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Objective: Assess current management practices of phenylketonuria (PKU) clinics across the United States (US)
based on the key treatmentmetrics of blood phenylalanine (Phe) concentrations and blood Phe testing frequen-
cy, as well as patient adherence to their clinic's management practice recommendations.
Methods: An online surveywas conductedwithmedical professionals from PKU clinics across the US from July to
September 2015. Forty-four clinics participated in the survey and account for approximately half of PKU patients
currently followed in clinics in the US (Berry et al., 2013).
Results: The majority of PKU clinics recommended target blood Phe concentrations to be between 120 and
360 μM for all patients; the upper threshold was relaxed by some clinics for adult patients (from 360 to
600 μM) and tightened for patients who are pregnant/planning to become pregnant (to 240 μM). Patient adher-
ence to these recommendations (percentage of patients with blood Phe below the upper recommended thresh-
old) was age-dependent, decreasing from 88% in the 0–4 years age group to 33% in adults 30+ years. Patient
adherence to recommendations for blood testing frequency followed a similar trend. Higher staffing intensity
(specialists per 100 PKU patients) was associated with better patient adherence to clinics' blood Phe concentra-
tions recommendations.
Conclusion: Clinic recommendations of target blood Phe concentrations in the US are now stricter compared to
prior years, and largely reflect recent guidelines by the American College of Medical Genetics and Genomics
(Vockley et al., 2014). Adherence to recommended Phe concentrations remains suboptimal, especially in older
patients. However, despite remaining above the guidelines, actual blood Phe concentrations in adolescents and
adults are lower than those reported in the past (Walter et al., 2002; Freehauf et al., 2013). Continued education
and support for PKU patients by healthcare professionals, including adequate clinic staffing, are needed to im-
prove adherence. Future research is needed to understand how to improve adherence to reduce the number of
patients lost to follow-up, as the findings of this and similar surveys do not address how to keep patients in clinic.
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1. Introduction

Phenylalanine hydroxylase (PAH) deficiency, commonly known as
phenylketonuria (PKU), is one of the most prevalent inherited metabolic
, phenylalanine
mics; US, United
ternational.

en access article under
disorders [1]. PAH deficiency results in elevated concentrations of Phe in
the blood and brain, which, if untreated in the newborn period, can cause
a range of complications, most notably severe neurocognitive and
neuromotor impairments, including attention deficit symptoms,
impaired mental processing, and severe intellectual disability [2–
4]. The goal of PKU treatment is to lower and maintain the blood
Phe concentration within the target range, preferably starting within
the first 2 weeks of life. PKU patients undergo regular monitoring
to ensure that Phe concentrations are controlled, nutritional
the CC BY license (http://creativecommons.org/licenses/by/4.0/).

http://crossmark.crossref.org/dialog/?doi=10.1016/j.ymgme.2017.01.001&domain=pdf
http://creativecommons.org/licenses/by/4.0/
http://dx.doi.org/10.1016/j.ymgme.2017.01.001
mailto:ejurecki@bmrn.com
http://dx.doi.org/10.1016/j.ymgme.2017.01.001
http://creativecommons.org/licenses/by/4.0/
http://www.sciencedirect.com/science/journal/10967192
www.elsevier.com/locate/ymgme


191E.R. Jurecki et al. / Molecular Genetics and Metabolism 120 (2017) 190–197
requirements are met, and patients are growing and developing ap-
propriately [2].

