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Abstract

The diminished ability to maintain verbal information in short-term memory—forgetfulness—mitigates the ability to follow
instructions and acquisition of knowledge. Despite its acknowledged importance and involvement in multiple DSM-5 ADHD
clinical symptoms, the construct remains under scrutinized in children with the disorder. The present study examined the
extent to which children with ADHD (n = 15) were able to maintain multiple length word lists (2, 4, and 6 words) in phono-
logical short-term memory (STM) for prolonged time intervals (12-s and 21-s) relative to typically developing (TD) children
(n=18). More crucially, it is the first to utilize a conventional suppression paradigm to determine whether deficient rehearsal
contributes to diminished word recall by children with ADHD over time. Children with ADHD exhibited clear evidence of
forgetting when tasked with remembering a greater number of words and maintaining the words over longer time intervals
relative to TD children. Follow-up analyses, however, revealed that the imposition of articulatory suppression (repeating
an irrelevant syllable throughout recall intervals) diminished the recall performance of children in both groups to a similar
degree relative to their performance under the recall only (non-suppression) conditions. Collectively, findings indicate that
inadequate use of overt/covert rehearsal to refresh/maintain verbal memoranda in phonological STM is an unlikely explana-
tion for the higher rates of forgetting in children with ADHD. Consideration of other sources that may contribute to higher
rates of forgetfulness in ADHD, such as reduced attention control and/or higher susceptibility to internal interference, war-
rant attention in future investigations.
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The neurodevelopmental disorder—ADHD—is character-
ized by an early onset and clinically impairing levels of
inattention, hyperactivity, and impulsivity (American Psy-
chological Association, 2013). It is estimated to affect 5-7%
of children worldwide (Polanczyk et al., 2014). ADHD has
been scrutinized for over a century, and extant research
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reveals significant near- and long-term learning related dis-
advantages associated with the disorder, such as deficient
academic performance/underachievement (Cherkasova et al.,
2021; DuPaul et al., 2016; Friedman et al., 2017), lower rates
of high school graduation/college matriculation (Jangmo
et al., 2019; Klein et al., 2012; Loe & Feldman, 2007), and
lower job performance/socioeconomic status in early adult-
hood (Dépfner et al., 2020; Erkshine et al., 2016).
Considerable research has substantiated the involve-
ment of specific brain regions (primarily frontal/prefrontal
cortices) in the disorder (Arora et al., 2020; Shaw et al.,
2007, 2018), and complementary investigations confirm
that higher-order executive functions associated with these
regions—predominantly working memory (WM)—are
underdeveloped and contribute instrumentally to its symp-
tom presentation and learning-related negative outcomes.
Collectively, these studies (Dekkers et al., 2020; Fosco
et al., 2020; Kofler et al., 2010; Rapport et al., 2008a, b)
and complementary meta-analytic reviews (Kasper et al.,
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2012; Kofler et al., 2016; Martinussen et al., 2005) provide
incontrovertible evidence of large magnitude, domain gen-
eral WM cognitive processing deficits in ADHD, and have
stimulated interest concerning their involvement in overall
(Calub et al., 2019) and specific areas of academic achieve-
ment (Eckrich et al., 2019; Friedman et al., 2016, 2017,
Kofler et al., 2018; Swanson & Fung, 2016; Tamm et al.,
2021).

Despite the accretion of evidence cited above, a paucity
of information exists concerning the integrity of other WM-
related cognitive functions that may impact ADHD-related
foundational learning and related behavioral functioning
adversely. A conspicuous example is forgetfulness—the
expected degradation of memory representations over a brief
time interval (Ebbinghaus, 1885). Examples of forgetfulness
and forgetfulness-related behaviors are invoked commonly
during caregiver clinical interviews (Barkley, 2015) and pep-
pered throughout the DSM-5 ADHD inattention symptom
list to include being forgetful in daily activities, losing things
necessary for tasks and activities, not following through on
instructions, and failing to finish schoolwork and chores
(American Psychiatric Association, 2013). If present, accel-
erated short-term memory decay relative to same age peers
would likely compound extant clinical symptoms and WM-
related organizational difficulties experienced by children
with ADHD (Irwin et al., 2021). Emerging evidence, based
on a network analytic approach, supports this premise and
reveals a robust relation between adult ratings of forgetful-
ness in children with ADHD and later impaired functioning
at school and at home (Goh et al., 2020).

The construct forgetfulness was introduced in memory
research over 60 years ago (Brown, 1958), and refers to a
diminution of memoranda that can be maintained in a height-
ened state of availability in short-term memory (STM) for a
brief time interval. It remains one of the most important yet
difficult aspects of memory to investigate due to confounds
that may occur during the presentation-to-recall interval—
viz., the ability to verbally rehearse/refresh information to
maintain its availability in STM, and an increased suscep-
tibility to non-relevant information (interference) compet-
ing for entrance into the limited capacity STM store (Ricker
& Cowan, 2010). The two processes are interdependent
yet anatomically separate. Children engage in articulatory
rehearsal, a process associated with the left prefrontal region
(Broca’s area; Awh et al, 1996; Paulesu et al, 1993; Smith
& Jonides, 1999), to minimize the displacement of to-be-
remembered information stored temporarily in phonologi-
cal STM and allied with the left parietal cortex (Awh et al.,
1996; Jonides et al., 1998).

