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RESUMEN

El objetivo general de esta tesis ha sido, investigar las complicaciones neuroldgicas y
neuropsicolégicas en el seguimiento de los pacientes PKUDP, a pesar de un adecuado con-
trol de la enfermedad a través de investigaciones clinicas, bioquimicas y de neuroimagen.

En el primer trabajo se estudié la relacidn entre las complicaciones neuroldgicas, los
hallazgos neurorradioldgicos y problemas de conducta, edad en el momento del diagndsti-
co y control dietético a lo largo del seguimiento de los pacientes con PKU en nuestra unidad
metabdlica.

Se realizé un estudio retrospectivo de los pacientes con PKU diagnosticados y contro-
lados en nuestra unidad desde 1985 hasta 2010. A través del registro de pacientes en una
base de datos con 50 items completados por medio de la revisidn de las historias clinicas.

En la segunda investigacién nos planteamos estudiar la integridad de la microestruc-
tura de la sustancia blanca en todo el cerebro de pacientes pediatricos PKU de diagnésti-
co precoz comparados con una poblacién control, mediante la resonancia magnética con
tensor de difusion e indices como la difusividad media, la difusividad radial y la anisotropia
fraccional. Existen pocos estudios que evaltien todos los tractos de la SB cerebral con éste
método en grupos de pacientes pediatricos PKU de diagndstico precoz. Ademas se correla-
cionaron estos indices con los niveles de Phe, el ICD, biomarcadores de neurotransmisores
y parametros neuropsicolégicos como la velocidad de procesamiento.

Los pacientes PKU son una poblacion en riesgo de desarrollar trastornos del suefio de-
bidos a déficits en la sintesis de neurotransmisores. En la tercera investigacion se estudio la
prevalencia de los trastornos del suefio en nifos y adolescentes PKUDP y su correlacién con
marcadores de sintesis de dopamina y serotonina en relacién a un grupo control. Ademas
se correlaciono el estudio del suefio con los niveles de Phe concurrente, ICD, variabilidad de
Phe en el ultimo afio, tirosina, triptdfano, prolactina, ferritina en plasma, concentracién de

serotonina plaquetaria, y la excrecién de melatonina, dcido homovanilico y acido 5-hidroxi-
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indolacético en orina. El suefio se evalué mediante la escala de Bruni para los trastornos del
suefio en nifos.

En el dltimo estudio de esta tesis se evalud de forma restrospectiva las concentraciones
plasmaticas de CoQ10 en una gran cohorte de pacientes pediatricos y adultos jovenes du-
rante un periodo de 12 afios. Se estudiaron 597 pacientes, los cuales se dividieron en 6
diferentes grupos (un grupo control de pacientes sanos, pacientes con PKU, con mucopoli-
sacaridosis (MPS), con otros errores congénitos del metabolismo (EIM), con enfermedades
neurogenéticas y otros con enfermedades neuroldgicas sin diagndstico genético). Se focal-
izd la atencion en aquellos pacientes que presentaban valores bajos de CoQ10 plasmati-
ca, evaluando factores genéticos y ambientales que podrian influir en el estado de CoQ10
plasmatica.

Luego de cada resumen de resultados se adjuntan las publicaciones realizadas en la
tesis y en la parte final, en anexos, se adjuntan las presentaciones realizadas en congresos
y reuniones de pacientes y familiares de los afectos de esta enfermedad, muchos de los

cuales han participado en en las investigaciones, a fin de dar difusién de los resultados.
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1. Introduccion

1. Introduccion

1.1. Definicion de fenilcetonuria

La fenilcetonuria (PKU; OMIM 261600) es un defecto genético recesivo del metabolis-
mo de la fenilalanina (Phe), producido por mutaciones del gen PAH, el cual codifica para la
enzima fenilalanina hidroxilasa (EC 1.14.16.1). Esta enzima cataliza la hidroxilacidon de Phe a

tirosina, utilizando la tetrahidrobiopterina (BH4) como cofactor.

GTP

% GTPCH

Dihydroneopterin-3-P

% PTPS

6-Pyruvoyltetrahydrobiopterin

T
qBH,

BIH4 Pterin-4a-carbinolamine
HVA
PAH
Phenylalanine ———— Tyrosine T -
techolamines
Tyrosine T L-dopa ————» Dopamine —» Melanin
Tryptophan ————» 5-OH tryptophan ——» Serotonin ===  Melatonin
TrpH AADC
Vit 6 l
5-HIAA

Phenylpyruvate
Phenylacetate
Phenyllactate

25



Avances en el estudio de la fenilcetonuria

Figura 1: Sistema de hidroxilacion de la fenilalanina, incluye sintesis y regeneracion de pterinas, sintesis
de aminas biégenas. AADC: aminoacido decarboxilasa; BH2: Dihidrobiopterina; BH4: tetrahidrobiopterina;
DHPR: Dihidropterina reductasa; GTP: guanosina trifosfato; GTPH: Guanosina trifosfato ciclo hidrolasa; L-
DOPA: L-3,4 dihidroxifenilalanina; 5-HIAA: acido 5-hidroxi-indolacético; HVA: acido homovanilico; PAH:
fenilalanina hidroxilasa; PCD, pterina-4a-carbinolamina dehidratasa ; PTPS, piruvoil-tetrahidrobiopterin
sintetasa ; SR, sepiapterina reductasa ; TrpH, triptéfano hidroxilasa ; TyrH, tirosina hidroxilasa.

Adaptado en Burgard et al. en Saudubray 629, 2016.

Las mutaciones en PAH dan lugar a una proteina cuya actividad enzimatica esta total o
parcialmente disminuida, lo que provoca la acumulacidn de Phe en tejidos y fluidos biolégi-

cos (Scriver et al. 2001).

Low protein, but use
in moderation

Foods used to provide daily
phenylalanine requirement

Low protein staple foods

Fruit and vegetables
containing phenylalanine
up to 75mg/100g,
5 servings/day

Protein substitutes,
3 to 4 servings/day

PROTEN
SASTITYTE

Figura 2 : Esquema de piramide alimentaria en la PKU. MacDonald et al. 2020.

1.2 Tratamiento de la fenilcetonuria

Si no se trata, la PKU puede producir discapacidad intelectual y otros trastornos neu-
rolégicos graves, pero con el diagndstico en las primeras semanas de vida a través del criba-
do metabdlico neonatal y el inicio de un tratamiento adecuado, permite un desarrollo fisico

e intelectual practicamente normal (Scriver et al. 2001). El tratamiento clasico de la PKU
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1. Introduccion

consiste en la restriccion de Phe de la dieta por medio de alimentacion con bajo contenido
en proteinas naturales, suplementada con férmula especial enriquecida en tirosina y con
aminoacidos y micronutrientes (vitaminas, minerales, oligoelementos y acidos grasos esen-
ciales) necesarios para evitar deficiencias nutricionales (Scriver et al. 2001).