PKU guideline recommendations for the appropriate target blood Phe
concentrations and treatment duration have evolved over the years as
the understanding of the disease has improved. Early guidelines pub-
lished in the1990s advised stricter target blood Phe concentrations for in-
fants and young children (typically 120–360 μM), but more relaxed
targets for adolescents and adults (typically up to 600–900 μM) [1,5]. In
some cases dietary treatment was terminated in patients after childhood
[4,6]. The National Institutes of Health issued guidelines for life-long
treatment in 2000 after controlled clinical studies provided evidence
that diet treatment discontinuation resulted in inferior outcomes
(e.g., loss of intellectual function, higher rate of depression, neurological
symptoms) [7,8]. Additional evidence [9] regarding neurotoxicities asso-
ciated with elevated Phe concentrations prompted the American College
of Medical Genetics and Genomics (ACMG) to update the guidelines in
2014 [2]. These guidelines recommended all patients to maintain blood
Phe concentrations of 120–360 μM for life and lifetime treatment and
monitoring for all patients to promote optimal outcomes [2].

Patient adherence to treatment recommendations has long been a
source of concern to clinicians. Poor adherence may manifest in multi-
pleways, such as patient-initiated relaxation of dietary restrictions; fail-
ure to take medical food, special low protein foods, and/or prescribed
medications; not attending regular clinic appointments; and lack of
blood Phemonitoring. While no universal quantitative definition of ad-
herence in PKU exists, it is thought that assessment of blood Phe con-
centrations provides arguably the best measure of a patient's
adherence to treatment [9], as blood Phe has been shown to be closely
related to patient outcomes [10].

Over the last decade, PKUmanagement in the US has evolved, both in
terms of management guidelines and treatment options [2,11], though
significant reimbursement issues withmedical food and special low pro-
tein food exist, especially in adults [4]. However, there is a lack of data as
to how these changes are impacting PKU patient adherence. Previous re-
search on patient adherence is limited to publications preceding ACMG
guidelines [5,12] or studies performed outside of the US [1,13–15]. Addi-
tionally, prior studies in the US were not national level surveys of clinics.
Results of these earlier studies showed significant levels of non-
adherence to clinic target Phe concentrations [1,12–15]; it is not known
whether adherence has improved, declined, or remained unchanged.

In addition to blood Phe concentrations, an important component of
PKUmanagement is the frequency of blood testing, which has also been
revised in the ACMG guidelines, recommending biweekly to monthly
testing [2]. This aspect of adherence has been explored to an even small-
er degree as compared to the blood Phe concentrations.

Given the complexity of PKU management, the presence of several
specialists (e.g., dietitians, psychologists, social workers, geneticists)
on the metabolic multidisciplinary care team may be beneficial to the
management of PKU patients. Although several surveys have docu-
mented staffing of PKU centers in Europe [13,14,16,17], similar informa-
tion for the US is lacking. Additionally, there is limited data on the
association between staffing and patient outcomes, such as blood Phe
control and treatment adherence.

Our study was designed to assess current PKU clinic management
practices regarding target blood Phe concentrations and blood Phe test-
ing frequency, and patient adherence to their clinic's recommendations,
aswell as the impact of clinic staffing on patient adherence in US clinics.

2. Methods

2.1. Survey

The survey was conducted from July through September 2015 and
contained 21 questions. Data collected included the respondent's clinic
characteristics (location, number of PKU patients, number of full-time
staff that treat PKU), PKU treatment recommendations (target blood
Phe, target blood testing frequency), and patient adherence to clinic rec-
ommendations. Treatment recommendations and adherence were
asked for specific patient groups (ages 0–4, 5–12, 13–17, 18–29, 30+
years, and pregnant or planning on becoming pregnant within
12 months). Respondents were asked to define patient adherence to
target blood Phe recommendations based on the average Phe concen-
trations obtained over the past year. Respondents were encouraged to
refer to their clinic's patient database, patient medical charts, and clinic
members in order to provide accurate answers. The full text of the sur-
vey can be accessed online (Supplementary Survey Text).

This study received Institutional Review Board exemption status
given minimal risk to participants and de-identified healthcare profes-
sional and patient data.

2.2. Study recruitment

A double-blinded recruitment strategy was utilized: participants
were recruited by an independent third-party and were in turn blinded
to the sponsor of the study. The questionnaire was sent to a total of 212
healthcare professionals from 182 PKU clinics identified by the study
sponsor. Respondents from 73 unique clinics replied to the survey
(40% response rate) and respondents from 44 unique clinics qualified
and completed the survey. Only the first respondent per clinic was
allowed to complete the full survey.

