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Abstract

Pegvaliase is approved to reduce phenylalanine (Phe) levels for people with phenylke-

tonuria (PKU). PRISM-1 (NCT01819727) and PRISM-2 (NCT01889862) data were

analyzed to evaluate the relationship between Phe and inattention in adult partici-

pants with PKU. In the modified-intent-to-treat population (N = 156), baseline mean

(SE) plasma Phe was 1263 (29) μmol/L and the Attention Deficit Hyperactivity Disor-

der Rating Scale-IV Inattentive (IA) symptoms score was 9.8 (0.5). Mean (SE) IA

scores fell 9.0 (1.1) in Quartile 1 (Phe reduction between 1166 and 2229 μmol/L) ver-

sus 4.3 (0.7) in Quartile 4 (Phe reduction of 139 μmol/L to increase of 934 μmol/L),

p = 0.004. Least squares mean (SE) change from baseline IA score was �7.9 (0.7) for

participants with final Phe ≤ 360 μmol/L and �4.5 (0.7) for final Phe > 360 μmol/L,

p < 0.001. In the inattention subgroup, IA scores fell 13.3 (1.5) in Quartile 1 (Phe

reduction between 1288 and 2229 μmol/L) versus 6.2 (1.3) in Quartile 4 (Phe reduc-

tion of 247 to increase of 934 μmol/L), p = 0.009. Inattention symptoms improved

among those whose Phe levels decreased, particularly those with high baseline IA

scores. IA improvements were larger among participants with the greatest plasma

Phe reductions, supporting this value as a therapeutic goal.
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1 | BACKGROUND

Phenylketonuria (PKU) is the most common inborn error of amino acid

metabolism, affecting approximately 1 in 13,000 births in the

United States (Berry et al., 2013). The majority of individuals with

PKU have a deficiency of the phenylalanine hydroxylase enzyme

(PAH), which leads to elevated phenylalanine (Phe) levels in blood and

tissues (van Spronsen et al., 2021). If left untreated during the first

years of life, PKU leads to severe neurologic and cognitive impair-

ments, such as intellectual disability, seizures, and autism (Ashe

et al., 2019; Bilder et al., 2017; Mainka et al., 2021). The initiation of

newborn screening and early treatment for PKU has substantially

improved childhood and adult outcomes (Berry et al., 2013). Cur-

rently, established treatments focus on Phe reduction primarily

through restricting dietary protein intake, including a Phe-free amino

acid fortified supplement and low-protein foods (to provide enough

energy), and/or use of medication (e.g., sapropterin) to reduce blood

Phe in individuals with residual PAH activity (Berry et al., 2013; Rohr

et al., 2015; van Wegberg et al., 2017; Vockley et al., 2014). However,

these interventions rarely normalize blood Phe levels in individuals

with classic PKU, even among those who are able to maintain a Phe-

restricted diet (Brown & Lichter-Konecki, 2016) into adulthood.

As a group, adults with early-treated PKU display measurable

executive-functioning impairment and elevated rates of mood and

anxiety symptoms (Bilder et al., 2016). Adult cognitive and emotional

outcomes often correlate better with early childhood metabolic con-

trol than more recent blood Phe levels (Pietz et al., 1997; Ris

et al., 1997; Weglage et al., 2013). Such findings have been attributed

to the assumption that long-standing elevated Phe during childhood

and adolescence confers irreversible damage to the brain, resulting in

reduced cognitive and psychiatric functioning (Ris et al., 1997). Under-

standing the contribution to adult functioning of recent fluctuations in

Phe levels compared to lifetime Phe levels is confounded by the high

correlation between these two Phe values. Additionally, the high bur-

den associated with resuming a Phe-restricted diet may minimize the

benefits imparted by sustained Phe reduction on adult executive func-

tioning (Burgess et al., 2021).

