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Abstract

The prefrontal cortex of the brain has been shown to play a crucial role in working memory, and age-related
changes in prefrontal function may contribute to the improvements in working memory that are observed during
childhood. We examined the developmental trajectory of working memory in school-age children with early-treated
phenylketonuria (PKU), a metabolic disorder that results in prefrontal dysfunction. Using a recognition procedure,
we evaluated working memory for letters, abstract objects, and spatial locations in 20 children with PKU and 20
typically developing control children. Children in both groups ranged from 6 to 17 years of age. Our findings
revealed poorer performance across all three types of materials for children with PKU. In addition, there was a
significant difference in the developmental trajectory of working memory for children with PKU as compared with
controls. Specifically, deficits were not apparent in younger children with PKU. Instead, deficits were observed only
in older children, suggesting the presence of a developmental deficit rather than a developmental delay in the
working memory of children with PKU.JINS 2002,8, 1-11.)
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INTRODUCTION that the declines in working memory observed in older
dults are related to functional changes in prefrontal cortex
Jonides et al., 2000; Reuter-Lorenz et al., 2000; Rypma &

D’Esposito, 2000). In terms of patient studies, individuals

Working memory encompasses a cognitive system throug
which information may be maintained and manipulated for

brief periods of time during the performance of cognitive with : ; .
: . prefrontal dysfunction related to dopamine disregula-
tasks (Baddeley 1986, 1992). It is well established that th‘?ion, such as adults with Parkinson’s disease (Gabrieli et al.,

prefrontal cortex plays a prominent role in the mediation 0f1996) or schizophrenia (Cohen et al., 1999; Park & Holz-

this ability. Functional neuroimaging studies of healthy adu“%an 1992), have been shown to exhibit deficits in working
have shown that the prefrontal cortex is activated durin em’ory ’

the performance (_Jf vyorkmg memory. tasks involving verbali The majority of research has focused on the relationship
(Awh etal., 1996; Fiez et al., 1996; Paulgsu etal., 1993 etween prefrontal function and working memory in adults.
Petpdes etal., 1993) an.d non.ver'bal (Jomdes'et al., 1.99 tis equally interesting to consider this issue at the earlier
Smith et al., 1995) materials. Findings from typically aging end of the developmental spectrum. Working memory im-

adults and patients with brain damage further support th?)roves substantially during childhood (Case et al., 1982;
notion that prefrontal integrity affects working memory per- Fry & Hale, 1996; Hitch et al., 1989; Hulme & Tor’doff ’

formance. For example, neuroimaging studies have shongsg; White et al., 1994, 1995) and may be facilitated by

concomitant improvements in basic cognitive abilities such

. - . as processing speed (Case et al., 1982; Fry & Hale, 1996)
Reprint requests to: Desirée A. White, Ph.D., Department of Psychol-

ogy, Campus Box 1125, Washington University, St. Louis, MO 63130.‘5‘nd Prefronta”y mediated inhibitory CpntrOI (Bjorklund &
E-mail: dawhite@artsci.wustl.edu Harnishfeger, 1990). Recent work using functional neuro-
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imaging has shown that, as in adults, the prefrontal cortexlanine intake, most children with PKU perform within ex-
of children is activated during the performance of workingpected limits in terms of general intellectual abilities
memory tasks (Casey et al., 1995; Thomas et al., 1999). lfWaisbren et al., 1987). Their scores, however, tend to be
has also been shown that cerebral infarcts occurring in theomewhat lower than their siblings and parents without PKU
frontal cortex during childhood disrupt the development of(Dobson et al., 1977; Koch et al., 1984; Ris et al., 1994).
working memory (White et al., 2000). Because it is not possible to completely eliminate phenyl-
The prefrontal cortex undergoes considerable change dualanine from the diet, mild elevations in phenylalanine are
ing the course of early development and does not reactypical in children with early-treated PKU (for a compre-
maturity until late adolescence. Prefrontal alterations in synhensive overview see Scriver et al., 1995) and have been
aptic density, dendritic density, and myelination have allassociated with deficits in a range of neuropsychological
been associated with developmental changes in cognitioareas. For example, impairments have been identified in
(for an overview, see Huttenlocher & Dabholkar, 1997). Itattention (Craft et al., 1992; Lou et al., 1985; Ris et al.,
is also thought that the interconnections between prefrontal994), visuospatial ability (Brunner et al., 1987; Fishler
cortex and posterior brain regions undergo considerablet al., 1987; Koff et al., 1977; Pennington et al., 1985; Ris
refinement during childhood, such that higher order execuet al., 1994), executive ability (Brunner et al., 1983; Dia-
tive processes play an ever-increasing role in the enhanceaond, 1994; Diamond et al., 1997; Faust et al., 1986; Pen-
ment of basic abilities. Thatcher and colleagues (Thatchenington et al., 1985; Weglage et al., 1996; Welsh et al.,
1991; Thatcher et al., 1987) used electroencephalographt990; White et al., 2001), strategic contributions to long-
techniques to show that critical periods of cognitive devel-term memory (White et al., 2001), response speed (Krause
opment are accompanied by the elaboration of white matteet al., 1985; Pietz et al., 1993; White et al., 2001), inter-
connections between frontal and posterior brain regions. hemispheric interactions (Banich et al., 2000; Gourovitch
Luciani and Nelson (1998) spoke to the possible linketal., 1994), and academic ability (Berry etal., 1979; Brun-
between developmental changes in working memory ander et al., 1983).
elaborated interconnectivity in a study of typically devel- Given that untreated PKU results in mental retardation
oping children from 4 to 8 years of age. These researcher&Sandler, 1982), it is clear that elevations in phenylalanine
found that younger and older children performed similarlyare detrimental to cognitive development. There is, how-
on tasks with minimal working memory demands. Betterever, inconsistency in the literature regarding the relation-
performance by older children, however, was observed aship between phenylalanine levels and cognitive performance
the working memory demands required in performing cog-n children with early-treated PKU. Several studies have
nitive tasks increased. The authors postulated an associdemonstrated a negative relationship between phenylala-
tion between this age-related difference and the increaseuaine level obtained close to the time of cognitive evaluation
functional efficiency of the prefrontal cortex and its inter- (i.e., concurrent phenylalanine level) and performance on a
connections with distal brain regions that subserve basivariety of cognitive tasks (Brunner et al., 1983; Diamond
perceptual abilities. etal., 1997; Weglage et al., 1996; Welsh et al., 1990). Maz-
In the current study we examined the hypothesis tharocco et al. (1994), however, failed to identify a significant
prefrontal dysfunction in school-age children with early- relationship between concurrent phenylalanine level and cog-
treated phenylketonuria (PKU) would be associated withitive performance. Results are also inconsistent in terms
disruptions in the development of working memory. This of life-time phenylalanine level. Welsh et al. (1990) identi-
group is of interest from several perspectives. First, chilfied a significant negative relationship with cognitive per-
dren with PKU experience a depletion of dopamine due tdormance, whereas Weglage et al. (1996) did not. Finally,
an abnormality in the metabolism of phenylalanine into tyro-infant phenylalanine level does not appear to be predictive
sine, which is an essential precursor of dopamine (Curtiusf later cognitive performance (Brunner et al., 1983; Welsh
et al.,, 1981; Diamond et al., 1994; Krause et al., 1985gt al., 1990).
Paans et al., 1996). Second, most studies examining the In the current investigation we extended our knowledge
association between dopamine disregulation and workingf the neuropsychological abilities of school-age children
memory have been conducted with adults (e.g., Parkinsonwith early-treated PKU by examining working memory per-
disease and schizophrenia); here we examined the effectsrmance. Because the prefrontal cortex and its intercon-
of dopamine disregulation in school-age children. Third,nections with other brain regions continue to develop during
this population is of interest because, in addition to thechildhood (Huttenlocher & Dabholkar, 1997; Thatcher, 1991,
abnormalities in dopamine synthesis, white matter abnorThatcher et al., 1987), we hypothesized that working mem-
malities have been identified (Bick et al., 1991; Dyer et al.,ory performance would be poorer for children with PKU
1996; Hasselbalch et al., 1996; Lou et al., 1992; Thompsorompared with uncompromised control children. We also
et al., 1993). examined the developmental trajectory of working memory
Prior to the implementation of newborn screening forand the possibility that children with PKU demonstrate a
PKU in the 1960s, the brain abnormalities associated witldevelopmental deficit rather than a developmental delay in
PKU typically resulted in mental retardation (Sandler, 1982) working memory. In other words, we evaluated whether or
With early identification and dietary restriction of phenyl- not deficits in working memory would be more apparent in
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younger or older children with early-treated PKU. Finally, nents of this battery are reported elsewhere (White et al.,
we examined the relationship between phenylalanine level2001).
and cognitive performance.