El tratamiento alternativo con BHy4 (comercializado como Kuvan) también logra dis-
minuir las concentraciones de Phe en los pacientes que responden al mismo, permitiendo
la liberalizacion total o parcial de la dieta (Lambruschini et al. 2005). El objetivo con ambos
tratamientos, es mantener las concentraciones de Phe en sangre en un rango seguro me-
diante el célculo del indice del control dietético (ICD) (inferior a 360 umol/L hasta los 12
afios y a 600 umol/L a partir de los 12 afios). Con ello se alcanza tanto un nivel cognitivo
y desarrollo psicosocial adecuados, como una buena calidad de vida a largo plazo (Scriver
et al. 2001; Pietz et al. 1998; van Spronsen et al. 2017). No obstante, a pesar de instaurar
el tratamiento precoz o lograr un adecuado control metabdlico de los pacientes PKU, es-
tos pueden presentar alteraciones neuroldgicas y neuropsicoldgicas, aspectos en los que
hemos centrado nuestras investigaciones (Pérez-Duefias et al. 2005; Waisbren et al.2007;

DeRoche et al. 2008).

1.3 Fisiopatologia de la fenilcetonuria

Desde un punto de vista fisiopatoldgico, existen diferentes alteraciones bioquimicas
gue podrian explicar las disfunciones neuropsicoldgicas en la PKU. Por un lado, los pacien-
tes PKU tratados precozmente y bien controlados, mantienen una elevacién de la concen-
tracién de Phe en plasma, entre 3-5 veces superior a los valores fisiolégicos de la poblacion
sana. Se desconoce si esta elevacion crdénica pudiera contribuir a la fisiopatologia de la en-
fermedad, pero si se sabe que el efecto directo de las concentraciones elevadas de Phe en
el cerebro altera, por un lado la produccién y mantenimiento de la mielina (Dyer et al. 1999)
y, por otro lado interfiere en la sintesis de los neurotransmisores dopamina y serotonina

(Dyer et al. 1999; Surtees et al. 2000; van Spronsen et al. 2009; 2017; Feillet et al. 2010).
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NORMAL BRAIN

{myslinating)

Niveles normales de Phe
Adecuada sintesis de colesterol en oligodendrocitos
Proceso de mielinizacién adecuado

Niveles de dopamina normales

PKU BRAIN

OLIGODENDROCYTE, (.
(nonmyslinating)
)

Niveles elevados de Phe T

Menor sintesis de colesterol en oligodendrocitos,
afectando produccién y mantenimiento de mielina.

Menor sintesis de CoQ,, en oligodendrocitos.
Los axones pasan a un estado inmaduro

!

Déficit de sintesis dopaminérgica.

Figura 3: Hipdtesis de Dyer, 1999

Las concentraciones elevadas de Phe en el cerebro producen alteracién en la mie-

linizacion. La prevalencia de estas anomalias es alta, especialmente en los pacientes may-

ores y en aquellos que no cumplen el tratamiento (Anderson et al. 2007). Estas anomalias

se identifican a través de los estudios de resonancia magnética cerebral (RMC) como areas

de aumento de sefial en secuencias T2 predominantemente en la sustancia blanca (SB)

periventricular parieto-occipital (Bick et al. 1991; Pietz et al. 1996). Las alteraciones en la

SB parece que dependen mas de las concentraciones de Phe en sangre recientes, de forma

gue un buen control dietético puede reducirlas (Thompson et al. 1990; Ullrich et al. 1994;

Cleary et al. 1995). Estas anomalias en la mielinizacién cerebral junto con el defecto de los

neurotransmisores dopamina y serotonina parecen estar relacionados con los problemas

neuropsicoldgicos descritos en los pacientes PKU, especialmente si el control metabdlico

no es el adecuado (Feillet et al. 2010).
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1. Introduccion

1.4 Funciones cognitivas y fenilcetonuria

Los pacientes PKU tratados de forma precoz presentan alteraciones en algunas fun-
ciones cognitivas, que aunque leves, inciden de forma negativa en su rendimiento escolar
(Gassid et al. 2005). Su capacidad intelectual es normal pero menor que la de los grupos
control de su mismo entorno social, y muestran déficits principalmente en funciones ejec-
utivas (control atencional, planificacién estratégica, inhibicion de respuestas, memoria de
trabajo y flexibilidad de pensamiento y accién) (DeRoche et al. 2008; Gassid et al. 2005;
Christ et al. 2010). En estudios mas recientes también se ha reportado un enlentecimiento
de la velocidad de procesamiento y alteraciones en motricidad fina (Anderson et al. 2007;

Gassio et al. 2005).
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Figura 4: Esquema de funciones dopaminérgicas y serotoninérgica.
Adaptado en https://antroporama.net/nucleo-accumbens-aprendizaje-y-motivacién/

Se ha descrito una elevada incidencia de ansiedad y depresién en los pacientes PKU,

mas relacionada con el déficit de serotonina (Feillet et al. 2010), y la presencia de trastor-
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nos del suefio probablemente debida a una menor sintesis de melatonina (Campistol et
al. 2010). Actualmente se baraja una hipdtesis principal como causa de estas alteraciones
neuropsicoldgicas potencialmente asociadas con la disfuncidn en la neurotransmision. Se
ha demostrado una disfuncion del cértex prefrontal (CPF) debido a una disminucién de la
sintesis de dopamina, y secundariamente de catecolaminas (van Spronsen et al. 2009). Evo-
lutivamente se objetiva que la adecuada adquisicidon de las funciones ejecutivas y el control
motor estan estrechamente vinculados al desarrollo anatémico y funcional del CPF y de
las areas cerebrales asociadas (ganglios basales, cértex cingulado anterior, cértex parietal
posterior, y cerebelo).

Por tanto, estas funciones pueden verse afectadas ante cualquier disminucion en la di-
sponibilidad de dopamina en el CPF. En la PKU, esta disminucidn en la sintesis de dopamina
se debe a que hay una menor sintesis de tirosina y a una menor disponibilidad de tirosina
debido a que las concentraciones elevadas de Phe inhiben el transporte por los transpor-
tadores de aminodcidos (LAT1) al cerebro por un mecanismo competitivo (van Spronsen et
al. 2009; 2017).

Esto afectaria al transporte de otros aminoacidos neutros (metionina, esencial para
la estabilidad de la mielina y triptéfano, éste ultimo precursor de serotonina). Ademas las
concentraciones elevadas de Phe en las neuronas incide negativamente sobre la actividad
de las enzimas tiroxina hidroxilasa y triptéfano hidroxilasa (Surtees et al. 2000), que son las
enzimas que intervienen en la sintesis de dopamina y serotonina respectivamente (Figura
1). La pérdida de mielina en pacientes PKU afectaria secundariamente a la produccion de
neurotransmisores (DeRoche et al. 2008), y causaria disrupciones en la interconectividad

entre diferentes regiones cerebrales (Christ et al. 2010).
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Figura 5: Fisiopatologia en la disfuncion cerebral de la PKU. Adaptado de Van Spronsen 2017.