Impaired attention is one of the most notable aspects of

neurocognitive sequelae reported in adults with early-treated PKU. A

meta-analysis and systematic review of neurocognitive functioning

and psychiatric symptoms associated with early-treated PKU in adult-

hood found an effect size of 0.74 for PKU on attention domains of

neurocognitive tests (Bilder et al., 2016). Pilotto et al. (2021) evalu-

ated 19 early-treated adults with PKU greater than 30 years of age

and found strong evidence of a correlation between concurrent Phe

levels and neuropsychological alterations. Changes in attention have

also been associated with blood Phe manipulation in small studies of

adults with early-treated PKU. Schmidt et al. (1994) demonstrated

improved attention in 14 adults with early-treated PKU when ret-

urned to a Phe-restricted diet for 4 weeks; of note, three additional

participants were unable to sustain a 4-week Phe restriction and a fur-

ther two were unable to complete the study. Additionally, ten Hoedt

et al. (2011) used a 4-week Phe load to demonstrate worsening

attention in high versus low blood Phe states among nine adults with

early and continuously treated PKU.

Traditionally, the neurocognitive impairment in attention experi-

enced by individuals with PKU has been measured as a component of

extensive test batteries that can be prohibitively complex for routine

use in genetic clinics and during clinical trials. Through qualitative con-

tent validation study methodology, Wyrwich et al. (2015) validated

inattentive (IA) symptoms as part of the experience of having PKU in

pediatric and adult populations using the Attention Deficit Hyperac-

tivity Disorder (ADHD) Rating Scale-IV (ADHD RS-IV, parent-report)

and Adult ADHD Self-Report Scale (ASRS). ADHD is a common neu-

rodevelopmental disorder most recently described in the Diagnostic

and Statistical Manual of Mental Disorders, Fifth Edition (DSM-5)

(American Psychiatric Association, 2013) and symptoms of ADHD fall

within the two domains inattention and hyperactivity/impulsivity. In

contrast to individuals diagnosed with ADHD, in adults with PKU,

problems with inattention may not have been present or identified in

childhood. While neurocognitive impairments experienced by individ-

uals with PKU extend far beyond ADHD IA symptoms in breadth and

complexity, designing clinical pharmaceutical trials to achieve

U.S. Food and Drug Administration (FDA) approval necessitates the

use of measurement instruments that have established FDA prece-

dents for measuring symptom domains that define clinically significant

impairment and treatment response. IA symptoms have been found to

improve among participants with PKU whose blood Phe level

decreased by at least 20% in response to sapropterin (N = 38) when

compared with placebo (Burton et al., 2015).

Pegvaliase, a pegylated derivative of phenylalanine ammonia

lyase, has been evaluated in clinical trials as a treatment for PKU

(Thomas et al., 2018) and is approved to reduce blood Phe levels in

adults with PKU in the United States and in participants ≥16 years of

age with PKU in Europe. The current secondary analysis uses

pegvaliase phase 3 clinical trial data (baseline and open-label exten-

sion study) to examine the relationship between sustained plasma Phe

reduction and symptoms of inattention, as assessed with the ADHD

RS-IV IA subscale items.

2 | METHODS

2.1 | Study design

Details of the PRISM-1 (NCT01819727) and PRISM-2 (NCT01889862)

(registered March, 28, 2013, https://clinicaltrials.gov/ct2/show/

NCT01819727 and https://clinicaltrials.gov/ct2/show/NCT01889862)

studies have been described previously (Burton et al., 2015). See

Figure S1 for a flowchart describing the study design. Briefly, both

PRISM-1 and PRISM-2 were multicenter phase 3 studies to evaluate the

safety and efficacy of pegvaliase among adults aged ≥18 years with PKU

in the United States. In PRISM-1, the initial study with up to 36 weeks

of treatment, participants were randomized in a 1:1 ratio to receive a

maintenance dose of pegvaliase at either 20 mg/day or 40 mg/day. Eligi-

ble participants then continued into the four-part extension study,
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PRISM-2, which, combined with PRISM-1, resulted in up to 66 months