Stimuli
METHODS Three types of stimuli (letters, objects, and spatial loca-
o tions) representing 3 experimental conditions were used in
Research Participants constructing the working memory tasks. For each stimulus

Atotal of 20 (11 female, 9 male) children with early-treated tYP€: POOIS containing 16 items were assembled. The letter
PKU were recruited through the Division of Medical P0O! contained the following upper case consonaisC,
GeneticgDepartment of Pediatrics at St. Louis Children's » F: G, H, 3, L, N, P, Q, R, S, V, X, Eilled line drawings

Hospital in Missouri and through the Metabolic Clinic at representing abstract objects comprised the object pool (see

the Child Development and Rehabilitation Center at Doern£\PPendix A for examples; adapted from Vanderplas &

becher Children’s Hospital in Portland, Oregon. For all chil- Garvin, 1959). The spatial pool consisted of the 16 loca-
dren with PKU, diagnosis was made and treatment wa80ns represented within ax 4 grid (see Appendix B for

implemented before 6 weeks of age. At the time of partici-€X@mples).
pation, all children were on a dietary control program to S
limit phenylalanine intake. Phenylalanine levels concurrenferceptual discrimination

with participation in our study ranged from 2 t0 16 Aty 14 ensyre that children could discriminate between the stim-
(M = 8.3 my/dl, SD = 4.0 mg/dl), which is elevated in ;i of the types to be presented in our working memory
comparison with the levels typically observed in individu- {55y we administered recognition trials using a subset of

als without PKU (i.e., 2 mgdl; Scriver et al., 1995). The — g4imyj from each of the pools. The order in which the con-
highest phenylalanine levels on record at the medical clingiions (letter, object, and spatial) were administered was
ics from which children were recruited ranged from 7 10 angomly determined, and each condition was presented as
54 mg/dl (M = 23.4 mg/dl, SD = 12.8 mg/dl). _ a block of five trials. During each trial, a single stimulus
The working memory performance of children with PKU 55504red on a computer monitor for 1250 ms. Following an
was compared with that of 20 (10 female, 10 male) typi-interstimulus interval of 500 ms, a second stimulus re-
cally developing control children who were recruited from |64 the first. Children were asked to indicate whether
the St. Louis and Portland cqmm.unltles. No_ch|ld_ren in thethe second stimulus was identical to the first by saying
control or PKU groups had histories of learning disorder Olusgsame” or “different.” The examiner recorded the accuracy

major medical disorder other than PKU. Children in both ;¢ <hildren’s responses by depressing the right or left com-
groups ranged from 6 to 17 years of age. Me8D)years  ,;1ar mouse button for correct or incorrect responses,
of age for control and PKU groups were 10.5 (3.6) and 11. espectively.

