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Abstract
Purpose—To determine whether three aspects of the word learning process—fast mapping,
retention, and extension—are problematic for children with cochlear implants (CIs).

Method—We compared responses of 24 children with CIs, 24 age-matched hearing children and
23 vocabulary-matched hearing children to a novel object noun training episode. Comprehension
and production were measured immediately following training (fast mapping) as well as one day
later (retention). Extension was measured in terms of the ability of the participants to identify new
(untrained) exemplars.

Results—Compared to their hearing age-mates, children with CIs performed marginally more
poorly on fast mapping as measured by the comprehension probe and more poorly on retention as
measured by comprehension and production probes. The age-mates improved over the retention
interval but the children with CIs did not. Most of the children with CIs performed similarly to
their age-mates on extension but two children underextended and five failed to understand the
task. Compared to younger vocabulary-matched peers, children with CIs did not differ at fast
mapping, retention, or extension.

Conclusions—Children with CIs demonstrated deficits in word learning, with retention being
especially problematic. Their learning did not differ from that of younger children with similarly
sized vocabularies.

Children with cochlear implants (CIs) typically have smaller receptive and expressive
vocabularies than their same-age hearing peers (Hayes, Geers, Treiman, & Moog 2009;
Geers, Moog, Biedenstein, Brenner, & Hayes, 2009; Johnson & Goswami, 2010). In
addition, there is evidence that children with CIs show slower rates of vocabulary growth
compared to hearing children (Blamey et al., 2001; Connor, Hieber, Arts, & Zwolan, 2000).
Unfortunately, these delays in vocabulary may have a cascading effect on academic success
in general and reading outcomes in particular as oral vocabulary skill is related to success in
learning to read in the general population (NICHD, 2000; Rayner, Foorman, Perfetti,
Pesetsky, & Seidenberg, 2001) and is predictive of reading attainment in children with CIs
(Connor & Zwolan, 2004; Johnson & Goswami, 2010).
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Prior to implantation, children with prelingual deafness experience a period of auditory
deprivation which limits their access to spoken words. It is often hypothesized that longer
periods of auditory deprivation will result in greater delays in vocabulary size. This
hypothesis is supported in studies demonstrating a negative relationship between age at
implantation and vocabulary size (e.g., Connor, Craig, Raudenbush, Heavner, & Zwolan,
2006; Connor et al., 2000; James, Rajput, Brinton, & Goswami, 2007). The length of
auditory deprivation also appears to affect growth rates in vocabulary. For example, Kirk et
al. (2000) examined vocabulary acquisition at post-implant intervals and found a significant
age-at-implantation effect: children implanted prior to age 2 showed steeper growth rates
than children implanted between 5 and 7 years of age. Currently, the general consensus
among CI researchers is that receiving a CI after age two is late implantation, whereas
receiving a CI before one year of age is early implantation (Tomblin, Barker, & Hubbs,
2007).

In many cases, children with CIs continue to build their vocabularies more slowly than
children with normal hearing even after they receive their CIs. Using gains in age-
equivalency scores on standardized vocabulary tests as a dependent variable, Connor et al.
(2000) reported that children who are pre-lingually deaf and who wear CIs average .45 years
of gain in receptive vocabulary and .67 years of gain in expressive vocabulary per calendar
year regardless of educational method (oral or total communication). Just as for static
measures, variance around these mean growth rates is related, in part, to age at implantation,
with children who were implanted earlier showing faster growth rates than children who
were implanted later (Connor et al., 2000). Moreover, growth trajectories for earlier and
later-implanted children differ in slope in that those implanted early experienced a burst of
vocabulary growth immediately after implantation but later-implanted children did not
(Connor et al., 2006).

That said, early implantation does not ensure adequate vocabulary development in all CI
users. Even in ideal circumstances, many children with CIs experience vocabulary deficits.
For example, among 5- and 6-year olds who were implanted, on average, by 2.5 years of age
and received early intervention and consistent audiological management, half did not
develop age-appropriate vocabulary skills by school entry (Hayes et al., 2009).

To date, investigations of vocabulary skills among children with CIs are largely of two
types: comparisons to hearing age mates at one point in time or comparisons to age mates
(or, more precisely, to age-appropriate published norms) at multiple points over time. Both
methods typically employ standardized test scores as the dependent variable. Although these
types of studies have clearly demonstrated vocabulary deficits among children with CIs,
they provide little insight into the process of word learning that may contribute to lexical
deficits. These types of studies also tell us little about how to treat lexical deficits. We
maintain that treatment must be guided by a more precise understanding of the processes of
word learning that are problematic for children with CIs. The current study is a step in that
direction.

Word Learning
The learning of a single word unfolds over time as the learner encounters the word in
multiple and varied contexts. Via those encounters word forms, word meanings, their
receptive linkage (form-to-meaning), and their expressive linkage (meaning-to-form) are
stored in lexical memory (Gupta, 2005). In the current study, we explored three processes
involved in word learning—fast mapping, extension, and retention—among children with
and without CIs.
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Fast mapping
The ability to link a word to its referent after only a few exposures is termed fast mapping
(Carey, 1978). In Carey’s original conceptualization, fast mapping depended upon the
child’s ability to infer that linkage by making use of linguistic and non-linguistic
information in the environment. In later work, the term fast mapping has also been applied
to the child’s learning of the word-referent link in response to didactic exposures (Swingley,
2010). Therefore, in current parlance, fast mapping is best thought of as the child’s first
connection between a word and its referent.

Fast-mapped representations are highly underspecified in meaning (Carey, 1982) and form
(Kay-Raining Bird & Chapman, 1998). They are often strong enough to support above-
chance-level performance on a forced choice recognition test (e.g., the child can select the
correct referent from an array of objects when the examiner requests it by name) but they are
rarely strong enough to support less scaffolded performances such as naming (Dollaghan,
1985; Gray, 2003; Gupta, 2005; Horst & Samuelson, 2008). Even when the fast mapping
episode involves as many as 12 exposures to each new word form, young children are
typically unable to label referents with these new words (Booth, McGregor, & Rohlfing,
2008).