1.5 Biomarcadores de la neurotransmision en la fenilcetonuria

Desde un punto de vista bioquimico, es dificil estudiar la neurotransmisién en la PKU
ya que la forma mas adecuada seria la practica de una puncién lumbar para analizar direct-
amente los neurotransmisores y sus precursores (Ormazabal et al. 2005). Obviamente, esta
practica no se realiza por motivos éticos. Por otro lado, las nuevas técnicas de neuroimagen
para estudiar el metabolismo cerebral no tienen sensibilidad suficiente para analizar deter-
minados metabolitos. Por ello, se ha realizado un estudio bioquimico de |la neurotransmis-
i6n en fluidos bioldgicos periféricos para tratar de correlacionarlo con los trastornos neu-

ropsicoldgicos en los pacientes PKU. Si bien la sangre y orina no serian los especimenes mas
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adecuados para este fin, nuestra experiencia previa en la PKU sugiere que podrian aportar
informacidn valiosa (Ormazabal et al. 2005). Se analizaron tanto precursores necesarios
para la sintesis de los neurotransmisores (tirosina, triptdfano), metabolitos que reflejan
su sintesis y recambio (aminas bidgenas: acidos 5-hidroxiindoleacético y homovanilico) y
marcadores de sintesis y funcién (prolactina como marcador del déficit de dopamina, y
serotonina en plaguetas como marcador de sintesis de este neurotransmisor) (Ormazabal

et al. 2005).
1.6 Histopatologia en la fenilcetonuria

Los cerebros de pacientes con PKU no tratados generalmente muestran alteraciones
en la mielinizacion, que reflejan la palidez de la SB en las tinciones de la mielina (Hutten-
locher 2000). Ademas segun investigaciones de Malamud, estas alteraciones se asocian a
gliosis astroquistica en los tractos de la SB afecta, (Malamud 1966). En modelos animales de
PKU, los estudios han demostrado que los oligodendrocitos no forman mielina en respuesta
a un alto contenido de fenilalanina (Phe) (Dyer et al. 1999), debido a que la hiperfenilala-
ninemia produce una inhibicién de la sintesis de colesterol a nivel de los oligodendrocitos
(Dyer et al. 1999; Shefer et al. 2000) (Figura 3).

Dado que la colesterogénesis es una via comun de sintesis de CoQ__, las elevaciones

107
de Phe podrian asimismo causar una disminucion de la sintesis endégena de CoQ . Esta
hipdtesis es interesante, teniendo en cuenta que el CoQ,, es una sustancia fundamental
en el metabolismo neuronal, pues participa en la sintesis de energia a nivel mitocondrial y
previene el dafio causado por la peroxidacidn lipidica.

En la etapa intrautero se cree que el desarrollo del cerebro continda normalmente
hasta el nacimiento. Después del nacimiento, los niveles de Phe aumentan rapidamente y
desde ese momento se consideran neurotdxicos para el desarrollo posterior del cerebro.
Esto denota que las lesiones de la SB en la PKU no tratada ocurren generalmente en re-
giones en las que la mielinizacidn se produce en etapa post-natal (Dyer et al 1999; Dyer et

al 1996). Como consecuencia, se supone que los oligodendrocitos en las regiones que mie-

linizan después del nacimiento (por elemplo: el tracto éptico, cuerpo calloso, SB subcortical

32



1. Introduccion

y sustancia blanca periventricular) son vulnerables a niveles altos de Phe después del na-
cimiento, mientras que los oligodendrocitos asociados con los tractos de SB que mielinizar
antes del nacimiento (por ejemplo, cdpsula interna y tronco encefdlico) son resistentes a
niveles elevados de Phe después del nacimiento (Dyer et al 1999). Dyer en esa misma pub-
licacién, sostiene que la patologia de la SB en la PKU no tratada es un proceso de desarrollo
por el cual los niveles elevados de Phe detienen el proceso de la mielinizacidn, resultando
en hipomielinizacidn severa.

El compromiso leve y transitorio de los tractos de SB que se mielinizan después del na-
cimiento, se cree que es lo que sucede en los pacientes PKU tratados en forma temprana. Es
probable que las lesiones de SB en los pacientes PKU no tratados se deba a una formacion
reducida de mielina, mientras que las lesiones en pacientes bien controlados se deba a una
pérdida de la funcién o deterioro de mielina previamente ensamblada (Dyer et al. 1999).

En conclusién, la PKU se asocia con patologia difusa de la SB en pacientes tratados
y no tratados. En pacientes no tratados refleja un proceso de hipomielinizacion (falta de
formacion de mielina) mientras que en pacientes tratados temprano, esta patologia proba-
blemente refleje un edema intramielinico. Las investigaciones demuestran que estas alter-
aciones se asocian con el control metabélico y, como tal, puede revertirse con la adherencia
a una dieta estricta baja en Phe durante al menos 2 meses (Cleary et al. 1995; Leuzzi et al.

1997).

1.7 Resonancia magnética cerebral y la secuencia con tensor de difusion.

La prevalencia de las anormalidades de la SB es alta (Cleary et al. 1994; Thompson et
al. 1993), y la mayoria de los pacientes tratados de forma precoz presentan al menos un au-
mento leve de la intensidad en la secuencia T2 de la RMC en la SB periventricular (Anderson
et al. 2004; Cleary et al. 1994; Shaw et al. 1991). Otros estudios también han demostrado
gue en casos mas graves, las anomalias de la SB pueden extenderse a regiones subcortica-

les (Anderson et al. 2004; Bick et al. 1991; Bick et al. 1993; Thompson et al. 1993).
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Figura 6: Secuencia T2, corte axial de resonancia magnética de pacientes PKU.

A. Buen control metabdlico.
B. Pobre control metabdlico, las flechas indican las lesiones de SB periventricular

Mas recientemente, se han utilizado imagenes con tensor de difusion (TD) (adquiridas
a partir de la RM) para estudiar la integridad de la microestructura de la SB en la PKU.

La técnica de TD es una aplicacidn cuantitativa de la RM que permite una evaluacién
no invasiva, in vivo de la estructura axonal y del estado de la mielina, a través de la medicion
de la difusién de las moléculas de agua en las estructuras cerebrales (Basser et al. 1994;
Basser &Pierpaoli 1996).