(3.5), respectively. Education ranged from 0.6 to 11.3 years
for the control group and from 0.9 to 11.9 years for the
PKU group. Mean §D) years of education for the control
and PKU groups were 4.9 (3.4) and 6.0 (3.6), respectivelyTo assess working memory, series of two to nine stimuli
There were no significant group differences in thesewere presented on a computer monitor. For each child, the
variables. order in which the three stimulus type conditions were ad-
Basic verbal and nonverbal abilities were evaluated usingninistered was identical to that used in the perceptual dis-
the Picture Vocabulary and Spatial Relations subtests of therimination trials. Series comprising each condition were
Woodcock-Johnson Psycho-Educational Battery—Reviseddministered as a block. Stimuli within a series were pre-
(Woodcock & Johnson, 1989). Verbal standard scores rangesented one at a time, with each stimulus remaining on the
from 85 to 128 for the control group and from 83 to 125 for monitor for 1250 ms. The interstimulus interval was 500 ms.
the PKU group. Mean§D) verbal standard scores for the Following presentation of the last stimulus of a series, an
control and PKU groups were 108 (13) and 104 (15), re-array appeared that included all of the stimuli presented in
spectively. Nonverbal standard scores ranged from 90 tthat series. Children were asked to point to the stimuli in
135 for the control group and from 91 to 131 for the PKU the order in which these were presented in the memory
group. Mean ED) nonverbal standard scores for the controlseries. The examiner depressed the right or left computer
and PKU groups were 111 (14) and 109 (13), respectivelymouse button to record correct or incorrect responses,
There were no significant group differences in theserespectively.
variables. A staircase method (Watkins, 1977) was used in present-
ing the series of each condition. Administration always be-
gan with a series of two stimuli. If children correctly
identified the order in which the stimuli were presented, the
Working memory tasks were administered as part of a largenext series contained one additional stimulus. If children
neuropsychological test battery. Results from other compodid not correctly identify the order of presentation, the next

Working memory

Procedure
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series contained one less stimulus. An exception occurred With regard to the working memory trials, we report re-
when children responded incorrectly to series containingults obtained from the analysis of mean scores recorded
only two stimuli; in this instance, another series of two for the last seven series presented. Means and standard de-
stimuli was presented. viations of raw group scores in the letter, object, and spatial
As the starting point of each condition, children were conditions are reported in Table 1. An identical pattern of
administered a pair of practice trials to ensure that theyesults was obtained using maximum scores; the details of
understood the task demands and to ensure that all childrehese analyses are not reported for the sake of brevity.
could correctly identify series of at least two stimuli. The  Mixed model analysis of covariance (ANCOVA) was used
first practice trial included a series of two stimuli. If chil- to examine group differences in memory scores and to ex-
dren responded correctly, the second practice trial includedmine the effects of stimulus type on memory scores. Group
three stimuli, and no further practice trials were adminis-(control, PKU) served as the between-subjects variable and
tered. If children responded incorrectly to the first two- stimulus type (letter, object, spatial) served as the within-
stimulus practice trial, the second practice trial again includesgubjects variable. Although age was not significantly dif-
two stimuli; these children were also administered a seconéerent between our study groups, children in the PKU group
pair of practice trials. tended to be older than children were in the control group.
Immediately following the practice trials, the working Because small differences in age can contribute to varia-
memory trials were administered using the staircase methodions in performance during early development, age was
This procedure continued for a total of 15 trials in eachincluded as a covariate.
condition. Working memory scores were recorded as the Results of ANCOVArevealed a significant main effect of
mean number of stimuli comprising the last seven seriegroup[F(1,37 = 7.62,p < .01], reflecting the fact that
administered in each condition. Scores were calculated imemory scores were greater for the control group than for
this manner because we wished to reflect performance othe PKU group. There was no significant effect of stimulus
trials during which children should have neared their maxtype, indicating that memory scores were approximately
imal performance; in the first eight trials, children may equivalent across the letter, object, and spatial conditions.
have been approaching, but not yet have reached, their maXhere was also no significant interaction between group
imal performance. We also recorded maximum memoryand stimulus type. Thus, stimulus type had comparable ef-
scores that reflected the number of stimuli in the longesfects on memory scores for the control and PKU groups.

series correctly recalled for each child. Additional comparisons verified that the scores of the con-
trol group were significantly greater than those of the PKU
group across all conditions [lettd¥(2,37) = 5.40,p < .05;

RESULTS object:F(2,37) = 6.01,p < .05; spatial:F(2,37) = 4.73,

p < .05].

As the next step in our analysis of these data, linear re-
The percentage of correct responses was calculated in eaglression was performed to determine if the developmental
condition. For the control group, mean percent correct irtrajectory of working memory was comparable for the con-
the letter, object, and spatial conditions was 96%, 93%, anttol and PKU groups. Because of the absence of a signifi-
99%, respectively. For the PKU group, mean percent coreant effect of condition or a group by condition interaction,
rect in the letter, object, and spatial conditions was 99%ywe used a summary memory score that represented the mean
98%, and 98%, respectively. There were no significant grougcross letter, object, and spatial conditions (see Table 1). As
differences in perceptual accuracy across any of the thregepicted in Figure 1, summary memory scores were plotted
conditions. Thus, children were able to discriminate be-as a function of age for each group. A test for separate
tween the stimuli with a high degree of accuracy, and theegressions revealed that the intercepts of the functions for
performance of the two study groups was comparable. the control (1.31) and PKU (2.80) groups were not signifi-
cantly different. The slopes of the functions for the control
(.29) and PKU (.08) groups, however, were significantly

Perceptual Discrimination

Working Memory

During practice for the working memory tasks, most chil-
dren correctly completed the series that included two stimTable 1. Means and standard deviations of raw scores
uli on the first attempt. There were, however, 6 children infor study groups
the control group and 3 children in the PKU group who
were administered a second pair of practice trials due to an
incorrect response on the first practice trial. All of thesevariable M SD M SD
children responded correctly to the two-stimulus series ir\/

erbal score

Control PKU

the second pair of practice trials. Thus, all of the childrenObject score 25 12 g'i é%
who participated in our study were able to perform theSpatial score 38 14 33 07
tasks and were able to correctly identify at least two stimulisymmary score 4.3 13 38 11

across all conditions.
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Fig. 1. Summary memory scores plotted as a
function of age for each group.
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different[t(15) = —3.05,p < .005], reflecting poorer mem- To provide a context for interpreting the clinical signifi-
ory scores with increasing age for the PKU group. cance of our findingsz scores were calculated for children

