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Abstract

In the current study we examined a specific aspect of executive abilities, strategic processing, in
32 children with early-treated phenylketonuria (PKU) and 41 typically-developing control
children. To do so, clustering and switching were assessed during semantic (animal, food/drink)
and phonemic (S, F) fluency tasks. Specifically, number of words generated, number of
subcategory clusters, number of words in subcategory clusters, and number of switches between
subcategories were analyzed to provide a refined analysis of strategic processing. Compared with
controls, children with PKU generated significantly fewer words and made significantly fewer
switches between subcategories in the food/drink trial and the phonemic fluency condition.
Number of switches was associated with number of words generated in these tasks. In addition, a
significant interaction between age and group in number of switches for the food/drink trial
reflected a greater increase in number of switches for the control than PKU group as a function of
increasing age. These results suggest impairment in frontally-mediated aspects of strategic
processing in children with early-treated PKU and indicate that strategic processing should be
evaluated carefully as these children age.
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Introduction

Executive abilities encompass higher order cognitive processes including shifting in
response to changing task demands, updating information in working memory, and
inhibiting inappropriate responses (Miyake et al., 2000). Strategy use during any given task
requires at least one of these processes (Miyake, et al., 2000). For example, during the
Wisconsin Card Sorting Test (Heaton, 1981), a widely used measure of executive abilities,
cards must be sorted on the basis of the color, form, and number of stimuli presented. To
strategically and efficiently complete this task, one must shift to a new sorting principle
when required, update the correct sorting principle in working memory, and inhibit the
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previously correct sorting principle. Thus, shifting, working memory, and inhibition are all
necessary for optimal performance.

Verbal fluency tasks, during which words must be generated in response to specified
categories, are also widely used to assess executive abilities. In phonemic and semantic
fluency conditions, words are generated in response to letters (e.g., F, A, S) and semantic
categories (e.g., animals), respectively. In most studies, the number of words correctly
reported is the primary variable of interest, with a greater number of words presumed to
reflect better executive abilities.

It is possible, however, to conduct refined analyses to evaluate strategic processing more
directly. In their seminal study, Troyer, Moscovitch, and Winocur (1997) used an approach
wherein the degree of clustering and switching was examined during verbal fluency
performance in healthy adults. Clustering refers to the consecutive report of two or more
words within the same semantic or phonemic subcategories, whereas switching refers to
shifts between subcategories. For example, report of lion, giraffe, gazelle / snake / mouse,
rat / lizard / duck, chicken, goose reflects consecutive clustering within three animal
subcategories (African animal, rodent, bird) and four switches (/) between animal
subcategories (African animal / reptile / rodent / reptile / bird). In another example, report of
lion, giraffe / snake / mouse / lizard / duck / rat / chicken / gazelle / goose reflects
consecutive clustering within one animal subcategory (African animal) and seven switches
between animal subcategories (African animal / reptile / rodent / reptile / bird / rodent /
bird / African animal / bird). Although in each instance 10 words are generated, there is a
substantial difference in organizational quality, with the better strategic approach reflected
by the first example.

Findings from the Troyer et al. (1997) study demonstrated that clustering and switching are
at least partially dissociable processes that differentially contribute to semantic and
phonemic fluency. Specifically, clustering and switching made equal contributions to
semantic fluency. In contrast, switching made a greater contribution to phonemic fluency
than did clustering.

In terms of possible neuroanatomical underpinnings, a large body of research indicates that
the prefrontal cortex subserves executive abilities, which include strategic processing (for an
overview, see Fuster, 2008). Specific to strategic processing, neuroimaging studies reveal
that this brain region is activated during strategic tasks such as the Wisconsin Card Sorting
Test (Berman, Ostrem, Randolph, & Gold, 1995) and word list learning (Miotto et al., 2006;
Strangman et al., 2009). Patient studies are also informative, as frontal lobe lesions are
related to poorer strategic processing during word list learning (Stuss et al., 1994).

