporates pre- and
post-instruction change across treatment and control groups. In terms of interpretability,
a standardized mean-change measure effect size estimate of 2.0 would mean that the standardized
change in the PA instruction group is two pretest standard deviations larger than the standardized
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change in the control group (Becker, 1988). The standardized mean-change measure effect size is
calculated as shown in Equation 1 (Becker, 1988).

3 Mpostl — Mprel 3 MpostC — MpreC
dsi =(1-— * —(1-— *
4(nI—1) -1 SDprel 4nC—-1) -1 SDpreC

(1)

where

dy; is the standardized effect size nested within PA instruction i in a study s,
Mpostl is the post-PA instruction mean of the treatment group,

Mprel is the pre-PA instruction mean of the treatment group,

SDprel is the standard deviation of pretest scores in the treatment group,
nl is the sample size in the treatment group,

MpostC is the posttreatment mean of the control group,

MpreC is the pretreatment mean of the control group,

SDpreC is the pretest standard deviation of the control group,

nC is the sample size in the control group,

and (1 — W is a small-sample bias correction.

As previously mentioned, this meta-analysis aimed to identify the maximum effect size and optimal
cumulative dosage associated with that effect size in early PA instruction. To accomplish this, we used
an approach briefly described in the Introduction. The model is formulated as a nonlinear mixed
effects model (Equation 2), such that

Dosage in hoursg; 2
dsi = By — (By — Boi) * B 1) fe @
2i
ﬁm =Yoo + Uo1
ﬂli =Y10
ﬁzi = Y20
where

o d; is the standardized effect size nested within PA instruction i in a study s,

Poi is the standardized effect size for a hypothetical PA instruction with a cumulative dosage of
zero (i.e., the intercept) in PA instruction i,

e [3;; is the maximum standardized effect size achieved in PA instruction i,

Bai is the cumulative dosage factor at which the maximum value occurs in PA instruction i,
and e is a normally distributed error term for study s in PA instruction i that captures the
distance between the observed standardized effect size and the predicted standardized effect size.

To account for the nesting of effect sizes within PA samples (e.g., multiple effect sizes were derived
from a single PA instructional program), the intercept PBo; is further decomposed such that Bo; = yoo
+uy; where yg is a fixed effect that captures the average intercept across all articles and uy,; is
a normally distributed random effect with a mean of zero and variance of tau [ug; ~ N (0, 1)], which
captures the deviation of PA instruction i’s intercept from the fixed effect. We fit the model as shown
in Equation 2 in SAS Proc NLMIXED with maximum likelihood estimation via adaptive Gaussian
quadrature with quasi-Newton optimization. We included random intercepts in the model to account
for statistical dependencies of multiple effect sizes from the same sample (i.e., effect sizes nested within
samples/studies). Because sample sizes vary across studies, we used normalized weights to prioritize
the contribution of effect sizes from larger and presumably more reliable studies while retaining
unbiased standard errors in our models (Roberts et al., 2022).
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Moderator Analyses

We conducted separate moderator analyses for each potential moderator. We added moderating
effects of effect size characteristics to the equations for fBy; fB1;, and 5. We tested to what extent the
intercept, maximum effect size, and optimal cumulative dosage changed as a function of the mod-
erators. We fit the model much the same way as described in the previous section for the overall
model. We compared values from the overall model with those from the moderator analyses using
custom hypothesis testing as available in the ESTIMATE statement in SAS. The statistical significance
level was set at .05.

Note that in our nonlinear meta-analysis, we did not base our decisions on conducting moderator
analyses on factors like the number of effect sizes and/or other rules of thumb typically used in linear
meta-regression models (e.g., requiring df>4). Instead, we followed the recommendation by
Timmons and Preacher (2015). Specifically, we examined the spacing and concentration of individual
data points (i.e., effect sizes) around the area of the greatest curvature, which is mathematically
determined by the absolute value of the function’s second derivative with respect to time. If there
were only few data points concentrated around the apex, we could not have complete confidence in the
precision of our nonlinear curve estimation. Hence, we did not report the results for those moderators.
Simulations have demonstrated that for the nonlinear curve to be fully estimated with precision, it is
more important to consider the spacing and concentration of individual data points around the apex
of the curve than the raw number of data points (Timmons & Preacher, 2015).