Because our regression analysis indicated that age hadim the younger and older PKU subgroups (see Table 2).
different effect on working memory for the control and PKU These scores were based on the means and standard devia-
groups, we also examined our data after dividing childrertions of the appropriate control subgroups. The effect of
into younger (less than 11 years of age) and older (greateage was statistically controlled when performing these cal-
than or equal to 11 years of age) subgroups. The resultingulations. At test was used to compare the sumnmesgores
younger subgroups included 10 controls (years of 8ye:  of the younger PKU subgroup with those of the older PKU
7.4,SD= 1.2) and 9 children with PKU (years of agd:= subgroup. This analysis revealed significantly lower scores
8.1,SD= 1.4). The resulting older subgroups included 10for children in the older PKU subgroyp(18) = 3.01,p <
controls (years of agél = 13.5,SD= 2.2) and 11 children .01]. Lowerz scores for the older PKU subgroup were ver-
with PKU (years of ageM = 14.1,SD = 2.1). Means and ified across the lettdit(18) = 2.55,p < .05], objec{t(18) =
standard deviations of raw summary scores are reported i8.31,p < .005], and spatidlt(18) = 2.16,p < .05] condi-
Table 2. For the sake of completeness, means and standaidns. Taken together, these findings suggest that impair-
deviations of raw scores for the letter, object, and spatiaments in working memory are present in older but not
conditions are also reported. Using ANCOVA (age was agairyounger children with PKU.
used as a covariate), no significant differences were ob- In examining Figure 1, there is 1 older control and there
served between the summary scores of the younger contrake 2 older children with PKU for whom, considering their
and younger PKU subgroups. The summary score of thage, summary working memory scores might be considered
older control subgroup, however, was significantly greateroutliers. Additional analyses were conducted to ensure that
than that of the older PKU subgroyp-(2,18 = 7.67, our results were not overly influenced by the performance
p < .05]. of these 3 children. Using ANCOVA (age was used as a

Table 2. Means, standard deviations, andcores for younger and older study subgroups

Younger Older
Control PKU Control PKU
Variable M SD M SD Zscores M SD M SD Zscores
Verbal score 4.1 1.0 4.0 0.9 -0.4 6.4 1.2 5.1 1.1 -1.0
Object score 3.1 0.6 3.2 0.5 0.1 4.7 1.2 3.5 0.9 -1.1
Spatial score 29 0.7 2.9 0.5 -0.4 4.6 1.4 3.6 0.7 -0.7
Summary score 3.4 0.5 34 0.5 —-0.4 5.2 1.1 4.1 0.7 -1.0
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covariate), we compared scores of the control and PKUb.70,p < .05] z scores. Significant differences were also
groups following the exclusion of data for these 3 children.observed for the summafy (1,17 = 9.47,p < .01], letter
This analysis verified our previous results, revealing a sig{ F(1,17 = 7.42,p < .05], object{F (1,17 = 10.39,p <
nificant between-group differendd=(1,34) = 5.07,p < .005], and spatidlF (1,17 = 4.61,p < .05] z scores after
.05], with children with PKU performing more poorly than controlling for the highest phenylalanine level on record.
controls. We also compared the scores of the older controrhus, phenylalanine levels did not account for the between-
and PKU subgroups and found a trend that fell somewhasubgroup differences in working memory performance.
short of reaching significandé=(1,15 = 4.17,p < .06].
Our finding of a trend was most likely related to the reduc-
tion in power resulting from the loss of data for 3 out of 21 DISCUSSION
children when we conducted this restricted analysis. Aftelin the current investigation we examined working memory
excluding the three data points that might be consideredh children with early-treated PKU. Because PKU results in
outliers, examination of summary working memory scoresan early depletion of dopamine that in turn affects the func-
provides compelling evidence that the older PKU subgrougion of the prefrontal cortex (Curtius et al., 1981; Diamond
performed more poorly than the older control group (olderet al., 1994; Krause et al., 1985; Paans et al., 1996), it was
controls:M = 5.05; older PKUM = 4.37). hypothesized that these children would demonstrate im-
pairments in working memory compared with typically de-
veloping control children. This hypothesis was strongly
supported. Across three types of materials (letters, objects,
and spatial locations), children with PKU obtained signifi-
In our study, it was possible that performance discrepanciesantly poorer working memory scores than did controls.
between the younger and older subgroups of children with A particularly intriguing finding from our study was that
PKU were not attributable to age but instead were attributPKU-related deficits in working memory were prominent
able to cohort effects. For example, the between-subgrouguring later childhood but not earlier childhood. There were
differences in working memory could have been related tadhree converging lines of evidence in support of this view.
poorer basic cognitive abilities or higher phenylalanine lev-First, in examining memory scores as a function of age, we
els in the older PKU subgroup. Additional analyses werefound a discrepancy in the developmental trajectories of
conducted to address these issues. working memory for children with PKU and control chil-
With regard to basic cognitive abilitiestests revealed dren. Second, after dividing children into younger and older
no significant differences between the younger and oldesubgroups, we found that the memory scores of younger
subgroups in standard scores from the Picture Vocabularghildren with PKU were comparable to those of younger
or Spatial Relations subtests of the Woodcock-Johnsowrontrol children. Older children with PKU, however, dem-
Psycho-Educational Battery—Revised (Woodcock & Johnonstrated a clear deficit in working memory. Finally, by
son, 1989). In addition, no significant differences in basictransforming memory scores into scores, we demon-
cognitive ability scores were observed when we used ANstrated that the performance of younger children with PKU
COVAs to control for concurrent phenylalanine level or was within one-half standard deviation of that of younger
highest phenylalanine level on record. More generally, nacontrol children, whereas the performance of older children
significant correlations were observed between phenylalawith PKU was 1 standard deviation below that of older
nine levels (concurrent or highest recorded) and Pictureontrol children.
Vocabulary or Spatial Relations scores. Similarly, there was Taken together, our findings suggest the presence of a
no significant correlation between phenylalanine levels andlevelopmental deficitather than alevelopmental delaiyn
summary working memory scores. working memory for children with PKU. If our findings
With regard to possible discrepancies in phenylalaninavere attributable to a developmental delay, one might have
levels, we found no significant differences between the younexpected to see a pattern of results opposite to that ob-
ger and older PKU subgroups in terms of concurrent pheserved. That is, as depicted in Figure 2 (see PKU delay), the
nylalanine level (younge = 7.0,SD = 4.2; olderM = slope describing memory scores as a function of age would
9.3,SD= 3.8) or the highest phenylalanine level on recordhave been steeper rather than shallower for children with
at our participating clinics (youngeM = 22.6,SD=12.5; PKU compared with control children. In other words, our
olderM = 24.1,SD= 13.5). To verify that discrepancies in results would have suggested that, with age, the working
working memoryz scores for the younger and older PKU memory abilities of children with PKU were catching up
subgroups were not attributable to differences in phenylalawith those of control children. Instead, working memory
nine levels, we reanalyzed our data using ANCOVA, withabilities appeared to decline with advancing age (see PKU
phenylalanine levels as covariates. After controlling for con-deficit in Figure 2). The cross-sectional design of our study,
current phenylalanine level, the between-subgroup differhowever, precludes us from definitively stating that work-
ences remained statistically significant for the summarying memory impairmentemergewith age in children with
[F(1,17 =8.39,p < .01], lette{ F(1,17 = 6.48,p < .05], PKU. We plan to longitudinally follow the children who
object[F(1,17 = 8.06,p < .05], and spatialF(1,17) = participated in our study to further explore this issue.