With regard to verbal fluency, findings from a number of studies point to dissociations in the
possible neuroanatomical underpinnings of phonemic and semantic fluency. For example,
using a behavioral interference task in healthy adults, Martin et al. (1994) showed that
phonemic fluency was reduced more than semantic fluency when participants concurrently
performed a frontally-mediated motor sequencing task; in contrast, semantic fluency was
reduced more than phonemic fluency when participants concurrently performed a
temporally-mediated object-decision task. Neuroimaging and patient studies have also
shown that frontal brain regions play a more prominent role in phonemic fluency (for an
overview, see Alvarez & Emory, 2006; Henry & Crawford, 2004; Moscovitch, 1994),
whereas temporal brain regions play a more prominent role in semantic fluency (Henry &
Crawford, 2004; Monsch et al., 1994; Mummery, Patterson, Hodges, & Wise, 1996; Rosser
& Hodges, 1994).
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Strategic components of verbal fluency (i.e., clustering and switching) have also been
examined from a neuroanatomical perspective. During semantic and phonemic fluency
tasks, Troyer et al. (1997) administered a concurrent finger-tapping task presumed to be
frontally-mediated. Consistent with the findings of Martin et al. (1994), the concurrent task
reduced phonemic but not semantic fluency. In addition, the concurrent task decreased
switching during phonemic fluency but did not affect clustering. Troyer et al. (1997)
interpreted these findings as evidence that switching is a frontally-mediated process. It
should be noted, however, that the concurrent task did not universally disrupt switching, as
switching during semantic fluency remained unaffected. These findings point to a difficulty
in clearly delineating the neuroanatomical underpinnings of clustering and switching at this
point in time. For the most part, clustering has been studied within the context of semantic
fluency, whereas switching has been studied within the context of phonemic fluency.

In addition to studies of healthy adults, a number of studies have been conducted in which
strategic processing during verbal fluency has been investigated in adults with brain damage.
Patients with Parkinson disease (Troyer, Moscovitch, Winocur, Leach, & Freedman, 1998),
Huntington disease (Ho et al., 2002), and frontal lobe lesions (Troyer, Moscovitch, Winocur,
Alexander, & Stuss, 1998) have shown intact clustering during semantic fluency but
impaired switching during phonemic fluency. Patients with dementia of the Alzheimer type
(Troyer, Moscovitch, Winocur, Leach, et al., 1998) and temporal lobe lesions (Troyer,
Moscovitch, Winocur, Alexander, et al., 1998), however, have shown impaired clustering
during semantic fluency but intact switching during phonemic fluency. These findings have
been taken as indications that clustering during verbal fluency is more temporally mediated,
whereas switching is more frontally mediated.

Neuroimaging studies have also been informative, particularly with regard to clarifying the
underpinnings of switching. In one such study, Hirshorn and Thompson-Schill (2006)
identified activation in the left inferior frontal gyrus during switching on a semantic fluency
task (unfortunately, phonemic fluency was not assessed). The role of prefrontal brain
regions during switching has also been demonstrated in functional neuroimaging and lesion
studies using neuropsychological tasks other than verbal fluency (Kumada & Humphreys,
2006; Robinson, Heaton, Lehman, & Stilson, 1980; for an overview, see Shallice, Stuss,
Picton, Alexander, & Gillingham, 2008).

In addition to these studies of adults, researchers have recently explored the development of
clustering and switching during verbal fluency in children. Regarding switching, a relatively
clear pattern has emerged in which switching during phonemic fluency increases as children
age (Kavé, Kigel, & Kochva, 2008; Sauzéon, Lestage, Raboutet, N'Kaoua, & Claverie,
2004). During semantic fluency, however, findings are inconsistent, with both age-related
decrease (Sauzéon, et al., 2004) and increase (Hurks et al., 2010; Kavé, et al., 2008) in
switching reported. For clustering, findings are also inconsistent, with reports of age-related
increase, decrease, and no change during semantic and phonemic fluency (Hurks, et al.,
2010; Kave, et al., 2008; Koren, Kofman, & Berger, 2005; Sauzéon, et al., 2004).

