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Abstract
A comparative framework of memory processes in males with fragile X syndrome (FXS) and
Typically Developing (TYP) mental age-match children is presented. Results indicate a divergence
in sequencing skills, such that males with FXS recall sequences similarly to TYP children around
five and a half years of age, but eth males with FXS recall significantly worse when compared to
TYP children around seven and a half years of age. Performance on one working memory measure,
an n-back card task, is modeled with a neural network. To date, no network models explicate the
sequencing and memory processes in those with FXS. Noise was added to various levels (weight
matrices) in the FXS model and outputs approximated human FXS performance. Three models were
compared: 1) FXS; 2) younger mental age-TYP matches; and 3) older reading level-TYP matches.
Modeling can help to reify conceptualizations of deficits and to guide in the creation of more valid,
science-based remediations. The FXS model suggests that the levels of phonological representation
and sequencing in memory are candidates for targeted therapies in males with FXS.
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This article presents a brief, comparative framework of memory in males with fragile X
syndrome (FXS) and then describes three implemented computational models of a working
memory task focusing two groups of Typically Developing (TYP) matches.

FXS is the most prevalent form of heritable mental retardation in the world. It affects
approximately 1 in 4,000 males and 1 in 8,000 females (Hagerman, 1999). The mutation
consists of an unstable expansion of CGG trinucelotide repeats on the 5′ untranslated region
of the FXMR1 gene (Oberle et al. 1991; Verkerk et al., 1991). There is much variability in the
symptoms manifested at the cognitive, linguistic, and social levels of functioning. The mutation
is X-linked and, on average, females are less affected. Females with FXS present an even wider
range of cognitive deficits and psychological dysfunction (Mazzocco & Reiss, 1999). In order
to model a group with more severe issues, and less overall variability, the empirical FXS group
in this study is composed of males only. The control match groups include both males and
females because meaningful gender differences have not been observed in typically developing
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children on the types of memory measures included in this study (Strand, Deary, & Smith,
2006).

Profile of cognition in males with FXS
Males with FXS possess relative strengths and weaknesses in the higher levels of cognitive
functioning. They have difficulty integrating past experiences with present (Sobesky, Hull &
Hagerman, 1992) and with abstract reasoning (Freund & Reiss, 1991). They are resistant to
environmental change (Reiss & Freund, 1990), and demonstrate a need for sameness. They
often overreact to novelty (Scharfenaker et al. 1996). Males with FXS perform significantly
worse on arithmetic measures when compared to the mean performance of children with Down
syndrome (DS) and nonspecific retardation (Hodapp et al., 1992). In addition, males with FXS
perform significantly worse on hand movement imitation (Hodapp et al., 1992). Regarding
some of their relative strengths, those with FXS perform better than individuals with Down
syndrome on several processing tasks that are traditionally considered simultaneous, e.g.,
Magic Window (identifying a partially occluded object passing through a window) and gestalt
memory closure (identifying partially obscured line drawings) (Hodapp et al., 1992). These
results have led researchers to put forth the theory that those with FXS have relatively stronger
skills in simultaneous processing versus sequential processing when compared to other groups
with intellectual disabilities (ID).

Memory research in TYP individuals and individuals with intellectual
disabilities

Currently, there is not a clear picture of working memory and its subprocesses in the population
with FXS. In the TYP population, children ages 1 through 12 years demonstrate an age-related
linear increase in skill for digit, letter, and word span measures (Dempster, 1981). Cowan
(1997) highlights six developmental changes postulated to account for memory increases with
age. These changes can occur in a) knowledge, b) processing strategies, c) processing speed,
d) use of attention, e) passive memory loss over time, and f) memory storage capacity. All of
these are correlated with age and brain growth (in particular myelination). One of our questions
was at which point in development would be we begin to see a dissociation in sequential
memory between mental age-matched TYP children and males with FXS. As a starting place,
the match point of nonverbal skills was chosen; this corresponded in the TYP population to a
chronological age of five and a half years.

One reason why precise research on memory in individuals with ID has been hampered is that
there has been a lack of etiological specificity. Over the decades, several theories of memory
in individuals with ID have risen and fallen in prominence. Ellis (1963) was a proponent of
the weak stimulus trace theory (akin to the passive memory loss theory mentioned above). In
the late 1960’s when strategy theories became influential (e.g., Atkinson & Shiffrin, 1968),
researchers investigated rehearsal and processing strategies (Bellmont & Butterfield, 1969;
Campione & Brown, 1977); the theory was that those with ID did not spontaneously generate
strategies. Over the years, all the factors that explain growth in memory in the TYP population,
have been specifically postulated as the primary deficit(s) for those with ID, except for lack of
attention. This may be because some consider attention an overlying global deficit in most
developmental disabilities.

Another reason it is difficult to pinpoint a single memory deficit in groups with ID may be
because memory (like cognition) is not a simple unitary process. Memory tests, by their nature,
often tap multiple processes. In their thorough meta-analysis, Weiss, Weisz, and Broomfield
(1986) report that there is also not a simple, favored outcome when comparing TYP and ID
group performances on traditionally Piagetian tasks. Only a minority of the 24 studies analyzed,
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i.e., 45%, reported a significant difference favoring the TYP mental age-match groups. A finer-
grained framework of memory processing strengths and weaknesses is necessary before further
analyses should continue. In addition, memory and cognition should not be viewed as static
processes.

Dynamicism
Munir, Cornish, and Wilding (2000) and Cornish et al. (2004) state the case for a developmental
approach that does not view cognition as an insulated and modularized construct. Differences
at the genetic and brain structure levels from conception onwards effect growth and outcomes
dynamically. This point of dynamicism in development and the emergence of relative strengths
and weaknesses is advocated by researchers who study both TYP and ID populations
(Abbeduto, Evans & Dolan, 2001; Chapman, 2000; Karmiloff-Smith & Thomas, 2002; Thelen,
1994). Before describing the memory matrix and the measures in this study, it is recommended
that the memory subprocesses be viewed as existing on a continuum. For example, many
geometric design tasks are categorized as nonverbal, but Howieson and Lezak (1995) warn
that these items can be recalled using verbal rehearsal strategies as well. For ease of
classification, the simplistic descriptors of verbal and nonverbal memory are used throughout,
but with the caveat that these constructs are conceived of as existing on a continuum and some
measures are more verbal and some are more nonverbal than others.

Memory: Verbal and Nonverbal
Baddeley’s (1986) theory of working memory has become the standard for parsing memory.
Baddeley posits that working memory is comprised of three elements. The first is a central
executive (CE) in charge of planning, flexibility, and shuttling information. In addition, it has
been proposed that the CE is in charge of more specific skills such as switching, updating and
inhibition (Miyake et al., 2000). The CE system contains two sub-systems, the articulatory or
phonological loop and the visuo-spatial sketchpad. Visuo-spatial tasks in this study often map
to the simultaneous spatial processing (e.g., replacing toys correctly on a table). Phonological
tasks map to the phonological loop which is deemed to be part of a more sequential system -
especially when multiple words must be concatenated and recalled.