Phenylalanine Levels and Cognitive
Performance
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Fig. 2. Depiction of regression lines represent-
ing developmental delayersusdevelopmental
deficit.
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Within the context of our cross-sectional design, it istex and its interconnections are less pronounced earlier in
possible that the developmental deficit in working memorydevelopment. That is, younger children with PKU did not
for children with PKU was a cohort effect and was attrib- exhibit deficits in working memory because they had not
utable to variables other than or in addition to age. Fotyet reached the age at which strategic, prefrontal contribu-
example, it could be hypothesized that differences in basitions to working memory are crucial to age-typical perfor-
cognitive abilities or phenylalanine levels contributed tomance. We previously reported a similar pattern in the
the discrepancy in working memory performance betweerdevelopment of organizational strategies that facilitate long-
younger and older children with PKU. This, however, doesterm episodic memory for verbal information (White et al.,
not appear to be the case. The verbal and nonverbal abiliti€2001). Deficits in the use of organizational strategies were
of younger and older children with PKU were comparable,apparent only in older children with PKU, after the age at
as were their phenylalanine levels. In addition, althoughwhich the use of such strategies is expected to be evidentin
contradictory to findings from some previous studies (Brun-typically developing children (e.g., Bjorklund & Douglas,
ner et al., 1983; Diamond et al., 1997; Weglage et al., 19961997).

Welsh et al., 1990), phenylalanine levels were not signifi- It should be noted that previous work with infants, tod-
cantly correlated with cognitive performance in our study.dlers, and very young children (6 months to 7 years of age)
The reasons for discrepant findings across studies regaravith PKU has pointed to possible deficits in working mem-
ing phenylalanine levels remain unclear, but could be assoery (Diamond et al., 1997). These findings may appear con-
ciated with differences in the cognitive domains assessedradictory to our findings that suggested deficits in working
the specific tasks administered, the ages of participatingnemory are not apparent until later childhood. The de-
children, the range of phenylalanine levels of participatingmands of the tasks used to assess working memory by Dia-
children, and the quality of dietary control. mond et al. and by our research group, however, were quite

Itis also important to keep in mind that, as demonstratedlifferent. For example, Diamond et al. described tieirot
by the performance of our control group, there is an ageB task (administered to infants and toddlers) and their Stroop-
related progression in working memory that occurs durindike Day-nighttask (administered to children 3.5 to 7 years
the course of uncompromised development (Case et alaf age) as “tests of working memory and inhibitory control,
1982; Fry & Hale, 1996; Hitch et al., 1989; Hulme & Tord- dependent on dorsolateral prefrontal cortex” (pp. 28—29). It
off, 1989; Luciani & Nelson, 1998; White et al., 1994, 1995). is possible that inhibitory control makes a greater contribu-
This likely reflects ongoing development in the prefrontaltion to performance on these tasks than working memory
cortex (Luciani & Nelson, 1998). As discussed previously,during very early development and that the poorer perfor-
maturation of the interconnections between prefrontal cormance of infants, toddlers, and very young children with
tex and posterior brain regions also may contribute to thé>KU was attributable to deficits in inhibitory control rather
age-related progression. Thus, it is possible that workinghan working memory.
memory deficits were not apparent in the performance of Future investigation will be necessary to more thor-
younger school-age children with PKU because the contrioughly address the development of working memory in chil-
butions of executive processes subserved by prefrontal codren with PKU. A variety of methods are used to assess

https://doi.org/10.1017/5135561770102001X Published online by Cambridge University Press


https://doi.org/10.1017/S135561770102001X

8 D.A. White et al.

working memory (e.g., n-back, sentence span, or traditiongACKNOWLEDGMENTS
memory span tasks) in children and adults, some permittin h h ish to thank S. B b M.D.. A i
assessment of the ability to manipulate rather than simp@ e authors wish to thank S. Bruce Dowton, M.D., Anne Hing,

maintain information (as was the case in our study). Conx -D., Carol Mantia, R.D., Keiko Ueda, R.D., M.P.H., and Diane
Y)- Smith R.D., M.S. for their generous contributions to recruitment