of treatment. In Part 1 of the PRISM-2 study, participants maintained

their prior dose of pegvaliase while plasma Phe levels were assessed dur-

ing a maximum of 13 weeks. In Part 2, participants achieving ≥20%

decrease in plasma Phe during Part 1 were randomized 2:1 either to

continue their maintenance dose of pegvaliase (20 mg/day or 40 mg/

day) or to initiate placebo for 8 weeks. (Participants who did not meet

criteria to enter Part 2 moved directly to Part 4.) In Part 3, participants

continued or, for placebo participants, reinstated their maintenance dose

for 5 weeks while completing pharmacokinetic and pharmacodynamic

assessments. Finally, Part 4 was an open-label extension study lasting up

to 212 weeks, during which doses could be titrated from 5 to 60 mg/

day, per investigator discretion. Only participants completing at least

6 months of PRISM-2 Part 4 and had assessments of both plasma Phe

and inattention during PRISM-2 Part 4 were included in the current anal-

ysis; thus, participants in the current study who fulfilled these criteria are

referred to as the modified intention-to-treat (mITT) cohort. These inclu-

sion criteria were implemented to capture the association between inat-

tention symptoms and sustained Phe levels while minimizing the

confounding effects of pegvaliase dose adjustments. Follow-up plasma

Phe and IA scores were obtained during Part 4 of PRISM-2.

Adults ≥18 years old with PKU and without prior exposure to

pegvaliase were eligible for inclusion in PRISM-1 if plasma Phe con-

centration was >600 μmol/L at screening and average plasma Phe

concentration was >600 μmol/L for the prior 6 months. Although co-

occurring intellectual disability was not an exclusion criterion, partici-

pants were required to have the independent ability to provide

informed consent to participate in this study. All participants were

counseled to maintain a diet consistent in total protein and Phe

intake, as monitored by a dietitian, throughout the study. Participants

must have discontinued sapropterin treatment ≥14 days prior to the

first dose of pegvaliase. Individuals on psychotropic medications,

including those that target ADHD, must have been on a stable dose

for ≥8 weeks prior to enrollment.

All protocols were approved by the study institutional review

board or independent ethics committee. All participants provided

informed consent, and both PRISM-1 and PRISM-2 were conducted

in accordance with the Declaration of Helsinki.

2.2 | Treatments

Pegvaliase, recombinant Anabaena variabilis phenylalanine ammonia

lyase conjugated to polyethylene glycol (PEG), is administered as a sub-

cutaneous injection. Participants were provided with vials and syringes

or prefilled syringes for administration. The initial injection was given at

the study site, and participants were required to demonstrate compe-

tency in self-administration, including an understanding of the signs and

symptoms of a hypersensitivity reaction, before continuing their injec-

tions at home. In PRISM-1, doses were initiated at 2.5 mg/week. After

4 weeks of initiation, doses were titrated up to 20 mg/day or 40 mg/

day during a maximum of 30 weeks. In PRISM-2, during the open-label

part of the study, pegvaliase was administered daily.

2.3 | Assessments

Baseline measures (time point 0) for plasma Phe and inattention

symptoms occurred at the PRISM-1 baseline visit. Measures of plasma

Phe levels were taken weekly throughout PRISM-1 and at least

monthly until Week 25 during PRISM-2. Thereafter, plasma Phe levels

were measured every other month.

To assess the effects of pegvaliase on inattention symptoms in

adults with PKU, the ADHD RS-IV with adult prompts was adminis-

tered at baseline for PRISM-1 and at least every 12 weeks during

PRISM-2.

The ADHD RS-IV is an 18-item questionnaire that queries

changes in hyperactivity/impulsivity and inattention symptoms

(Gibbins et al., 2010; Rösler et al., 2010). It has an established prece-

dent with the FDA for measuring treatment response in ADHD (Adler

et al., 2008; Wyrwich et al., 2015). The nine ADHD IA symptoms,

measured by 9-item inattention subscales, have been validated as part

of the experience of PKU in pediatric and adult populations using the

parent-report ADHD RS-IV and ASRS, respectively (Thomas

et al., 2018; Wyrwich et al., 2015). For this study, the clinician-

administered ADHD RS-IV with adult prompts was selected over the

ASRS to ensure thorough consideration of each item by participants

through an interview process that included specific examples for

each item.

Participants were asked about the frequency of specific symp-

toms during the prior month, and their responses were rated

according to a Likert scale (0 = none, 1 = mild, 2 = moderate, or

3 = severe). Nine of the items in the ADHD RS-IV assess inattention,

and the collective score from these items forms the IA score. IA scores

range from 0 to 27, with lower scores corresponding to fewer inatten-

tion symptoms. Participants with an IA score of ≥10 were subse-

quently considered a member of the IA subgroup. The threshold of an

IA score ≥ 10 was chosen in this study to indicate the presence of

inattention likely to impede daily functioning in adults with PKU

(American Psychiatric Association, 2013; Wyrwich et al., 2015). Multi-

ple combinations of individual item scores could lead to a subscale

score of 10. For example, a score of 10 corresponds to endorsing five

inattention symptoms at moderate severity. Five inattention symp-

toms also correspond to the minimum number required to meet symp-

tom criteria for ADHD, IA type, in adults (American Psychiatric

Association, 2013). Additional ADHD diagnostic criteria components

based on the DSM-5 (American Psychiatric Association, 2013) were

not evaluated; establishing ADHD diagnosis was not a component of

this study.