Baddeley’s model has been, rightfully, extremely influential but it can no longer concisely
accommodate many recent empirical findings. There is now an alternative to the concept of
working memory as modularized slave systems and mention should be made of Postle’s
(2006) theory that working memory is an emergent property of mind and brain. Postle’s
hypothesis is that working memory’s functions are not supported by multiple specialized
systems -- that include the prefrontal cortex (PFC) acting as a temporary storage area -- but
that working memory phenomena arise through the coordinated recruitment, via attention, of
brain systems that evolved over the millennia to do various tasks corresponding to sensory-,
representation-, and action-related functions. This theory dispenses with the redundancy
inherent in Baddeley’s standard theory, i.e., that information is somehow shuttled to the PFC
to be looped and maintained. The theory states that activation of information to be remembered
in the short term is located in the same brain regions that coded for the representation in a non-
working memory situation, e.g., “perception, semantic memory, oculo-and skeletomotor
control, and speech comprehension and production” (Postle, 2006, p. 35). Besides being
parsimonious and supported by recent fMRI studies, this theory more elegantly meshes with
embodied accounts of cognition and language that implicate modality-specific systems in the
representation and use of conceptual knowledge (Barsalou, Simmons, Barbey & Wilson ,
2003; Glenberg & Kaschack 2002). Throughout the paper, interpretations of how both memory
camps (standard vs. emergent) might interpret outcomes is made.
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Keeping both hypotheses in mind, we will ask how the memory outcomes differ between the
populations and propose recommendations for remediations. The working theory was that the
FXS group should perform equal to, or somewhat better than, the matched-TYP groups on the
more verbal and simultaneous tasks - like vocabulary or the recall of one item on an n-back
task. This was because the FXS group is older (and perhaps had more world knowledge) and
because lexical level knowledge will not have to be sequenced on a one item task. Abbeduto
et al. (2003) found that the FXS group significantly out-performed a Down Syndrome (DS)
match group on the TACL (Test for Auditory Comprehension of Language-Revised; Carrow-
Woolfolk, 1985) - which tests receptive language. Thus, there is some evidence that males with
FXS possess relative verbal strengths compared to other ID groups. But, what about recall after
a delay?

Recall: Immediate and delayed
Another important distinction in memory is that between working (short-term) and long-term
memory. The two memory systems complement one another as learning systems. That is, new
information passes through the prefrontal areas and the hippocampus (HC)1 - among other
structures. The HC is designed to rapidly encode, assess, and redirect novel input from the
information stream. Neuroscientists agree that the HC plays an important role in learning and
memory, but consensus has yet to be reached as to the exact role (Gluck & Myers, 2001). One
theory is that new information is “slowly interleaved” with long term memories that are stored
more neocortically (McClelland & Goddard, 1996;McClelland, McNaughton, & O’Reilly,
1995). Learning is the result of this complementary meshing of old and new information.

Another distinction in long term memory is between declarative and procedural. The
declarative system (Schacter & Tulving, 1994; Ullman, 2004) has been implicated in the
learning, representation, and conscious manipulation of events (often called episodic
knowledge) and facts (often called semantic knowledge). These events and facts can be
consciously recalled. The procedural system (Squire & Knowlton, 2000; Ullman, 2004) is
implicated in the control of established sensori-motor and cognitive skills (implicit skills) and
“procedures”, e.g., riding a bicycle. This system may be especially important in the learning
of real time sequences (Ullman, 2004), and it is here that the basal ganglia plays a large role.
Declarative and procedural distinctions are favored by cognitive scientists and neuroscientists,
while in the Intellectual Disabilities field more descriptive emphasis is placed on the explicit
requirements of the tests used. For example, although the hand movements task involves the
recreation of motor sequences and might be considered procedural, it is reproduced
immediately after viewing the experimenter and could also be stored as a “conscious” event
rather than as an implicit string (that is, declarative). Thus, for the purposes of this study it
seems clearer and more precise to refer to a measure like the hand task as “nonverbal and
sequential”. In this study, three tasks were given again after a delay - they might be considered
more declarative. However, in keeping with the descriptive matrix favored by the ID field,
these tasks will be described as verbal or nonverbal and dependent on either simultaneous or
sequential processing.

Processing: Simultaneous and sequential
This distinction came to prominence based primarily on findings by Hodapp et al. (1992) and
Dykens, Hodapp, and Leckman (1987). Hodapp et al. (1992) assessed three groups: males with
FXS, individuals with DS, and individuals with ID of nonspecific etiology. Sequential
processing was measured using three subtests from the K-ABC (Kaufman & Kaufman,
1983): hand movements, number recall, and word order. The FXS group performed

1Due to space constraints, the many other brain structures involved in learning will not be described.
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significantly worse than the DS group on hand movements. Using a within-group analysis on
the K-ABC results, Dykens, Hodapp, and Leckman (1987) reported that males with FXS
performed significantly better in the simultaneous domain (again, magic window and gestalt
memory subtests) compared to the sequential.

In contrast, Munir, Cornish, and Wilding (2000) do not report a comparative strength of
simultaneous processing on the classic spatial memory task from the K-ABC. Their FXS group
performed significantly worse than the verbal mental age-match group with DS, the TYP verbal
mental age-match group, and the TYP chronological age-match group. It should be noted,
however, that the spatial memory task from the K-ABC may not represent a pristine spatial
task, i.e., simultaneous, because the final stage of assessment involves serialization of objects
for recall. The participant must sequentially point to each empty grid cell where a previously
viewed object may have been located.

In addition, it appears that many sequential tasks are phonologically mediated using subvocal
rehearsal strategies. In our lab, we witnessed many times the spontaneous use of vocalization
to recall serial spatial tasks. Thus, one of the hypotheses in this current study is that males with
FXS will perform poorly across the board on sequential tasks, regardless of whether these tasks
are deemed more verbal or nonverbal. This is because phonological processing is not a strength
in males with FXS (Johnson-Glenberg, 2003; Buckley & Johnson-Glenberg, 2008), so
verbalizing would not be used as a spontaneous strategy for recall.

Sub-Processing: Phonological
Whether an individual uses a modularized “phonological loop” or maintains rehearsal of the
phonemes in the region of initial activation as per the emergent memory hypothesis, it can be
agreed that well-defined and crisp phonemic representations are important. Beyond the
unnatural lab world of n-back tests, lies the very real and rich world of reading. Phonological
processing has been heavily researched the past couple of decades because it is a key component
in decoding (sounding out words) and processing connected text. For all types of individuals,
even after partialling out IQ, later reading ability is predicted by phonological processing
(Stanovich, Cunningham & Feeman, 1984; Siegel, 1993). Conners et al. (2001) gave several
language and phonological measures to a mixed etiology group of individuals with ID. The
participants were either relatively stronger or weaker decoders with IQ’s that ranged from 40
to 70. When age was covaried out Conners et al. found that the most reliable difference between
the two groups was the ability to refresh phonological codes in working memory. The refresh
score was a composite measure comprised of the mean Z score of 1) the difference between
repeating three or four syllable words and 2) the Z score for individual articulation speed (which
also relies on crisp representations).

The ability to read has enormous implications on quality of life. There is large variability in
the reading skills of individuals with ID. One of the goals of this article is to begin charting
some of the strengths and weaknesses in males with FXS as they relate to several reading
subprocesses. The ability to sequence phonemes is necessary for the sounding out of novel
words. In order to further assess the simultaneous and sequential processing domains in males
with FXS, two classic decoding tasks were administered: 1) real word reading - theorized to
map primarily to simultaneous processing because the well-established lexical route would
analyze a known word as one chunk (Ehri, 1992), and 2) a nonword reading task - theorized
to map primarily to sequential processing because the novel phoneme sequences would require
both phonological processing and assembly (sequencing) skills. In order to make more precise
sequencing comparisons, a third group, a TYP reading-match group, was created later in the
study and will be described before the modeling section.
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Table 1 demonstrates the proposed 2 X 2 X 2 memory framework. The group displaying the
predicted relative strength is listed in each cell. The final cell is empty because there was not
an appropriate nonverbal, delayed sequential test at the time of the study.

In sum, several standardized and experimenter-designed measures were administered to
typically developing groups and to a group of males with FXS in order to assess the strengths
and weaknesses in various memory and processing domains. Of particular interest is the n-
back Card Task which taps into sequencing and will be modeled in the second section. We had
predicted that the FXS group would perform significantly worse on sequencing tasks because
they have traditionally shown a weakness in sequential working memory. Modelling should
help to pinpoint where this weakness might reside - at the representational level or at the
looping/refreshing level. The ability to sequence is important for higher level cognitive
functioning, but is crucial for reading. The article ends with recommendations for types of
targeted cognitive and reading remediations.