V_erg'”g eVId.enF;e lljsmg such tasks V\_/O_UI.d ensu.re that OUWnhd medical characterization. We also wish to thank Ryan Calong,
findings are indicative of a general deficit in working mem- Betsy Leritz, and Micah Rose for their contributions to data col-
ory rather than task-specific. In addition, a prominent com4ection and data management.
ponent of the tasks used in our study was the requirement
that temporal order be maintained. Along with working mem-
ory, this is an ability that has been strongly linked to func—REFERE'\ICES
tion of the prefrontal cortex (Cabeza et al., 2000; Shimamurawn, E., Jonides, J., Smith, E.E., Schumacher, E.H., Koeppe, R.A.,
et al., 1990; Vriezen & Moscovitch, 1990). In future stud- & Katz, S. (1996). Dissociation of storage and rehearsal in
ies, it will be of interest to elucidate the distinct contribu-  verbal working memory: Evidence from positron emission
tions of working memory and maintenance of temporal order tomographyPsychological Scienc&, 25-31.
to performance deficits in children with PKU. Baddeley, A.D. (1986)Working memory Oxford, UK: Oxford
To better ascertain the developmental point at which def- University Press. _ _
icits in working memory become apparent in children with Baddeley, A.D. (1992). Working memor§icience255 556-559.
PKU, it will be useful to administer tasks specifically de- Banich, M.T., Passarotti, A.M., White, D.A., Nortz, M.J., & Steiner,
S|gnec_l to assess Worklng memory acro_ss a broa_d age range“l Children with early-treated phenylketonuridevelopmen-
(e.g., infancy through childhood). Studies of children and tal Neuropsychologyl8, 53—71.
adults with PKU will also permit us to determine if the Berry, H.K., O'Grady, D.J., Perimutter, L.J., & Botinger, M.K.
developmental def|C|t we |dent|f|ed doeS in faCt peI’SiSt into (1979) Intellectual deve|0pment and academic achievement
adulthood. In turn, longitudinal study will permit us to de-  of children treated early for phenylketonuriaevelopmental
termine if deficits in working memory emerge at the level  Medicine and Children Neurolog®1, 311-320.
of individual children as they age. Bick, U., Fahrendorf, G., Ludoph, A.C., Vassallo, P., Weglage, J.,
Neuroimaging studies of children and adults with PKU & Ullrich, R. (1991). Disturbed myelination in patients with
would also be of interest, as it is possible that the brain tréated hyperphenylalaninaemia: Evaluation with magnetic res-
regions activated during working memory tasks in these  °hanceimaging=uropean Journal of Pediatric50 185-189.

individuals are more consistent with those activated in typ-2iorlund. D.F. & Douglas, R.N. (1997). The development of
memory strategies. In N. Cowan (EdThe development of

ically dgveloplng, younger chlldren rather thf’m typically memory in childhoodpp. 201-246). Hove, UK: Psychology
developing adults. Neuroimaging technology mightalso pro-  p oo

vide information regarding the relative contributions of the Bjorklund, D.F. & Harnishfeger, K.K. (1990). The resources con-
prefrontal cortex versus other brain regions during the course  struct in cognitive development: Diverse sources of evidence
of uncompromised and compromised working memory de- and a theory of inefficient inhibitionDevelopmental Review
velopment. Within this neuroanatomical context, it would 10, 48-71.

be of interest to consider the white matter abnormalitieBrunner, R.L., Berch, D.B., & Berry, H. (1987). Phenylketonuria
(Bick et al., 1991; Dyer et al., 1996; Hasselbalch et al., and complex spatial visualization: An analysis of information
1996; Lou et al., 1992; Thompson et al., 1993) that are processingDevelopmental Medicine and Child Neurolog$,
associated with PKU. It is possible that the disruption of 460-468.

interconnections between prefrontal cortex and distal braiff"U""e" R.L., Jordan, M.K., & Berry, H.K. (1983). Early-treated

. . - - . . henylket ia: N hologi | of
regions contributes not only to impairments in working Eez?gtriCesc’lng;%sﬁ;;%psyc ologic consequendesrnal o

memory, but to a range of cognitive deficits associated With(:abeza, R., Anderson, N.D., Houle, S., Mangels, JA., & Nyberg,

PKL_J- ) o ] ) L. (2000). Age-related differences in neural activity during item
F|na”y, n future research it will be Of interest to examine and tempora|_0rder memory retrieval: A positron emission

the contributions of other areas of cognition to working  tomography studyJournal of Cognitive Neurosciencé?2,
memory in children with PKU. For example, it has been  197-206.

suggested that developmental changes in processing spe@dse, R., Kurland, D.M., & Goldberg, J. (1982). Operational effi-
(Case et al., 1982; Fry & Hale, 1996) or inhibitory control ~ ciency and the growth of short-term memory spaournal of
(Bjorklund & Harnishfeger, 1990) may underlie the im-  Experimental Child Psycholog$3, 386-404. ,
provements in working memory that occur in typically de- Casey, B.\_J., Cohen, J.D., Jezzard, P., Turne_r, R., Noll, D.C., Trainor,
veloping children. Perhaps very early deficits in inhibitory R.J, Giedd, J, Kaysen, D., Hertz-Pannier. L., & Rapoport, J.
control (as identified by Diamond et al., 1997) or process- (1995). Activation of prefrontal cortex in children during a

. .~~~ nonspatial working memory task with functional MReuro-
ing speed foreshadow the later emergence of deficits in image 2, 221-229.

working memory in children. By extension, it is possible conen. J.D., Barch, D.M., Carter, C., & Servan-Schreiber, D.
that delayS or deficits in these abilities underlie the devel- (1999) Context_processing deficits in schizophrenia: Converg_

opmental deficit in working memory that we have identi-  ing evidence from three theoretically motivated cognitive tasks.
fied in school-age children with early-treated PKU. Journal of Abnormal Psychologg08 120-133.

R.D. (2000). Interhemispheric interaction during childhood:

https://doi.org/10.1017/5135561770102001X Published online by Cambridge University Press


https://doi.org/10.1017/S135561770102001X

Working memory in PKU 9

Craft, S., Gourovitch, M.L., Dowton, S.B., Swanson, JM., & Bon-  tex: Evolution, neurobiology, and behavi@pp. 69-83). Bal-
forte, S. (1992). Lateralized deficits in visual attention in males  timore: Brooks.
with developmental dopamine depletidieuropsychologiz30, Jonides, J., Marshuetz, C., Smith, E.E., Reuter-Lorenz, P.A.,
341-351. Koeppe, R.A., & Hartley, A. (2000). Age differences in be-
Curtius, H.C., Wiederwieser, A., Viscontini, M., Leimbacher, W., havior and PET activation reveal differences in interference
Wegman, H., Blehova, B., Rey, F., Schaut, J., & Schmidt, H.  resolution in verbal working memorylournal of Cognitive
(1981). Serotonin and dopamine synthesis in phenylketonuria. Neurosciencel2, 188-196.
Advances in Experimental Medicine and Biolpt$3 277-291.  Jonides, J., Smith, E.E., Koeppe, R.A., Awh, E., Minoshima, S., &

Diamond, A. (1994). Phenylalanine levels of 6-10/ulignay not Mintun, M.A. (1993). Spatial working memory in humans as
be as benign as once thoughtta Paediatrica83, 89-91. revealed by PETNaturg 363, 623—625.