Results
Descriptive Statistics

This meta-analysis included 16 studies with 20 treatment conditions and 35 effect sizes. There were
613 students who had data at posttest in treatment conditions and 542 students with data in control
conditions across all studies. Across the independent samples that reported age, the mean age was 5.20
years (SD = 0.87, range 4.17-6.67). Across the studies, the cumulative dosage ranged from 2 hours
(Nutkins, 2004) to 35hours (P. Warren, 2009). Six treatment conditions delivered instruction in
a small group, and 14 delivered one-on-one instruction. Thirteen treatment conditions included
letters in their PA instruction, whereas 7 treatments did not. Sixteen treatments were administered
to students who might be at risk for reading disabilities; and 4 treatments were delivered to students
with low risk for reading disabilities. Among the treatments provided, there were 14 treatments that
taught basic PA skills, 5 treatments that taught advanced PA skills, and 1 treatment condition that did
not report data on the type of PA skills taught (Kelly et al., 2019; the study was retained in this meta-
analysis). As to the control groups, 14 groups received no treatment or business-as-usual, four engaged
in math games, and three received instruction focused on another literacy skill (e.g., grammar,
vocabulary). See Table 1 for more information about the included studies.

Effect Size Calculations and Modeling the Optimal Cumulative Dosage of PA Instruction

To answer our first research question, the overall model was fit to 35 effect sizes. As predicted, the
nonlinear cumulative dosage response model took a concave parabolic form with the maximal effect
size for early PA instruction at d = 0.74. This effect was estimated to occur at 10.20 hours (p =.0005) of
PA instruction, given the concave and parabolic pattern in the data.

Figure 2 depicts the nonlinear optimal cumulative dosage curve estimated by the model (blue
curve) both without (left panel (a)) and with superimposed individual data points (right panel (b)). As
indicated in the left panel of Figure 2, the nonlinear function which describes the estimated effects of
PA instruction increases from the shortest included PA instruction (2 hours) until the maximal time
point of approximately 10 hours, after which it plateaus and decreases until it reaches the longest
included PA instruction in this meta-analysis (35 hours). The right panel of Figure 2 includes bubbles
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Figure 2. Nonlinear optimal cumulative dosage curves for the overall Model without (a) and with individual data points (b). Note. The
blue curve is identical in both panels. The overall model estimated on 35 effect sizes had a maximal effect of d =0.74 with the
optimal cumulative dosage of 10.20 hours. The maximal estimated effect is shown by the horizontal dotted line, and the optimal
cumulative dosage is shown by the vertical dotted line.

to represent individual effect sizes. The size of the bubbles varies, such that larger bubbles represent
larger samples. The blue curve is the same nonlinear optimal cumulative dosage curve as the one in the
left panel. The parameters of the overall model, as depicted in Figure 2, were then used as a point of
comparison for the moderator analyses.

Moderator Analyses

To answer our second research question, we conducted moderator analyses. We conducted a separate
nonlinear model for the subset of effect sizes relevant to each moderator.

Group Size
The optimal cumulative dosage curve for individual PA instruction (26 effect sizes) is depicted in
Figure 3 (blue curve). For this subset of PA instruction, the maximal effect was larger (dmax =0.99)
than the overall maximal effect (d = 0.74), however, this difference was not statistically significant, ¢
(15)=1.18, p=.26. As predicted, the optimal cumulative dosage for individual PA instruction was
16.63 hours (p <.0001), which was significantly longer than the overall optimal cumulative dosage, ¢
(15)=4.77, p <.0001.

We were not able to model the nonlinear effects of small-group PA instruction with precision. Nine
effect sizes were not concentrated where the curve of the function was the greatest, suggesting the
suboptimal recovery of parameters for this moderator.