La RMC-TD mide la extension y direccionalidad de la difusién del agua, la cual en
una SB integra, se mueve de manera paralela a los tractos de la fibra nerviosa, de manera
asimétrica. A esta asimetria se la denomina anisotropia, estableciéndose una relacién di-
recta entre el nivel de anisotropia y el nimero de fibras (por lo que a una menor anisotropia
menor numero de fibras). Es decir, la anisotropia fraccional (AF) cuantifica la preferencia
por la difusién en una direccién, y se correlaciona con didmetro axonal, densidad y orient-

acion de las fibras.
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Figura 7. RMC-TD: Resonancia magnética con Tensor de difusion: difusion en los medios bioldgicos.
Difusion anisotrdpica: restringida en una o mas direcciones, (i.e cc: cuerpo calloso). Difusion isotrépica o
libre: igual en todas las direcciones, (i.e. LCR: liquido cefalorraquideo). Adaptado en Brain’s Cortex and
White Matter. Harvard.

Ademas de la AF se pueden determinar otros parametros, como la difusividad media
y la difusividad radial. La difusividad media mide el movimiento molecular medio del agua,
representa la media del movimiento molecular, independientemente de la direccionalidad
y proporciona una medida general de integridad del tejido (Sen & Basser, 2005), la difusiv-
idad radial (DR) es la difusividad transversa, perpendicular a la fibra axonal, y se relaciona
con la integridad de mielina.

Los estudios de TD han identificado una difusividad restringida en individuos con PKU
en varias regiones del cerebro, incluido el centro semioval central (CSO), la corteza occipital
parietal posterior, la corteza prefrontal, la radiacién déptica, el putamen y el cuerpo calloso
anterior (Antenor-Dorsey et al. 2013; Christ et al. 2010; Ding et al. 2008; Kono et al. 2005;
Peng et al. 2014; Vermathen et al. 2007; White et al. 2013; 2010).

La diferencia se observa en investigaciones en poblaciones sanas que demuestran
que los valores de DM disminuyen con la edad durante la nifiez, (por el proceso de mie-
linizacion, la SB estd mas compacta), mientras todavia estd madurando (Scantlebury et al.

2014). Mientras que, durante la edad adulta, los valores de DM tienden a aumentar por los

35



Avances en el estudio de la fenilcetonuria

procesos que afectan la integridad de la SB (Madden et al. 2009; Benitez et al. 2018). En
cambio la AF disminuye a lo largo de la edad adulta. La disminucién de valores de DM y DR
con el incremento de la edad se asocian a un mejor estado de la microestructura de la SB
(Basser et al. 2014; 2015; Song et al. 2002; 2005). Sin embargo, en poblaciones PKU, los va-
lores reducidos de DM y DR parecen estar mas relacionados con el aumento de los niveles
de Phe (Peng et al. 2014; Hood et al. 2015). Es decir, que en los pacientes PKU la reduccién
de los valores de DM y DR, no refleja que la SB estd mas preservada, sino que, representa
el dafio de SB ya que los niveles elevados de Phe inhiben la biosintesis y estabilidad de la
mielina en los oligodendrocitos. Por lo tanto, se postula que en poblaciones sanas, la correl-
acién negativa entre los valores de DM y DR con la edad refleja una mejor preservacion del
proceso de mielinizacion (Scantlebury et al. 2014), mientras que en la PKU, los resultados
refuerzan la hipdtesis que los niveles elevados de Phe producen un dafio acumulativo en Ia
microestructura de la SB y por eso disminuyen los valores de DM.

El analisis estadistico a través del estudio estadistico de los tractos (TBSS) proporcio-

nan evidencia del compromiso generalizado de la SB en la PKU (Antenor-Dorsey et al.2013;

Hawks et al.2017; Hood et al. 2015).

Figura 8: Graficos de TBSS: muestran regiones de reduccion DM y DR en individuos con ETPKU en
comparacion con el grupo control. El color rojo-amarillo representa voxeles significativos en p <0.05.

El esqueleto medio de FA de todos los participantes se superponen en verde en la imagen del cerebro
ponderada en T1 de MNI152. Adaptado en Peng et al. 2014.
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1.8 Seguimiento dietético y alteraciones de micronutrientes:

Otro aspecto muy relevante en el seguimiento de los pacientes PKU es el estudio de
los efectos del tratamiento dietético restringido en proteinas naturales, que hace que los
pacientes PKU sean un grupo susceptible de padecer deficiencias dietéticas de sustancias
esenciales, como vitaminas y oligoelementos (Ormazéabal et al. 2005; Artuch et al. 2004).
De hecho, nuestra propia experiencia y la de otros grupos han revelado cuales son los nutri-
entes que pueden estar deficientes en la PKU, y que ademds potencialmente podrian estar
asociados a ciertos trastornos neuroldgicos como en el caso de la deficiencia de selenio
(Gassio et al. 2008). Se ha demostrado en ratones con restriccién dietética de selenio una
disminucién de la actividad del enzima glutation peroxidasa (GPX) en el CPF y un aumen-
to del catabolismo de la dopamina (Castano et al. 1997). En un estudio de nuestro grupo
(Gassio et al. 2008) encontramos una relacién entre los valores bajos de selenio en plasma
y un peor rendimiento en las pruebas de atencién, funcién cognitiva dependiente del CPF.

Otro nutriente deficiente en pacientes PKU es el CoQ. , deficiencia debida principalmente

107
a una inhibicién en su sintesis endégena causada por los valores elevados de Phe (Artuch
et al. 2004). La relacion de la deficiencia de CoQ,, diferentes trastornos neurolégicos hace
muy pertinente su inclusion en el estudio. De hecho, seria probable que ocasionara trastor-
nos sutiles en el metabolismo energético mitocondrial que podrian estar relacionados con
alteraciones en el metabolismo y funcién de los neurotransmisores, que son procesos de-
mandantes de energia en forma de ATP. Finalmente serd de especial interés el seguimiento
de los pacientes en tratamiento con BHy. Este cofactor de la enzima PAH, ademas de conse-
guir reducir los valores de Phe, actuaria también mejorando la sintesis de dopamina y sero-
tonina, ya que actua también como cofactor de las enzimas tirosina hidroxilasa y triptéfano
hidroxilasa (Surtees et al. 2000). Este tratamiento ha emergido en la pasada década, pero
todavia la experiencia en su seguimiento es muy corta y hay pocos datos en la literatura de
sus potenciales efectos sobre la neurotransmision dopaminérgica y serotoninérgica en los

pacientes PKU tratados (Lambruschini et al. 2005) y ademas la experiencia en nuestro pais

es muy escasa (Campistol et al. 2012). A pesar de instaurar el tratamiento precoz o lograr
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un adecuado control metabdlico de los pacientes PKU, estos pueden presentar alteraciones

neuroldgicas y neuropsicolégicas, aspectos en los que se han centrado nuestras investiga-

ciones.
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2. Justificacidn de la Unidad Tematica

2. Justificacion de la Unidad Tematica

En los estudios realizados en esta tesis se ha intentado caracterizar los determinantes
de las alteraciones neurolégicas y del comportamiento, son los primeros estudios en con-
junto de una cohorte relativamente importante de pacientes PKU seguidos a largo plazo.