Only respondents from clinicswith at least 15 activelymanaged PKU
patients, defined as patients that have been seen in clinicwithin thepast
3 years, qualified to complete the survey. This cut-off was selected as a
compromise to ensure the representativeness of the samplewhile elim-
inating very small clinics or clinics with limited experience in treating
PKUpatients that could have skewed the results. The clinicsmeeting in-
clusion criteria should be the ones more knowledgeable about PKU
management across broader types of patients. Respondents from 6
unique clinics were disqualified based on this criterion.

2.3. Data analysis

Initial descriptive analyseswere performed by summarizing the data
in Microsoft Excel. Depending on the type of variable, each analysis was
performed either on a clinic level (each clinic carried a weight of 1), or
on a patient level (each clinic was weighted based on the number of
PKU patients).

SPSS v22 (SPSS, Inc., Chicago, IL) was used to further explore
relationships among variables. Bivariate Pearson correlation was used
to analyze associations between continuous variables and one-way
ANOVA was used for nominal variables. A two-sided P-value b0.05
was considered significant.

3. Results

3.1. Clinic and patient demographics

The 44 clinics that participated in the survey represented all geo-
graphic regions of the US (see Supplementary Text for definitions),
with the majority of clinics located in the North Central region (39%)
and in the South (30%), followed by theWest (20%), and the Northeast
(11%). The primary practice setting was academic, either a hospital
practice (59%) or specialty/multi-specialty office (32%). The majority
of respondents were dietitians (45%), followed by geneticists/genetic
counselors (27%), and metabolic specialists (14%). Clinics have been
managing PKU patients for an average of about 22 years (range 3–
50 years). The median number of actively managed patients per clinic
was 78 (range 15–275 patients; note that only clinics with ≥15 patients
with PKU were qualified to participate). In total, respondents reported
on their clinics' 3772 actively managed PKU patients, 41% of which
were adults (Table 1). This represents about half of all activelymanaged
PKU patients in the US (estimated at 7180 in 2012 [4]). The total



Table 1
Total number of PKU patients by age.

Patient group 0–4 years 5–12 years 13–17 years 18–29 years 30+ years Total

Actively managed 641 (17) 938 (25) 657 (17) 748 (20) 788 (21) 3772 (100)
Followed in total 712 (13) 1063 (19) 838 (15) 1185 (21) 1732 (31) 5530 (100)
Lost to follow-up (as percent of total) 71 (10) 125 (12) 181 (22) 437 (37) 944 (55) 1758 (32)

Note: data shown as number of patients (%). Percentages may not add up to 100 due to rounding.
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number of patients followed by the clinics was 5530 (52% adults), in-
cluding those not seen in the last 3 years and thus possibly lost to
follow-up. The proportion of total patients considered lost to follow-
up increased with age, from 10% for the 0–4 years age group to 55% in
the 30+ age group. Overall, an estimated 32% of all PKU patients in
respondent's clinics were lost to follow-up.

We found that approximately 3% of the actively managed patients
(and 7% of adults) were described as pregnant or planning to become
pregnant in the next 12 months. These numbers highlight the impor-
tance of maternal PKU management [2].

3.2. PKU clinic staffing

Respondentswere askedhowmany full-timehealthcare professionals
staffed within their clinic treat PKU patients (Table 2). All clinics reported
having at least onephysician andonedietitianon staff, andmost (73%) re-
ported having at least one genetic counselor. On average 2.7 physicians,
1.8 dietitians and 1.7 genetic counselors were reported per 100 actively
managed PKU patients, with ranges varying by an order of magnitude,
though it should be noted that these specialists are likely caring for pa-
tientswith other diseases in addition to the PKUpatients. 34%of clinics re-
ported a nurse practitioner, 32% reported a social worker, and 16%
reported a psychologist or neuropsychologist on the PKU care team.