Method
Participants

Three groups of participants were studied. The first group consisted of 15 males with FXS, age
range 11;5 to 38;1 (m = 20;6); the second consisted of 22 TYP mental age matches, age range
3;11 to 8;3 (m = 5;5); and the third group was formed later in the study and consisted of TYP
Word Identification-match children, age range 5;4 to 8;3 (m=7;6). For this final group, seven
of the mental age-TYP group were retained and six new participants were tested. The new
Word ID match group is on average two years older than the first mental age TYP match group.

Participants with FXS were recruited through postings on the Internet at national fragile X
foundations, through advertisements in newsletters of regional organizations that serve
individuals with ID, and via mailings to local genetics clinics and doctors who specialize in
developmental and intellectual disabilities. TYP children were recruited through a University-
based birth registry. Parents of TYP children indicated their children had no history of special
education or hearing loss at the time of the study. English was the first language of all the
participants. FXS status was confirmed via doctor and geneticist reports provided by the
parents. Four of the oldest participants (all over 28 years) were diagnosed through karyotype
screening.

The FXS group was 100% male and contained one Hispanic male and one African American
male. The TYP mental age-match group was 55% male and contained one boy of Hispanic
origin. The TYP word ID - match group was 54% male.

Materials
Eleven tests were administered to three groups of participants. One test, the Phonological
Awareness Test was administered to only a subset of the FXS group.

Grouping Variables - Mental Age—Mental age was assessed with two separate measures.
The shorter Columbia Mental Maturity Scale (CMMS) was administered to nine TYP and three
FXS participants when it became obvious that the males with FXS were displaying a position
bias effect.2 Because this sort of test does not seem valid, nor reliable, for the FXS population,
the decision was made to use the Stanford-Binet (4th ed.) (Thorndike, Hagen, & Sattler,

2The CMMS is based on the odd-one-out concept. Participants must pick which image does not belong on a long cardboard card (e.g.,
cup, magnifying glass, knife, glass, fork). When the experimenter noted the position bias (after a streak of five), it was brought to the
participant’s attention, “Remember, it is not always the third item.” This did not appear to break the participant’s perseveration or mental
set.
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1986) subtests of Bead Memory and Pattern Analysis. These subtests have been used
extensively with individuals with developmental disabilities (Abbeduto, et al. 2003;Miles &
Chapman, 2002) and they scale properly for delayed populations. The CMMS maturity index
scores map to the Stanford-Binet’s age-equivalents scores. The correlation of the CMMS with
the first version of the Stanford-Binet is .67 for TYP children, and .61 for children with ID
(French & Worcester, 1956).

Bead Memory—Stanford -Binet 4th ed. (Thorndike et al., 1986). Depending on level attained,
participants either view beads in the experimenter’s hand, or view a picture and then name or
recreate the bead sequence on a stick.

Pattern Analysis—Stanford -Binet 4th ed. (Thorndike et al., 1986). Depending on level
attained, participants either place geometric forms onto a board, or recreate the design the
experimenter has constructed.

Reading Measure—Word Identification - (Word-ID) Woodcock Reading Mastery Tests-
Revised (Woodcock, 1998). Participants read real words from an easel booklet until six
consecutive errors are reached on a page.

Reading Measure—Word Attack - Woodcock Reading Mastery Tests-Revised (Woodcock,
1998). Participants read nonwords from an easel booklet until six consecutive errors are reached
on a page.

Table 2 lists the results of the grouping variables and t-tests comparing the TYP groups to the
FXS group.

Testing Variables - Attention - Continuous Performance Task (CPT)—This test is
an experimenter-designed computerized task based primarily on Crosby’s (1972) CPT task.
Part I measured simple attention (“Hit the key when you see the red square.”); Part II measured
impulsivity (“Hit the key only if the red square was preceded by a blue triangle”). The groups
appeared to be matched on attention, e.g., Part I resulted in equal D primes for both the FXS
and MA Match TYP groups: FXS = 2.63 (1.45); MA TYP Match = 2.62 (1.07), t < 1.0. Because
the groups did not differ on this more upstream processing variable, it will not be described
further.

Memory Measures - More Simultaneous (Spatial)
Toy Recall—In an effort to assess simultaneous memory in an engaging manner that would
lend itself to a delayed component, a classic spatial task used by Smith and Milner (1981) was
slightly altered. Participants were asked to immediately verbally recall, and then recreate
physically the placement of 16 toys on a table top after a 2.5 hour delay.

Gestalt Closure—K-ABC (Kaufman Assessment Battery for Children- Kaufman &
Kaufman, 1983). This subtest measured the participants’ ability to “fill in the gaps” in a partially
completed inkblot drawing. Participants named (labeled) the image. It is our contention that
for the younger children, the test is also very dependent on vocabulary skills. The
intercorrelation between Gestalt and the K-ABC Expressive Vocabulary is .47 (Kaufman &
Kaufman, 1983) for preschool children. This is one of the highest intercorrelations seen
between all the K-ABC subtests. We felt forced to make a decision as to which process it
primarily tapped into and decided that since the scoring criteria had been flexible for labeling
(i.e., if a child said “something to boil water in” instead of “tea kettle” he/she was scored
correct), the test was prpbably a better indicator of perceptual recognition. Thus, it is listed
under immediate, nonverbal simultaneous processing.
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Memory Measures - More Sequential
Card Task—This task is an experimenter-designed measure and the one that will be modeled
so it is described in some detail. It is a developmentally appropriate running n-back memory
span test. The experimenter and the participant face a laptop. On the screen are three decks of
cards, the bottom two decks are face down and belong to the experimenter and the player. The
upper deck placed in the middle of the screen represents the discard pile. See Figure 1. The
experimenter hits the space bar to control presentation of a card (i.e., to “flip up” a card) to the
discard pile, and the participant hits any button on the mouse to flip up a card. These actions
alternate. At quasi-random intervals, the experimenter hits a key that prompts for recall. That
is, a graphic of a hand appears and covers the discard pile. Before prompting a recall the
experimenter must wait until a set minimum number of intervening cards have appeared and
must also monitor that the participant’s eyes to assure they have been on the screen throughout
the sequence. The system does not allow the cards to be displayed at a rate faster than one card
every two seconds. (Figure 1 also shows an example of a dog “distractor”. Distractors and
attention issues are discussed in Johnson-Glenberg, 2007a).

The participant is asked to recall the last card(s) viewed. The number of cards to be recalled
varies by set. There are four sets of one, two, three, or, (if attained) four cards recalled in a
sequence. Single cards that are recalled after a sequence of intervening cards are called
“onesies”, two cards are called “twosies”, etc. In each set there are four onesies, six twosies,
three threesies-- and if one threesie is recalled correctly, then three more threesies and two
foursies are presented. Because none of the individuals with FXS got any of the foursies correct,
those data will not be reported.

Before scoring begins participants practice a onesie recall on the computer, then they practice
a twosie recall with a real deck of cards. The real deck is used to teach the concept of recalling
the card “on top” - the one closest to the hand - as the first card. (Piloting revealed this to be
the preferred order of recall.) Participants practice with the real deck until they are correct.
Participants then practice a twosie and a threesie on the computer.

The card task is also divided into two blocks. The first block is color only, consisting of red,
green, yellow, and blue cards; the second block is color and number (col&num), consisting of
the same four colors with the numerals 1, 2, 3, or 4 embedded in the middle of the colored card.
Thus, there are 16 different cards in the second block and two pieces of information, or
components, that must be recalled (e.g., “red three”) for each card. Block 2 is more difficult
than block 1.