The success of fast mapping varies across individuals. One factor contributing to this
variance is the developmental status of the child’s extant lexicon. Familiar words can trigger
(Storkel, Armbrüster, & Hogan, 2006) and scaffold (Storkel, 2001) memory for new words
and aid integration of these new memories into the existing lexicon (Storkel et al., 2006).
Children with larger vocabularies are better fast mappers than children with smaller
vocabularies; this is true of both hearing children (McGregor, Sheng, & Smith, 2005; Mervis
& Bertrand, 1994) and children who are deaf or hard-of-hearing (Lederberg & Spencer,
2009).

Extension
With the exception of proper names, all words refer to categories of referents. The word dog
labels referents as diverse as Schnoodles, Irish Setters, and Great Danes but it cannot refer to
Siamese or Calico cats. Therefore, another important process involved in learning a word is
determining its correct category extension. Although exact category boundaries likely
require multiple exposures to words and their referents (and their non-referents) over time,
by approximately 15 months of age, children have a basic understanding that words can
refer to categories and, upon hearing a single referent named, they can extend to multiple
exemplars of that referent based on that understanding (Hirsh-Pasek, Golinkoff, & Hollich,
1999; Imai & Gentner, 1997; Landau, Smith, & Jones, 1988). By two years of age, they
have developed a heuristic by which they tend to extend new object labels to all similarly
shaped objects (Behrend, Scofield, & Kleinknecht; 2001; Landau et al., 1988; Imai &
Gentner, 1997). The emergence of the shape bias is positively associated with the number of
nouns that the child has in his or her vocabulary (Samuelson & Smith, 1999) and it affects
extension behavior in tasks that tap comprehension (Samuelson & Smith, 1999) and
production (Samuelson & Smith, 2005).

Retention
Successful word learning involves not only fast mapping and extension but also retention.
Memories develop over time and fast-mapped memories are notoriously fragile (Horst &
Samuelson, 2008; Munro, Baker, McGregor, Dockering, & Arcuili, 2012). Consider the
work of Horst and Samuelson (2008) who presented two-year-olds with a fast-mapping
paradigm, followed by a 5-minute delay, and then presentation of a retention/extension
paradigm. Participants had no difficulty recognizing word-object pairings in the fast-
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mapping paradigm, but they were unable to name any of the objects after two exposures to
the novel label. In addition, they could not retain or extend novel labels at above-chance
levels unless the novel objects were manipulated and ostensively named by the experimenter
prior to the retention test. In other words, only when the examiners enhanced saliency of the
referent via manipulation and the word via repeated naming did the children establish a fast-
mapped representation that was strong enough to resist decay over the short retention
interval.

Fast mapping, extension, and retention among children with CIs
Our understanding of the word learning process among children with CIs is limited but three
recent studies, Tomblin, Barker, and Hubbs (2007), Willstedt-Svensson et al. (2004), and
Lederberg and Spencer (2009), offer some insights. In all three, children were presented
with an unfamiliar object in the context of familiar objects. There was no direct teaching;
rather, the child was asked to select the objects one at a time as each was named (e.g., Hide
the fork, Where’s the koob). The child had to infer that the unfamiliar object was named by
the novel word form.

Tomblin et al. (2007) measured fast mapping by posttests that involved a measure of
comprehension in which the child had to select the newly mapped referent from an array of
objects upon hearing its newly mapped name and a measure of production in which the child
was asked to name each of the newly mapped referents (if possible) or to select the correct
name from among three options (if independent naming was not possible). They found a
comprehension and production composite score to differentiate 2-to-5-year olds with CIs
from their normal hearing age-mates. The children with CIs earned scores that ranged from
0 to 6 (with 6 being the highest possible score) and that averaged 2.0. Although the range of
scores earned by the children with normal hearing was similar at 1 to 6, the average was
significantly higher at 3.86. This constitutes evidence of deficiencies in fast mapping among
children with CIs.

Willstedt-Svensson et al. (2004) employed the same posttests measures as Tomblin et al.
(2007) but they also included a second round of posttests 30 minutes after the first. Over this
brief delay, the performance of the participants, all of whom were school-aged children with
CIs, declined. Although the significance of this decline was not tested statistically, working
from Table 2 (Willstedt-Svensson et al., 2004, p. 509), it can be determined that the effect
size of the difference is moderate (d = .76). Because Willstedt-Svensson et al. did not
include a comparison group of normal hearing age-mates, we do not know whether this
decline would also characterize hearing children.

To be credited with learning in Lederberg and Spencer (2009), children had to demonstrate
comprehension of the new word form in reference to the trained exemplar and an untrained
exemplar, that is, they had to extend the new word. Their participants were 98 deaf or hard-
of-hearing children ranging from two- to seven years of age. Twenty-three of these children
wore CIs and 11 of them were able to map and extend in response to the fast mapping
episode that required inference of the word-to-referent link. An additional eight could map
and extend when the fast mapping episode was modified to be more didactic (i.e., the
examiner provided three additional exposures to the word form and she clearly identified the
word-to-referent link by using eye gaze, pointing, and object manipulation while labeling).
The variability of performance was positively related to size of the extant lexicon. The
children who failed to demonstrate fast mapping and extension were reported by their
teachers to produce fewer than 100 words (via speech or sign), on average, whereas those
who were successful averaged more than 100.
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Hypotheses and predictions
In the current study, we exposed children to novel words and their unfamiliar object
referents in a didactic fast mapping episode, then immediately probed their comprehension
and production of these newly presented words to determine the amount of information they
had fast mapped. We also probed their ability to recognize other (untrained) exemplars of
the same referent to determine their ability to extend the newly mapped words. Finally, we
repeated these probes after a period of 1–3 days to determine retention. We compared
children with CIs to children with normal hearing who were either the same chronological
age as those with CIs or similar in vocabulary development to those with CIs.

We hypothesized that access to a clear acoustic signal is crucial to optimal fast mapping.
Because children with CIs are known to be limited in this regard, we predicted that they will
perform more poorly than their age-mates with normal hearing on measures of fast mapping.

We hypothesized that perception of shape and the recognition that object categories are
organized by shape are crucial to optimal extension of object labels. Because children with
CIs have adequate access to visual information and (at the age we tested) have more than
100 words in their expressive lexicons and adequate experience with object labels, we
predicted that they will perform similarly to their age-mates with normal hearing on
measures of extension.