Safety was assessed by monitoring for adverse events.

2.4 | Statistical analyses

Analyses were completed for participants in the mITT population who

had plasma Phe and ADHD RS-IV IA assessments at baseline and

ADHD RS-IV IA subscale scores available during Part 4 of PRISM-2.

Analyses were also completed on the IA subgroup of participants to
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evaluate how this group may be distinguished from the mITT popula-

tion as a whole in plasma Phe levels and IA score responses. Descrip-

tive statistics were calculated at baseline, Month 54 (the prespecified

post-treatment period), and last observation for mITT and IA subgroup

populations. A p-value <0.05 was considered statistically significant.

Pearson correlation coefficients were calculated for the relationship

between change in IA score and change in plasma Phe from baseline

to last assessment as well as for change in IA score from baseline with

the last measured plasma Phe level (1) for the mITT and (2) IA

subgroup.

For the quartile analysis, each population (mITT population and IA

subgroup) was divided into four groups based on plasma Phe level

change from baseline to last observation. For these analyses, plasma

Phe and ADHD RS-IA measures needed to have occurred within a

31 day proximity to each other to be considered as paired so as to

coincide with the ADHD RS-IV's 1 month recall period. For each quar-

tile group, mean change from baseline in IA score was calculated. Post

hoc tests were used to investigate differences in mean IA score

change corresponding to quartile of plasma Phe level change. An anal-

ysis of variance (ANOVA) was conducted to test for differences in

mean IA score change. The independent variable was the quartile of

plasma Phe change. After confirming the significance of the overall

ANOVA model based on the F test, post hoc tests using the Scheffé

method to correct for multiple comparisons were implemented to

compare between quartiles.

An additional analysis was performed to assess mean change from

baseline in IA score associated with prespecified ranges of final

plasma Phe levels at last observation (<120, 120–360, >360–600,

>600–1200, and >1200 μmol/L). Mean change in IA score associated

with final plasma Phe ≤ 360 μmol/L was contrasted with mean change

in IA score associated with final plasma Phe > 360 μmol/L. A similar

analysis was done for mean change in IA score with final plasma Phe

≤600 μmol/L as contrasted with mean change in IA score associated

with final plasma Phe > 600 μmol/L. An ANOVA model was used to

compare the mean change in IA score between groups. Statistical ana-

lyses were conducted in SPSS version 24, and statistical significance

was assessed at alpha = 0.05.

3 | RESULTS

3.1 | Participants

The mITT population included 156 participants with data available on

plasma Phe and ADHD RS-IV assessments at baseline and during the

open-label extension (Part 4) of PRISM-2. Baseline characteristics of

participants in the mITT population (taken during screening for the

PRISM-1 study) were similar to the overall PRISM population. They

had a mean (SE) age of 29.6 (0.7) years and 48.7% were women

(Table 1). Mean (SE) plasma Phe concentration at baseline for the

mITT population was 1263 (29) μmol/L and mean (SE) IA score was

9.8 (0.5). The IA subgroup included 71 participants whose IA score

equaled or exceeded 10 at baseline. In the IA subgroup (Table 1),

mean (SE) age was 32.1 (1.2) years, 52.1% were women, mean

(SE) plasma Phe concentration was 1320 (45) μmol/L, and mean

(SE) IA score was 15.3 (0.5).

3.2 | Treatment protocol

In the mITT population, 156 participants received pegvaliase for a

mean (SE) of 1148.1 (32.9) days. In the IA subgroup, 71 participants

received pegvaliase for a mean (SE) of 1157.7 (44.8) days and in the

85 participants with an ADHD RS-IV IA score < 10, the mean

(SE) duration of pegvaliase treatment was 1140.1 (47.6) days.