Verbal Auditory Learning (VAL)—Woodcock-Johnson III, Tests of Cognitive Abilities
(Woodcock, McGrew & Mather, 2001). Participants are first taught rebus symbols for words
and then they read sentences written with the symbols. This test includes an immediate and
delayed portion, approximately 1.5 hours later.

Hand Movements—K-ABC (Kaufman Assessment Battery for Children- Kaufman &
Kaufman, 1983). This test measures skill in imitating an experimenter’s hand movements on
a table top. The movements consist of a series of taps from a fist, flat palm, or side of the hand.
This task is included because it has strong non-verbal components, although even the
interpretive manual (Kaufman & Kaufman, 1983) admits that using mediating strategies, e.g.,
verbally labeling, would aid in performance. The purity of the measure may be further clouded
by motor planning and execution issues.

Testing Protocol—Participants were tested individually in a sound-attenuated room at a
university research center. Software was administered via a SONY VIAO PCG-FX240 laptop,
the card task software was written in E-Prime Beta and 1.0 versions. Measures were given in
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an invariant order. First, the toy task was administered, then Continuous Performance Attention
task, then the mental age and memory tests, then the card task, and finally the two surprise
delay tasks.

Results
Table 3 lists the results from the memory measures comparing the FXS group with the MA
matched group. The higher-performing (favored) group is bolded.

Memory - More Simultaneous/Spatial
Toy Recall—The 2.16 toy recall difference between the groups was a statistical trend (i.e.,
the two-tailed p value was greater than .054 and less than .104) that favored the FXS group.
(There was no significant difference in the delayed toy recall.)

Gestalt Closure—The FXS group performed significantly better on the Gestalt closure task.

Memory - More sequential
Card Task—Results of the t-tests on the Card Task indicate that the two groups did not differ
on percent correct in each set of the onesies, twosies, or threesies. Results for the onesies are
listed in Table 3 under Verbal Immediate Spatial (rather than sequential, because participants
were only recalling one item, the very last item seen). The results for the twosies and threesies
are listed under Verbal Immediate Sequential. Again, the FXS and MA-matched groups did
not differ significantly in recalling cards. This had not been our prediction - we had predicted
that MA-matched children with a mean nonverbal mental age of approximately five and a half
would be better at sequencing and recalling than the FXS group.

Verbal Auditory Learning (VAL) - Verbal Sequential—In the delayed version of the
VAL (given approximately 1.5 hours later) the TYP group further extended their lead in symbol
reading skills, making only 28.67 errors compared the FXS group’s 49.43 errors.

Hand Movements- Nonverbal - sequential—Results significantly favored the MA-
match TYP group.

Toy Placement- Nonverbal - delayed - spatial—When asked to replace the toys after
an approximate two hour delay, the MA-match TYP group deviated 14.26 centimeters from
the point of original placement (the average for all 16 toys). The FXS group deviated 18.07
centimeters. The group differences were not statistically significant.

Table 4 demonstrates how these results map to the predictions made in the Table 1 matrix.

When comparing the FXS group performance to TYP nonverbal mental age-matches, those
with FXS showed a trend towards better performance on one of the simultaneous tasks in the
immediate verbal realm, and they were significantly better in the immediate nonverbal realm.
However, the verbal immediate difference is clouded by the fact that the groups performed
equivalently on the Card Task. This was not what we had predicted in Table 1. We had predicted
that the males with FXS would perform better across the board in the simultaneous realm and
then significantly worse in the sequencing realm for all immediate tasks. These results
complicated the plan to model the Card Task - it’s not so intriguing to model sameness. It is
generally agreed that males with FXS perform poorer on sequential tasks, many match group
studies have demonstrated this. Thus, the question became - at which point along the
developmental trajectory would males with FXS and TYP children diverge in sequential
processing?
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If a difference was not evident using a nonverbal mental age-match group, then perhaps the
FXS group should be matched using a variable associated with a later developmental age. In
a post hoc review of the profile of males with FXS, the construct of reading stood out as a
relative strength. Table 2 shows that the FXS sample was reading real words almost two years
ahead of the MA-matched group. Therefore, a word reading or word identification (Word-ID)
TYP match group was created, and it ended up being, on average, two years older than the
MA-matched group.

Card Task Results with Word ID matches—When the Word-ID matches were compared
with the males with FXS, significant differences were seen on Card Task performance. This
warranted further analysis and so the Card Task sets were broken down into their components.
For example, in the color and number block there were six trials for the twosie set. In these
trials a total of 24 components needed to be recalled. Table 5 lists performance and results on
these components.

In the color only block the TYP Word ID group consistently and significantly outperformed
the FXS group. In the color and number (col&num) block the component analyses revealed
trends or significant differences between the groups. From twosies onwards the col&num trials
were difficult for both populations; only four of the FXS participants made it to the threesie
col&num set. These results support the contention that males with FXS may be able to perform
sequential memory tasks similar to nonverbal mental age-match TYP children around five
years of age, but when compared to reading-match TYP children around seven years of age,
the males with FXS performed significantly worse.

Memory Discussion
Simultaneous/spatial processing

The results indicate that males with FXS demonstrate some relative strengths compared to TYP
MA-match children. In the simultaneous verbal processing realm, males with FXS demonstrate
impressive effect sizes ranging from .76 to 1.52 when performance is compared to the TYP
MA-match group on immediate-toy recall and gestalt memory. On the other hand, the groups
performed equivalently on the onesie Card Task - so we can’t say that this is an unequivocal
strength. Table 4 supplies a succinct summary of the memory tasks and favored groups. The
primary task favoring the FXS group is simultaneous, nonverbal, and immediate. Indeed,
gestalt memory has a history of favoring FXS groups (Hodapp, et al. 1992). The task taps two
cognitive components: perceptual recognition and object naming at the lexical level, although
the pictured objects were probably common enough for the young TYP match group’s lexicon.
It is therefore probable that the better performance was due to better nonverbal, perceptual
processing skills in the FXS group. Future studies should include vocabulary measures so that
vocabulary/world knowledge effects can be ruled out definitively.

Sequential processing
It is apparent that all sequential and delayed tasks - especially in the verbal realm- favored the
TYP groups. From this we can begin to extract which processes may be compromised in those
with FXS. One candidate is sequencing. What makes sequencing so difficult?

Sequencing is complex - it involves: 1) encoding the information string, 2) holding or
rehearsing the string (using a phonological/lexical loop or maintenance activations), 3)
concatenating incoming components, 4) for recall - retrieving the components, 5) motor
planning for reproduction (e.g., hand movements, articulatory muscles, etc.), and finally 6)
actual reproduction of the string. We hypothesize that there were no serious problems at the
first and final levels of encoding and reproduction as the males with FXS performed almost
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equivalently to the TYP children in the onesies condition (col&num) on the Card Task. The
sequencing problems may reside in stages 2, 3, 4 and/or 5. Because the groups performed
equivalently on the CPT (attention task), it may be assumed that differences on the memory
measures and the Card Task were not artifacts of more upstream cognitive functioning related
to initial attention of the test elements.

Somewhere along the TYP developmental trajectory between the mean age of 5.5 and 7.5, the
cognitive processes responsible for sequencing and recalling information begin to surpass the
average performance levels of our sample of males with FXS. To better understand this
divergence, it may be helpful to create a model of a sequencing task. Modeling can aid in
conceptualizing the components involved in sequencing and working memory. Modeling also
allows one to test hypotheses in disabled populations by altering the functioning of the system
(in this study - adding noise to the weights) in an attempt to pinpoint where processing problems
might be located and how such problems differentially affect outcomes.