Use of Letters in PA Instruction
The curve for PA instruction with no letters (22 effect sizes) is shown in the left panel of Figure 4. As
indicated in the figure, PA instruction with no letters was not associated with a significantly distinct
optimal maximum. Neither the effect (#(15) = —0.86, p = .41) nor the dosage (£(15) = 0.54, p = .60) were
significantly different from the overall model.

The right panel of Figure 4 shows the optimal cumulative dosage curve for PA instruction
that used letters (blue curve; 13 effect sizes). Unlike the form of the overall model (black
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Figure 3. Nonlinear optimal cumulative dosage curves for the group size moderator. Note. The black dashed curve shows the overall
model, which is also depicted in Figure 2. The black dashed curve is identical in both panels. The overall model had a maximal effect
of d =0.74 with the optimal cumulative dosage of 10.20 hours. The blue curves are unique to each panel and show the nonlinear
cumulative dosage curves for the specific set of PA instructions featuring the specific moderator (in this case, group size). Maximal
estimated effects are shown by the horizontal dotted lines, and the optimal cumulative dosage is shown by the vertical dotted lines.
The model for individual PA instruction was estimated on 26 effect sizes.
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Figure 4. Nonlinear optimal cumulative dosage curves for the use of letters in PA instruction moderator. Note. The black dashed
curve shows the overall model, which is also depicted in Figure 2. The black dashed curve is identical in both panels. The overall
model had a maximal effect of d = 0.74 with the optimal cumulative dosage of 10.20 hours. The blue curves are unique to each panel
and show the nonlinear cumulative dosage curves for the specific set of PA instructions featuring the specific moderator (in this case,
use of letters in PA instruction). Minimal estimated effects are shown by the horizontal dotted lines, and the optimal cumulative
dosage is shown by the vertical dotted lines. The model for PA instruction with no letters (left panel) was estimated on 22 effect sizes,
and for PA instruction that used letters (right panel) on 13 effect sizes.
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dashed curve), the subset of PA instruction with letters displayed a convex shape. The
minimum effect (d,;, = 0.41) was estimated at 16.10 hours (p <.0001), after which it increased
as the cumulative dosage increased. The differences from the overall model were not statis-
tically significant for the effect (#(15) =-1.37, p=.19). However, there were differences in the
optimal cumulative dosage, which was significantly longer than the overall model (¢#(15) =3.77,
p=.002).

At Risk for Reading Disabilities Status
The nonlinear optimal cumulative dosage curve for PA instruction for students at risk for reading
disabilities (31 reported effect sizes) is shown in Figure 5. For this group of students, it appears that the
maximal effect was higher (dy.x = 0.79) than the overall effect (d = 0.74). However, this maximum was
not significantly different from the overall model (#(15) = 0.34, p =.74). Similarly, the optimal cumu-
lative dosage for this group was longer (10.84 hours; p <.0001). However, this estimate was not
significantly different from the overall model (10.20 hours; #(15) =0.10, p =.92). The findings were
contrary to our hypothesis.

Unfortunately, we were not able to model the nonlinear effects (4 effect sizes) of PA instruction for
students who were not at risk for reading disabilities with precision.

PA Skills Taught

The nonlinear optimal cumulative dosage curve for PA instruction that included PA identi-
fication, isolation, categorization, blending, and/or segmentation only (“basic” PA skills) is
shown in Figure 6 (28 effect sizes). As predicted and indicated in the figure, PA instruction
with basic PA skills did not significantly vary by cumulative dosage. The almost straight line
represents a functional form with no associated optimal maximum or minimum. The estimates
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Figure 5. Nonlinear optimal cumulative dosage curves for the at risk for reading disabilities status moderator. Note. The black dashed
curve shows the overall model, which is also depicted in Figure 2. The overall model had a maximal effect of d =0.74 with the
optimal cumulative dosage of 10.20 hours. The blue curve is unique to the panel and shows the nonlinear cumulative dosage curve
for the specific set of PA instructions featuring the specific moderator (in this case, at risk for reading disabilities status). The maximal
estimated effect is shown by the horizontal dotted lines, and the optimal cumulative dosage is shown by the vertical dotted lines.
The model for PA instruction for students at risk for reading disabilities was estimated on 31 effect sizes.
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Figure 6. Nonlinear optimal cumulative dosage curves for the PA skills taught moderator. Note. The black dashed curve shows the
overall model, which is also depicted in Figure 2. The black dashed curve is identical in both panels. The overall model had a maximal
effect of d=0.74 with the optimal cumulative dosage of 10.20 hours. The blue curves are unique to each panel and show the
nonlinear cumulative dosage curves for the specific set of PA instructions featuring the specific moderator (in this case, PA skills
taught). The model for PA instruction that included basic PA skills was estimated on 28 effect sizes.