Taken together, studies regarding the development of strategic processing during verbal
fluency point to a clear need for further research. In addition, strategic processing during
verbal fluency has rarely been examined in clinical pediatric populations (for a study of
children with Down syndrome, see Nash & Snowling, 2008). To extend our knowledge in
this area, we explored clustering and switching during verbal fluency in children with
phenylketonuria (PKU).

PKU is a hereditary disorder that affects approximately 1 in 15,000 children in the United
States (National Institutes of Health Consensus Developmental Panel, 2001). The disorder is
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characterized by a deficiency in phenylalanine hydroxylase, resulting in excess
phenylalanine and deficient dopamine (for overview, see Scriver, 2007), which particularly
affects frontal brain function (Diamond, Prevor, Callender, & Druin, 1997). White matter
abnormalities have also been identified in individuals with early-treated PKU (P. J.
Anderson et al., 2007; P. J. Anderson et al., 2004; Ding et al., 2008; Scarabino et al., 2009;
Vermathen et al., 2007; White et al., 2010), which may affect connectivity within frontal
brain regions and between frontal and other brain regions. From a cognitive perspective, the
neuropathology associated with early-treated PKU is thought to result in particular
impairments in executive abilities (for overview, see Christ, Huijbregts, de Sonneville, &
White, 2010).

With regard to verbal fluency, clustering and switching have not been previously
investigated in individuals with PKU. The total number of words generated, however, has
been examined in individuals with early-treated PKU, with mixed results. Impaired
phonemic fluency has been reported in some (V. Anderson, Anderson, Northam, Jacobs, &
Mikiewicz, 2002; Brumm et al., 2004; Channon, German, Cassina, & Lee, 2004; White,
Nortz, Mandernach, Huntington, & Steiner, 2001) but not all (P. J. Anderson, et al., 2007;
Luciana, Hanson, & Whitley, 2004; Moyle, Fox, Bynevelt, Arthur, & Burnett, 2007; Smith,
Klim, & Hanley, 2000; VanZutphen et al., 2007) studies. Similarly, some studies have
identified impaired semantic fluency (Brumm, et al., 2004; Welsh, Pennington, Ozonoff, &
Rouse, 1990), whereas others have not (Moyle, et al., 2007; VanZutphen, et al., 2007;
White, et al., 2001). Further, a meta-analysis by DeRoche and Welsh (2008) demonstrated a
large effect size (1.15) indicating impaired set shifting in individuals with PKU across a
range of cognitive tasks, such as the Contingency Naming Test, Intradimensional/
Extradimensional Set-Shifting Task, and Wisconsin Card Sorting Test.

In the current investigation, we predicted that children with early-treated PKU would exhibit
deficits in verbal fluency and strategic processing. More specifically, given research on the
neural bases of verbal fluency and PKU, we hypothesized that children with early-treated
PKU would demonstrate specific impairments in phonemic fluency and switching.