Very young children characteristically use overt repetition
of verbal memoranda to maintain information within the
phonological STM store, but transform to covert rehearsal
by six years of age (Baddeley et al., 1998; Gathercole &

@ Springer

Baddeley, 2014). Both functions are operative prior to age 6,
and approach full maturity by 12 years of age (Kail & Ferrer,
2007; Tillman et al., 2011). Two prominent models proposed
to explain forgetfulness emphasize different aspects of the phe-
nomenon: (a) time-based factors due to the decay or interfer-
ence of memory traces over time, and (b) deficient rehearsal-
based processes that result in the failure to actively maintain
memoranda in active attention.

Previous research examining forgetfulness components
in children with ADHD has focused nearly exclusively on
the phonological STM storage component, using digit span
task performance (i.e., recall of progressively longer sin-
gle number lists following a 1-s delay) to estimate storage
capacity. Meta-analytic reviews of the findings consistently
reveal mild to moderate storage deficits in ADHD rela-
tive to typically developing children (Kaspar et al., 2012;
Martinussen et al., 2005; Willcutt et al., 2005). These findings
were extended to word recall performance by Bolden et al.
(2012), and expanded to demonstrate deficits in both pri-
mary functions (storage and maintenance) over extended
(12-s, 21-s) time intervals based on recall accuracy of a
single length word list. Children with ADHD forgot signifi-
cantly more words relative to typically developing children
during the extended recall intervals despite controlling for
group differences in reading speed. Unanswered, how-
ever, was whether similar results would materialize using
word lists of varying lengths, and more critically, whether
increased ADHD-related forgetfulness occurs due to inad-
equate articulatory rehearsal to refresh/maintain informa-
tion in STM during extended recall intervals rather than
storage deficiencies alone.

Despite the paucity of studies examining rehearsal
processes among children with ADHD, widely used and
well-validated experimental procedures exist to study this
phenomenon. The articulatory suppression paradigm is a
time-honored means of examining articulatory rehearsal
dating back to the seminal work by Brown (1958) and
Peterson and Peterson (1959), and has been used in stud-
ies involving typically developing children (Yang et al.,
2014). The paradigm requires the continuous oral rep-
etition of an irrelevant word or sound (e.g., the syllable,
‘la, la, 1a’) throughout the duration of a recall interval to
minimize active rehearsal of to-be-remembered information
(Oberauer et al., 2012; Ricker et al., 2016). Recall perfor-
mance under the suppression condition is conventionally
contrasted with a delay-only (no suppression) condition
to estimate the extent to which minimizing the ability to
articulatory rehearse information contributes to the loss of
information in phonological STM over time.! For example,

! Other types of rehearsal—viz., attentional refreshing and elabora-
tive rehearsal—can also be used to forestall memory decay; however,
we focus on articulatory rehearsal because it represents a key process
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a similar decrease in recall performance in both groups
over time under the suppression condition would indicate
that between-group differences in delayed recall without
suppression likely reflect time-based factors contributing
to forgetfulness rather than rehearsal-related mechanisms.
A standardized measure of each child’s phonological STM
as a covariate is also used in the present investigation. This
statistical control minimizes the potential influence of
any between-group, pre-existing differences in children’s
STM capacity on word recall performance over time, and
simultaneously allows effects related to the multiple word
list length conditions to be scrutinized.

The present study, conducted concurrently with the
Bolden et al. (2012) study and with the same participants,
examines the extent to which children with ADHD are able
to maintain multiple length word lists (2, 4, and 6 words)
in PH STM for prolonged time intervals (3 s vs 12 s and
21 s) relative to typically developing (TD) children. More
crucially, the present study is the first to utilize a conven-
tional suppression paradigm to determine whether deficits
in rehearsal processes contribute to the deficient recall abil-
ity of children with ADHD relative to typically developing
children over time. Building on the Bolden et al. (2012) find-
ings, we hypothesized that word recall performance of all
children would decrease as a function of increasing word list
length and time, and that children with ADHD would recall
significantly fewer words in the longer (4-, 6-word) word
length conditions over time relative to typically developing
children. The performance of both groups was also hypoth-
esized to deteriorate over time under the articulatory sup-
pression relative to the delay recall only condition. Finally,
we analyzed for possible group by condition (recall only
vs suppression) interaction effects based on our hypothesis
that higher rates of ADHD-related forgetfulness occur due to
inadequate articulatory rehearsal to refresh/maintain infor-
mation in STM during extended recall intervals. Findings are
expected to contribute both theoretical and applied value to
the field by elucidating mechanisms and processes that may
contribute to ADHD-related forgetting, and informing the
design of novel interventions to strengthen these capabilities
if warranted. For example, given the distinctiveness of the
phonological STM store and articulatory rehearsal mecha-
nism noted earlier, documenting underdevelopment in one or
both processes may require different albeit complementary
training interventions or compensatory approaches (e.g.,
behavioral intervention strategies).

Footnote 1 (continued)

inherent to the PH STM component of Baddeley’s WM model, and
its predominant use by pediatric age children.