were not significantly different from the overall model for the effect (#(15)=0.71, p=.49) or
the cumulative dosage (#(15) =-0.40, p =.70).

We were not able to model the nonlinear effects of PA instruction that included
“advanced” PA skills with precision. Six effect sizes were not concentrated where the curve
of the function was the greatest, suggesting the suboptimal recovery of parameters for this
moderator.

Discussion

When students experience difficulties with PA or do not demonstrate adequate progress following PA
instruction, a seemingly straightforward way to enhance PA skills acquisition is by increasing PA
instruction dosage or intensifying instruction in another manner (e.g., providing small-group instruc-
tion). However, studies utilizing linear models have failed to provide evidence that extending PA
instruction cumulative dosage yields a significantly greater impact than PA instruction with a shorter
cumulative dosage. This is potentially due to diminishing returns in the magnitude of effects once
students reach a certain level of proficiency in PA skills. As a result, the present study sought to model
the nonlinear relations of PA instruction cumulative dosage to gain a better understanding of the
association between optimal cumulative dosage of PA instruction and PA instruction effectiveness.
There are several noteworthy results in our study. The optimal cumulative dosage of PA instruction
across all effect sizes was 10.20 hours, with a maximal associated effect size of d,;,,, = 0.74. This optimal
cumulative dosage differed as a function of one moderator, the use of letters in PA instruction. Our
findings have important implications for PA instruction in school settings.

As expected, our finding of identifying the optimal cumulative dosage of PA instruction appears to
be in convergence with the theoretical perspectives and empirical research. Based on reading theories,
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typically developing readers will acquire PA skills and go on to develop phonemic-orthographic
associations with increased instruction and print experience (C. A. Perfetti, 1992). As students develop
automaticity in PA and sublexical orthographic-phonological representations, there might be a point
after which additional PA instruction would no longer yield significant PA gains. The results of our
study suggest that this might happen at around 10.20 hours of PA instruction in studies reported here
(all studies reported small group or one-on-one PA instruction, mostly with students at-risk for
reading disabilities). Given the studies’ characteristics, we might assume that this optimal estimate of
10.20 hours indicates an additional 10.20 hours of instruction on top of typical whole group PA
instruction. However, note that our findings should not be used to dictate an oversimplified prescrip-
tion regarding dosage. Students will differ in the time they need to acquire PA and bond orthographic
and phonological representations. Moreover, there are many other factors that govern the effective-
ness of instruction (see also PA instruction with letters and limitations sections).

Empirically, our results align with prior research. In the most recent nonlinear meta-analysis on the
optimal cumulative dosage of reading interventions, Roberts and colleagues (Roberts et al., 2022)
identified the optimal cumulative dosage for reading interventions, which was estimated to happen at
39.92 hours. The results of our report and Roberts et al. (2022) study align in that students appear to
make the highest gains up to a certain point in instruction and reading interventions, after which the
effects of continued instruction decline. As such, the findings suggest that any sizable gains in PA
outcomes after the optimal cumulative dosage points will not increase substantially. Our findings are
in keeping with other reports as well. The National Reading Panel (2000) indicated that effect sizes
were significantly larger for the cumulative dosage of PA instruction lasting from 5 to 9.3 hours and
from 10 to 18 hours. PA instruction dosage that was either shorter or longer was less effective for
teaching PA skills.