Neural Networks—Neural networks are powerful computational systems that “mimic” the
flow of information through neurons. As a core competency, neural networks are able to learn
pattern regularities, even in very complex environments. One of the persistent issues that those
with ID face is learning complex, higher level cognitive tasks. Researchers have begun to use
modeling to explore developmental disorders, some examples include autism, (Cohen, 1994;
Gustafsson, 1997), Williams syndrome (Karmiloff-Smith & Thomas, 2002; Thomas &
Karmiloff-Smith, 2003), and developmental dyslexia (Harm & Seidenberg, 1998; Plaut,
McClelland, Seidenberg & Patterson, 1996; Seidenberg & McClelland, 1989). To date, no
models have been created to explicate the memory and sequencing processes in individuals
with FXS. Three models of the Card Task are presented below, these represent functioning in
a group of males with FXS, a TYP mental age-match group, and a TYP Word ID-match group.

The Architecture
The final model presented in Figure 2 went through multiple instantiations. The original
architecture for the model was based on Burgess and Hitch (1999), then Jensen and Lisman
(1998), and penultimately Elman’s (1990) simple recurrent networks designed to predict the
next phoneme in a string of phonemes using context nodes (similar to time bins). This final
model is based on O’Reilly and Soto’s (2002) phonological loop model.

The four sets of inputs are on the bottom left. Phonemes and words are used to encode, name,
and maintain the Card Task stimuli in verbal working memory and are activated simultaneously
to represent the ‘concept’ of the card. Both the phonemic and lexical levels were included
because we wanted to analyze the effects of noise on each separate level. The guiding
hypothesis was that having weak phonology would be more detrimental to sequential memory
because it would compromise the strength of the lexical representations in a very fundamental
manner - the system would be unable to recover if the building blocks of the words themselves
were compromised. This is a developmental model starting at an age when TYP children are
learning to read. Thus, it is conceivable that the phonemic levels might be activated even as a
word is unitized. Harm and Seidenberg (1999) have modelled effects of literacy that occur
back onto the phonological representations themselves. Thus, it can be assumed that the lexical
and phonemic levels are bi-directionally influential on one another for many years. Although
this current model is not designed to utilize these types of fine-grained iterative effects, the
activations of both the word and phonemic levels are processed by the same pool of hidden
units. In addition, imaging research between TYP children and those with dyslexia reveals that
different regions of the brain are used for processing real words and nonwords and these regions
vary significantly depending on group (Shaywitz & Shaywitz, 2005).
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The 17 phoneme inputs are the ones necessary to express the words red, green, yellow, blue,
one, two, three, and four. Time has a localist representation. The four time input units represent
order in which the cards are encoded. The four time bins located on the upper right of the
graphic correspond respectively to the four time inputs. Hand is binary -- either on or off. If
off the model passes the input activation from the hidden units to the appropriate time bin and
then is ready for new input - the card task continues. If the hand is on, the model goes into
recall mode. For example, if the to-be-recalled sequence is a twosie, the number 2 (t2 ) time
bin is activated and passes its information to the hidden units, which then process activation
out to the outputs. The output for t2 is recorded. Next the number 1 time bin is activated and
passes its information to the hidden units (then to outputs). That t1 output is also recorded and
the sequence is then compared to the correct input and errors are tallied. This backward
sequential order simulates a participant recalling cards in a backward order of presentation. 3
Figure 3 provides a sequential schema of the steps in the model.

The hidden layer is a 15 X 10 matrix dedicated to internal processing and is not directly
connected to the environment as input or output. It can be conceptualized as the Central
Executive in a standard working memory model or the region of initial activation in a more
emergent model. The time bins (called stripes in a context layer by O’Rielly & Soto, 2002;
O’Reilly Busby, & Soto, 2003) represent the gating function posited between the basal ganglia
and prefrontal cortex (O’Reilly, Busby, & Soto, 2003; O’Reilly & Frank, 2005) or the attention-
based reactivation factor in the initial activation areas in the more emergent vernacular. Each
bin represents a time step. As each card is presented to the system its pattern from the hidden
units is shuttled to the appropriate time bin (the second card in a potential twosie would reside
in time bin two). Participants know ahead of time which set they are in - so, in a twosie recall
they would only be giving attention to each two card sequence. In actuality, the model could
not learn when multiple intervening cards were added to the training and so only the to-be-
recalled cards were used for training.

Output is localist at the spoken word level. The node with the highest level of activation wins.
In Figure 2 the model’s input is yellow; however, the output node with the highest level of
activation is blue, and so this would be considered an error.

Model parameters
The model was implemented using standard simple Leabra algorithm parameters. (See
O’Reilly & Munakata (2000) for details.) Software for the PDP ++ Neural Network Simulator
was downloaded from http://psych.colorado.edu/∼oreilly/. This project’s retrieval date was
Fall 2004. The learning rate was set and maintained at .01. The Leabra default has self-
projection connections on the time bins that loop back onto themselves set at 1.0. This means
that at each time step the time bins refresh to the same magnitude. In order to add passive
memory decay to the system (Baddeley, 1986), the weights on the self-projections were
attenuated to .80 for this model. Multiple models with differing parameters for decay were not
analyzed, instead memory looping problems were addressed by adding noise to the weights
heading from the time bins back to the hidden units.

To sum up the model, a card is presented in the sequence and the appropriate inputs are received
by the hidden units. Figure 2 represents a participant who has just seen a yellow card at time
1. The hand is in the off mode so the system expects another card to be encoded (i.e., do not
recall yet). The activation travels from the hidden units matrix - where the weights and

3Participants defaulted to this order of recall- and we also reminded/trained them to that. We should also note that other network variations
were created, in one we clamped visual-spatial representational inputs acting as pre-inputs, but these levels have been removed for ease
of interpretation. It was assumed that all participants (hence models) had well-defined visual inputs and motoric/expressive outputs
because all were screened on a naming task and with an informal intelligibility task.
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activation levels are multiplied, summed, and squashed - to the appropriate time bins. The
second card’s representation would occupy time bin 2. The participant knows this is a twosie
ahead of time, thus the model is also constrained to not pass activations into bins 1, 3 and 4,
but to send activation from the hidden units straight to bin 2. When the hand input is in on
mode (activation = 1.0) it is time to “recall” and no other activation flows from the other inputs.
Only the pattern from time bin 2 is queried and that information flows back to the hidden units
and on to the outputs. This would be recorded. Next, the pattern from time bin 1 would be
queried and flow back to the hidden units, on to the outputs and be recorded. Those two
sequential outputs would then be compared to inputs for errors and then to the average of human
group comparison.

Connections can be conceptualized as bundles of neurons. Extending this metaphor, certain
claims about localization can be made. In addition, connection levels represent various
cognitive and memory constructs. To simulate dysfunctional processing, noise was added
across the weight connection matrices (i.e., not at the input level). These noise and functioning
levels map to a-d in Figure 3:

Levels-

1. Phoneme to hidden - This level of weights passes phonemic activation to the hidden
units. The phonological representations are assumed to be located in the superior
temporal sulcus (STS, Scott, Blank, Rosen & Wise, 2000) and the “dorsal circuit”
associated with early reading (this temporo-parietal circuit includes the angular gyrus,
supramarginal gyrus, and the posterior aspect of superior temporal gyrus - STG: Pugh,
et al. 2001). The phonemic level would then project to many other brain areas,
including working memory areas- be those in the PFC for representation and looping
or at initial site of activation per the emergent philosophy. The hidden units are
conceptualized as working memory processors and most of the activity related to the
Card Task might occur primarily in the lateral PFC (per fMRI research on humans
with n-back span tasks - D’Esposito, Postle, & Rypma, 2000). In our model, it is
assumed that stronger phonological activation means that a crisper more distinct level
of phonemic representation (Elbro, Borstrom, & Petersen, 1998) is being transferred
to working memory. Distinct implies that there are low levels of noise associated with
a given signal.