También se han investigado las alteraciones neurolégicas-neuropsicoldgicas, y su rel-
acién con biomarcadores de la neurotransmisidn, y alteraciones de la microestructura de la
sustancia blanca en relacién a un grupo control.

Hay pocos estudios en pacientes PKU pediatricos y adolescentes de diagndstico precoz
en los que se hayan evaluado la calidad del suefio, y estos se han centrado en evaluar los
patrones electroencefalograficos de suefio REM y no REM. En nuestro estudio analizamos
la calidad de sueno con cuestionarios y las correlaciones con precursores de melatonina
comparandolos con una poblacién control.

Finalmente, se sabe que el déficit de la CoQ10 es una alteracién metabdlica secund-
aria de origen multifactorial en la PKU que puede condicionarles un aumento del estrés ox-
idativo. Se ha evaluado las concentraciones de CoQ10 y el indice coenzima Q10/colesterol
en pacientes con PKU, otros errores congénitos del metabolismo, y otros con enfermedades
neuroldgicas genéticas y no determinadas genéticamente, en una cohorte de pacientes
pediatricos y adultos jévenes menores de 22 anos. Asimismo se evaluaron factores genéti-
cos y ambientales que pueden influir en las concentraciones plasmaticas de la CoQ10 para
intentar determinar el origen de la deficiencia.

Por tanto, hemos desarrollado en este trabajo una investigacién orientada al paciente
PKU, que ha nacido desde la experiencia clinica apoyandose en datos complementarios

tanto de laboratorio como de neuroimagen.

41






HIPOTESIS







3. Hipotesis

3. Hipétesis

La hipodtesis de esta tesis doctoral postula que a pesar de instaurar el tratamiento pre-
coz o lograr un adecuado control metabdlico de los pacientes PKU, estos pueden presentar
alteraciones neuroldgicas-neuropsicoldgicas, nutricionales y de neuroimagen a medio- lar-

go plazo.
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4. Objetivos

4. Objetivos

4.1. Objetivo general:

Investigar las complicaciones neurolégicas y neuropsicoldgicas en el seguimiento de
los pacientes PKUDP, a pesar de un adecuado control de la enfermedad a través de investi-

gaciones clinicas, bioquimicas y de neuroimagen.

4.2. Objetivos concretos:

1. Caracterizar los factores determinantes de las complicaciones neurolégicas y los
trastornos del comportamiento en una cohorte de pacientes PKUDP seguidos a
largo plazo.

2. Estudiar las complicaciones neuroldgicas y neuropsicoldgicas en el seguimiento de
los pacientes PKUDP a través de investigaciones clinicas, bioquimicas y de neuro-
imagen.

3. Estudiar las alteraciones del suefio en pacientes PKUDP y su relacion con las alter-
aciones de melatonina y serotonina.

4. Elucidar las posibles causas de la deficiencia de la coenzima Q en pacientes PKU.
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5. Pacientes, material y métodos

5.1 Pacientes del estudio

En el conjunto de trabajos que se incluyen en esta tesis, han participado 281 pacientes
PKU controlados periddicamente en nuestro hospital (Centro de Referencia para la PKU en
Cataluiia). Se estudiaron pacientes de diagndstico precoz y solo la primera investigacién

incluye pacientes de diagndstico tardio.

5.1.1. Pacientes del estudio del Objetivo 1:

En este estudio retrospectivo descriptivo se estudiaron 121 pacientes PKU diagnosti-
cados y tratados en la unidad de seguimiento PKU del Hospital Sant Joan de Deu de Esplu-
gues (Centro de referencia de Fenilcetonuria en Cataluia) desde su creacién en 1985 hasta
2010. Del total, 14/121 siguieron tratamiento con BH4, y el resto fueron tratados con dieta
restrictiva en Phe.

Criterios de inclusién: A) pacientes PKU diagnosticados y seguidos en este centro,
confirmados por diagndstico genético de la deficiencia de PAH. B) pacientes PKU con con-
centraciones de Phe superiores a 360 umol/L.

Registro de pacientes: Se incluyeron 121 pacientes en los que se recogieron datos
clinicos (edad, sexo, edad al diagndstico y tratamiento), complicaciones neuroldgicas, (epi-
lepsia, temblor, torpeza, espasticidad, discapacidad intelectual), hallazgos neurorradiolégi-
cos, y trastornos del comportamiento (déficit de atencién, impulsividad, hiperactividad, sin-
tomas de ansiedad y depresidn, fobias, agresividad y baja autoestima), datos metabdlicos
(control dietético) y mutaciones en el gen PAH. Los datos fueron extraidos de las historias

clinicas de cada paciente.
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5.1.2. Pacientes del estudio del Objetivo 2:

5.1.2. A. Se estudiaron 15 pacientes con PKUDP (mediana de edad 12 afos, rango
8-18 afios) de la unidad de seguimiento del hospital Sant Joan de Déu. Todos los pacientes
fueron diagnosticados con el programa de cribado neonatal y fueron tratados continua-
mente desde las primeras semanas de vida. El tratamiento fue el siguiente: 11 pacientes
con tratamiento dietético (restriccion de Phe), de los cuales 5 fueron clasificados como de
buen control metabdlico (mediana del tltimo afio o indice de control de dieta) (Vilaseca et
al. 1995) fue Phe < 360 umol/L para pacientes menores de 12 afios de edad o Phe < 600
umol/L para los mayores de 12 afios, y el resto mostraron un cumplimiento de la dieta
subdéptimo (van Spronsen et al. 2017). Los 4/15 pacientes restantes fueron tratados con
BH4 y todos presentaban un buen control metabdlico. Ningun paciente manifestd historia

o clinica de deterioro neuroldgico.

5.1.2. B. Grupo control de objetivo 2:

El grupo control del estudio de neuroimagen “White matter microstructural damage
in early treated phenylketonuric patients” estaba formado por 11 participantes (media de
edad: 11 afos, rango de edad 9-18 afios; 5 varones y 6 mujeres), que fueron referidos
para realizar la resonancia magnética craneal (RMC) por cefalea. Ninguno de los controles
presentaba historia de discapacidad intelectual, problemas de aprendizajes, trastornos
psiquiatricos o problemas médicos relacionados con la PKU. La edad, sexo y las caracteristi-

cas socio-culturales fueron comparadas con el grupo PKU de diagndstico precoz.