3.3. Blood Phe: clinic recommendations and patient adherence

Forty-three out of 44 clinics recommended specific target blood Phe
concentrations (Table 3). There was consensus regarding the lower
threshold for target blood Phe concentration with approximately 95%
of clinics recommending 120 μM, aligned with the ACMG guidelines
[2]. There was greater variability in the clinic-recommended upper
threshold for target blood Phe concentration, ranging from 360 to
600 μM. Clinics set the most stringent recommendations for younger
patients and relaxed them for older patients. Nearly half of clinics
Table 2
PKU clinic staffing.

Clinics with specialists N (%) Mean (per clinic

Physicians 44 (100) 2.3
Dietitians 44 (100) 1.5
Genetic counselors 32 (73) 1.5
Nurse practitioners 15 (34) 0.4
Social workers 14 (32) 0.3
Psychologists/neuropsychologists 7 (16) 0.2

Table 3
Clinic target blood Phe recommendations.

Patient group 0–4 years 5–12 years 13–17 years

Lower target b120 μM 2 (5) 1 (2) 1 (2)
120 μM 41 (95) 42 (98) 42 (98)
N120 μM – – –

Upper target b360 μM 6 (14) 2 (5) –
360 μM 36 (84) 39 (91) 38 (88)
361–599 μM – 1 (2) 2 (5)
600 μM 1 (2) 1 (2) 3 (7)

Note: data shown as number of clinics (% of clinics that responded). Percentages may not add
(48%) set especially strict upper target blood Phe thresholds for patients
who are pregnant or are planning to become pregnant, most often
240 μM, a target that has been mentioned in the ACMG guidelines but
not explicitly recommended [2].

Non-adherence to clinic recommended target Phe concentrations
increased with age (Fig. 1A). The majority of adults had blood Phe con-
centrations above 360 μM, with 15% of those aged 18–29 years and 20%
of those aged 30+years reported to have elevated blood Phe N1200 μM
(Fig. 1B). It is important to note that this estimate is limited to actively
managed patients with non-missing blood Phe concentrations and
may be higher for those not checking Phe concentrations between visits,
not actively managed in clinic, or lost to follow-up.

Since clinic-recommended target blood Phe did not always align with
the ACMG guidelines, the percentage of non-adherent patients (with
blood Phe above the target range) was determined in two separate com-
parisons using the ACMG guidelines as well as the clinic targets (Supple-
mentary Table 1). Referring to either theACMGguidelines or clinic targets
had little impact on the percentage of non-adherent patients.

As a subset of clinics relaxed their target blood Phe recommenda-
tions for adults, we investigated whether using more “realistic” target
Phe ranges translates into improved patient adherence (based on the
clinic's definition). Surprisingly, clinics that used a higher upper Phe tar-
get (600 μMvs 360 μM) for adult patients 18–29 years old and ≥30 years
old did not show better adherence even when judged by the clinic's
own recommended targets (Fig. 2).When evaluated against a single ad-
herence criterion of 360 μM, clinicswith a higher upper target of 600 μM
had more non-adherent patients compared to clinics that set a 360 μM
target (P b 0.05 for both age groups).
3.4. Blood Phe testing frequency: clinic recommendations and patient
adherence

Eighty-nine percent of clinics that participated in the survey (39/44)
indicated that they have a protocol in place to recommend a certain
) Range (per clinic) Mean (per 100 patients) Range (per 100 patients)

1–5 2.7 1–13
1–3 1.8 1–7
0–7 1.7 0–13
0–2 0.4 0–4
0–1 0.4 0–5
0–2 0.3 0–6

18–29 years 30+ years Pregnant/planning on becoming pregnant

1 (2) 1 (3) 2 (5)
41 (98) 37 (95) 38 (95)
– 1 (3) –
– – 19 (48)
30 (71) 25 (64) 20 (50)
2 (5) 1 (3) –
10 (24) 13 (33) 1 (3)

up to 100 due to rounding.
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B.