2. Word to hidden - These connections are from the lexical/word level representations
(located primarily in the left occipital/temporal region - including lateral extrastriate
areas, Pugh et al. 2001) to the hidden units. Again, the hidden units are conceived of
as the working memory processors - maybe primarily lateral prefrontal cortex. It is
assumed that stronger activation means a crisper level of representation with less
noise.

3. Hidden to time bins - These connections project from hidden units (working memory)
to the time bins (sequencing arena). In the standard memory model these connections
would represent the first stage in the phonological loop process. This direction of flow
represents a cascade from prefrontal to more medial brain areas. The hypothesis is
that the basal ganglia (O’Reilly & Frank, 2005) is involved in sequencing/gating. It
is assumed that stronger activation means a faster, better defined signal and highly
synchronized processing.

4. Time bins to hidden - These connections represent the flow back from scenario three.
This direction is the opposite cascade, and now information is returning from the more
medial location to the prefrontal areas where it is readied for evaluation, motor
planning, and articulation. These connections simulate a component of the retrieval
system and are dependent on a well-defined and highly synchronized timing signal.
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Because retrieval decays over time, cycle-contingent degradation (.80 refresh) has
been added to the signal in the time bins at each new cycle. Thus, the signal returning
to the hidden units will be more decayed than when it left.

Methodology
Three models were analyzed. Those models awere: 1) Younger TYP MA-Matches, 2) Older
TYP Word ID-Matches, and 3) males with FXS. For simplicity and the purposes of the
upcoming analyses, the TYP match groups are referred to as ‘younger’ and ‘older’ TYP. Recall
that the younger TYP and FXS groups performed equivalently on the Card Task. However,
the older TYP group performed significantly better on the subcomponents analysis of the Card
Task. To simulate developmental growth, the training on the TYP model was stopped when
the error rate resembled the young TYP children’s errors (M age = 5;5). Training then resumed
on the same model until it resembled the performance of the older TYP children (M age = 7;6).

Training and generalization sets
In order to train and test the models, the three datasets were randomly halved. One set was used
for training the system, and the other set was used for testing the fit. It is important to not overfit
the first trained model because the model will then be a poor predictor when given a new (test)
dataset. Data from seven randomly chosen participants in each group were used for training.
The trained models fit the new data to an acceptable Mse of 20.

The average number of Card Task errors per components was tallied for each group. For the
training sets the proportion and percentage of correct (not error) recall were: TYP younger
217/499 = 43%; TYP older 420/733 = 57%; and FXS 216/514 = 42%. Models were trained
until they hit this performance level two times in a row. Then the average number of epochs
need to train was tallied. Originally, we attempted to train the model in the same order that the
participants saw the cards, i.e., 1, 2, 3 color only, then 1, 2, 3 color & num. However, the model
could not converge and learn the task when the more complex inputs associated with number
were suddenly added in the second half of training. We theorized that in the real world children
are not presented with the stimuli of colors long before they are exposed to numbers. Both
stimuli are present in their environments from a very early age. Thus, it would be appropriate
for the model to be trained in the following sequence: 1 color, 1 color & num, 2 color, 2 color
& num, 3 color, 3 color & num. The model was able to learn with this sequence of inputs.
Because no males with FXS were correct on the foursies, those were not trained for either
group.

An epoch represents the entire wave of data for all participants in a particular group (e.g., 1
color, 1 color & num, 2 color, 2 color & num, etc. for all younger TYP participants). In order
to assess variability within group models, three separate training models were created with
different randomly generated starting seeds. Output comparisons between the three models
revealed extremely small Mse differences and so the first model was always retained for further
analyses. Analyses were run on an Intel Pentium III with Windows XP OS, 256 MB RAM,
600 MHz speed.

Modeling Results
Simulation 1: Younger TYP Model

1) A model was created to simulate how TYP children with an average age of 5.39 (1.06) years
would perform on the task. On average this group made 282 errors (out of 499 components,
57%). The training graph in Figure 4 reports errors on the y axis with a dotted line. The model
trained to a 282 error rate in four epochs and then hit 282 again at eight epochs, for an average
of six epochs of training.
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Simulation 2: Older TYP Model
2) A model was created to simulate how the older TYP children with an average age of 7.60
(2.08) would perform on the task. This group was matched to the males with FXS in reading
real words. On average, the older group made 313 errors out of 733 total components (43%).
The denominator is higher for this group because the older participant did better on threesies
and were able to move into the six trial condition (rather than stopping after three trials). This
would also simulate more experience with stimuli in the real world. The older TYP children
performed significantly better than the younger TYP children who made 282 errors out of 499
components (57%). Because this is a developmental TYP model, the weights from the first
younger model were saved and training resumed on top of those using the older children’s data
until the proportionally appropriate and smaller error rate of 43% was reached. The model
reached these criteria at 17 and again at 19 epochs for an average of 18 epochs of training.

Simulation 3: FXS model
In numerous articles, Karmiloff-Smith makes the point that changes very early in a developing
dynamic system propel learning on a different trajectory. Thus, it was necessary to create a
model of an atypical population with a special and different start state. (That is, one cannot
train up a TYP model and then lesion it by adding noise as that would simulate an acquired
disorder.) FXS is a developmental disorder as it is present in the embryo. There are various
methods with which to simulate impairments in models: reducing number of hidden units,
randomly changing weights in clean-up mechanisms (Hinton & Shallice, 1991; Hinton, Plaut,
& Shallice, 1993), altering the type of training, or eliminating attractor units (Harm &
Seidenberg, 1999). Given the architecture of our models and the concept of crisp, distinct
phonemic representations, the choice was made to add noise to various internal weight matrices
to simulate impairments. The question then became how to distribute the noise across the four
chosen levels at the start state?

Noise was applied in a Gaussian distribution over the levels (weight matrices) at two different
intensities. These intensities varied by the standard deviation (either .10 or .25). In the first
simulation with .25 noise added to all four matrices, the model could not even learn the onesies
task after 200 epochs (approximately 24 hours of run time). Training was terminated. Again,
males with FXS in this study had an average mental age of over five years and all were able
to do some onesies. Clearly, a processing scenario with high noise at all four levels
simultaneously did not simulate the functioning of the average male in this study. (Although
these sorts of global deficits may exist in individuals who did not qualify for this type of study.)

Table 6 shows performance in terms of number of epochs to train until similar group error rates
were reached. A pattern of performance is sought that might reveal mechanisms involved in
FXS processing. The main comparisons are between columns three and four (younger vs. FXS
model), and columns five and six (older vs. FXS model). Because the males with FXS were
quite similar to the younger MA-match TYP children on card task performance, there might
be similar amounts of training epochs in the respective columns (i.e., columns three and four).
This is seen at the first two levels but at level 3 where time bins are involved, adding a larger
amount of noise ‘from hidden units to time bins’ weights perturbed the system so much that it
never converged near 43% correct. This makes sense, upon reflection, because the time bins
are iterative and that noise would be run through the system multiple times regressively
increasing the dysfunction. Noise is less disruptive when added to level 4 or ‘time bins back
to hidden units’, but it still means that with .25 noise the FXS model would never learn like
the older TYP group.

The patterns that would most resemble the current state of FXS functioning in this sample are
bolded in Table 6 at levels one and four. At level one, the FXS model displays a similar or
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eventual match to the TYP- younger processing, and then never matches performance in
column six (because most males with FXS never did attain the performance of the older TYP
matches this is what we would want to see). Never means that training was terminated after
200 epochs. A probable match pattern is also seen at level four. Although it took 17 epochs for
the FXS model to match the TYP younger group’s performance in column three, it eventually
made it. At level four with .25 noise, the FXS model never attained the performance of the
older TYP-match group.