We hypothesized that retention over time is determined by multiple factors including the
integrity of initial encoding and the integrity of the extant memory network (i.e., the current
lexicon). As a result of incomplete access to auditory information and reduced vocabulary
size, we predicted that children with CIs will be less likely than their peers to retain the
information that they have fast mapped. That said, there is no firm empirical basis for this
prediction and we view this aspect of the study as exploratory.

Finally, we hypothesized that multiple processes involved in word learning in the moment
are supported by the extant word knowledge the learner brings to that moment. Because we
populated the second comparison group with young children with normal hearing who have
similar vocabulary sizes as the children with CIs, we predicted that their profiles of learning
on the mapping, extension, and retention tasks would also be similar.

Methods
Participants

Twenty-four children with CIs (15 males, 9 females) were recruited from private deaf oral
education schools in the Midwest. Twenty participated in two data collection sessions; four
children completed only the first session, due to illness or scheduling conflicts. Testing took
place at the children’s schools, with the exception of one child who participated at a hospital
following CI programming. Prior to participation in the study, teachers or audiologists
checked the devices of the children to ensure that they were working correctly.

All children with CIs were between the ages of 3 years, 6 months and 6 years, 9 months at
their time of participation (mean age = 4.86 years, SD = 1.04 years). Spoken English was the
primary language for all CI participants; however, two children also spoke Spanish, one
spoke Russian, one spoke Romanian, and one was exposed to American Sign Language.
Table 1 displays demographic information for the CI group, including age at implantation,
length of device use, and device type.

All children with CIs had prelingual onset of deafness (prior to 12 months of age), bilateral
severe-to-profound sensorineural hearing loss, and no diagnosed cognitive or learning
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disabilities. All participants received a CI prior to 3 years of age, and had a minimum of 1
year of experience with their CIs. The average age at initial stimulation was 1.68 years (SD
= 0.50) and the average length of CI use was 3.16 years (SD = 1.07). Thirteen participants
had sequential bilateral CIs, 9 had unilateral CIs only, and 3 had bimodal configurations (CI
+ hearing aid on contralateral ear).

We recruited 47 children with normal hearing from the local community. All completed
both visits. Twenty-four children (15 males, 9 females) served as age-matched (AM) control
participants (mean age = 4.88 years, SD = 1.02 years). An additional 23 children (12 males,
11 females) served as vocabulary-matched (VM) control participants (mean age = 3.74
years, SD = 1.02 years). The VM group contained one less participant than the CI and AM
groups because one CI participant did not complete vocabulary testing due to behavioral
issues. One child in the AM group spoke Spanish and one child in the VM group spoke
Romanian; all others were exposed only to English. English was the primary language for all
NH participants.

Standardized Language and Cognitive Test Measures
Nonverbal cognitive abilities were measured with one of two tests, depending on the age of
the participant. The non-verbal matrices of the Kaufman Brief Intelligence Test (KBIT-2;
Kaufman & Kaufman, 2004) were administered to participants who were 4;0 and older. The
Situation-Comprehension subtest of the Minnesota Child Development Inventory (MCDI;
Ireton & Thwing, 1974) was administered to participants who were younger than 4;0. The
Peabody Picture Vocabulary Test-III (PPVT-III; Dunn & Dunn, 1997) was used to measure
receptive vocabulary skills.

Table 2 displays mean scores and standard deviations for age and nonverbal cognitive and
language measures for the three groups. By design, the CI group was well-matched to the
AM group on chronological age, t(45) = .285, p = .78, and to the VM group on PPVT-III
raw scores, t(44) = .27, p = .79. We also analyzed standard scores on the PPVT-III. The AM
group had significantly higher standard scores than the CI group, t(45) = 6.88, p < .000, but
it should be noted that the CI group demonstrated mean standard scores within the average
range of performance (M = 90.22; range 55–116; SD = 14.8).

The CI group showed no significant difference in KBIT-2 standard scores compared to the
AM group, t(37) = .102, p = .92, or the VM group, t(24) = .59, p = .56. We also analyzed
quotient scores on the MCDI Situation-Comprehension subtest. The CI group showed no
significant difference in MCDI quotient scores with the AM group, t(34) = −.76, p = .46, or
the VM group, t(37), .69, p = .50.

Maternal education was calculated as a continuous variable, in which we determined the
number of years of education for the mother of each participant. Results of t-tests for
independent samples approached significance for the CI and AM groups, t(45) = 2.008, p = .
051, and reached significance for the CI and VM groups, t(44) = 2.331, p = .024, with the
mothers of children in the CI group having less education than the other mothers. Because
maternal education is known to predict children’s vocabulary abilities (Hoff, 2003), we
considered this difference when analyzing the word learning scores.

Word Learning Stimuli
The stimuli and experimental protocol followed Horst and Samuelson (2008) and Booth et
al. (2008). There were 16 novel objects (Figure 1); eight were targets and eight were foils.
Half of the novel objects (both targets and foils) had an extension object that differed in size
and the other half had an extension object that differed in color. For the size extensions, half
were smaller than the target/foil and half were larger. Prior to testing, parents saw
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photographs of the novel objects. If the parent indicated that the child would know the name
of one of the novel objects, we replaced that object and its extension with back-up objects.
In addition, familiar objects were used in warm-up trials and in one control trial. The
familiar object in the warm-up included small books, cups, and cookies. The familiar objects
in the control trial were small plastic dogs.

The novel words followed the phonological constraints of English. They consisted of
consonant-vowel-consonant-vowel combinations and including the following tokens:
kaetah, foluh, dihbo, modi, haekay, poboo, gahmay, and nehpay. Each novel word was
randomly assigned to its target referent. The order in which word-referent targets were
trained was varied randomly across participants.

Procedure
The word learning experiment spanned two visits, lasting approximately one hour each. For
all CI participants, visits were one day apart. For hearing participants, visits were one to
three days apart (m = 1.53, SD = 0.55). Because of this difference, we limited the retention
analysis to those participants with a one-day retention interval (AM group n = 11; VM group
n = 12). We used the full data sets for analysis of fast mapping and extension.