Fig. 1. Blood Phe concentrations. Then show text for A. and B. below. Note: figures exclude patients forwhom adherence or actual Phe concentrationwas unknown: 1–3% of children and 12–13% of adults. A.

Patient adherence to clinic-recommended blood Phe target concentrations. B. Patient distribution according to actual blood Phe concentrations.
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frequency of blood Phe testing, which includes blood tests obtained on
clinic days and blood tests obtained between appointments.Most clinics
recommended weekly testing for infants (b1 year old) and pregnant/
planning to become pregnant women, and monthly for all other pa-
tients (Table 4), which aligned with the ACMG guidelines [2].

Patient adherence to clinic-recommended blood Phe testing fre-
quency decreased with age (Supplementary Fig. 1), mirroring the find-
ings on adherence to blood Phe recommendations. Fig. 3 shows actual
Phe testing frequency; notably, 37% of patients 30 years and older
check blood Phe concentrations once a year or less. Testing frequency
Fig. 2. Relationship between clinic target blood
is low in younger patients as well – 31% of adolescents (13–17 years)
test only once or twice a year.

Adherence to clinic-recommended blood Phe concentrations was
not significantly correlated with either the adherence to blood frequen-
cy testing recommendations or to actual blood frequency testing, with
the exception of the subset of patients who are pregnant/planning to
become pregnant (Supplementary Tables 2 and 3). This lack of correla-
tion has been observed previously [12]. Similarly, actual frequency of
clinic visits and staffing were not correlated (Supplementary Fig. 2
and Supplementary Table 4).
Phe concentration and patient adherence.



Table 4
Clinic target blood Phe testing frequency.

Patient group b1 years 1–4 years 5–12 years 13–17 years 18–29 years 30+ years Pregnant/planning on becoming pregnant

Weekly or more often 27 (69) 7 (18) 3 (8) 2 (5) 2 (5) 1 (3) 30 (88)
Twice a month 9 (23) 15 (38) 11 (28) 4 (10) 1 (3) 2 (6) 2 (6)
Monthly 2 (5) 15 (38) 23 (59) 25 (64) 24 (63) 22 (61) 2 (6)
Once in 2–4 months 1 (3) 2 (5) 2 (5) 8 (21) 9 (24) 8 (22) –
Twice a year – – – – 2 (5) 1 (3) –
Annually – – – – – 2 (6) –

Note: data shown as number of clinics (% of clinics that responded within a given patient age group). Percentages may not add up to 100 due to rounding.
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3.5. PKU clinic staffing and patient adherence

Staffing resources (defined as number of specialists per 100 actively
managed PKU patients) were correlated with the proportion of non-
adherent patients (those not following clinic recommendations for
blood Phe concentrations) in different age groups (Table 5). The 5–12
and 18–29 years age groups had more significant associations with in-
creased staffing compared to other age groups. In terms of specialties,
statistically significant correlations were observed more frequently be-
tween the total number of staff and number of social workers and psy-
chologists. The negative association between number of social workers
and non-adherence was observed in the 5–12 and 18–29 years age
groups, and for psychologists the association was significant for three
age groups (5–12, 13–17, 18–29 years). Finally, genetic counselors
were the only specialty that had a statistically significant impact on
the older patients (30+ years). In contrast, no patient group showed
a significant association with the number of dietitians or nurse
practitioners.
4. Discussion

This is the first national-level US survey documenting clinic recom-
mendations on target blood Phe concentrations and the frequency of
blood testing in PKU, as well as PKU patient adherence to these recom-
mendations. Patient adherence to treatment recommendations is a very
important consideration in the management of PKU, since elevated
blood Phe concentrations have been associated with cognitive and neu-
ropsychological impairment in children, adolescents, and adults [2,6,7,
10]. These impairments may also be affecting the ability of patients to
understand and follow their clinic's recommendations. Adherence to
treatment may also be affected by adult patients' lack of perceived
PKU burden, especially among the lost to follow-up patients. As the
PKU treatment paradigm is continuously evolving, the clinical commu-
nity needs to understand how these changes (e.g., introduction of the
ACMG guidelines) are impacting PKU practices and patients' clinical
outcomes across the country.