Diamond, A., Ciaramitaro, V., Donner, E., Djali, S., & Robinson, Koch, R., Azen, C., Friedman, E.G., & Williamson, M.L. (1984).
M.B. (1994). An animal model of early-treated PKlburnal Paired comparisons between early treated PKU children and
of Neurosciencel4, 3072—3082. their matched sibling controls on intelligence and school

Diamond, A., Prevor, M.B., Callender, G., & Druin, D.P. (1997). achievement test results at eight years of dgarnal of Inher-
Prefrontal cortex cognitive deficits in children treated early itéd Metabolic Disease?, 86-90.
and continuously for PKUMonographs of the Society for Re- Koff, E., Boyle, P., & Peuschel, S.M. (1977). Perceptual-motor
search in Child Developmer®2, 1-207. functioning in children with phenylketonuridmerican Jour-
Dobson, J., Williamson, M., Azen, C., & Koch, R. (1977). Intel- _ nal of Diseases of Childrer131, 1084-1087.

lectual assessment of 111 four-year-old children with phenylKrause, W., Halminski, M., McDonald, L., Dembure, P., Salvo,
ketonuria.Pediatrics 60, 822—827. R., Freides, S.R., & Elsas, L. (1985). Biochemical and neuro-

Dyer, C.A., Kendler, A., Philibotte, T., Garniner, P., Cruz, J., & psychological effects of elevated plasma phenylalanine in

Levy, H.L. (1996). Evidence for central nervous system glial patients with treated phenylketonuridournal of Clinical

cell plasticity in phenylketonurialournal of Neuropathology L In\;egflgg!pn;75,F4O|_—éll(8k.l 4. C. Bruhn P. & Niederwi
and Experimental Neurolog$5, 795-814. ou, H.C., Guttler, ., Lykkelund, C., Bruhn, P., iederwieser,

Faust, D., Libon, D., & Pueschel, S. (1986). Neuropsychological A. (1985). Decreased vigilance and neurotransmitter synthesis

ST . . after discontinuation of dietary treatment for phenylketonuria
functioning in treated phenylketonurimternational Journal in adolescentsEuropean Journal of Pediatric4 44 17—20
of Psychiatry in Medicingl6, 169-177. P ¢ ’ )

Fiez, JA., Faife, E.A., Balota, D.A., Schwarz, J.P., Raichle, M.E.,Lou’ H.C., Toft, P.B., Andresen, J., Mikkelsen, |., Olsen, B., Giittler,

. o F., Wieslander, S., & Henriksen, O. (1992). An occipto—
& Petersen, S.E. (1996).Ap05|tron emlss[ontomography study temporal syndrome in adolescents with optimally controlled
of the short-term maintenance of verbal informatidaurnal

. hyperphenlyalaninemialournal of Inherited and Metabolic
of Neurosciencel6, 808—822. Diseases15, 687—695.

Fishler, K., Azenh, C'(’j Hen_derslc:c_n,dF_t., Friedman,r:E_l.sa., & KOCh(’j'?'Luciani, M. & Nelson, C.A. (1998). The functional emergence of
(1987). Psychoeducational findings among children treated for prefrontally-guided working memory systems in four- to eight-

ghe%lketonuriaAmerican Journal of Mental Deficienc92, year-old childrenNeuropsychologia36, 273-293.

>—73. ) ) Mazzocco, M.M.M., Nord, A.M., Van Doorninck, W., Greene,

Fry, A.F. & Hale, S. (1996). Processing speed, working memory, ¢ | Kovar, C.G., & Pennington, B.F. (1994). Cognitive de-
and fluid intelligence: Evidence for a developmental cascade. velopment among children with early-treated phenylketonuria.

Psychological Sciencd, 237-241. Developmental Neuropsychologh0, 133-151.

Gabirieli, J.D.E., Singh, J., Stebbins, G.T., & Goetz, C.G. (1996)-Paans, A.M.J., Pruim, J., Smit, G.P.A., Visser, G., Willemsen,
Reduced working memory span in Parkinson's disease: Evi- A T.M., & Ulrich, K. (1996). Neurotransmitter positron emis-
dence for the role of a frontostriatal system in working and  sjon tomographic-studies in adults with phenylketonuria: A pilot
strategic memoryNeuropsychologyl0, 322-332. study.European Journal of Pediatric455, 78—81.

Gourovitch, M.L., Craft, S., Dowton, S.B., Ambrose, P., & Sparta, park, S. & Holzman, P.S. (1992). Schizophrenics show spatial
S. (1994). Interhemispheric transfer in children with early- working memory deficitsArchives of General Psychiatrg9,
treated phenylketonuridournal of Clinical and Experimental 975-982.

Neuropsychologyl6, 393-404. Paulesu, E., Frith, C.D., & Frackowiak, R.S.J. (1993). The neural

Hasselbalch, S., Knudsen, G.M., Toft, P.B., Hogh, P., Tedeschi, E., correlates of the verbal component of working membigture,
Holm, S., Videbaek, C., Henriksen, O, Lou, H.C., & Paulson, 362 342-345.

0.B. (1996). Cerebral glucose metabolism is decreased in whitpennington, B.F., Van Doorninck, W.J., McCabe, L.L., & McCabe,
matter changes in patients with phenylketonufiediatric Re- E.R. (1985). Neuropsychological deficits in early treated phe-
search 40, 21-24. nylketonuric children.American Journal of Mental Defi-

Hitch, G.J., Halliday, M.S., & Littler, J.E. (1989). Item identifica- ciency 89, 467-474.
tion time and rehearsal rate as predictors of memory span itPetrides, M., Alivisatos, B., Meyer, E., & Evans, A.C. (1993).
children.Quarterly Journal of Experimental PsycholqgiA, Functional activation of the human frontal cortex during the
321-337. performance of verbal working memory tasRsoceedings of

Hulme, C. & Tordoff, V. (1989). Working memory development: the National Academy of Scien@®, 878—882.