Methods

Experimental Participants The sample comprised 33 boys
ages 8 to 12 (M=9.67, SD=1.32) selected by or referred to
a university-based children’s research-practice clinic through
community resources (e.g., referrals from pediatricians, com-
munity mental health clinics, school systems, and self-referral).
Sample race and ethnicity included 19 Caucasian Non-His-
panic (58%%), 7 Hispanic or Latino (21%), 2 African Ameri-
can (6%), and 5 multiracial/ethnic (15%) children. All parents
and children provided their informed consent/assent prior to
participating in the study, and approval from the university’s
Institutional Review Board was obtained prior to the onset of
data collection. Two groups of boys participated in the study:
boys with ADHD combined presentation (n=15), and Typi-
cally Developing (TD) boys (n=18) without a psychological
disorder. Boys with a history of (a) gross neurological, sensory,
or motor impairment by parent report, (b) history of a seizure
disorder by parent report, (c) psychosis, or (d) Full Scale 1Q
score < 85 were excluded. A psychoeducational evaluation was
provided at no charge to the parents of all participants.

All children and their parents participated in a detailed,
semi-structured clinical interview using all modules of the
Kiddie Schedule for Affective Disorders and Schizophre-
nia for School-Aged Children (K-SADS). The K-SADS
assesses onset, course, duration, severity, and impairment
of current and past episodes of psychopathology in children
and adolescents based on DSM-5 criteria. Its psychometric
properties are well established, including interrater agree-
ment of 0.93 to 1.00, test—retest reliability of 0.63 to 1.00,
and concurrent (criterion) validity between the K-SADS and
psychometrically established parent rating scales (Kaufman
et al., 1997; Nishiyama et al., 2020).

Fifteen boys meeting the following criteria were
included in the ADHD-combined presentation group: (1) an
independent diagnosis by the directing clinical psychologist
using DSM-5 criteria for ADHD-combined presentation
based on K-SADS interview with parent and child; (2) parent
ratings of at least 2 SDs above the mean on the Attention-
Deficit/Hyperactivity Problems DSM-Oriented scale of the
Child Behavior Checklist (CBCL; Achenbach et al., 2001),
or exceeding the criterion score for the parent version of the
ADHD-combined subtype subscale of the Child Symptom
Inventory-4: Parent Checklist (CSI-P; Gadow et al., 2004);
and (3) teacher ratings of at least 2 SDs above the mean on
the Attention-Deficit/Hyperactivity Problems DSM Oriented
scale of the Teacher Report Form (TRF; Achenbach et al.,
2001), or exceeding the criterion score for the teacher
version of the ADHD-combined subtype subscale of the
Child Symptom Inventory-4: Teacher Checklist (CSI-T;
Gadow et al., 2004). The CBCL, TRF, and CSI are among
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Fig.1 Visual schematic of the experimental paradigm. Each unique
word list length (2, 4, 6 words) was administered for 21 trials under
each of the three (3, 12, 21 s delay) recall only and three (3, 12, 21 s
delay) suppression/recall conditions in a counterbalanced order. Dur-
ing the recall condition, children verbally state remembered words at

the most widely used behavior rating scales for assessing
psychopathology in children, and their psychometric
properties are well established (Rapport et al., 2008a, b).
Six of the children (40%) also met diagnostic criteria for
Oppositional Defiant Disorder (ODD). Five of the children
with ADHD were receiving medication (a psychostimulant
regimen) at the time of the study—parents withheld
medication (with physician approval) for a minimum of 24 h
prior to each week’s assessment session.

Eighteen boys met the following criteria and were
included in the Typically Developing group (TD): (1) no
evidence of any clinical disorder based on parent and child
K-SADS interview; (2) normal developmental history by
parental report; (3) ratings within 1.5 SDs of the mean on
all CBCL and TREF scales; and (4) parent and teacher ratings
within the nonclinical range on all CSI subscales.

Measures

Phonological Memory Tasks Phonological memory (PH)
tasks were created for the present study to assess verbal
short-term memory for words based on Baddeley’s model
(2007; 2018). Children were instructed to recall lists of
monosyllabic words selected from a second-grade reading
list and reviewed by the clinic’s research team. Words with
strong emotional content (e.g., death, hate), homonyms (e.g.,
eight, ate), and proper nouns (e.g., Matt) were excluded from
the list. Words from the final list were assigned randomly
(without replacement) to 18 distinct word lists, each com-
prised of 21 trials. Each word list contained unique stimuli
used exclusively within that list as described below.

All words were recorded using the AT&T Natural Voices ®

Text-to-Speech synthesis system and presented auditorily
at 1 s intervals for all experimental conditions. Word list
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Suppression

the conclusion of the imposed time interval; during the suppression/
recall condition, children repeat “la” once per second throughout the
delay interval and state remembered words at the conclusion of the
imposed time interval

presentation and response instructions were identical across
all conditions to rule out phonological input (auditory) and
output (spoken) mechanisms as potential explanations for
changes in performance across conditions. An auditory pres-
entation was used because verbal information gains auto-
matic access to the phonological storage/rehearsal system
(Baddeley, 2007) without requiring orthographic conver-
sion of read words to sounds. Spoken output was selected
to avoid confounding due to possible motor output deficits
(e.g., Klein et al., 2006) given that spoken (left prefrontal)
and motor output (right premotor) rely on neuroanatomically
distinct cortical regions (Baddeley, 2007).