Given the results of these models, the best choice match patterns between the groups can be
seen at the phoneme to hidden units scenario with .25 SD noise, and the time bins to hidden
units scenario at .25 SD noise. These patterns lead to two tes table hypotheses that are explicated
below.

Modeling Discussion—Two TYP models without noise, and several FXS models with
noise at various intensities and locations, were created. This is the first phase of our FXS
modeling and choices had to be made about model parameters and noise locations. With these
four noise locations we were able to test two hypotheses. Future modeling might include noise
at other locations (e.g., on the time bin self-projections to further simulate sequential
dysfunctions). Because the TYP participants performed significantly different on the Card Task
depending on chronological age (which was correlated with mental age and Word ID skills),
two separate “end states” were created for the one TYP model. Analyses revealed that the FXS
model could always learn with .10 SD noise at various levels - the lesser amount of noise may
represent the highest functioning individuals with FXS. The FXS model could never learn a
onesie with .25 noise coming from the hidden units to the time bins. In the standard memory
model, this would be conceptualized as a problem in the PFC, perhaps with readying
information for rehearsal in the phonological loop. In a more emergent memory model, it might
be conceptualized as the strength of the refresh signal in the initial activation region. Someone
with impairments this severe at that level probably would not make it past the parent phone
call screening stage for the study.

The FXS models performed somewhat equivalently to the younger TYP models in all other
scenarios. Although it did take much longer for the FXS model to train to 43% correct at level
4 with .25 SD noise (17 versus 6 epochs for the younger TYP matches). It is also true that the
average FXS participant was four times older - so a case could be made for the extra training.

When .25 SD of noise was added to two levels of interest, the FXS model could not approach
the performance of the older, better-performing TYP children. This is what we wanted to see,
because it resembles the real human data - the FXS males performed significantly worse than
the older TYP participants on the onesies, twosies and threesies for color only and they
displayed trends for the component counts on the more difficult color and number block. This
performance difference between the males with FXS and the older TYP participants implies
that even with a substantial age difference favoring the FXS group, their sequential memory
skills were not progressing beyond the average level of five and a half-year olds. The models
may help to pinpoint where processing weaknesses might reside and guide recommendations
for remediation. Two ramifications for phonological processing and sequencing are discussed.

Phonological ramifications: The first candidate for a processing deficit may reside at level 1
going from phonemic representations to the hidden units (or central executive). This is the first
stage in the phonological loop. We will use the more common language of Baddeley’s model
in this discussion section, but it is possible to insert more emergent terms like “initial region
of activation” for central executive or “reactivation strength” for phono loop. This is an
important component in recall - even for visually presented sequential information which is so
often recoded verbally (Baddeley, 1986). Smooth functioning in the phonological loop requires
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that phonemic representations and phonological processing are intact and crisp. Functional
phonological processing is also necessary for fluent reading. Reviewing the reading literature
reveals that for all individuals, even after partialling out IQ, later reading ability is predicted
by phonological processing (Stanovich et al., 1984; Siegel, 1993). The phonological loop is
comprised of the representations themselves and their maintenance during rehearsal. First, what
does it mean to have distinct representations?

A distinct representations would be crisp and stable; the representation would not unduly
degrade as new phonemic input came into the system. Little is known about phonemic
representations in males with FXS.4 However, Johnson-Glenberg (2003;2007a;Buckley &
Johnson-Glenberg, 2008) administered The Phonological Awareness Test (PAT: Robertson &
Salter, 1997) to six of the final males with FXS in this study. Four relevant subtests were
administered: rhyming, segmentation, deletion, and isolation. Only two of the three levels of
isolation were examined: initial sound in a CVC word, and final sound (medial was too difficult
for this population). The PAT percentile scores for the males with FXS were gathered using
the Woodcock-Johnson Word ID age-equivalent score as a base. That is, chronological age
was not used because the males with FXS were so much older than the TYP participants and
this would have resulted in a meaningless less than 1%ile score across the board. By matching
on the ability to read real words, a disconnect between the FXS and TYP groups’ skill in using
a whole word process or a phonemic assembly process could be examined. Table 7 presents
Means and SDs on the Phonological Awareness Test for FXS only. A comparison group of
TYP children is not included because it can be assumed from this normed measure that the
average TYP child would place in the 50%ile.

Males with FXS consistently score below the 10%ile on these purely phonemic measures. They
demonstrate particularly poor skills on the isolation subtest (including an across-the-board
failure in this pilot sample to isolate and repeat the middle sound in a CVC word).

The ability to read nonwords is also predictive of phonemic skills and phonological assembly.
The Woodcock Johnson Word Attack test was administered to 13 of the males with FXS. Word
Attack age equivalent scores were: TYP Word-ID Match= 8.67 (3.43); FXS = 6.45 (1.57),
t(25) = 2.14, p=.04, ES = .91. This t test revels that even though the males with FXS could read
real words on average like the seven and a half year old TYP children, the males with FXS
read nonwords significantly lower, equivalent to six and a half year olds. Thus, there is a
significant two year lag when comparing nonword reading. These PAT test pilot data
demonstrate a weakness at the phonemic representational level and the nonword (Word Attack)
scores demonstrate a dissociation at the word and assembly levels of phonological processing.
Thus, a network that had higher levels of noise or imprecision at both levels 1 (phoneme to
hidden) and 4 (time sequencing back to hidden) would be a good candidate for a model of
males with FXS.

Sequencing ramifications: The Conners’ et al. (2001) result with a group of individuals with
ID found that refreshing the phonological loop was predictive of relative decoding skill. The
level 4 pattern in Table 6 that matched the FXS and TYP performances also implicates
sequencing and retrieval problems for those with FXS. Adding .25 SD noise to the connections
projecting from time bins back to the hidden units (Central Executive) matched the younger
TYP performance after 17 epochs of training; however, FXS model performance never reached
the level of accuracy attained by the older TYP participants- which is what we would expect.
The location of these connections could implicate the internal time signal which is assumed to
be located in the basal ganglia (O’Reilly & Frank, 2005).

4In the expressive arena of phonology, Roberts, Hennon, and Anderson (2003) report that males with FXS have expressive difficulty
with consonant substitutions, omissions and distortions which are characteristic of developmentally younger children.
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A faulty or imprecise timing signal would explain many of the sequencing deficits in this
population and is supported by the across-the-board sequencing deficits seen in this entire study
where the younger TYP MA-match group outperformed the males with FXS on all the
sequencing memory measures including: Verbal Auditory Learning (VAL-verbal immediate
and delayed versions), and KABC hand movements (nonverbal immediate). An imprecise
signal from the timing mechanism may explain compromised performance during recall of
ordered items. Working memory deficits have also been observed in females with FXS.
Greicius, Boyett-Anderson, Menon and Reiss’ (2004) fMRI study revealed that females with
FXS displayed significantly less activation in the hippocampus and basal forebrain in a test of
visual memory encoding when compared to TYP chronological age-matches.

Future modeling and research: There are numerous variations of architecture, noise and/or
ablation that could be performed on the FXS models. Due to space and theory constraints only
four variations (deemed the best candidates) for FXS processing have been presented. Future
research could include sensitivity analyses wherein one or more input vectors have systematic,
yet disproportionate, amounts of activation added. After training, analyses would follow how
these activations perturbate through the system and reveal which connections are the primary
predictors of performance. In addition, cluster analyses or multidimensional scaling techniques
could then be used to observe how the weight matrices aggregate at various training stages.
These might further reveal how the phonological, lexical, and timing levels interact in a
developmental manner.