As to moderators, the maximum effect appears to take longer to achieve in a one-on-one setting.
Extrapolating the findings from research and practice that students with the most significant learning
needs are commonly taught in one-on-one settings within the response-to-intervention framework,
the increased dosage to detect a non-significantly different effect from the overall model seems
plausible for the 1:1 subset of studies. However, this finding is not in line with some of the previous
research (e.g., Vaughn et al., 2010) that found that higher cumulative dosage was associated with larger
effect sizes in one-on-one reading intervention settings. The differences between Vaughn et al. (2010)
and our subset of studies might stem from differences in student characteristics across studies. The
population of students that used one-on-one PA instruction in our study comprised both students
who were and were not at risk for reading disabilities, whereas all students in Vaughn et al. (2010) were
at risk for reading disabilities.

Turning to letters used in PA instruction, our findings suggested that the overall model was
generalizable to the PA instruction with no letters. This finding was in line with our prediction, and
implies that students may make the highest gains relatively early in PA instruction. However, by
coupling PA instruction with letter instruction, our results imply that after around 16 hours of PA
instruction with letters, the effectiveness of instruction will continually increase with increasing
cumulative dosage. The interpretation of the curve, which exhibits a U-shaped pattern with diminish-
ing effect sizes up to 16 hours of instruction, poses some challenges. A straightforward and mathe-
matically plausible interpretation is that given the convex rather than concave pattern of a fairly small
number of data points (13 effect sizes) for this subset, the model estimated a minimal rather than
a maximal effect size. For comparison, previous research (Roberts et al., 2022) conducting the same
type of nonlinear meta-analysis estimated the model for foundational skills on 107 effect sizes. Direct
comparison with our results is difficult, though, given the referenced research’s definition of founda-
tional skills was phonological awareness, phonics, and word recognition. Additionally, some effect
sizes were included across multiple categories (e.g., foundational skills and multicomponent inter-
ventions; Roberts et al., 2022).

The other possible interpretation for the U-shaped pattern is as follows. As students’ phonemic
and phonological representations become further refined with instruction and exposure to
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orthography, students need time to learn most of the letter names, many of the sounds that go
with them, and a successful amalgamation of them. Then, once students show progress in
mastering orthography-phonology mapping, including letters appears to accelerate the process of
acquiring PA skills. We observe this increase in the curve’s progress beyond the 16-hour mark,
which suggests that incorporating letters to PA instruction and PA into alphabetic instruction
would be considered a practically meaningful and effective way to maximize PA gains. It is
important to note that the curve’s endpoint corresponds to the latest available dosage data point
for this subset of studies, which was at 24 hours (Kelly et al., 2019). This should not be
misconstrued as a definitive limit. Had there been dosage data on PA instruction with letters
extending beyond the currently reported dosage in the research literature, we might have observed
a maximum effect followed by a subsequent decrease. Altogether, our results are interpreted here
as lending further support for item-based reading theories (e.g., Harm & Seidenberg, 1999;
C. A. Perfetti, 1992), including the bootstrapping hypothesis - a proposition highlighting the
significant role of phonology in helping the child establish word-specific orthographic representa-
tions (see also Share, 1995, and the phonological recoding mechanism that plays a role in child’s
self-teaching in learning to read). In fact, upon scrutinizing the bootstrapping function of PA from
our primary studies, positive effects were discerned across reading outcomes, including letter
sound fluency, nonsense word reading, and word reading (see Table SI1 in Supplementary
Materials). Such a finding is compatible with established reading practices, showing that providing
students exposure to orthography and ample opportunities — also in the form of increased
cumulative dosage — for the mastery of the orthography-phonology mapping is critical in learning
to read and spell in English. Empirical evidence undisputedly shows that PA and knowledge of the
alphabetic principle knowledge are powerful longitudinal predictors of how well children learn to
read and spell (e.g., Foorman, 2003; Muter et al., 2004).