Nine of the 18 word lists were created for the recall only
conditions. The lists were constructed to include stimuli
presentations of either 2, 4, or 6 words per trial as follows:
three distinct lists contained 2 unique words, three distinct
lists contained 4 unique words, and three distinct lists con-
tained 6 unique words. One distinct list at each set size (2,
4, and 6 words) was administered once under the 3 s, 12 s,
and 21 s delay conditions during which time children could
rehearse the words throughout the delay interval imposed.
To recapitulate, each child was presented with and recalled
one distinct, 21-trial list of 2 words, 4 words, and 6 words,
on three separate occasions under the 3 s delay condition,
and again under the 12 s and 21 s delay conditions. The
remaining nine, word lists were constructed and admin-
istered in an identical manner for the suppression/recall
conditions (see below) to render a total of 18 unique word
list administrations in the study. A visual schematic of the
experimental protocol is depicted in Fig. 1.

For the suppression/recall conditions, children were
instructed to verbalize the word ‘la’ repeatedly for the dura-
tion of the entire delay interval. A low but discernable audi-
tory ‘click’ sound was programmed to emanate from the
monitor’s speakers once per second throughout the delay
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interval separating the onset of the red and green light,
which depended on the imposed delay interval in force. The
click served as an auditory reminder to children to continue
repeating the sound “la” once every second until the green
light appeared on the monitor, and to assist them with enun-
ciation timing. As discussed earlier, the suppression condi-
tion was designed to actively interfere with children’s ability
to rehearse words during the imposed delay interval.

A red light, indicating do not respond, appeared after the
presentation of each trial and displayed for 3 s, 12's, or 21 s
to correspond with the recall delay condition implemented.
A green light appeared on the monitor at the conclusion of
the imposed time delay indicating the onset of the response
period. Children were instructed to recall as many words
as they could remember in any order from the presented
list following the onset of the green light (i.e., free recall).
A bell chimed (soft ‘ding’) after the response phase (10 s),
indicating that a new set of words—from the same set size
list consisting of 21 distinct trials—was to be presented.

All children completed all word set size recall only and
suppression/recall conditions under each of the three recall
delay parameters used in the study (3 s, 12's, 21 s). The
3 s delay condition was used to minimize the reliance on
echoic memory (180-200 ms sensory registry for holding
acoustic information; Huggins, 1975) and the opportunity
for covert rehearsal of a word list. The two extended
delay conditions—12 s and 21 s—were selected to equate
the delay interval between adjacent conditions (i.e., 9 s
between the 3 s and 12 s, and between the 12 s and 21 s
delay conditions), and allow sufficient time to challenge the
articulatory (subvocal) rehearsal mechanism based on earlier
findings demonstrating that children are able to maintain
words by means of covert rehearsal up to 30 s (Bauer, 1977;
Bolden et al., 2012).

Two, trained research assistants, shielded from the par-
ticipant’s view and blind to diagnostic status, recorded oral
responses independently. Interrater reliability (95%) was
computed for all children across the experimental condi-
tions. External validity for the phonological memory task
used in the study was evidenced by its expected magnitude
relationship with an established, verbally presented measure
of short-term memory (i.e., WISC-IV Digit Span standard
score: r=0.66), coupled with the expected declining pattern
of correlations with increasing time delay (i.e., r=0.56 and
0.52 for the 12 s and 21 s delay conditions, respectively); all
p values <£0.005.

Procedure

The Phonological Memory tasks were programmed using
Superlab Pro 2.0 (2002). All children participated in four
consecutive Saturday assessment sessions. The tasks were

administered as part of a larger battery of neurocognitive
tasks that require the child’s presence for approximately
2.5 h per session. Children completed all tasks while seated
alone in an assessment room. Performance was monitored at
all times by the examiner, who was stationed just out of the
child’s view to provide a structured setting while minimiz-
ing the potential influence of examiner demand character-
istics (Gomez & Sanson, 1994; Power, 1992). All children
received brief (2-3 min) breaks following every task, and
preset longer (10-15 min) breaks after every two to three
tasks to minimize fatigue. A minimal interval of 30 min was
used to separate administration of the word list recall tasks
on each of the four assessment days. Performance across
the delay conditions was analyzed using a percent correct
metric due to individual differences in the number of words
presented per trial.

Children were seated in a caster-wheel swivel chair
approximately 0.66 m from the computer monitor for all
tasks, and were administered a practice block consisting of
two stimuli per trial immediately prior to the phonological
memory conditions until achieving a minimum of 80% cor-
rect to ensure instructional understanding. Similar practice
blocks were used to demonstrate and ensure children under-
stood how to perform under the suppression condition (i.e.,
repeating la, la, la throughout the delay interval concomitant
with the click emitted from a speaker).

Phonological STM Capacity The Weschler Individual Scale
for Children (WISC) digit span subtest consists of two com-
ponents (digit span forward, digit span backward) and was
used to estimate each child’s phonological STM capacity.
Children are instructed to recall increasingly longer strings
of numbers in the same (digit span forward) or reverse (digit
span backward) order as presented aloud by the examiner.
Raw scores were converted to standard scores via published
WISC-IV manual age norms (Wechsler, 2003).