For all procedures, the child sat across from an experimenter at a table. All of the CI
participants relied on auditory-oral communication; therefore, the experimenter used spoken
English throughout the experiment. During visit 1, the procedures, in order, were warm up,
training of first four words, testing of first four words, control trial, training of second four
words, and testing of second four words. During visit 2, the tests for all eight words were
repeated.

Warm up
For each of three warm-up trials, the experimenter placed a familiar object (cup, cookie, or
book) with extension objects (a different cup, cookie, or book) and a novel object on a tray.
The experimenter first asked the child to identify the familiar object (e.g., Is there a cup
here?). If the child accurately identified the familiar object, the experimenter asked the child
to identify extensions of the familiar object (e.g., Is there another one?). The experimenter
continued asking this question until the child indicated that there were no more extension
objects or she identified all of the objects on the tray. If the child could not identify the
familiar object or identified objects on the tray that were not extensions of the familiar
object, the experimenter corrected the child. After the child identified the familiar object and
extension object, the experimenter asked the child to identify the novel object on the tray
(e.g., Is there a toma?). The experimenter then asked the child to name the familiar object
and then the novel object. If the child could not name the novel object, the experimenter
prompted the child by producing the first two phonemes of the word (e.g., It’s a to___).

Training Set 1
The experimenter placed the target novel object and the foil novel object 60 mm apart on the
table. Position of the objects on the table (i.e., whether the target was to the examiner’s left
or right) was randomized across trials. The experimenter labeled the object three times by
stating: “There is a [target word]. I see the [target word]. Wow, that’s a [target word]!”
Within the novel word training trials, gesture cues were manipulated during labeling. For
four trials, eye gaze cues accompanied labeling, in which the experimenter turned her head
and looked at the target object. For the other four trials, touch + eye gaze cues accompanied
labeling, in which the experimenter turned her head and touched the target object three times
with her index finger (once for each label). This variation did not affect word learning in any
group and therefore, was not considered further; however, it is useful to note that the
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training was highly didactic and that the link from word to referent was made obvious by the
examiner’s gestures. This procedure was repeated for each of the four target word-referent
stimuli in set 1.

Testing Set 1
After training the first four items, the examiner tested for fast mapping and extension. The
testing had three to five phases, depending on the child’s performance: uncued production,
cued production (not administered if the child accurately named the object), preference,
comprehension, and extension (not administered if the child was not accurate on the
comprehension phase). Table 3 summarizes the testing protocol.

Uncued and Cued Production Testing—Target objects were presented in the order in
which they were trained. The experimenter looked at the child, held up the target object and
asked, “What is this called?” If the child correctly named the object, the experimenter said,
“Yes, you’re right!” and praised the child. If the child said “I don’t know” or gave an
incorrect response, the experimenter moved on to the cued production test. The
experimenter said, “Let me give you a clue. It’s a mo__,” providing the first two phonemes
of the novel word. If the child provided a correct response for the cued production, the
experimenter said, “Yes, you’re right!” Whether or not the child required a cue to produce
the word, he or she was credited with a production response. If the child was still unable to
provide a response after five seconds or provided an inaccurate response, the experimenter
held up the target object and said, “I know, it’s a modi!” This was done to ensure that all
children had the same number of exposures to the correct object-label pairing, prior to
administering the comprehension and extension tests.

Twenty percent of the children’s productions were independently transcribed by a second
coder. Comparison between the primary and second coders revealed a point-by-point
agreement level of 80% when agreement was defined as the number of phonemes
transcribed identically divided by the total number of phonemes.

Preference Testing—In the preference phase, the experimenter presented three objects to
the child on a tray. These objects consisted of a target, its foil from the training trial, and a
target from another trial. The examiner asked the child, “Which one is your favorite?” If
children selected two objects, the examiner asked, “Which one do you like the best?” In all
cases, children eventually indicated preference for one object. The preference phase allowed
us to determine if children understood what was being asked during the comprehension/
extension testing, or if they were merely choosing their favorite object. Data analysis
indicated that none of the children favored the target object over the other objects during
testing; therefore, preference testing will not be addressed in the results section.

Comprehension and Extension Testing—In this phase, the experimenter presented
six objects in random order on a tray to the child. These objects consisted of a target and its
extension object, its foil from the training trial and the foil’s extension object, and another
target from a different training trial and its extension object. The order and pairings of
objects remained consistent across all participants. In other words, the first comprehension/
extension test trial included Target Object #1 (and extension object), Unnamed Foil #1 (and
extension object), and Named Foil #2 (and extension object). The unnamed foil was the
distracter object during the training trial. The named foil was the target object from the
second training trial.

Participants were instructed to identify Target Object #1 from the set (e.g., “Give me the
modi”). If the child accurately identified the target, the experimenter then asked, “Is there
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another one?” The experimenter continued asking this question until the child indicated no
or there were no more objects on the tray. If the child did not accurately identify the target
object, the experimenter held up the target and said, “Here it is!” and moved on to the next
test trial. We did not administer extension trials in situations in which the child was unable
to identify the target. We judged performance on the extension task to be accurate if the
child correctly identified the extension object after the comprehension task and answered
“no” when the examiner asked, “Is there another one?” after that point.

This same procedure continued for the second comprehension/extension test trial, which
included Target Object #3 (and extension object), Unnamed Foil #3 (and extension object),
and Named Foil #4 (and extension object). In the second trial, the experimenter requested
Target Object #3. The third comprehension/extension test trial included Target Object #4
(and extension object), Unnamed Foil #4 (and extension object), and Named Foil #1 (and
extension object). In the third trial, the experimenter requested Target Object #4. In the
fourth comprehension/extension test trial, the experimenter presented Target Object #2 (and
extension object), Unnamed Foil #2 (and extension object), and Named Foil #3 (and
extension object). Children had to identify and extend Target Object #2. Figure 2
summarizes the process by which objects were presented during these test trials.

Control Trial—After the child had completed production, preference, comprehension, and
extension testing for the first four trials, the experimenter administered a control trial. In the
control trial, the experimenter presented three toy dogs and four novel objects (two different
objects with extension objects) on the tray. The experimenter asked the child, “Are there any
dogs here? Give me a dog.” When the child indicated the dog to the experimenter, the
experimenter then asked, “Is there another one?” until the child indicated no or there were
no more objects on the tray. After the comprehension/extension control trial, the
experimenter held up one of the dogs and asked, “What is this called?” The purpose of the
control trial was to ensure that the children understood and were attending to the task.