Regarding students at risk for reading disabilities, our results were contrary to our expectations.
The results revealed that this population’s nonlinear cumulative dosage response curve displayed
a similar form to the overall cumulative dosage curve, such that the magnitude of the effect sizes
reached a maximum at around 11 hours of PA instruction, which was not different from the overall
model. On the one hand, this finding is striking. Because students at risk for reading disabilities,
including dyslexia, have deficits in acquiring phonemic representations and linking them to corre-
sponding graphemic representations (L. C. Ehri & Saltmarsh, 1995), they typically require additional
and more intensive instructional practices to help build sublexical orthographic-phonological associa-
tions and display evidence of PA gains. For example, the Roberts et al. (2022) study identified that
46.46 hours of instruction on foundational reading skills, including PA, is optimal for reading
interventions for students at-risk for disabilities. On the other hand, the lack of differences between
the reading disabilities subset and the overall model is not as astonishing because 31 of the 35 total
effect sizes were reported for students at-risk. It remains possible, of course, that a curve with a later
decline would emerge if more data were available to us for the cumulative dosage for this population.
However, it also seems likely that data on dosage are more often reported in articles that study at-risk
populations receiving PA interventions than typically developing populations receiving only PA
instruction with no interventions. For example, of the 26 studies excluded due to a lack of reporting
on dosage data (see the flowchart in Figure SI1), 17 were conducted on students with no risk and 9 on
at-risk populations. Overall, at this point, we can call for further research with systematically reported
cumulative dosage data to be able to elucidate the conditions under which PA instruction would be
maximally effective for typically developing as well as at-risk readers.

Our hypothesis was confirmed regarding the moderator of teaching basic PA skills. The optimal
cumulative dosage to achieve maximal PA instruction effects was not associated with a different
maximum and was not statistically significantly different in dosage from the overall model. Based on
our results, we could argue it is reasonable to accept that children gain access and are able to
manipulate phonemic representations after 10.20 hours of basic PA instruction. Namely, instruction
of basic PA skills benefited not only lower-level PA skills, such as isolation, blending, and
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segmentation, but also higher-level skills, such as manipulating phonemes (e.g., deletion; Barker &
Torgesen, 1995; Hatcher et al., 2004; Kyle et al., 2013). Moreover, in accordance with Share’s self-
teaching hypothesis (Share, 1995), it appears that basic PA instruction facilitated bootstrapping word-
specific orthographic representation. For example, of the ten primary studies on basic PA instruction,
nine reported positive outcomes on orthographic representations in nonsense as well as word reading
(see Table SI1). However, one confound to consider is the use of letters in PA instruction. Because the
number of effect sizes was somewhat limited across moderators, we were not able to statistically
estimate the interaction effects among the type of PA instruction and use of letters.

Limitations

Although our meta-analysis provides an important foundation for considering to what extent instruc-
tion dosage is associated with the efficacy of PA instruction, we must be cautious in interpreting our
findings. First, there were 16 studies with 35 effect sizes retained for the analysis. A larger sample size
would have allowed us to model additional moderators in the nonlinear analysis (e.g., small group,
advanced PA skills). The main reason our sample size was reduced lies in insufficient dosage and effect
size reporting. Of 64 eligible studies, more than half were excluded for not adequately reporting data
needed to compute cumulative dosage and effect sizes (26 and 10, respectively).

Second, we cannot draw conclusions regarding the optimal cumulative dosage of PA instruction for
individual students. Given that PA acquisition, bonding of orthographic-phonological representa-
tions, and building high-quality word representations are item- and child-specific (Harm &
Seidenberg, 1999; C. Perfetti, 2007), individual student and item factors will result in different dosage
response patterns. Nonetheless, to begin to build a picture of how much dosage is just enough to be
associated with the largest effect, we examined the data at the group level, including moderators such
as student risk status for reading disabilities. Even among studies of students at risk for reading
disabilities, though, students are on a continuum regarding being at risk. Hence, it might be that more
extensive cumulative dosages of treatment might be required to achieve the same effects for different
students.