Data Analytic Plan

All statistical analyses were performed using SPSS Version
26 (2019). Preliminary analyses involved screening
for multivariate outliers, investigating demographic
characteristics for potential between group differences
(see Table 1), and conducting a priori power analyses.
Consistent with best practice recommendations, stimuli
correct per trial were considered (Conway et al., 2005;
Kasper et al., 2012; Wells et al., 2018), and separate scores
at each word set size condition were derived. Primary
analyses involved select three-way mixed model analyses
of variance (ANOVAs) examining between (diagnostic
group) and within (suppression condition, word list
length, recall delay interval) group effects, with each
model directly testing study hypotheses. This approach
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Table 1 Demographic Variables

ADHD D
Variables M SD M SD t
Age 8.73 1.16 9.61 1.38 1.95
FSIQ 101.13 1342 110.61 11.67 2.17*
FSIQres 0.085 1.11 0.071 0.887 045
SES 46.50 12.83 49.81 10.61 0.81
CBCL ADHD 71.20 7.67 55.83 8.16  -5.54%%*
Parent rating
TRF ADHD 64.53 8.67 56.24 6.82  -3.03%**
Teacher rating
CSI ADHD 76.00 12.17 5272 1245  -5.41%%*
Parent rating
CSI ADHD 63.60 11.38 52.00 9.15  -3.20%%*
Teacher Rating
WISC Digit Span 10.00 2.95 10.72 2.96 0.70

Standard Score

ADHD Attention-Deficit/Hyperactivity Disorder, CBCL ADHD
Child Behavior Checklist scale parent T-score, CSI ADHD Parent
rating Child Symptom Inventory ADHD scale parent T-score, CSI
ADHD Teaching rating Child Symptom Inventory ADHD scale
teacher T-score, FSIQFull Scale Intelligence Quotient, FSIQres Full
Scale Intelligence Quotient with working memory factor regressed,
SES Socioeconomic  Status, 7TDTypically Developing Children,
TRF Teacher Report Form ADHD scale, WISC STM Weschler Intel-
ligence Scale for Children digit span forward

#p <0.05; *¥p <0.01; ***p <0.001

was adopted to balance concerns regarding the sample size
required to detect a 4-way ANOVA while also minimizing
the effects of family-wise error. Further, post-hoc analyses
were limited to those that probed study hypotheses, and
the Benjamini—-Hochberg False Discovery Rate (FDR) was
applied within domain to reduce the likelihood of Type 1
error. The FDR is superior to other post-hoc analyses and
is associated with lower rates of familywise error relative
to other approaches (e.g., Bonferroni correction).

A Priori Power Analysis

A power analysis performed using G*Power (Faul et al.,
2007) indicated that 31 participants were needed to detect
between-subject effects for each of the three mixed model
repeated measures ANOVAs with three task conditions
(2-, 4-, 6 words), three recall intervals (3 s, 12 s, 21 s), 2
groups (ADHD, TD), 0.80 power (1-beta), alpha=0.05, an
estimated effect size of d=0.79, and correlation of r=0.74
between measures based on the delayed word recall inves-
tigation results reported by Bolden et al. (2012). Thirty-
three children participated in the present study.
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Results
Preliminary Analyses

All independent and dependent variables were screened
for multivariate outliers using Mahalanobis distance tests
(» <0.001); none were identified. Demographic variables
were examined to determine whether any needed to be
included as covariates in the ensuing focused analyses.
These included participant age, socioeconomic status
(Hollingshead, 1975), and short-term memory capacity
(WISC digit span standard score)—no significant between
group differences were detected. Full Scale 1Q (FSIQ) was
not included as a covariate consistent with best practice
recommendations (Dennis et al., 2009; Miller & Chapman,
2001). Briefly, FSIQ shares significant variance (r=0.68
to 0.79) with its working memory factor, and removal of
variance attributable to FSIQ would remove important
variance in memory—the independent variable in the
study. Consistent with past studies (Friedman et al., 2017,
Kofler et al., 2016; Rapport et al., 2008a, b), we removed
reliable variance associated with working memory (see
WISC STM capacity, above) from FSIQ, and examined
between group differences without its influence (i.e., FSIQ
residual [res]). Results revealed non-significant between-
group differences in FSIQres (p =0.655). Children with
ADHD received significantly higher scores on all parent
and teacher rating scales as expected (see Table 1). Age
(p=0.06), SES (p=0.42), and digit span (p =0.49) were
not significantly different between the two groups. There-
fore, simple model results without demographic or STM
covariates are presented.