Training and Testing Set 2—Following the control trial, the experimenter trained and
tested participants on Target Objects 5 through 8. The presentation order for comprehension/
extension testing was identical to Objects 1–4: Trial 1 consisted of Target Object #5,
Unnamed Foil #5, and Named Foil #6; Trial 2 consisted of Target Object #7, Unnamed Foil
#7, and Named Foil #8; Trial 3 consisted of consisted of Target Object #8, Unnamed Foil
#8, and Named Foil #5; and Trial 4 consisted of Target Object #6, Unnamed Foil #6, and
Named Foil #7.

Results
Fast Mapping

Comprehension—To determine how children performed on the comprehension task
compared to chance, scores were analyzed within each group using a one-sample t-test with
the test value set at chance (0.33). Recall that the participants saw six objects (the target and
its extension object, the foil and its extension object, and a target from another training trial
and its extension object) in the comprehension task. We scored performance as correct if the
participant selected the target or its extension; therefore, chance performance was two out of
six. The AM, VM, and CI groups all scored significantly higher than chance, t(23) = 9.767,
p < .001; t(22) = 2.905, p = .008; t(23) = 5.457, p < .001, respectively.

Next we asked whether comprehension performance varied by group (Table 4). A Mann-
Whitney U Test revealed a marginal difference between the CI and AM groups at visit 1, U
= 197.5, z = −1.90, p = .057, with the AM group demonstrating higher performance. The CI
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and VM groups did not differ, U = 210, z = 1.43, p = .15. Years of maternal education did
not correlate with performance on the comprehension task, r = .11, p = .36.

Production—Next we asked whether production performance varied by group (Table 4).
A Mann-Whitney U Test revealed no difference between CI and AM groups at visit 1, U =
227, z = −1.38, p = .17 or between CI and VM groups, U = 270, z = .15, p = .88. However, it
should be noted that performance in all groups approached floor. Years of maternal
education did not correlate with performance on the production task, r = .15, p = .22.

Across all three groups, children relied heavily on the experimenter to provide a phonetic
cue during the production task. Only two children in the AM group, one child in the CI
group, and one child in the VM produced one novel label each without a phonetic cue from
the experimenter.

Summary—The CI group did map new information in this highly didactic setting: they
could select referents from an array of six objects when named by the examiner at a level
that exceeded chance. However, their performance on this comprehension probe was
marginally poorer than that of the AM group. There was no difference between the CI and
AM groups in production but it should be noted that production accuracy was uniformly low
and approached floor. The CI and VM groups differed on neither comprehension nor
production probes.

Retention
Comprehension—Just as at fast mapping, the AM, VM, and CI groups scored
significantly higher than chance on the comprehension task at visit 2, t(11) = 5.98, p < .001;
t(12) = 10.78, p < .001; t(19) = 11.08, p < .001, respectively.

Next we asked whether comprehension performance varied by group (Table 4). A Mann-
Whitney U Test revealed a significant difference between the CI and AM groups at visit 2,
U = 39.5, z = −2.94, p = .003, with the AM group demonstrating higher performance. The
CI and VM groups did not differ, U = 118, z = .08, p = .94. Years of maternal education
bore a marginal positive correlation with performance on the comprehension task, r = .29, p
= .07. Running an ANCOVA on the comprehension data with group (CI, AM) as the
between-subjects factor, years of maternal education as the covariate, and proportion correct
as the dependent variable revealed a main effect of group, F(1,27) = 5.54, p = .03, η2

partial
= .17 but no effect of maternal education, F(1,27) = 1.99, p = .17. Therefore, the difference
between the CI and AM groups is not driven by the difference in the educational levels of
their mothers.

To compare change over the retention performance between groups, we first calculated
normalized difference scores via the formula (total proportion correct at visit 2 − total
proportion correct at visit 1)/(1 − total proportion correct at visit 1). The normalization
serves to reduce dependence upon absolute level of the score at visit 1 (Hake, 1998). All
three groups made some absolute change in comprehension from visit 1 to visit 2 (Table 4),
but none of these changes differed significantly from 0, CI: t = −.78, df = 19, p = .45; VM: t
= −.04, df = 11, p = .97; AM: t = .95, df = 9, p = .37. Nevertheless, because the CI group
demonstrated a numerical decline but the AM group demonstrated a numerical gain, a
Mann-Whitney U Test revealed a significant difference between CI and AM groups in
relative change over time, U = 56, z = 1.95, p = .05. There was no difference between the CI
and VM groups, U = 101.5, z = .73, p = .47.
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Production—Next we asked whether production performance varied by group (Table 4).
A Mann-Whitney U Test revealed a significant difference between the CI and AM groups, U
= 30, z = −3.48, p = .0005, with the AM group demonstrating higher performance. The CI
and VM groups did not differ, U = 84, z = 1.54, p = .12. Years of maternal education did not
correlate with performance on the production task, r = .20, p = .21.

Again all three groups made some absolute change from visit 1 to visit 2, but none of these
changes differed significantly from 0, CI: t = −.26, df = 19, p = .80; VM: t = .15, df = 11, p
= .88; AM: t = 2.00, df = 10, p = .07. Nevertheless, because again the CI group
demonstrated a numerical decline but the AM group demonstrated a numerical gain, the two
groups differed significantly in relative change over time, U = 51.5, z = 2.51, p = .01. The
CI and VM groups did not differ, U = 107, z = .55, p = .58.

Consistent with the results of Visit 1, all children relied heavily on phonetic cues from the
experimenter to name the novel objects. One child in the VM group named two novel
objects without cueing, one child in the AM group named one novel object without cueing,
and no children in the CI group were able to name the objects without a cue from the
experimenter.

Summary—Over an interval of one day, the CI group demonstrated retention of
information they had fast mapped: they continued to perform better than chance on the
comprehension probe. However, their absolute performance on this comprehension probe
was poorer than that of their AM peers. Also, the AM group demonstrated larger gains in
comprehension over the retention interval than the CI group. Similarly, the absolute level of
production and the size of the production gain score were higher for the AM than CI group.
In contrast, the CI group and VM peers never differed in absolute score or gain score,
whether on the comprehension or production probe.