Future research should explore in greater detail the extent to which student factors influence the
effectiveness of PA instruction and evaluate to what degree the cumulative dosage of instruction is
differentially associated with the efficacy for various groups of students. Until then, our results should
not be interpreted as suggesting the futility of providing an estimate of the optimal dosage of early PA
instruction for students. We can offer two conclusions on the cumulative dosage of PA instruction for
classrooms/individual students based on our study. One, the optimal cumulative dosage of PA
instruction for a randomly selected classroom should be regulated by how long it takes those students
to acquire the PA and orthography-phonology associations they are taught. Two, one way to
determine that is to pretest the students for phonology and orthography and adjust the cumulative
dosage of PA instruction to suit individual and class needs.

Third, in the current study, we only examined PA instruction and its association with PA outcomes.
Future studies should investigate the optimal dosage of PA instruction required to master the reading
of letter-sounds, onset-rimes, and words in kindergarten. Beginning-of-the-year kindergarten stu-
dents could be randomly assigned to small group PA instruction (not 1:1 due to cost) based on their
letter-sound knowledge (none vs. some). Based on prior empirical research (e.g., Foorman & Francis,
1994), we might hypothesize that children with no letter-sound knowledge would require a higher
optimal cumulative dosage of PA instruction to master literacy skills taught and achieve grade-level
proficiency.

Fourth, this meta-analysis focused on one treatment intensity factor — cumulative dosage - and its
effectiveness on PA instruction. Other factors, such as dose and quality of PA instruction, may also
play a role. It may be possible that an optimal treatment effect is different at different dose levels and
depends on the PA instruction quality. Future research can estimate such scenarios using RCTs.
Statistically speaking, it was not possible to estimate the interaction effects among cumulative dosage,
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dose, PA instruction quality, or other factors. Similarly, because the number of effect sizes was
somewhat limited across moderators, we were not able to statistically estimate the interaction effects
among various moderators (e.g., group size by reading disabilities status or type of PA skills by use of
letters).

Fifth, we need to use caution regarding the classification of effect size magnitude. Note that
even though the standardized mean-change measure effect size is on the same metric as Cohen’s
d, the traditional small, medium, and large rules of thumb (0.20, 0.50, and 0.80, respectively) do
not generalize well to repeated measures designs whose standardized effect sizes tend to be
larger (Kraft, 2020). Additionally, we chose this effect size because it represents the difference in
the standardized change in the PA instruction group to the standardized change in the control
group relative to the pretest standard deviation. As such, this effect size does not represent the
standardized change itself. Standardizing the pretreatment to posttreatment change in the
treatment group alone would overestimate the effect size because, theoretically, the control
group might also improve to some degree in response to the control instruction. The nonlinear
meta-analysis provides crucial information about how effect size is related to treatment cumu-
lative dosage alongside a maximum effect size. However, the maximum effect size may not be
the perfectly optimal effect size when considered alongside treatment cumulative dosage. For
example, if 50 hours of instruction results in an effect size of 0.40, 100 hours of instruction
results in an effect size of 0.80, and 150 hours of instruction results in an effect size of 0.85 (the
maximum effect size), the additional 50 hours of instruction beyond 100 hours is likely not cost-
effective, as it comes with a relatively small increase in PA outcomes effectiveness. For these
reasons, we avoid classifying effect sizes according to traditional rules of thumb and instead use
Kraft’s (2020) guidelines related to the cost-effectiveness of educational interventions. Under
these guidelines, a small-effect, low-cost intervention may be considered as valuable as a large-
effect, high-cost intervention.

Conclusion

Given that using linear models in the presence of nonlinear relations between variables may lead to
misleading findings (Bauer & Cai, 2009), prior literature has cautioned against using them in such
scenarios. In this paper, we present a nonlinear meta-analysis, which can serve as one example of the
potential benefits of analyzing reading research questions in a nonlinear fashion. Specifically, we used
a nonlinear meta-analysis to identify the optimal cumulative dosage of early PA instruction on PA
outcomes with an associated maximum effect size. The present study identified that the optimal
cumulative dosage of early PA instruction was approximately 10.20 hours. This finding also held for
students at risk for reading disabilities. Together, these findings highlight the importance of planning
the optimal cumulative dosage of PA instruction in preschool through first-grade settings so that
students acquire the PA and phonological-orthographic associations taught and show progress in
learning to read.
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