Results

A 3-tier data analytic approach was used to address the
study’s hypotheses. The initial tier expanded on the find-
ings reported in the Bolden et al. (2012) investigation by
examining whether children with ADHD recalled fewer
words for the three set size conditions (2-, 4-, 6-words)
relative to TD children, and whether these effects differed
as a function of recall time intervals (3 s, 12's, 21 s). The
second tier examined the extent to which suppressing
children’s use of articulatory rehearsal to maintain to-be-
remembered words in phonological short-term memory
(STM) affected their recall performance during the pro-
gressively longer recall intervals, and whether the suppres-
sion manipulation affected the two groups differently. A
final set of analyses addressed the foremost question of the
study—whether children with ADHD experience rehearsal
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deficits relative to TD children that reduce their ability to
maintain and recall information (words) over time. Subtest
scores are reported in the Supplementary Table S1, and all
pairwise comparisons are presented within Supplementary
Tables S2, S3 and S4.

Word Set Size and Recall Time Effects

For the recall condition, a 2 (Group: ADHD, TD) x 3 (Word
Set Size: 2-, 4-, 6-words) X 3 (Delay Time: 3 s, 12 s, 21 s)
mixed model ANOVA revealed a nonsignificant three-
way interaction. This finding indicates that the magnitude
of between group differences in recall performance did
not change significantly as a function of having to recall
a greater number of words and undergo longer time time
intervals. Significant two-way interactions emerged for
Group by Word Set Size F (2, 32)=7.63, p=0.001 and
Group by Delay Time F (2, 32)=5.06, p=0.01, wherein TD
children performed significantly better than children with
ADHD under all word set size and recall time delay condi-
tions during the recall task (all FDR corrected ps <0.001).
A significant two-way Word Set Size by Delay Time inter-
action effect F (4, 32)=5.55, p<0.001 also emerged (see
Supplementary Table S3), indicating that all children’s per-
formance decreased in a linear fashion as the number of
to-be-remembered words and recall time delay increased
(all ps <0.001). Finally, significant main effects emerged
for Group F (1, 32)=33.04, p <0.001, Word Set Size F (2,
32)=272.01, p<0.001, and Delay Time F (2, 32)=82.29,
p <0.001, indicating that ADHD diagnostic status, having
to maintain/recall a greater number of words, and prolonged
recall times were associated with inferior recall of to-be-
remembered words (p <0.001 for all FDR corrected pairwise
comparisons).

Effects of Articulatory Suppression

For the articulatory suppression condition, a 2 (Group:
ADHD, TD) x 3 (Word Set Size: 2-, 4-, 6-words) X 3 (Time
Delay: 3 s, 12 s, 21 s) mixed model ANOVA revealed a
significant three-way interaction involving Group, Word Set
Size, and Time Delay, F (4, 32)=4.77, p=0.001, wherein
children with ADHD performed worse than TD children
as the number of words to be remembered and recall time
increased (all FDR corrected ps <0.009). A significant
two-way interaction effect for Group and Time Delay F (2,
32)=3.90, p=0.03 also emerged, such that TD children per-
formed significantly better than children with ADHD under
all three (3 s, 12 s, 21 s) recall intervals (all ps <0.001).
The two-way interaction effect for Word Set Size by Time
Delay F (4, 32)=7.58, p<0.001 was also significant,
wherein diminished performance for all children occurred
as a function of longer word lists and recall time intervals

(all ps<0.001). In contrast, the nonsignificant Group by
Word Set Size interaction effect F (2, 32)=1.93, p=0.15,
indicates that increasing the number of to-be-remembered
words diminished the recall performance of both groups in a
similar manner. Finally, significant main effects were found
for Group F (1, 32)=36.97, p <0.001, Word Set Size F (2,
32)=244.96, p <0.001, and Time Delay F (2, 32)=185.62,
p <0.001, wherein ADHD diagnostic status, increasing the
number of words to-be-remembered, and longer recall time
intervals were associated with lower recall performance
(»<0.001 for all FDR corrected pairwise comparisons).

Suppression Relative to Non-suppression On
Children’s Recall Performance

The foregoing analyses revealed a significant three-way
interaction involving group, word set size, and time delay;
however, supplemental analyses revealed that the grouping
variable interacted only with recall time as a significant two-
way effect. Consequently, select analyses were conducted
to explicate which recall time delay conditions contributed
to the group recall differences, and whether they remained
significant when contrasting the recall only and suppression
conditions.

For the 2-word condition, a 2 (Group: ADHD, TD) x2
(Recall Condition: recall only vs suppression) X 3 (Time
Delay: 3 s, 12 s, 21 s) mixed model ANOVA revealed a
significant main effect of Group F (1, 32)=34.44, p <0.001,
Recall Condition F (1, 32)=34.57, p<0.001, and Time
Delay F (2, 32)=126.59, p <0.001 such that ADHD diag-
nostic status, recall condition, and greater time delay were
associated with lower word recall performance (p <0.001
for all FDR corrected pairwise comparisons). A Recall
Condition by Time Delay interaction effect F' (2, 32)=6.54,
p=0.003 was also observed, and follow-up pair-wise com-
parisons indicated greater articulatory suppression effects
occurred as a function of longer recall delay times (all
ps <0.03). The Group by Time Delay interaction F (2,
32)=14.15, p<0.001 was also significant; however, the lack
of any additional significant two- and three-way interactions
involving the grouping variable indicate that children with
ADHD are not more susceptible to articulatory suppression
relative to TD children when tasked with remembering two
words.