Extension
The extension task was only given to participants who accurately identified the target object
on the comprehension task. All of the children, save one (in the VM group at visit 1),
accurately identified at least one target object during the comprehension trials, and therefore
moved on to at least one extension trial. We calculated extension scores as a proportion of
the total number of objects accurately extended divided by the total number of objects
accurately identified in the comprehension test. Extensions were accurate if a participant
identified the extension of the target and replied “no” when the examiner repeated the
question “Is there another one?”

At visit 1, the CI group had lower extension scores than the AM group, who were at ceiling,
U = 216, z = −2.58, p = .01, but they did not differ from the VM group, U = 235.5, z = −.
906, p = .365 (Table 4). At visit 2, the CI group had lower extension scores than the AM
group (U = 180, z = −2.56, p = 0.01). Again, the CI and VM groups did not differ (U = 202,
z = −1.00, p = .31).

To better understand the extension patterns in the CI and VM groups, a summary is depicted
in Figure 3. In the VM group, all of the children extended the novel label to the extension
object without exception. A small subset of children (3/23) continued to select objects that
were not extension objects when the examiner asked for additional objects. In other words,
these three children overextended the novel object label when prompted to “find another
one.” In all three cases, the VM participants were accurate at extending on the control trial
with familiar objects. This indicates that they understood the directions by the examiner
when they were asked to extend (or not extend) familiar items such as dog but they had
difficulty defining the category boundaries of the newly learned word-referent pairs.
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The behaviors of the CI children were less straightforward. Seven out of 24 CI participants
were inaccurate on at least one extension trial. Two of these children were accurate on the
control trials, suggesting that they understood the task. Both of these children were
“overextenders” like the VM children. Three other “overextenders” were incorrect on the
control trials (even after training with familiar objects at the start of the experiment),
suggesting that they did not understand the question put forth by the examiner. One of the CI
participants (CI 032) underextended on two trials at Visit 1 (i.e., indicated that there were no
extensions for the target item) and overextended for one trial. This child was incorrect on the
control trial at Visit 1 and correct at Visit 2. The other CI participant (CI 016) underextended
on two trials and never overextended. This child was correct on the control trial at Visit 1
and incorrect at Visit 2.

Four of the children who were inaccurate/inconsistent on control trials had PPVT-III
standard scores that were at least one SD below the normative mean (range: 68–84, mean =
77). The fifth child did not complete the PPVT-III. After removing the five children from
the CI group who did not understand the task, the CI and VM groups were very similar: 13%
(3/23) of the VM group and 10% (2/20) of the CI group were overextenders; the others were
accurate extenders. All of the children in the AM group were accurate extenders.

Individual differences—Finally we asked whether age at implantation or current
vocabulary size as estimated by the PPVT-III raw score was the better predictor of overall
learning performance. As a dependent variable, we summed all items correct on the
comprehension and production probes at visit 2 (maximum possible score = 16; actual
scores ranged from 1 – 9). When chronological age, age at implantation, and PPVT-III raw
score were fed into a backward stepwise multiple regression model, only PPVT-III raw
scores were significant, adjusted r2 = .35, F(1,18) = 11.21, p < .004.

Discussion
In the current study, we explored the word learning abilities of children with CIs. To do so,
we exposed them to some novel word-referent pairs in a didactic setting and probed
comprehension, retention, and extension behaviors immediately and following a delay.
Given above-chance level performance on the comprehension probes directly after exposure
and one day later, it is clear that the children with CIs fast mapped some information about
the new words and retained this information as well. The majority of them also extended the
newly learned words to untrained exemplars. It is important to note that the participants in
this study all received their CIs at young ages and were enrolled in intensive auditory-verbal
programs. Furthermore, a majority of the subjects (14 out of 24) tested within the average
range on the PPVT-III. Thus, in what we might consider the “best-case scenario,” children
with CIs demonstrated fast mapping, retention, and in many cases extension, of newly
learned words.

Nevertheless, the children with CIs demonstrated weaker word learning than their age mates
with normal hearing on a number of probes. They consistently performed like younger
children who had similarly sized receptive vocabularies. Below we discuss the profile of
word learning that characterized the CI group and then provide an account of the
relationship between extant vocabulary size and word learning in the moment.

The word learning profile of children with CIs
Fast mapping—The children with CIs did not differ from their age mates on the
immediate production probe but, in both groups, performance approached floor. Fast
mapping exposures are rarely sufficient to enable production in normal-hearing children
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(Booth et al., 2008; Dollaghan, 1985; Gray, 2003; Gupta, 2005; Horst & Samuelson, 2008);
therefore, it would be surprising if they enabled production among children with CIs.

The comprehension probe was more informative. The children with CIs performed less
accurately on the immediate comprehension probe than their age mates but this difference
was only marginal. Although Tomblin et al. (2007) reported a more robust difference, that
study involved minimal exposure to the word and referent within a context that required
inference of the word-to-referent link. In contrast, the current context was more didactic and
it included three exposures to the target word forms. The extra scaffolding that this context
provided likely explains the smaller effect. In fact, Lederberg and Spencer (2009) employed
an inferential fast mapping condition as well as a more didactic fast mapping condition and
they found that more children with CIs could fast map successfully in the didactic condition.

Extension—Extension of the newly fast mapped words to untrained exemplars was also a
strength for the group of children with CIs as a whole, the majority of whom performed
accurately. This tells us that these children not only map the new word to a specific referent
but they also hold the useful heuristic that words apply to categories. Such a heuristic is
essential for efficient word learning as it obviates the need to determine word-to-referent
links each time a new referent is encountered.

Despite good performance at the group level for the children with CIs, five children failed to
understand the task, and two were overextenders. No children who understood the task
demonstrated underextensions. Unfortunately it is impossible to know the reason for failure
to understand the task but it is worth pointing out that none of the hearing children, not even
the youngest members of the VM group, had such difficulty. Furthermore, the children in
the CI group who failed to understand the extension task had PPVT-III standard scores at or
below 84, among the lowest vocabulary scores in the CI group. Therefore, it seems
reasonable to assume that failure to understand the extension task was due to limited
language skills.