3.3 | Plasma Phe levels and ADHD RS-IV IA scores

Figure 1 depicts the change in plasma Phe and IA scores over time,

with last IA score carried forward. In the overall mITT population

(Figure 1a), mean (SE) plasma Phe levels fell from 1263 (29) μmol/L at

baseline to 584 (47) μmol/L at last observation, and mean (SE) ADHD

RS-IV IA score declined from 9.8 (0.5) to 3.5 (0.4). In the IA subgroup

(Figure 1b), mean (SE) plasma Phe fell from 1320 (45) to

TABLE 1 Baseline characteristics of modified intention-to-treat

(mITT) population and inattention (IA) subgroup

Basis: mITT population

All
participants

(N = 156)

IA subgroup

only (N = 71)

Age (years), mean (SE) 29.6 (0.7) 32.1 (1.2)

Female, n (%) 76 (48.7%) 37 (52.1%)

Race, n (%)

White 153 (98.1%) 70 (98.6%)

Black or African

American

2 (1.3%) 0

American Indian or

Alaska Native

1 (0.6%) 1 (1.4%)

Hispanic or Latino

ethnicity, n (%)

7 (4.5%) 2 (2.8%)

Height (cm), mean (SE) 168 (0.8) 167 (1.1)

Weight (kg), mean (SE) 79.9 (1.7) 79.8 (2.6)

Baseline Phe (μmol/L),

mean (SE)

1263 (29) 1320 (45)

Baseline ADHD RS-IV IA

score, mean (SE)

9.8 (0.5) 15.3 (0.5)

Baseline dietary Phe (mg),

mean (SE)

1789 (104) 1924 (174)

Baseline dietary protein (g),

mean (SE)

67.2 (2.5) 65.8 (3.9)

Note: The IA subgroup includes participants with baseline ADHD RS-IV IA

score ≥ 10.

Abbreviations: ADHD RS-IV, Attention Deficit Hyperactivity Disorder

Rating Scale-IV; IA, inattention subscale; mITT, modified intention-to-treat;

Phe, plasma phenylalanine level; SE, standard error.
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549 (74) μmol/L at last observation, and mean (SE) IA score fell from

15.3 (0.5) to 5.1 (0.6). In the subgroup with IA scores <10 at baseline

(Figure 1c), mean (SE) plasma Phe fell from 1216 (37) to

614 (62) μmol/L at last observation, and mean (SE) IA score declined

from 5.1 (0.3) to 2.2 (0.4). Change from baseline in plasma Phe and IA

scores at last assessment were significantly correlated for the mITT

population and IA subgroup (r = 0.26, p ≤ 0.001; r = 0.34, p = 0.003,

respectively). Change from baseline in IA score and last plasma Phe

value were also significantly correlated for the mITT population and

IA subgroup (r = 0.24, p = 0.002; r = 0.33, p = 0.005, respectively;

Figures S2a and S2b). Participants transitioned between PRISM-1 and

PRISM-2 at different time intervals, leading to a discrepancy in num-

ber of ADHD RS-IV assessments performed during the early stages of

the study.

In the quartile analysis (Figure 2), improvements in IA scores were

greatest among participants experiencing the largest plasma Phe

reductions in both the mITT population and IA subgroup. In the mITT

population, participants in Quartile 1 (N = 39, plasma Phe reductions

between 1166 and 2229 μmol/L) demonstrated the greatest reduc-

tion in mean (SE) IA score (9.0 [1.1]), whereas participants in Quartile

4 (N = 39, plasma Phe reduction of 139 μmol/L to an increase of

934 μmol/L) had the least reduction in mean (SE) IA score (4.3 [0.7]).

Interestingly, the relationship between plasma Phe reduction and inat-

tention symptom improvement followed a stepwise pattern across all

quartiles of the mITT population (Figure 2a). The IA subgroup demon-

strated a similar stepwise response (Figure 2b), ranging from a mean

(SE) IA score improvement of 13.3 (1.5) in Quartile 1 (N = 18, plasma

Phe reductions between 1288 and 2229 μmol/L) to an IA score

improvement of 6.2 (1.3) in Quartile 4 (N = 17, Phe reduction of

247 μmol/L to a Phe increase of 934 μmol/L).