For the 4-word condition, a 2 (Group: ADHD, TD) x2
(Recall Condition: recall only vs suppression) X 3 (Time
Delay: 3 s, 12 s, 21 s) mixed model ANOVA revealed a
significant main effect of Group F (1, 32)=32.95, p<0.001,
Recall Condition F (1, 32)=47.06, p <0.001, and Time
Delay F (2, 32)=95.06, p <0.001 such that ADHD diag-
nostic status, recall condition (suppression), and longer
recall time delay were associated with poorer performance
(»<0.001 for all FDR corrected pairwise comparisons). The
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two-way interaction for Recall Condition and Time Delay
was also significant F (2, 32)=7.37, p=0.001, and follow
up pair-wise comparisons indicated greater articulatory sup-
pression effects for all children as a function of prolong-
ing the recall interval for maintaining words in short-term
memory. The remaining two-way and three-way interactions
involving the grouping variable were nonsignificant (all p
values > 0.05), however, and indicate that children with
ADHD are not more susceptible to articulatory suppression
relative to TD children when tasked with remembering four
words.

The 2 (Group: ADHD, TD) x 2 (Recall Condition: recall
only vs suppression) X 3 (Time Delay: 3 s, 12 s, 21 s) mixed
model ANOVA for the 6-word condition revealed a sig-
nificant main effect for Group F (1, 32)=33.73, p<0.001,
Recall Condition F (1, 32)=54.18, p<0.001, and Time
Delay F (2,32)=77.79, p<0.001, wherein ADHD diagnos-
tic status, suppression (vs recall only), and greater recall time
delay were associated with lower word recall performance
(p<0.01 for all FDR corrected pairwise comparisons). The
two-way interaction involving Recall Condition and Time
Delay F' (2, 32)=10.63, p <0.001 was also significant, and
follow up pair-wise contrasts revealed greater articulatory
suppression effects as a function of increasing recall time
(all FDR corrected pairwise comparisons p <0.001). Finally,
none of the 2- or 3-way interactions involving the group-
ing variable were significant, and indicate that children with
ADHD are not more susceptible to articulatory suppression
when tasked with remembering six words.

Collectively, the results revealed that (a) all children
recall fewer words as a function of longer word lists, pro-
longed recall time intervals, and a reduced ability to refresh
to-be-remembered words using articulatory rehearsal; (b)
children with ADHD forget more words relative to TD chil-
dren when word lists contain more items and recall intervals
are prolonged; and (c) the diminished recall performance
exhibited by children with ADHD relative to TD children
does not appear to be attributable to articulatory rehearsal
deficiencies.

Discussion

The abilities to hold (storage) and temporarily preserve
(maintenance) a limited amount of verbal information in a
readily accessible state are considered vital functions of pho-
nological (PH) short-term memory (STM), and required in
myriad activities throughout life. The two functions interact
recurrently, with the maintenance function bearing the more
active role of revitalizing information via attentional refresh-
ing or overt/covert articulatory rehearsal to minimize the
forgetfulness of memoranda (Baddeley, 2007; 2018).
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PH STM storage deficiencies in children with ADHD
have been substantiated reliably in meta-analytic reviews,
based conventionally on digit recall performance using
increasingly longer strings of single numbers (Kaspar et al.,
2012; Martinussen et al., 2005; Willcutt et al., 2005). These
findings were extended to word recall performance and
expanded to demonstrate deficits in both primary functions
(storage and maintenance) over extended time intervals
using a single length word lists (Bolden et al., 2012). The
present study, conducted concurrently with the Bolden et al.
study and with the same participants, examined the extent
to which children with ADHD were able to maintain mul-
tiple length word lists (2, 4, and 6 words) in PH STM for
prolonged time intervals (12-s and 21-s) relative to typically
developing (TD) children. More crucially, it is the first to
utilize a classical suppression paradigm to ascertain whether
higher rates of forgetfulness reflect deficient articulatory
rehearsal processes in ADHD, a primary mechanism used
by children to maintain information in an accessible state.

Our initial analyses revealed that children with ADHD
and typically developing (TD) children experienced signifi-
cant performance declines related to recalling longer rela-
tive to shorter word lists, and maintaining to-be-remembered
words over longer relative to shorter time intervals. This
was an expected set of findings given the well-documented
loss of information exhibited by children and adolescents
for retaining higher verbal information loads over extended
recall intervals (Ferreira et al., 2015; Lewandowsky &
Oberauer, 2015; Vergauwe et al., 2014). Robust between-
group differences in forgetting also emerged. Children with
ADHD recalled significantly fewer words under the longer
word list length and prolonged recall time interval conditions
relative to TD children, and these differences remained after
controlling for potential differences in PH STM capacity.
Collectively, these findings corroborate and expand those of
previous studies (Bolden et al., 2012) by demonstrating that
children with ADHD are more susceptible to forgetting ver-
bal information (relative to TD children) when tasked with
maintaining longer word lists for extended time intervals.