We found that clinic recommendations on blood Phe concentrations
are fairly uniform,with almost all clinics in our sample setting the lower
Fig. 3. Patient distribution according to actual blood Phe testing frequency. Note: figure excludes

distribution according to actual blood Phe testing frequency.
threshold at 120 μM and a majority setting the higher threshold at
360 μM for all age groups. Aminority of clinics relaxes the upper thresh-
old to 600 μM for adults. These findings suggest a tightening of stan-
dards compared to that reported in the previous 1–2 decades, when
the majority of US clinics targeted 600–900 μM for patients N12 years
[5,12]. This tightening can be attributed to a combination of factors, in-
cluding advances in our knowledge about the effects of elevated Phe
concentrations as well as the issuance of ACMG and Genetic Metabolic
Dietitians International (GMDI) guidelines [2,18] recommending uni-
versal 120–360 μM targets. Additional research is needed to investigate
the differences in outcomes of patients maintaining blood Phe below
360 μM vs below 600 μM throughout their lifespan, particularly
throughout adulthood.

Results of our study also indicated that approximately 40% of the US
sample clinics set tighter guidelines (120–240 μM) for women that are
pregnant or planning to becomepregnant, consistentwith stricter inter-
national guidelines [19] as opposed to ACMG recommendations [2]. Of
note, there have been reports of compromised outcomes and behavioral
issues in offspring of women with elevated Phe concentrations [20]. It
may be of interest to investigate whether outcomes in clinics using a
360 μM threshold differ from clinics using a 240 μM threshold.

Consistent with previous findings, both in the US and in other coun-
tries [1,12,15], we found adherence to be strongly dependent on age.
This illustrates that, despite the availability of a larger selection of med-
ical foods, special low protein foods, and an approved medication, ad-
herence to recommended Phe goals remains challenging, especially
for older patients. Importantly, the drop-off in adherence starts in
young children (5–12 years). Given the importance of improving adher-
ence during the formative years of brain development, ourfindings sug-
gest that intervention at an earlier age could be critical to improving
blood Phe control over the longer term.

Compared to prior research, new adherence levels in children
b12 years appear to be similar or slightly higher [1,12,15]. Since guide-
lines have not changed significantly over the past 20 years in this age
group [1,5], comparable levels of adherence also indicate that blood
Phe control has remained the same or improved slightly for these
patients.

This survey found lower adherence in adolescents (13–17 years)
compared to younger children, while prior authors observed higher
patients for whom actual Phe testing frequency was unknown: 4% of children and 7–9% of adults. Patient



Table 5
Correlations between clinic staffing and patient adherence.

Patients non-adherent to clinic blood Phe recommendations

Age 0-4

(N=44)

Age 5-12

(N=44)

Age 13-17

(N=42)

Age 18-29

(N=42)

Age 30+

(N=39)

Pregnant/ 

planning 

to become 

pregnant

(N=35)