ANOVA test yielded significant overall main effects for quartile of

plasma Phe change on IA score change in the mITT population and IA
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Attention Deficit Hyperactivity Disorder Rating
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intention-to-treat population (N = 156). (b) IA
subgroup (N = 71)
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subgroup. Mean quartile-group change in Phe level was compared

with mean ADHD subscale change. In the mITT population, statisti-

cally significant differences remained in the least square means of IA

score change between Quartiles 1 and 3 (mean difference = �3.9,

95% confidence interval [95% CI] = �7.8, 0.0, p < 0.05) and between

Quartiles 1 and 4 (mean difference = �4.8, 95% CI = �8.7, �0.9,

p = 0.004) following correction for multiple comparisons. In the IA

subgroup, statistically significant differences remained in the least

square means of IA score change between Quartiles 1 and 4 (mean

difference = �7.2, 95% CI = �13.0, �1.3, p = 0.009) following cor-

rection for multiple comparisons.

In the analysis based on prespecified levels of plasma Phe at last

observation in the mITT population (Figure 3), least squares mean

(SE) change from baseline in IA score was �7.9 (0.7) for participants

with final plasma Phe ≤ 360 μmol/L (N = 79) and �4.5 (0.7) for partic-

ipants with final plasma Phe > 360 μmol/L (N = 77), p < 0.001. The

least squares mean (SE) change from baseline in IA score was �7.4

(0.7) for participants with final plasma Phe ≤ 600 μmol/L (N = 89)

and �4.6 (0.8) for participants with final plasma Phe > 600 μmol/L

(N = 67), p = 0.005.

A sensitivity analysis was performed that excluded participants

who discontinued pegvaliase (N = 26). Results of the sensitivity analy-

sis yielded similar results as the main study. The quartile analysis

showed statistically significant differences (p = 0.019) between Quar-

tiles 1 and 4 (mean difference �4.7, 95% CI = �9.0, �0.3), and the

analysis based on prespecified levels of plasma Phe last observation

(i.e., Phe ≤ 360 μmol/L vs. Phe > 360 μmol/L) in the mITT population

(N = 130), were statistically significant (p = 0.005) (Table S1,

Figures S3–S5).

3.4 | Safety

Incidence of adverse events was similar in the overall mITT population

and the IA subgroup (Table S2).

4 | DISCUSSION

Attention ranks highest among executive functioning domains

affected by PKU in early-treated adults. Impaired attention has also

been linked to poorer metabolic control (Bilder et al., 2016). Adults

with PKU in the current study experienced sustained improvement in

inattention symptoms as measured by the ADHD RS-IV coinciding

with an extended period of plasma Phe reduction in the context of

pegvaliase treatment. The nine symptoms that characterize the IA

domain of ADHD were validated in adults with PKU using an ADHD

self-report measure. Importantly, an ADHD diagnosis is not conferred

solely through the completion of this tool, nor were study participants

diagnosed with ADHD as a component of this study. Rather, ADHD

IA symptoms were monitored systematically before and during study

participation because adults with PKU have endorsed these symptoms

as relevant to their experience of PKU.

Both the mITT population and the IA subgroup demonstrated

improved inattention symptoms associated with greater plasma Phe

reduction, although this relationship was particularly robust for the IA

subgroup. The IA subgroup consisted of the 71 participants (46% of

the mITT population) who reported inattention symptoms at baseline

that corresponded to an IA score ≥ 10. Across this group, declines in

plasma Phe levels coincided with declines of IA scores from a tempo-

ral perspective, both with regard to initial treatment response (first 3–

6 months) and the onset of a plateau (at approximately 18 months;

Figure 1b). The change in mean IA score from 15.3 to 5.1 is quite

notable, far exceeding a 50% reduction in symptom burden in the IA

subgroup. While individuals with PKU have only symptoms and not a

diagnosis of ADHD, this greater than 50% reduction in inattention

symptoms in PKU participants is comparable to the established

threshold for treatment response used in drug trials targeting individ-

uals diagnosed with ADHD (Goodman et al., 2010). Figure 2b depicts

differences in IA score response across quartiles of plasma Phe reduc-

tion in the IA subgroup. The stepwise reduction in IA score response

corresponds to incremental decreases in the plasma Phe response,
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which suggests a direct relationship between improvements in atten-

tion and metabolic control. Although participants who did not meet

the IA subgroup threshold for elevated baseline IA score also demon-

strated improved inattention symptoms, a benefit related to this end-

point could not be speculated upon in the absence of clinically

meaningful impairment at baseline. The burden of reintroducing a

Phe-restricted diet in adults with PKU has previously preempted the

ability to measure improvements in attention associated with tight-

ened metabolic control during extended periods. Therefore, previous

studies linking Phe reduction to better functioning in adults with PKU

were limited in participant number and duration (Bik-Multanowski

et al., 2011; Brown & Lichter-Konecki, 2016; Finkelson et al., 2001;