The study sample included 32 children with early- and continuously-treated PKU (18 girls,
14 boys) and 41 typically developing control children (23 girls, 18 boys). Children in the
PKU group ranged from 7 to 18 years of age (M = 12.2, SD = 3.9) and were recruited
through the Division of Medical Genetics/Department of Pediatrics at St. Louis Children’s
Hospital in Missouri and through the Metabolic Clinic of the Child Development and
Rehabilitation Center at Doernbecher Children’s Hospital in Portland, Oregon. Children in
the control group also ranged from 7 to 18 years of age (M = 13.1, SD = 3.2) and were
recruited from the St. Louis and Portland communities. Years of education ranged from 1 to
12 (M = 6.3, SD = 3.6) for the PKU group and from 1 to 14 (M = 7.2, SD = 3.3) for the
control group. General intellectual ability was estimated using the Wechsler Abbreviated
Scale of Intelligence (Psychological Corporation, 1999). Full Scale 1Q ranged from 86 to
122 (M = 105.8, SD = 9.6) for the PKU group and from 84 to 124 (M = 108.5, SD = 10.0)
for the control group. There were no significant between-group differences in gender (X2(1,
N =73) <0.001, p = .99, ns), age (t(71) = 1.08, p = .28, ns), race (X2(4, N =73) = 6.47,p =.
16, ns), education (t(71) = 1.10, p = .27, ns), or Full Scale 1Q (t(71) = 1.15, p = .25, ns). The
parents of all 67 participants under the age of 17.5 were asked to report their years of
education and household income; 65 responses (97%) were received for parent education
and 55 responses (82%) were received for household income. No significant between-group
differences existed for average level of parent education (PKU: M = 14.4, SD = 2.3; Control:
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M =155, SD = 2.5), t(63) = 1.82, p = .07, ns, or total household income (PKU: M = 76.5,
SD =58.3; Control: M = 87.5, SD = 56.3), t(53) = 0.70, p = .49, ns. Based on findings from
a health and demographic information questionnaire, no child in the study had a history of
mental retardation, learning disorder (e.g., ADHD, reading disorder), or major medical
disorder (e.g., traumatic brain injury, diabetes) unrelated to PKU. No child with PKU was
being treated with or had ever been treated with sapropterin dihydrochloride (Kuvan) at the
time of testing, or had a phenylalanine level > 2 standard deviations from the group mean.
Children in the PKU group were diagnosed near the time of birth and were treated early and
continuously for the disorder through dietary restrictions to manage phenylalanine intake.
Phenylalanine levels recorded closest to the time of participation in the study (typically the
same day) ranged from 2 to 20 mg/dl (M = 8.4 mg/dl, SD = 4.7 mg/dl).

Children were administered the Verbal Fluency subtest of the NEPSY (Korkman, Kirk, &
Kemp, 1998), which comprises two semantic fluency (animal and food/drink) and two
phonemic fluency (words beginning with S and F) trials. For each trial, children were asked
to orally generate as many words as possible for a period of one minute. The total number of
words correctly generated was recorded for each trial.

Additional variables were also calculated to assess strategic processing. For each semantic
fluency trial, number of semantic clusters, number of words in semantic clusters, and
number of semantic switches were calculated. For each phonemic fluency trial, number of
phonemic clusters, number of words in phonemic clusters, and number of phonemic
switches were calculated. The definitions of clusters and switches, as well as the scoring
criteria, were based on the work of Troyer et al. (1997). As previously described, semantic
clusters comprised two or more consecutively reported words sharing a semantic
subcategory, whereas semantic switches comprised shifts to a new subcategory. Single
words were not considered clusters, as suggested by Abwender, Swan, Bowerman, &
Connolly (2001) and Koren, Kofman, & Berger (2005). Similarly, phonemic clusters
comprised two or more consecutively reported words sharing a phonemic subcategory,
whereas phonemic switches comprised shifts to a new subcategory. Phonemic subcategories
included words that rhyme, differ by a single vowel sound, have the same beginning sound
consisting of at least two letters, or are homophones. For example, in the S trial, report of sit,
set / shelf, sharp, ship / slate, skate was recorded as three phonemic clusters, seven words in
phonemic clusters, and two phonemic switches.

Statistical analyses included repeated measures analyses of variance (ANOVA), t tests, and
hierarchical regression. Significant results reflected p < .05. Means and standard deviations
for each fluency variable generated are reported in Table 1.