Total number of 

HCPs per 100 

patients

r -0.196 -0.431 -0.283 -0.427 -0.204 0.059

P-value 0.203 0.004 0.069 0.005 0.212 0.736

Number of full-time 

physicians per 100 

patients

r -0.125 -0.409 -0.157 -0.247 0.079 0.200

P-value 0.418 0.006 0.322 0.115 0.633 0.249

Number of full-time 

dietitians per 100 

patients

r -0.098 -0.265 -0.185 -0.257 -0.137 0.106

P-value 0.526 0.082 0.242 0.100 0.406 0.543

Number of full-time 

social workers per 

100 patients

r -0.067 -0.460 -0.204 -0.471 -0.162 -0.074

P-value 0.664 0.002 0.195 0.002 0.324 0.672

Number of full-time 

psychologists / 

neuropsychologists 

per 100 patients

r -0.163 -0.350 -0.370 -0.315 -0.153 -0.102

P-value 0.292 0.020 0.016 0.042 0.354 0.560

Number of full-time 

nurse practitioners 

per 100 patients

r -0.117 0.067 0.011 -0.106 0.144 -0.044

P-value 0.448 0.666 0.946 0.503 0.381 0.800

Number of full-time 

genetic counselors 

per 100 patients

r -0.189 -0.205 -0.253 -0.342 -0.479 -0.007

P-value 0.219 0.183 0.106 0.027 0.002 0.967

Pearson correlations computed between the number of specialists per 100 actively managed PKU patients in a given clinic and the proportion of patients of a
given age group within this clinic that have blood Phe above clinic-recommended target.  

Relevant P-values are highlighted in light yellow, significant (p<0.05) correlations are highlighted in orange and bolded. No correction for multiple comparisons
was made. 
r –Pearson correlation coefficient
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adherence in adolescents [12,15]. This discrepancy may largely be due
to the fact that almost all clinics in our survey recommend 360 μM as
a threshold for both younger children and adolescents, while previous
studies reported higher thresholds (600–900 μM) [12,15]. Importantly,
actual blood Phe concentrations among adolescents are lower today
than in the past [1,12].

Finally, we find adherence for adults followed in clinic to be very
similar to more recent reports [12,15] and higher than that reported
in the early 2000s [1]. However, since guidelines today are significantly
stricter than before for older patients, similar adherence rates indicate
lower actual blood Phe concentrations in adults today. This improve-
ment is noteworthy, especially because many older patients have been
used to a more lax Phe target of 600 μM.

Our adherence data was consistent with results from a recent pa-
tient survey conducted by the National PKU Alliance [21]. This self-
selected, non-randomized survey of 625 PKU patients found that
about 68% of patients younger than 18 years and about 23% of adults
had Phe concentrations in the 120–360 μM range. In comparison, we
find 62% and 26% of the respective age groups fall within the same
range. The similarities between patient- and physician-reported out-
comes provide additional validation to the applicability of both ap-
proaches to the study of PKU treatment adherence.

Despite some reduction in adolescent and adult blood Phe concen-
trations, we still find that N60% of adolescents (age 13–17) and N70%
of adult PKU patients in clinics are non-adherent to target Phe concen-
trations. This is concerning, as many of the patients that are not able
to follow the recommendations may become lost to follow-up.

To summarize, while patient adherence to clinic recommendations
and national guidelines on blood Phe concentrations is still low (espe-
cially in older adults), actual blood Phe concentrations have improved
(especially in adolescents and adults). This apparent paradox is ex-
plained by the fact that recommendations themselves are stricter
today as our understanding of the disease and the detrimental impact
of high blood Phe has advanced. It is also supported by our observation
that, if evaluated against the ACMG recommended guideline of 360 μM,
clinics with a higher upper target have more non-adherent patients
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(Fig. 2). This suggests that being adherent can be influenced by both the
patient and physician expectations (i.e., target Phe) in addition to PKU-
related limitations. In other words, tighter guidelines may contribute to
better control of blood Phe concentrations.

Blood-testing frequency is an important measure of adherence for
PKU patients, and specific recommendations are provided by ACMG
guidelines [2]. We found that most clinics set their recommendations
to be similar to the guidelines, though there's a tendency for less fre-
quent monitoring in older patients. Adherence as judged by blood test-
ing frequency is similar to adherence as judged by blood Phe
concentrations. Our data indicates that there is a lack of correlation be-
tween the two measures of adherence, which was also documented
previously [12]. It should be noted, however, that patients who test in-
frequently may “prepare” for their blood test and thus show a lower
blood Phe concentration upon testing, but may suffer from higher
blood Phe concentrations between tests.