The overextensions are easier to interpret. In fact, they are “developmentally appropriate”
errors in that children tend to make under extensions prior to the vocabulary explosion and
the onset of two-word combinations whereas overextensions persist for a developmentally
longer period of time (Dromi, 2008). All of the current participants were well past the onset
of two-word combinations so errors, if any, should be overextensions and they were. One of
the CI children was very young (3;2) with vocabulary scores in the average range (PPVT-III
standard score of 93), but a low PPVT-III raw score, commensurate with his age. The other
child with a CI was older (4;5), but presented with significant delays in vocabulary (standard
score of 70). That said, these two children with CIs who were overextenders had the lowest
PPVT raw scores in the CI group save two other children who were among the five who
failed to understand the task. This connection highlights the relationship between size of the
lexicon and extension behavior that has previously been noted for normal-hearing children
(Dromi, 2008).

Retention—Retention was a relative weakness for the children with CIs. After a one-day
retention interval, they were significantly poorer than their age mates on both
comprehension and production measures. This does not necessarily mean that they forgot
the fast mapped words; in fact, their performance remained stable from visit 1 to visit 2 as
evinced by normalized difference scores that did not vary from zero. However, they had
begun a downward trajectory while their age mates had begun an upward trajectory. It might
be telling to include a longer retention period in future studies to determine whether these
trajectories continue on the same course. For now we conclude that children with CIs
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demonstrate consolidation characterized by stabilization over a one-day interval but the gap
between them and their age mates was widening.

The role of the extant lexicon in new word learning
This study is the first to directly compare children with CIs and their vocabulary-matched
peers. As predicted, these two groups had highly similar word learning outcomes whether
measured as fast mapping, extension, or retention. Moreover, within the CI group, the size
of the extant vocabulary as estimated by the PPVT-III, was a better predictor of word
learning outcomes than age at implantation. Of course neither the CI-VM group
comparisons nor the regression analysis constitute causal evidence.

Even if the relationship between extant vocabulary size and word learning in the moment is
causal, the causality could be of three types. First, poor word learning in the moment could
lead to a small extant vocabulary, in fact, this would seem a logical necessity as the
vocabulary is the product of many instances of successful word learning over time. Second,
a small extant vocabulary could lead to poor word learning. Word learning is dependent
upon memory; memories are supported by activation spreading through networks of related
information; and the vocabulary is such a network (McClelland & Elman, 1986). The larger
and more robust that network the more easily new memories are encoded and retained.
Extensive data from independent laboratories demonstrate that the ease and robustness of
new word learning is influenced by established memories in the long-term lexicon
(Gershkoff-Stowe & Hahn, 2007; Munro et al., 2012; Storkel, 2001; Storkel, 2009; Storkel
et al., 2006). Third, and most likely in our opinion, is that the causality is reciprocal. A good
word learner builds a large vocabulary which, in turn, enables additional learning. In other
words, the system builds upon itself. If this is true, then the gap between good and poor
word learners should widen over time, all things being equal. Of course, all things are never
equal. Intervention, for one, should stave off such effects.

Although we cannot sort out the relationship between extant vocabulary size and word
learning here, the very existence of the relationship may help us to understand why, in many
cases, children with CIs continue to build their vocabularies more slowly than children with
normal hearing even after they receive their implants (Connor et al., 2000) and why early
implantation alone is not always sufficient to ensure age-level attainments (Hayes et al.,
2009). Children who hear begin learning the language at birth, long before that learning is
evinced as a spoken word. Moreover, they do so with the advantage of highly perceivable
input. In contrast, children with CIs—even those implanted before their first birthday—
experience a lag in spoken language learning and, subsequent to implantation, the
disadvantage of distorted input. This situation may pose detriments to vocabulary attainment
because the distortion makes for poor word learning in the moment or because the lag in
exposure to spoken language makes for a small vocabulary base to build upon or because
both of these factors interact reciprocally over time. The clinical implication is that
vocabulary building should be an important focus of early intervention for children with CIs.
Although retention was more problematic than fast mapping and extension, our data suggest
that the development of all three processes was as expected given extant vocabulary size.

The role of maternal education level
There is a well-known body of literature proposing that maternal education level, as a proxy
for socio-economic status, has a strong influence on word learning and vocabulary size (Hart
& Risley, 1995; Hoff, 2003). Additional research in children with hearing loss indicates that
maternal education significantly influences the age at which children are identified with
hearing loss and fitted with hearing aids (Holte et al., in press), thus increasing the
cumulative effect of socio-economic status on language outcomes. In the present study, the
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maternal education levels of the hearing control groups were significantly higher than the CI
group. Therefore, it was important to examine the effects of this variable on performance;
however, we did not find a significant correlation between years of maternal education and
fast mapping (comprehension or production) or retention (production only). There was a
marginally significant correlation between retention scores for comprehension and maternal
education, but the subsequent ANCOVA did not demonstrate an effect of maternal
education on this measure. Nevertheless, our attempt to account for maternal education is a
relative strength in our research design. The only other study to compare children with CIs
to children with normal hearing on a novel word learning task did not address the maternal
education level of the participants (Tomblin et al., 2007). Given that most children in normal
hearing control groups are recruited from university settings, maternal education levels may
be skewed towards the higher end in the comparison groups, which could have a significant
impact on results that compare children with CIs to children with normal hearing. Thus,
future studies on word learning in children with CIs should address maternal education
levels in the methods and account for this variable in statistical analyses.

The role of age at implantation
The present findings differ from previous studies (Tomblin et al., 2007; Willstedt-Svensson
et al., 2004), in that we did not find a significant relationship between age at implantation
and word learning. This divergence in results may be due to the ages at which the children
received their CIs. In the present study, all CI children could be considered typical in terms
of age at implantation – they all received CIs prior to 3 years of age, the mean age at
implantation was 18 months, and 88% of the group received CIs by 2 years of age or
younger. Willstedt-Svensson et al. (2004) reported on a group of CI participants who would
now be considered to have a “late” age at implantation – the ages ranged from 2 years to 6
years, with a mean age of 3 years (Tomblin et al. did not report on age at implantation for
their individual participants). Therefore, we may speculate that as long as children with CIs
experience a short period of auditory deprivation, we may not see an influence of age at
implantation on word learning performance. Further empirical study is needed to verify
these findings, however.