Total Number of Words Generated

As is typical in verbal fluency studies, we evaluated the number of words correctly
generated in 60 seconds. Repeated measures ANOVA was first used to determine whether it
was possible to collapse the two semantic fluency trials into a single semantic fluency
condition and the two phonemic fluency trials into a single phonemic fluency condition. For
semantic fluency, a significant group by condition interaction, F(1,71) = 14.53, p < .001, "p?
=.17, indicated that group had a differential effect on number of words generated in the
animal and food/drink trials. Therefore, in further analyses these trials were examined
separately. For phonemic fluency, there was no significant interaction between group and
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condition, F(1,71) = 0.30, p = .58, ns. Therefore, S and F trials were averaged to form new
phonemic fluency condition variables for further analyses.

Results of t tests indicated that the PKU and control groups generated a comparable number
of words in the animal fluency trial, t(71) = —0.86, p = .40, ns. In contrast, the PKU group
generated fewer words than the control group in the food/drink trial, t(71) =2.17, p = .03, d
= 0.52, and phonemic fluency condition, t(71) = 2.77, p < .01, d = 0.66.

Strategic Processing

To further explore findings of poorer word generation by the PKU group in the food/drink
trial and phonemic fluency condition, clustering and switching variables were examined
using t tests. For food/drink, number of semantic switches was significantly less for the PKU
than control group, t(71) =2.76, p < .01, d = 0.66. There were, however, no significant
between-group differences in number of semantic clusters, t(71) = 1.45, p = .15, ns, or
number of words in semantic clusters, t(71) = 1.70, p = .09, ns. Similarly, for phonemic
fluency, number of phonemic switches was significantly less for the PKU than control
group, t(71) = 3.03, p < .01, d = 0.72, but there were no significant between-group
differences in number of phonemic clusters, t(71) = 0.90, p = .37, ns, or number of words in
phonemic clusters, t(71) = 1.08, p = .29, ns. Although there was no significant difference
between the PKU and control groups in number of words generated in the animal trial,
strategic processing variables were examined in this trial for the sake of thoroughness; as
shown in Table 1, no significant between-group differences were observed for any variables
(p > .05 in all instances), verifying the comparability of animal fluency performance in the
PKU and control groups.

We next conducted hierarchical regression analyses to determine whether group accounted
for a significant proportion of the variance in number of words generated after accounting
for the variance attributable to number of switches in the food/drink trial and phonemic
fluency condition. In these analyses, number of words generated served as the dependent
variable. For independent variables, number of switches was entered in a first step, followed
by group in a second step. We found that, for the food/drink trial, number of semantic
switches explained a significant portion of the variance in number of words generated, R2

= 45, F(1,71) = 57.72, p < .001. Similarly, for the phonemic fluency condition, number of
phonemic switches explained a significant portion of the variance in number of words
generated, R? = .84, F(1,71) = 366.40, p < .001. In neither instance did group account for
additional variance in number of words generated beyond that attributable to number of
switches. Overall, these results suggest that poorer word generation for the PKU than control
group was driven by poorer switching in both the food/drink trial and the phonemic fluency
condition.

It seemed likely that our pattern of findings reflected the generation of more single, non-
clustered words by the control than PKU group, which resulted in between-group
differences in number of words generated and a larger number of switches but no
differences in number of words in clusters or number of clusters. T tests revealed that, for
phonemic fluency, the PKU group (M = 4.11, SD = 2.14) produced significantly fewer
single, non-clustered words, t(71) = 2.87, p < .01, d = 0.68, than the control group (M =
5.68, SD = 2.46). For food/drink, there was no between-group difference in number of
single, non-clustered words, t(71) = 1.27, p = .21, ns; examination of absolute values,
however, suggested a trend in which the control group (M = 6.41, SD = 3.03) produced more
single, non-clustered words than the PKU group (M = 5.60, SD = 2.31).
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Using hierarchical regression, we next examined whether there was a differential effect of
age on food/drink and phonemic fluency performance for the PKU and control groups. In
separate analyses, the dependent variables were number of words generated, number of
clusters, number of words in clusters, and number of switches for the food/drink trial and
phonemic condition. For independent variables, in each analysis age was entered in the first
step, group (PKU, control) in the second step, and the interaction between age and group in
the final step. (In earlier modeling the effects of age? and the interactions between age? and
group were entered; because there were no significant age? findings, these variables were
eliminated from the final models.)