We found that higher staffing intensity was associated with higher
adherence to clinic blood Phe recommendations (i.e., lower blood Phe
concentrations) in specific age groups. The magnitude of the effect
was dependent on patient age group and type of healthcare profession-
al. Greater adherence in young children (5–12 years) and young adults
(18–29 years) was associated with increased clinic staff. These patients
are undergoing a great change (e.g., starting school, leaving home) and
as they becomemore independent theywill encounter different outside
influences; additional support offered by the clinicmay serve as an extra
buffer. In contrast, no significant associations were observed for the
youngest children (0–4 years) and pregnant/planning to become preg-
nant women. This is not surprising, as they attract the most attention
from the staff and tend to have very high adherence.

In terms of specialist types, the positive impact of psychologists/neu-
ropsychologists was pronounced. Importantly, only seven clinics (16%
of all) had any psychologists on staff. The availability of social workers
was also associated with improved metabolic control. This suggests
that increasing the availability of psychological and social support may
help to improve patient adherence. Interestingly, no statistically signif-
icant impact of the dietitian staffing on patient adherencewas observed,
though there was an apparent trend and a larger sample size may have
revealed a significant correlation. It is possible that since diet is a key as-
pect of themanagement of PKU, dietitians are generally present on staff
in the majority of the clinics. It is also important to note that diet is just
one component of PKU management: adherence is impacted by other
modes of support, e.g., help with scheduling, travel to and from clinic,
follow-up calls. Finally, a significant correlation in staffing intensity of
genetic counselors with adherence was noted in adult patients. Pres-
ence of additional genetic counselors is likely reflective of clinics that
are generally better staffed, potentially allowing for more time with
adult patients and more availability for appointments.

Our survey has several limitations. Only a subset of US clinics
participated in the survey, thus potentially introducing bias due to non-
respondents and clinic distribution that may overrepresent some regions
of the country. However, these caveats are mitigated by the observations
that (1) participating clinics reportedly account for about half of all ac-
tivelymanaged patients in theUS; (2) no significant differences by region
in key variables (e.g., adherence) have been found (data not shown). An-
other potential confounding factor is the possibility of differing defini-
tions of PKU severity between clinics. This may lead to differences of
blood Phe concentrations between subsets of clinics. However, additional
analyses did not find this to be the case, suggesting that clinics may be
using comparable definitions of severity (data not shown).

The study relied on medical professionals reporting of patient out-
comes (e.g., adherence). While we encouraged the respondents to con-
sult their internal databases and patient charts, additional verification
steps were not part of the design. Respondents may have reported on
their better performing patients since they likely visit the clinic more
often; additionally, poorly controlled patients are more likely to be
lost to follow-up. These concerns are partially mitigated by the close
agreement between our results and the patient survey data reported
by Brown & Lichter-Konecki [21].

Except where noted, no statistical analyses were performed to com-
pare results between groups; therefore, comparative results reported
should be considered observational. We did not investigate treatment
paradigms (e.g., whether patients were on a special diet or used
sapropterin dihydrochloride). Finally, we did not investigate the poten-
tial impact of different state policies onmedical/special lowprotein food
coverage on the variations in adherence between clinics.

We find that recommendations of target blood Phe concentrations in
the US are now stricter compared to prior years, and largely reflect recent
guidelines by the American College of Medical Genetics and Genomics
[2]. Adherence to recommended Phe concentrations remains suboptimal,
especially in older patients. However, despite remaining above the guide-
lines, actual blood Phe concentrations in adolescents and adults are lower
than that reported in the past [1,12]. Continued education and support for
PKU patients by healthcare professionals, including adequate clinic
staffing, are needed to improve adherence. In addition, future research
is needed to understand how to improve adherence to reduce the num-
ber of patients lost to follow-up, as thefindings of this and similar surveys
do not address how to keep patients in clinic.
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