Gassi�o et al., 2003; Schuett et al., 1985). While participants were

counseled to maintain consistent dietary protein intake throughout

the study's duration, dietary protein changes trended upward as previ-

ously reported (Thomas et al., 2018). While this study was designed

to attribute improved inattention symptoms to sustained plasma Phe

reduction, there remains a possibility that increased dietary protein

intake may also contribute to reduced IA scores.

Participants in this study had baseline plasma Phe

levels > 600 μmol/L, whereas PKU treatment guidelines for adults tar-

get Phe levels ≤ 360 μmol/L in the United States and ≤600 μmol/L in

Europe (van Wegberg et al., 2017; Vockley et al., 2014). Figure 2a

demonstrates the stepwise decline in Phe levels in adults with PKU

that corresponds with the degree to which inattention symptoms

improve. The results suggest a dose–reponse relationship between

change in Phe levels and improved inattention symptoms. Specifically,

a progressive decline in mean IA score is associated with each increas-

ing quartile of plasma Phe reduction in the mITT population. Improve-

ments in attention, as demonstrated by reduced IA scores, imply that

this component of cognitive deficits is responsive to Phe-lowering

intervention in adulthood.

Although smaller than the changes in Quartiles 1–3, IA score

improvement was found in Quartile 4 for both the mITT population

and IA subgroup despite being associated with minimal plasma Phe

improvement or increased plasma Phe levels. These results may be

attributed to the Hawthorne effect, in which study participants report

symptom improvement as a result of their awareness of being

observed (McCambridge et al., 2014). While the Hawthorne effect

also applies to participants in the remaining quartiles, the consistency

in dose–response patterns demonstrated across quartiles and both

mITT population and IA subgroup support the attribution of IA score

improvement to sustained plasma Phe response. As this study's pri-

mary focus was on the relationship between prolonged Phe reduction

and inattention, rather than pegvaliase, participants who discontinued

pegvaliase after reaching Part 4 of the clinical trial remained in this

analysis. The sensitivity analysis (Table S1) demonstrated similar

results as the primary analysis following exclusion of participants who

discontinued pegvaliase prematurely. Interestingly, Quartile 4 contin-

ued to include participants with a net increase in plasma Phe up to

879 μmol/L.

The ADHD RS-IV inattention subscale was selected to measure

inattention symptom response in PKU because this tool has

established a precedent with the FDA through its use in demonstrat-

ing treatment response in ADHD. Questionnaires are frequently used

in both FDA clinical trials and clinical practice to monitor treatment

response. While providing a systematic means of capturing an individ-

ual's experience of IA as applied to activities of everyday life, self- and

clinician-reported measurements are inherently influenced by other

intrinsic factors like mood and anxiety. As such, changes—or even the

absence of changes—in IA scores are not equivocal to changes in

direct performance measures of attention. Neuropsychological testing

measures individual components of attentional control that involve

the ability to voluntarily direct, shift, and sustain attention. The inter-

pretation of this study's results is subsequently limited to symptoms

of inattention rather than performance on an attention-specific stan-

dardized task. The clinician-administered ADHD RS-IV IA subscale

itself has not been validated for use in adults with PKU, which is a sig-

nificant limitation of this study. The clinician-administered ADHD RS-

IV IA subscale measure was selected over the corresponding IA sub-

scale of the ASRS (the self-report ADHD IA symptom subscale that

was validated in adults with PKU; Wyrwich et al., 2015) to ensure

thorough consideration of each item by participants through an inter-

view process that included specific examples for each item. No clear

cutoff exists on the IA subscale score to indicate the presence of

impairment in the PKU population. In this study, a score of 10 was

selected to define the minimum value needed to classify participants

as having problematic inattention because this score would be consis-

tent with the presence of five symptoms at moderate severity, meet-

ing the symptom number and severity components of the DSM-5

criteria for ADHD, IA type, in adulthood. It is important to note that

participants were not diagnosed with ADHD as number and severity

of ADHD symptoms is just one of multiple criteria required to estab-

lish this diagnosis.