Not surprisingly, results showed that age accounted for a significant proportion of the
variance in all variables for both the food/drink trial and phonemic fluency condition.
Specifically, number of words generated, number of clusters, number of words in clusters,
and number of switches increased with age (R ranged from .10 to .40, p < .01 in all
instances). In addition, consistent with the findings reported earlier, group accounted for a
significant proportion of the variance in number of switches for both the food/drink trial,
AR? = 06, AF(1,70) = 6.51, p = .01, and the phonemic fluency condition, ARZ = .07,
AF(1,70) = 8.57, p < .01, with a greater number of switches for the control than PKU group.
The interaction between age and group was not significant for the number of switches in the
phonemic fluency condition. The interaction between age and group, however, accounted
for a significant proportion of the variance in number of switches for food/drink, ARZ = .06,
AF(1,69) = 7.42, p < .01. This interaction reflected a greater increase in number of switches
for the control than PKU group as a function of increasing age.

Clinical Relevance

In addition to statistical analyses, the clinical relevance of our findings was assessed. For the
four key variables on which significant between-group differences were found, z-scores
were calculated for each participant based on control group means and standard deviations.
Mean z scores for the PKU group were —.47 for number of words reported in the food/drink
trial, —.58 for number of semantic switches in the food/drink trial, —.65 for number of words
reported in the phonemic fluency condition, and —.71 for number of phonemic switches in
the phonemic fluency condition. Thus, on average, performance of the PKU group was 0.6
standard deviations below that of the control group. Due to the interaction between age and
group in the earlier regression analysis examining number of switches for food/drink, we
plotted z scores for this variable as a function of age. As illustrated in Figure 1, the oldest
participants with PKU scored approximately 1.5 standard deviations below the oldest
controls.

Phenylalanine Levels and Cognitive Performance

Correlations between blood phenylalanine levels and verbal fluency performance were
examined for children with PKU. Phenylalanine level closest to the time of testing (typically
same day), average phenylalanine level over the three months prior to testing, and highest
phenylalanine level on record during the lifetime were examined. Verbal fluency variables
included number of words generated, number of switches, number of clusters, and number
of words in clusters for the animal, food/drink, and phonemic fluency tasks. No significant
correlations were found between any of the phenylalanine and verbal fluency variables.

Discussion

In the current study, we administered semantic (animal, food/drink) and phonemic (S, F)
fluency tasks to test the hypotheses that children with early-treated PKU have specific
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impairments in phonemic fluency and switching. Our results provided strong support for
both hypotheses. At the broadest level of analysis, children with PKU generated fewer
words than typically-developing control children in both the food/drink trial and phonemic
fluency condition, although in the animal trial the number of words generated was
comparable for the two groups. The finding of impaired phonemic fluency was predicted on
the basis of previous research indicating that this type of fluency is largely mediated by
frontal brain regions (for overview, see Alvarez & Emory, 2006) which are thought to be
compromised in children with PKU. The differential findings for animal and food/drink
fluency are more intriguing, because semantic fluency is thought to be mediated largely by
temporal brain regions (Henry & Crawford, 2004; Martin, et al., 1994; Monsch, et al., 1994;
Moscovitch, 1994; Mummery, et al., 1996; Rosser & Hodges, 1994). Further research will
be necessary to reach definitive conclusions, but it is possible that the differential findings
across the two semantic fluency trials are related to the fact that only one category was
presented in animal fluency, whereas two subcategories were presented in food/drink
fluency (foods and drinks). This hypothesis is consistent with the following discussion of
our switching findings, as it is possible that control children switched more efficiently
between food and drink subcategories (thereby generating more words) than children with
PKU.