5.1.3. A. Pacientes del estudio del Objetivo 3:

Se estudiaron 32 pacientes PKU tratados de forma precoz con una edad media de 12
afios (DE * 3.36) (16 mujeres y 16 varones). El grupo de pacientes PKU se dividié en tres
subgrupos: 1) 12 pacientes bajo tratamiento dietético y un buen control metabdlico (indice
de control dietético (IDC) del Gltimo afio < 360 umol/L para pacientes menores de 12 afios

0 < 600 umol/L después de 12 afios), edad media 10 afios (DE £ 2,21); 2) 7 pacientes bajo
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tratamiento dietético y control metabdlico deficiente (ICD del Gltimo afio > 360 umol/L para
pacientes menores de 12 afios o > 600 pumol/L después de 12 afios), edad media 11,7 afios
(DE % 3,09); y 3) 13/32 pacientes en tratamiento prolongado (entre 4 y 12.5 afios de trata-
miento) con BH4 y buen control metabdlico, edad media 13.9 afios (DE + 3.48). Los criterios
de inclusién para pacientes con PKU fueron: inicio temprano del tratamiento (durante las
primeras semanas de vida), tratamiento continuado con dieta restringida o BH4, cociente
intelectual superior a 80, ausencia de medicacion el dia del analisis y ausencia de patologia
médica asociada o trastornos del estado de dnimo que podria condicionar el resultado de
los estudios psicoldgicos y de sueio. Tres pacientes en el grupo de PKU (uno en cada sub-
grupo) fueron diagnosticados de TDAH y recibieron tratamiento farmacolégico con metil-
fenidato de liberacién prolongada; tenian buena tolerabilidad y, por lo tanto, se incluyeron
en el estudio. Los criterios de inclusién para el grupo control fueron: rendimiento escolar
normal, ausencia de medicacidn crdnica, ausencia de patologia médica o trastornos del
estado de animo que podrian conducir a un trastorno del suefo, y no ser hermanos sanos
de pacientes PKU (para evitar habitos familiares o factores ambientales que podrian tener

un impacto en la calidad del suefio).

5.1.3. B. Grupo control del Objetivo 3:
En el estudio de suefio participaron 32 sujetos sanos con una media de 11.9 anos de
edad (DE £ 3.29) (16 mujeres y 16 varones), con las mismas condiciones socio-culturales y

demogriaficas.

5.1.4. A. Pacientes del estudio del Objetivo 4:

Se estudiaron retrospectivamente la base de datos de 597 individuos (rango de edad:
1 mes a 43 aiios, media 11 afios), seguidos durante el periodo 2005-2016 en el Hospital
Sant Joan de Deu y en el Hospital Great Ormond Street (Londres). 113 con fenilcetonuria
(PKU), 44 con mucopolisacaridosis (MPS), 61 con otros errores innatos del metabolismo
(EIM), 99 con trastornos neurogenéticos, 197 con otros trastornos neuroldgicos no deter-

minados genéticamente.
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5.1.4. B. Grupo control del objetivo 4:
Los controles fueron nifios sanos sin tratamientos farmacoldgicos crénicos enviados al
Hospital Sant Joan de Déu para intervenciones quirdrgicas menores (principalmente fimo-

sis, adenoides y drenaje timpanico).

5.2. Aspectos éticos

Los protocolos de estudio y las enmiendas fueron aprobados por el Comité de ética
(CE) del Hospital Sant Joan de Déu. Se obtuvo el consentimiento informado por escrito de
todos los padres (cuando el paciente era menor de 18 afios de edad o presentaba discapaci-
dad intelectual) y para los participantes del grupo de control en el momento de la visita. Los
estudios se realizaron de acuerdo con los principios de la Declaracion de Helsinki, revisada

y actualizada en 2013.

5.3 Material y métodos

5.3.1. Evaluacion neuroldgica y alteraciones del comportamiento

En el caso del estudio inicial de las complicaciones neuroldgicas, estas fueron registra-
das a través de la revisidn de historias clinicas en el estudio del objetivo 1, pero en el resto
la exploracion fue directa. En el examen neuroldgico se tuvieron en cuenta las alteraciones
neuroldgicas como temblor, torpeza motora y signos piramidales (hiperreflexia, espastici-
dad y signo de Babinski).

El registro de problemas de comportamiento se realizé a través de cuestionarios a los
padres, pacientes y profesores. Los pacientes fueron controlados por un neurdlogo cada 6
meses durante el primer afio de vida, anualmente a partir del primer afio de vida hasta los
dos afios de vida y cada 2 afios a partir del tercer afio de edad. El desarrollo psicomotor
fue evaluado al afio, y a los tres anos y la capacidad intelectual a los 6, 12 y 18 afios en los

controles de psicologia.
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Dentro de las alteraciones de comportamiento se incluyeron sintomas internalizantes
como ansiedad, sintomas de depresién y baja autoestima, y sintomas externalizantes como

hiperactividad, impulsividad y agresividad.

5.3.2. Evaluacion neuropsicoldgica

El coeficiente de desarrollo fue calculado con la escala de Brunet Lezine para valoracién
del desarrollo en la infancia precoz en pacientes menores de 4 afios de edad. El coefici-
ente intelectual (Cl) fue evaluado con Kaufman Bit intelligence Test (K Bit) (pacientes de
4-6 aiios), por la escala intelectual de nifios de Wechsler (WISC-1V) (Weschsler 2007) y por
la escala de inteligencia de adultos de Wechsler (WAIS-III) (Wechsler 1999). Dado que las
anomalias de la SB se han asociado con un rendimiento mas lento en la velocidad de proc-
esamiento, se aplicaron los siguientes test neuropsicolédgicos para evaluarla: indice de ve-
locidad de procesamiento de Escalas Wechsler, tiempo requerido para copiar la figura com-
pleja de Rey (Rey 2003), velocidad motriz y de busqueda visual con Trail Making Test Part
A (prueba del trazo) (Strauss et al. 2006), velocidad con velocidad de denominacién con el
NEPSY Il -subtest (Korkman et al. 2014), velocidad de respuesta y tiempo de reaccion del
golpe, Prueba de rendimiento continuo de Conners Il (CPT-II) (Conners 2004) y tiempo total
de iniciacion en la ejecucién de la prueba de la Torre de Londres (Culberston et al. 2005). La
puntuacién tipica (PT) de referencia para el coeficiente intelectual (Cl) fue de 100 + 15 para
todos las pruebas, salvo la referencia tipica de puntuacién en la evaluacién del tiempo de
reaccion del golpe en CPT-Il, fue de 50 + 10, ya que se considerd una ejecucién mas rapida
la asociada a una puntuacién menor que 40 y una ejecucién mas lenta a una puntuacion

mayor de 60.

5.3.3. Material y métodos de laboratorio:

5.3.3. A. Determinacion de fenilalanina y tirosina.

La determinacién de Phe y tirosina de las muestras de plasma y sangre seca, se real-

izd por cromatografia liquida de intercambio idnico y derivatizaciéon con ninhidrina usando
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el equipo Biochrom 30 (Pharmacia-Biotech). La frecuencia de las mediciones varia entre
semanalmente (< 2 meses de vida), quincenalmente (entre 2 meses y 4 afios de edad) ¢
mensualmente ( > 4 afios de edad). Se utilizé el indice de control de dieta de los primeros
6 afios de vida, (valor de Phe medio en pmol/L de las medianas anuales) y valores de Phe
de toda la vida (calculada como la medicion de la media de las medianas de toda la vida
de Phe). También evaluamos la variabilidad de Phe (desviacion estandar de los niveles de
Phe) e ICD (mediana de los niveles de Phe en sangre) durante el dltimo afo. En el estudio
de neuroimagen se determind la Phe plasmatica concurrente (medicién de Phe el dia de la
realizacién de la resonancia). Los analisis de sangre se realizaron en condiciones de ayuno,

a primera hora de la mafana.