During the placebo-controlled phase of this clinical trial, partici-

pants were randomized to active drug or placebo arms for 8 weeks

(during PRISM-2). Results of this study phase have been published

previously (Harding et al., 2018). The ADHD-RS IV performed at the

beginning, during (at 4 weeks), and at the end (at 8 weeks) of the ran-

domization period found no increase in inattention symptoms among

participants who switched to placebo compared with those who

remained on pegvaliase. However, executive functioning was also

measured with a computerized, performance-based neuropsychologi-

cal battery, the Cambridge Neuropsychological Test Automated Bat-

tery (CANTAB), in nine participants (six receiving pegvaliase and three

receiving placebo) during this randomization phase (Harding

et al., 2018). Among this small group, CANTAB findings favored

pegvaliase treatment for measures of inhibitory control, sustained

attention, and visuospatial working memory. The discrepancy

between results of executive functioning, as measured with CANTAB

and symptoms of inattention, as measured with ADHD RS-IV, may

reflect the subjective nature of IA symptoms, as well as the potential

for stress related to participation in a randomized discontinuation trial

that may have confounded these symptoms. Cognitive processing

speed has also long been recognized as an important area for potential

impairment in individuals with PKU (Albrecht et al., 2009; Anderson
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et al., 2007; Moyle, Fox, Arthur, et al., 2007; Moyle, Fox, Bynevelt,

et al., 2007; Palermo et al., 2017). Two of the three CANTAB mea-

sures used to assess neurocognitive skills were timed tasks, and

results revealed better response times on measures of inhibitory con-

trol in the treatment group who remained on pegvaliase compared

with those randomized to placebo.

During the past decade, lifelong treatment to regulate plasma Phe

has become the standard of care in published PKU management

guidelines in both the United States and Europe (van Wegberg

et al., 2017; Vockley et al., 2014). Therapeutic targets for plasma Phe

in adults with PKU have evolved over time, as research has provided

additional support for tighter metabolic control in this population.

However, discrepancies still exist, as the upper limits of the target

blood Phe for adults with PKU differ between United States and

European guidelines (i.e., <360 μmol/L in the United States

vs. <600 μmol/L in Europe) (van Wegberg et al., 2017; Vockley

et al., 2014). Although this study was not designed to support specific

Phe target levels, analyses were performed comparing target blood

Phe ranges. Results of these analyses showed that improvements in

IA scores were notably larger among participants who achieved final

plasma Phe levels ≤360 μmol/L and ≤ 600 μmol/L. These findings

may support the therapeutic goals of reducing blood Phe levels to

≤360 μmol/L in adults, as stated in the U.S. guidelines, and to

≤600 μmol/L as stated in the European guidelines (van Wegberg

et al., 2017; Vockley et al., 2014). Current study findings support fur-

ther investigations to define optimal targets for sustained plasma Phe

levels, inclusive of measures of inattention symptoms and

neurocognitive performance through performance-based testing.

Results from this study show that greater symptom improvement for

inattention is associated with larger decreases in plasma Phe levels.

5 | CONCLUSIONS

The findings of this study are consistent with previous studies among

adults with PKU (Burton et al., 2015; Schmidt et al., 1994; ten Hoedt

et al., 2011). However, this is the first study to demonstrate sustained

plasma Phe reduction and corresponding improvement in inattention

symptoms. This study is also the first to demonstrate a significant

improvement in symptoms of inattention in adults with PKU when

plasma Phe levels are decreased to ≤360 μmol/L and ≤ 600 μmol/L,

providing support for published PKU guidelines in both the

United States (Vockley et al., 2014) and Europe (van Wegberg

et al., 2017), respectively. Although treatment of adults with PKU can-

not reverse intellectual disability incurred from early childhood expo-

sure to elevated Phe, symptoms of inattention can improve in adults

with early-treated PKU through sustained reductions in plasma Phe

levels.
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