Roberts et al. (2003) report oral motor difficulties for males with FXS when repeating
multisyllablic sequences and postulate motor planning problems with this population. Motor
planning is a level that should be included in future models. In addition, males with FXS present
with hyperarousal problems. Miller et al. (1999) describe a series of experiments that
demonstrate that the electrodermal responses (EDRs) of individuals with FXS are significantly
different from those of normal controls in regards to stimulation of the five sensory systems.
This ongoing vigilance for, and attention to, new information and the inability to compress and
accommodate information in long term store (learning), may also explain some of the anxiety
observed in individuals with FXS. A future addition to a more complex model of cognition for
these individuals might include more thoughtful hippocampal-type processing. At the cellular
level, abnormal dendritic spine structures have been observed both in humans and in FMRP
knock-out mice hippocampi (Irwin, Galvez, & Greenough, 2000a).

Due to resource constraints, funds were not available for precise genetic testing or the
administration of an autism screening test. Future research might address the comorbidity
between FXS and autism and analyze if there are memory differences between these
populations. There is some consensus regarding a 25% to 30% prevalence of “autism” in FXS
(Bailey et al., 2004). However, considerable controversy surrounds this topic. When a subgroup
distinction is made, we prefer the term “individuals with FXS and autism-like symptoms”. The
definition of Autism Spectrum Disorder is extremely broad (think of the difference between
highly verbal individuals with Asperger’s syndrome and those with PDD-NOS and no verbal
language at all). In addition, there is an ongoing debate regarding the underlying mechanisms
responsible for behaviors (Lewis, et al. 2006), these may not be the same in those with FXS
and those with idiopathic autism. That is, the symptomology may match, e.g., eye gaze
aversion, but in the males with FXS such avoidance may be primarily due to anxiety.

Application and remediation: If more training time had been allotted to the more damaged
FXS models would they have eventually resembled the older TYP models? Depending on the
level where the noise had been added, sometimes more training resulted in less accuracy over
time- which is one reason why a 200 epoch (24 hour) cut-off was chosen. This suggests that
if the trajectory goes so far astray in the beginning then such systems are not self-correcting.
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This finding should not be used to suggest that there are certain critical “windows” wherein an
affected individual must receive intervention. It is our contention that it is never too late to
apply thoughtful intervention. We did not model the process of intervention; this would be an
excellent future research question to model.

Without question, interventions need to be more research-based. These neural network models
suggest two levels of processing that might benefit from targeted intervention: phonological
and sequential processing. How would adding a remediation aimed at the phonological level
affect performance (of both humans and computational models)? At this time, there is no
research on training explicit phonological awareness techniques to males with FXS. Perhaps
with intense, one-on-one tutoring in phonological awareness, the noise associated with the
connections from phonemes to hidden units would be attenuated. An appropriate intervention
comparison group would be one that was receiving a more whole word training method.
Anecdotally, this appears to be the standard in the schools as reported by parents, and as
revealed by reviews of commercialized reading programs for those with ID. Recommendations
are strongly made for more phonological awareness training for this population so they can
learn how to sound out novel words and are given access to the tools necessary to grow as more
independent readers. Research on individuals with dyslexia shows that training explicitly in
phonemic and phonological awareness generally increases performance on real and nonword
reading skills (Clark & Uhry 1995; Olson, Wise, Johnson, & Ring, 1997). In addition, for
K-2nd grade children bi-directional relations have been observed between phonological
processing and reading-related knowledge, i.e., phonological processing abilities exert strong
causal influences on decoding, and letter-name knowledge exerts a more modest causal
influence on subsequent phonological processing abilities (Wagner, Torgesen, & Rashotte,
1994).

Sequencing also appears to be a weakness in this population. Because the brain is so plastic,
all activities that promote sequencing should be encouraged in home and school settings. In
addition, it may also be beneficial to train in strategies. The observation that individuals
performed better on the Card Task when they subvocalized would suggest teaching individuals
with ID explicit strategies, e.g., the strategy to verbally mediate hand movements or other
sequences. Using a verbal cue to perform a physical task may have applications in the life skills
sector, as well. In terms of modeling, use of strategies may have the effect of removing or
attenuating noise from the signal. By adding an additional mode, e.g., verbalizing - to the
processing, the signal may be effectively boosted.

Conclusions: This article represents an “enterprise” endeavor designed to 1) create a
framework of memory skills in males with FXS, 2) computationally model a verbal sequential
working memory task, and 3) craft suggestions regarding appropriate remediations for weaker
processing areas. The memory framework is still in its early stages, but a clearer picture is
beginning to emerge in regards to the immediate and delayed memory functions in the
population of males with FXS. This knowledge can be used to design more appropriate
remediation programs that take into account how poor phonemic awareness, compromised
sequencing, and attenuated delayed memory functions affect learning. If it is true that memory
and learning rely on the facile interleaving of new and old information (McClelland & Goddard,
1996), then creative solutions must be sought at various levels for those with FXS. Some of
these levels include: 1) how old information can be more stably and meaningfully encoded, 2)
how new information can be presented in a more distributed manner for better integration, 3)
how new information can be presented with special emphasis on the components that will
overlap with older, long term information - interleaving facilitation, and 4) how mastery levels
should be more thoughtfully conceived (e.g., is 80% correct three times in a row considered
mastery for this population- will that guarantee transfer?).
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Modeling is important to help reify conceptualizations of deficits in developmentally disabled
populations and to suggest more cognitively valid guidelines for instruction. These models
suggest that strong candidates for verbal memory sequencing deficits exist at the encoding and
sequencing levels for males with FXS. It should also be noted that no individual (or model) in
this article is considered to be at the “end state”. In the developmental vernacular, it would be
inappropriate to take the term end state literally. The individual has not reached the end of
learning even when tested at 38 years of age (the oldest participant in this study). Johnson-
Glenberg and Chapman (2004) encouraged teachers and caregivers of children with Down
syndrome to continue increasing and stimulating their children’s vocabulary into adulthood.
Encouragement should be given to those who work with individuals with FXS to provide
intervention directed toward increasing strategy use, confirming distinct phonological
representations, enhancing sequencing skills, and encouraging reading skills throughout the
lifespan.
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Figure 1.
Example of Card Task screen.
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Figure 2.
The neural network model for the Card Task.
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Figure 3.
Schematic of the steps in the neural network model of the Card Task.
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Figure 4.
Errors per epochs of training for the typically developing (TYP) network model.
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Table 1

The Memory Framework with Predicted Favored Groups
Time and
Mode

Processing-
More
Simultaneous

Processing-
More
Sequential

Verbal
Immediate FXS TYP

Verbal
Delayed TYP TYP

NonVerbal
Immediate FXS TYP

NonVerbal
Delayed TYP ** no measures

avail. at time**
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Table 4

Memory Tasks by Time, Mode and Processing - Significant Group is Bolded and Underlined
Time and Mode Processing-

More Simultaneous/Spatial
Processing-
More Sequential

Verbal
Immediate

Toy Recall   FXS>TYP
Card Task   FXS=TYP
(Onesies)

Card Task
(Twosies, Threesies-    FXS<TYP
WORD-ID match)
Verbal Auditory Learning  FXS<TYP
(VAL)

Verbal
Delayed

Toy Recall   FXS<TYP
(delay)

Verbal Auditory Learning
(VAL-delay)       FXS<TYP

NonVerbal
Immediate

Gestalt Memory FXS>TYP Hand Movements     FXS<TYP

NonVerbal
Delayed

Toy Placement FXS=TYP
(delay)
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Table 7

Means and SDs for the Phonological Awareness Test: FXS Only
Rhyming
Raw

Raw Score
11.50 ( 4.42)

%ile (based on reading)
6.80 (10.36)

Segmentation
Raw 6.67 ( 5.35) 8.33 ( 9.50)

Isolation (w/o Medial)
Raw 8.67 ( 7.86) 2.17 ( 3.49)

Deletion
Raw 9.33 ( 6.68) 7.83 (13.69)
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