5.3.3. B. Indice de control de la dieta

Se considerd un ICD bueno cuando la Phe < 360 umol/L para los pacientes menores
de 12 afios de edad, y < 600 umol/L en los mayores de 12 afios de edad y regular o malo
cuando estaban por encima de estos parametros, (van Spronsen et al. 2017). Previo a la
publicacion de esta guia, se utilizé el protocolo de la Unidad de Seguimiento de la PKU del
Hospital Sant Joan de Deu, Centro de Referencia en Catalufia de la PKU, segun el cual, el ICD
del dltimo afio dependia de la edad del paciente: se consideré como bueno cuando en los
pacientes menores de 10 afios el ICD < 360 umol/L y para los pacientes con edades entre
los 10 a 18 afios < 480 umol/L. Se considerd un control regular para los pacientes menores
de 10 afios si el ICD era entre 360 — 480 pmol/L y para los mayores de 10 afios si el ICD era
entre 480- 600 umol/L. EI ICD fue considerado malo si los valores se encontraban por enci-

ma de estos rangos.

5.3.3. C. Determinacion de marcadores de neurotransmisores

Se analizaron biomarcadores bioquimicos relacionados con la neurotransmisiéon dopa-
minérgica y serotoninérgica, ademas de la determinacién en plasma de Tyr y Phe (comen-
tados previamente), se analizd la excrecion de metabolitos de aminas bidgenas en orina

como acido homovanilico (HVA) para dopamina y 5-hidroxiindolacético (5HIAA) para la se-
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rotonina, por medio de cromatografia de gases acoplada a deteccidn por espectrometria de
masas (Agilent Technologies).

La determinacién de triptéfano se realizé por cromatografia liquida de alta presién
(HPLC) con deteccion de fluorescencia (Waters, Milford, MA, EE.UU.), segun protocolos y
procedimientos ya descritos (Ormazabal et al 2005).

La secrecién de prolactina es inhibida por dopamina, y por lo tanto una elevacién
de este biomarcador puede usarse como marcador de déficit dopaminérgico cerebral. La
deficiencia de hierro esta involucrada en algunos trastornos del suefio vy, por lo tanto, se
determinaron los niveles de ferritina en sangre (Trotti et al. 2012). La prolactina y la ferriti-
na en suero se midieron mediante inmunoensayo de microparticulas quimioluminiscentes
utilizando el analizador automatizado Architect (Abbott). La concentracién de serotonina
plaguetaria se ha utilizado como un marcador indirecto de la funcién serotoninérgica cen-
tral. Las concentraciones de serotonina plaquetaria fueron analizadas por HPLC con detec-
cion de fluorescencia (Waters, Milford, MA, EE. UU.), siguiendo un procedimiento publicado
por nuestro grupo (Ormazabal et al. 2005). La 6-sulfatoximelatonina en orina (el metabolito
final de la melatonina) se analizd por duplicado usando un kit competitivo de ELISA (IBL:
Ref. RE54021) (Batllori et al. 2017). Las muestras de orina fueron recolectados en la primera
miccién de la manana. Todos los resultados bioquimicos se compararon con los valores de

referencia establecidos por nuestro laboratorio.
5.3.3. D. Determinacion de coenzima Q

Los valores totales de colesterol (Col) en suero se analizaron mediante el procedimien-
to automatizado de colesterol oxidasa en un analizador automatizado Architect (Abbot).
La CoQ,, total en plasma, la suma de la forma reducida y la oxidada del CoQ, se midio por
cromatografia liquida de alto rendimiento en fase reversa con deteccién electroquimica y
con deteccidén ultravioleta a 275nm, segln procedimientos publicados previamente (Mon-
tero et al. 2008; Duncan et al. 2005). En la figura 9, se representan cromatogramas tipicos
del material de control de calidad interno y de las muestras de plasma humano. Como

podemos observar, la separacion de CoQ, es Optima y los sistemas de deteccion electro-
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quimica son especificos para el analisis de CoQ , en matrices complejas como plasma. La
deteccién electroquimica por HPLC tiene mayor sensibilidad en comparacion con la detec-

cion ultravioleta.
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Figura 9. Cromatograma tipico (deteccion electroquimica con HPLC): Panel izquierdo. Control comercial
(Coenzima Q,, Chromsystens, nivel 1 (Ref.0092): CoQ10 = 0.56 pmol / L), basado en matriz de suero. Panel
medio. Muestra de plasma humano con CoQ10 = 1,18 pumol / L. Panel derecho. Muestra de plasma
humano con CoQ10 = 0,38 umol / L. Las muestras, calibradores y controles se enriquecen con estandar
interno (coenzima Q9 (CoQ9)).

5.3.3. E. Andlisis genético

El estudio mutacional de los errores congénitos del metabolismo y otros trastornos
neuroldgicos determinados genéticamente fueron realizados mediante el estudio de se-
cuenciacién génica por SANGER y con tecnologia NGS, previamente descrita (Yubero et al.

2016).
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5.3.4. Neuroimagen

5.3.4.A. Parametros de resonancia magnética craneal

Todos los estudios de resonancia magnética craneal (RMC) se realizaron en un escaner
de RM de 1.5 Tesla (General Electric Signa HD). Los pardmetros de adquisicién fueron los
siguientes: secuencia EPI spin eco (53 cortes axiales, tiempo de repeticién (TR): 15000ms,
Tiempo de eco (TE): 104ms, tamaio de matriz de adquisicidn: 256x256 pixeles, tamaio del
voxel: 0.94x0.94x2.5mm3).

Las imagenes se adquirieron con un volumen ponderado sin difusién (usando una se-
cuencia EPI spin eco con cobertura de todo el volumen cerebral) y 25 volimenes ponder-
ados en difusion (direcciones de gradiente de difusidon no colineal, valores-b de 1500 s/

mm?2).

5.3.4.B. Glosario de herramientas utilizadas para el andlisis

FSL: es una biblioteca completa de herramientas de andlisis para datos de imagenes
cerebrales de resonancia funcional, resonancia magnética y con tensor de difusién.

FDT-FMRIB Diffusion Toolbox (FMRIB Software Library): es parte del software FSL y
con una biblioteca completa de herramientas de analisis de imagenes neuroldgicas de di-
verso tipo: RM estructural, funcional y de difusion. FDT incluye herramientas para pre-pro-
cesamiento de datos, modelado de difusién local y tractografia. Cada etapa de FDT se eje-
cuta por separado.