Limitations and Future Directions
A limitation of this study is the small number of subjects within the CI group. This is a
problem inherent in most CI research because it is challenging to find a sufficient number of
participants who meet the inclusion criteria. We attempted to control for a number of
variables by excluding children who used sign language, children with post-lingual onsets of
hearing loss, and children with less than one year of CI experience. Controlling for these
variables allowed us to avoid a number of confounds, but it also limited our ability to
generalize these results to wider populations. Furthermore, we were limited in what we
could include in an analysis of individual differences due to lack of sufficient power to
examine independent variables of interest. Future directions may include a larger cohort of
children, to determine the extent to which certain variables influence word learning in
children with CIs. These variables may include maternal education level, age at implantation
effects, and device configuration, just to name a few possibilities.

Summary
Children with CIs demonstrated deficits in word learning, with retention being especially
problematic. Their learning did not differ from that of younger children who had similarly
sized vocabularies. If successful word learning in the moment is predicated, in part, on an
aggregation of past word learning achievements, then it becomes clear why the population
of children with CIs continue to demonstrate slower vocabulary growth even after
implantation.
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Figure 1.
Novel target objects, foils, and extensions.
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Figure 2.
Schematic of object presentation for comprehension/extension testing, Trials 1–4.
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Figure 3.
Patterns of extension for AM, VM, and CI groups.
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Table 1

CI participant characteristics (N = 24)

Participant ID Age at test (years) Age at CI (years) Length of CI use (years) Device Type

CI 008 3.67 1.92 1.75 Nucleus Freedom

CI 009 4.33 0.75 3.58 Nucleus Freedom

CI 010 4.42 1.42 3.00 Auria Harmony

CI 011 4.42 1.42 3.00 Auria Harmony

CI 012 5.5 1.33 4.17 Nucleus Freedom

CI 013 4.5 1.17 3.25 Nucleus Freedom

CI 014 3.17 0.75 2.33 Nucleus Freedom

CI 015 3.33 1.67 1.67 Nucleus Freedom

CI 016 4.00 2.00 1.92 Nucleus Freedom

CI 017 6.42 2.92 3.42 Nucleus Freedom

CI 018 4.08 1.42 2.67 Nucleus Freedom

CI 019 5.58 1.58 4.00 Nucleus Freedom

CI 020 4.42 1.33 3.08 Nucleus Freedom

CI 024 5.00 1.83 3.08 Auria Harmony

CI 025 5.92 1.00 5.92 Nucleus Freedom

CI 026 6.75 1.58 5.17 Nucleus Freedom

CI 027 3.25 1.50 2.33 Auria Harmony

CI 028 4.58 1.92 2.58 Nucleus Freedom

CI 029 4.83 1.50 2.42 Nucleus Freedom

CI 030 5.33 1.92 3.42 Nucleus Freedom

CI 031 5.42 2.25 3.08 Nucleus Freedom

CI 032 5.00 1.75 3.25 Nucleus Freedom

CI 033 6.42 2.83 3.42 Nucleus Freedom

CI 034 6.33 1.33 4.92 Nucleus Freedom

Mean 4.86 1.68 3.16

Range 3.33–6.75 0.75–2.92 1.67–5.92

SD 1.04 0.5 1.07
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Table 2

Demographic information about the participants. Mean scores (and standard deviations) are provided for each
measure.

CI AM VM

Chronological age 4.86 (1.04) 4.88 (1.02) 3.74 (1.02)

PPVT raw score 52.5 (19.9) 82.8 (19.2) 54 (18.3)

PPVT standard score 90.2 (14.8) 116.0 (10.6) 106.1 (8.2)

KBIT standard score 99.8 (12.9) 100.2 (12.4) 102.9 (8.03)

MCDI quotient score 1.34 (0.24) 1.28 (0.22) 1.41 (0.37)

Maternal education level 14.87 (3.25) 16.35 (2.17) 16.65 (1.7)
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Table 3

Sample sequence for testing paradigm using modi as the target word.

Task Examiner’s statement Child’s response

Uncued production “What’s this called?” C names object.

If the child does not produce a label, the experimenter provides a scaffolded cue.

Cued production “It’s called a “mo_.
What’s this called?”

C names object.

If the child does not produce an accurate labeling after cueing, the experimenter holds up the object and says, “I know, it’s a modi.”

Preference “Which one is your favorite?” C points to favorite

Comprehension “Show me the modi.” C points to object.

If the child does not accurately identify the target object, the experimenter holds up the target and says, “No, that’s not it. Here it is!” and moves
on to the next trial. If the child accurately identifies the target object, the experimenter administers the extension phase.

Extension “Is there another one?” C points to object or indicates no.

If the child accurately identifies the target extension, the experimenter repeats the extension until the child indicates there are no more
extensions or there are no more objects left on the tray.
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Table 4

Descriptive statistics for comprehension, production, and extension scores (as proportion correct) by Time and
Group.

Time

Comprehension

Group Mean (SD)

Visit 1

AM (n = 24) .68 (.18)

VM (n = 23) .47 (.23)

CI (n = 24) .57 (.21)

Visit 2

AM (n = 11) .81 (.26)

VM (n = 12) .56 (.18)

CI (n = 20) .54 (.22)

Weighted difference

AM (n = 10) .28 (.93)

VM (n = 12) −.01 (.69)

CI (n = 20) −.12 (.69)

Production

Time Group Mean (SD)

Visit 1

AM (n = 24) .12 (.13)

VM (n = 23) .07 (.10)

CI (n = 24) .07 (.10)

Visit 2

AM (n = 11) .32 (.21)

VM (n = 12) .11 (.10)

CI (n = 20) .06 (.09)

Weighted Difference

AM (n = 11) .17 (.28)

VM (n = 12) .03 (.14)

CI (n = 20) −.01 (.09)

Extension

Time Group Mean (SD)

Visit 1

AM (n = 24) 1.00 (0.00)

VM (n = 22) 0.89 (0.30)

CI (n = 24) 0.82 (0.33)

Visit 2

AM (n = 24)

VM (n = 23)

CI (n = 20)
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