The ensuing analyses examined the effects of introducing
an articulatory suppression paradigm, and revealed that the
recall of children in both groups diminished significantly
relative to their performance in the otherwise identical word
list length and delayed recall only conditions. The finding
is consistent with previous reported negative effects of sup-
pression on word recall in non-ADHD children of various
ages (AuBuchon et al., 2018; Norris et al., 2018; Tianxiao
et al., 2014), and supports the veridicality of the experimen-
tal manipulation. A follow-up analysis, however, revealed
that the imposition of articulatory suppression diminished
the recall performance of children in both groups to a similar
degree relative to their performance under the recall only
(non-suppression) conditions. This finding suggests that
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inadequate use of overt/covert rehearsal to refresh/maintain
verbal memoranda in PH STM is an unlikely explanation
for the higher rates of forgetting in children with ADHD
relative to TD children, and warrants consideration of other
influences.

Two plausible factors that may have contributed to the
accelerated loss of verbal information by children with
ADHD relative to TD children are grounded in extant the-
oretical memory models. The first is time decay, wherein
information is lost relative to the amount of time elapsed
and hypothesized to represent the expected neural degen-
eration of orally presented words (Ricker et al., 2016).
Although devalued as an explanation of forgetting in favor
of interference-based models (Lewandowsky et al., 2004;
Oberauer et al. (2012) more recent critical reviews propose
that time-based forgetting may occur for reasons other than
interference (Ricker & Cowan, 2010; Ricker et al., 2016).
For example, children in the two groups may have adopted
different rehearsal strategies to maintain the word lists in
PH STM (McNamara & Scott, 2001; Turley-Ames, 2003).
Evidence supporting this explanation is derived from devel-
opmental studies demonstrating that rehearsal strategies
are amended as children grow older to accommodate more
complex rehearsal mechanisms (e.g., attentional refreshing
and elaborative rehearsal) that are less dependent on tech-
niques such as articulatory rehearsal (cf. Oberauer, 2019,
for a review). Given the developmental delay in the frontal/
prefrontal cortex evidenced by many children with ADHD
(Shaw et al., 2007; 2018), it may be that the development of
these more complex rehearsal mechanisms is also delayed,
resulting in basic short-term memory maintenance deficits.

An alternative and perhaps more viable explanation for
the accelerated loss of verbal information over time by chil-
dren with ADHD stems from predictions drawn from the
interference model of short-term memory, wherein task
irrelevant information competes for space in the limited
capacity short-term store, causing task relevant information
to be lost (Lewandowsky et al., 2004; Ricker et al., 2016).
If correct, between-group differences would indicate that
children with ADHD experience a greater susceptibility to
irrelevant information during active maintenance operations
relative to TD children. External interference effects, such
as ambient noise, were minimized throughout the study;
however, procedures were not initiated to assess children’s
internally generated covert speech or thoughts.”

Despite our well phenotyped sample and dedicated
experimental controls, potential limitations of the investi-
gation warrant consideration. The inclusion of only boys

2 In future studies, requiring children to initiate a noninterfering
motor response whenever they engage in irrelevant thoughts during
the task might address this conceptual question.

in the study reflects well-documented gender differences
in neurocognitive functioning (Balint et al., 2009), neural
structure (Baving et al., 1999; Dirlikov et al., 2015; Gershon
& Gershon, 2002; Mahone & Wodka, 2008), and ADHD
symptom presentation (Gaub & Carlson, 1997), as well as
recent evidence demonstrating distinct patterns of impaired
cognitive control among boys and girls with the disorder
(DeRonda et al., 2021). The study also excluded children
meeting diagnostic criteria for ADHD-inattention presenta-
tion subtype based on extant evidence that they differ on
several key neurocognitive dimensions such as executive
functioning and motor skills (Dovis et al., 2015) and perform
worse on speeded processing tasks (Rostami et al., 2020).
While utilizing a narrow yet rigorously defined inclusion
criteria has the benefit of strengthening internal validity, it
also limits generalization to other populations. Future stud-
ies are needed to examine the presence of increased forget-
fulness among females with ADHD, other ADHD presen-
tation subtypes, and children with clinical disorders and/or
learning disabilities that are thought to exhibit forgetfulness
to examine the generalization of the current findings to these
populations.

Finally, although our study investigates the differential
effects of disruption to the rehearsal system within the PH
STM, it remains unknown whether the higher rate of forget-
ting words evidenced by the ADHD group occurs due to a
greater susceptibility to interference effects, or other factors
such as the adoption of a more advanced rehearsal strate-
gies by same age TD children. The inclusion of additional
experimental controls to explicate self-directed speech and/
or other mechanisms that help account for ADHD-related
deficits in their ability to maintain information in the PH
STM may prove beneficial.

From a clinical perspective, addressing the potential con-
sequences for increased forgetting are noteworthy and may
become particularly pronounced in educational or other set-
tings that require active listening, maintaining verbal infor-
mation for brief time intervals, and following directions to
learn and complete daily activities. Clinical/educational
practice implications gravitate toward incorporating a com-
pensatory approach to help mitigate the adverse effects of
forgetfulness by children with ADHD (Elliott et al., 2010).
This might involve refashioning aspects of school-based cur-
ricula such as instantiating the word (Horst, 2013), providing
external cues to promote recall, and establishing focused
and brief learning intervals (Vlach & Sandhofer, 2012).
Alternatively, training individuals to become more resistant
to interference effects using meditation training techniques
have shown encouraging results; however, these efforts are
limited to high functioning adults thus far (Greenberg et al.,
2019).
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