Because fewer words were generated by the PKU than control group in the food/drink trial
and phonemic condition, we next examined specific strategic processing variables for food/
drink and phonemic fluency. For number of clusters and number of words in clusters,
performance was comparable for the PKU and control groups. In contrast, children with
PKU made fewer switches between subcategories than controls in both the food/drink trial
and phonemic fluency condition. Findings from hierarchical regression analyses further
suggested that between-group differences in number of words generated for food/drink and
phonemic fluency were driven by between-group differences in number of switches.
Although neuroimaging was not conducted in our study, these findings are consistent with
the notion that switching is subserved by frontal brain regions (Hirshorn & Thompson-
Schill, 2006; Troyer, et al., 1997; Troyer, Moscovitch, Winocur, Alexander, et al., 1998)
which are compromised in children with PKU. These results are also consistent with those
of a meta-analysis indicating that shifting is impaired in individuals with PKU across a
range of cognitive tasks (DeRoche & Welsh, 2008).

Further analyses also demonstrated that control children generated more single, non-
clustered words than children with PKU. This is consistent with a suggestion by Kave et al.
(2008) that the adults in their study may have generated more single words that were not in
clusters than adolescents, resulting in more overall words produced but no differences in
clustering variables. The authors proposed that switching is therefore a better measure of
efficient, strategic processing than clustering (also see Koren, et al., 2005).

Given previous findings of differential effects of age on executive performance in children
with PKU versus controls (White, et al., 2001; White, Nortz, Mandernach, Huntington, &
Steiner, 2002), we next examined each strategic processing variable as a function of age for
the food/drink trial and phonemic fluency condition. For the clustering variables, the
relationship between age and performance was comparable for the two groups. Similarly,
although children with PKU made fewer switches than controls in the phonemic fluency
condition, there was no differential effect of age. Of greater interest, in the food/drink trial,
the control group produced more switches between subcategories as age increased than did
the children with PKU. Although longitudinal research is needed for verification, it is
possible that impaired switching during food/drink fluency emerges as children with PKU
age. The differential effect of age on food/drink but not phonemic fluency also requires
further study, but it is possible that the inherent switching component of the food/drink trial
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makes it particularly susceptible to disruptions in frontal brain development which are
reflected in age effects on performance.

Taken together, our results indicate that children with early-treated PKU exhibit impaired
switching during verbal fluency performance, which is thought to be a frontally-mediated
aspect of strategic processing. Our findings suggest that strategic processing should be
evaluated carefully as children with PKU age. There are, however, limitations to our study.
For example, converging evidence from multiple strategic processing tasks using verbal and
nonverbal materials would foster greater confidence in the generalizability of our findings.
In addition, our speculation regarding the neural underpinnings of impaired strategic
processing in children with PKU requires verification through neuroimaging research.
Future research should also be conducted to examine real-world implications such as the
developmental relationship between strategic processing and academic achievement in
children with PKU.
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Figure 1.
Number of switches as a function of age for control and PKU groups in the food/drink task.
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Means and standard deviations for control and PKU groups across animal, food/drink, and phonemic fluency

conditions.
Control PKU

Condition M sD M SD
Animal
Total Words 159 6.0 171 55
Clusters 43 18 43 18
Words in Clusters 116 55 129 58
Switches 74 25 73 28
Food/Drink
Total Words* 198 69 166 56
Clusters 46 19 39 19
Words in Clusters 134 6.1 11.0 59
Switches** 104 33 84 25
Phonemic
Total Words** 103 35 80 34
Clusters 22 14 19 12
Words in Clusters 46 27 39 25
Switches** 70 26 52 25

Note: *and ** indicate significant between-group differences at p < .05 and p < .01, respectively.
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