The effects of speech rate, word length, and acoustic similarityPietz, J., Schmidt, E., Matthis, P., Kobialka, B., Kutscha, A., & de
Journal of Experimental Child Psychologd7, 72—-87. Sonneville, L. (1993). EEGs in phenylketonuria. |: Follow-up

Huttenlocher, P.R. & Dabholkar, A.S. (1997). Developmental anat- to adulthood; II: Short-term diet-related changes in EEGs and
omy of prefrontal cortex. In N.A. Krasnegor, G.R. Lyon, & cognitive function.Developmental Medicine and Child Neu-
P.S. Goldman-Rakic (EdsDevelopment of the prefrontal cor- rology, 35, 54—64.

https://doi.org/10.1017/5135561770102001X Published online by Cambridge University Press


https://doi.org/10.1017/S135561770102001X

10 D.A. White et al.

Reuter-Lorenz, P.A., Jonides, J., Smith E.E., Hartley, A., Miller, Vanderplas, J.M. & Garvin, E.A. (1959). The association value of
A., Marshuetz, C., & Koeppe, R.A. (2000). Age differencesin  random shapesJournal of Experimental Psycholog$7,
the frontal lateralization of verbal and spatial working memory ~ 147-154.
revealed by PETJournal of Cognitive Neurosciencd?, Vriezen, E.R., & Moscovitch, M. (1990). Memory for temporal

174-187. order and conditional associative-learning in patients with Par-
Ris, M.D., Williams, S.E., Hunt, M.M., Berry H.K., & Leslie, N. kinson’s diseaseNeuropsychologia28, 1283-1293.

(1994). Early-treated phenylketonuria: Adult neuropsycho-Waisbren, S.E., Mahon, B.E., Schnell, R.R., & Levy, H.L. (1987).

logic outcomeJournal of Pediatrics124, 388—392. Predictors of intelligence quotient and intelligence quotient
Rypma, B. & D’Esposito, M. (2000). Isolating the neural mecha- change in persons treated for phenylketonuria early in life.

nisms of age-related changes in human working meniday. Pediatrics 79, 351-355.

ture Neuroscienge3, 509-515. Watkins, M.J. (1977). The intricacy of memory spsemory and

Sandler, M. (1982). Inborn errors and disturbances of central neuro- Cognition 5, 529-534.
transmission with special reference to phenylketonulaur- Weglage, J., Pietsch, M., Funders, B., Koch, H.G., & Ullrich, K.
nal of Inherited Metabolic Diseas®, 65—70. (1996). Deficits in selective and sustained attention processes
Scriver, C.R., Kaufman, S., Eisensmith, R.C., & Woo, S.L.C. in early treated children with phenylketonuria—result of im-
(1995). The hyperphenylalaninemias. In C.R. Scriver, A.L.  paired frontal lobe functionsRuropean Journal of Pediatri¢s
Baaeudet, W.S. Sly, & D. Valle (Eds.J;he metabolic and 155 200-204.
molecular basis of inherited diseaégh ed., pp. 1015-1075). Welsh, M.C., Pennington, B.F., Ozonoff, S., Rouse, B., & McCabe,
New York: McGraw Hill. E.R.B. (1990). Neuropsychology of early-treated phenylketon-
Shimamura, A.P., Janowsky, J.S., & Squire, L.R. (1990). Memory uria: Specific executive function deficit€hild Development
for the temporal order of events in patients with frontal lobe 61, 1697-1713.
lesions and amnesic patienieuropsychologig?8, 803—-813.  White, D.A., Craft, S., Hale, S., & Park, T.S. (1994). Working
Smith, E.E., Jonides, J., Koeppe, R.A., Awh, E., Schumacher, E.H., memory and articulation rate in children with spastic diplegic
& Minoshima, S. (1995). Spatial versus object working mem-  cerebral palsyNeuropsychologys, 180-186.
ory: PET investigationslournal of Cognitive Neurosciengcg, White, D.A., Craft, S., Hale, S., Schatz, J., & Park, T.S. (1995).

337-356. Working memory following improvements in articulation rate
Thatcher, R.W. (1991). Maturation of the human frontal lobes: in children with cerebral palsylournal of the International
Physiological evidence for staginBevelopmental Neuropsy- Neuropsychological Society, 49-55.
chology 7, 397—-4109. White, D.A., Nortz, M.A., Mandernach, T., Huntington, K., &
Thatcher, R.W., Walker, R.A., & Giudice, S. (1987). Human ce-  Steiner, R. (2001). Deficits in memory strategy use related to
rebral hemispheres develop at different rates and &geis. prefrontal dysfunction during early development: Evidence from
ence 236, 1110-1113. children with phenylketonuridNeuropsychologyl 5, 221-229.
Thomas, K.M., King, S.W., Franzen, P.L., Welsh, T.F., Berkowitz, White, D.A., Salorio, C.F., Schatz, J., & DeBaun, M. (2000). Pre-
A.L., Noll D.C., Birmaher, V., & Casey, B.J. (1999). A devel- liminary study of working memory in children with stroke re-
opmental functional MRI study of spatial working memory. lated to sickle cell diseaséournal of Clinical and Experimental
Neuroimage10, 327-338. Neuropsychology22, 257-264.

Thompson, A.J,, Tillotson, S., Smith, I., Kendall, B., Moore, S.G., Woodcock, R.W. & Johnson, M.B. (1989). Woodcock-Johnson
& Brenton, D.P. (1993). Brain MRI changes in phenylketon-  Psycho-Educational Battery—Revised. Allen, TX: DLM Teach-
uria. Brain, 116, 811-821. ing Resources.

https://doi.org/10.1017/5135561770102001X Published online by Cambridge University Press


https://doi.org/10.1017/S135561770102001X

Working memory in PKU

APPENDIX A

Fig. A1. Examples from the object stimulus pool (adapted from Vanderplas & Garvin, 1959).

APPENDIX B

Fig. B1. Examples from the spatial locations stimulus pool.
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