TBSS: ( de las siglas en inglés “estadistica espacial basada en el tracto”) . Es una técnica
de analisis que se usa en la normalizacién, requieren un registro de imagenes de los sujetos
mediante el uso de una plantilla. Esto se hace con el objetivo de garantizar que se estén
comparando regiones homadlogas entre los diferentes grupos de pacientes. Para llevar a
cabo el registro, lo mas eficaz es utilizar la informacién del tensor de difusién, que propor-
ciona una mejor normalizacién de la morfologia de los tractos de sustancia blanca. EI TBSS

se presenta como un método que tiene como objetivo cubrir las falencias de los algoritmos
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basados en comparacion de vioxeles, mejorando la sensibilidad, objetividad e interpretabili-

dad del analisis multisujeto de las imagenes de difusién. A grandes rasgos realiza un registro

nolinear seguido de proyecciones sobre una representacién de tractos invariantes entre

sujetos (llamado “media de esqueleto de Anisotropia Fraccional”).

Tractografia: es una técnica de modelado que representa una reconstruccion de los

tractos neurales a partir de la informacidn contenida en las imagenes de tensor (DTI). Esta

modalidad saca provecho de la direccionalidad de los tensores de la DTl y, a partir de diver-

sos algoritmos, reconstruye los tractos de sustancia blanca cerebral.

5.3.4. C. Pre-procesamiento de resonancia magnética con tensor de difusién

Previo al analisis, se realizaron varios procedimientos automatizados de las imagenes:

1.

Corregir distorsiones causadas por las corrientes eléctricas inducidas por el campo
magnético y por artefactos del movimiento de la cabeza del sujeto con el software
FDT-FMRIB Diffusion Toolbox (Leemans et al 2009).

Rotacion de la matriz de gradientes ortogonales para proporcionar una estimacién
mas precisa de las orientaciones del tensor de difusion, garantizando que tengan
la misma orientacion que las imagenes de TD (con la rotacion del software FDT del
comando “rotate_bvecs “(Smith. 2002).

Extraccion del volumen cerebral usando la herramienta de extraccién de cerebro
(Wang et al. 2015).

Analisis y reconstruccién en 3D de los tensores de difusion utilizando el algoritmo
lineal de minimos cuadrados incluido en difusién con la aplicacion DiffusionTool-
kit0.6.2.2 (http://www.trackvis.org/dtk/).

Célculo de los mapas de AF, DM, DR para cada paciente y control utilizando los

valores propios extraidos de los tensores de difusion.
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1. Adquisicion de imdgenes de RM

FOT - FMRIN's Diffusion Toolbox 3.0

FSL A. Correccion de Distorsiones

https://fsl.fmeib.ox.ac. uk/fsl

FOT - FMRIB's Diffusion Toolbox 3.0
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D. Analisis y reconstruccion en 3D del TD

E. Calculo de mapas de AF, DM, DR

Figura 10: Esquema del Pre-Procesamiento de la imagen de RMC-TD

5.3.5. Revisidn sistematica

En la revisidn sistematica realizada en el estudio de neuroimagen se revisé la literatura
publicada entre 2001 a 2016: en PubMed: http: //www.ncbi.nlm.nih. gobierno / pubmed.
Para evitar cualquier sesgo, en la busqueda general se eligieron los términos: estudios clini-
cos, PKU / fenilcetonuria, imagenes de tensor de difusion, resonancia magnética, trata-
miento precoz, tratamiento tardio, pacientes pediatricos y adultos.

Criterios de inclusidon: estudios en humanos con grupo control, estudios de neuro-
imagen con tensor de difusion realizados en pacientes pediatricos o adultos con PKU, de
diagnéstico precoz o tardio. Criterios de exclusion: casos aislados, estudios en animales/o

modelos celulares y pacientes con otras enfermedades metabdlicas como deficiencias de
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BH4 y articulos no publicados en inglés. Se revisaron un total de 12 articulos que cum-
plieron con los criterios de inclusién, 9 de ellos estudiaron pacientes PKU de diagndstico
precoz (Vermathen et al. 2007; White et al. 2010; White et al. 2013; Antenor-Dorsey et al.
2013; Peng et al. 2014; Wesonga et al. 2016; Hood et al. 2015; Hood et al. 2016; Ding et
al. 2008), mientras que los otros articulos describen pacientes PKU de diagndstico tardio y
precoz comparados con un grupo control (Leuzzi et al. 2007; Kono et al. 2005; Scarabino et

al. 2009).

5.3.6. Evaluacion de los trastornos del sueiio

Todos los pacientes del estudio de suefio fueron evaluados con el cuestionario de
Bruni: Escala de trastornos del suefio para nifios (siglas en inglés: SDSC: Sleep disorders
scale classification in children) (Bruni et al. 1996). Para detectar la presencia de trastor-
nos del suefio, se siguieron las recomendaciones de la guia de practica clinica sobre los
trastornos del suefio en la infancia y adolescencia para la atencion primaria de Espaia del
Sistema Nacional de Salud (Clinical Practice Guideline 2009). La escala consta de 26 items
y fue desarrollada para detectar trastornos del suefio en los Ultimos 6 meses en nifios y
adolescentes basado en los informes de los padres. Seis factores representaron las areas
mas comunes de trastornos del suefio en la infancia y adolescencia: trastornos de inicio y
mantenimiento, trastornos respiratorios del suefio, trastornos del despertar, trastornos de
la transicion suefio-vigilia, somnolencia excesiva y trastorno de hiperhidrosis del suefio.
Estas sub-escalas fueron consideradas como alteradas cuando la puntuacion tipica (PT) fue

> 70 (PT: 50 + 10).

5.3.7. Métodos estadisticos

Todas las variables clinicas, neurorradioldgicas y bioquimicas fueron recogidas en una
base de datos de Microsoft Excel.

Los estudios estadisticos se realizaron con el programa de SPSS (version 18, 19.0, 23,
ver en los diferentes articulos), aplicando las siguientes pruebas:

A. Parala comparacion de variables cualitativas: se utilizé la prueba de Chi-cuadrado.
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B. Parala comparacién de variables cuantitativas:

-Variables paramétricas:

. Prueba T de Student para comparacion de medias y Kruskal-Walllis se utilizé para
comparar las medias de variables numéricas entre grupos.

. ANOVA para el andlisis de varianzas, con correcciéon de Bonferroni en comparaciones
multiples.

C. Pruebas de correlaciéon simple: Variable paramétrica: Prueba de Pearson.

D. Analisis estadistico: Mapas estadisticos paramétricos:

Se realiza el analisis de voxel de tractos basandonos en mapas de AF, DM, DR utili-
zando estadisticas espaciales basadas en tractografia (TBSS) (Anderson et al. 2007). Utiliza
algoritmos basados en comparacion de voxeles, mejorando la sensibilidad, objetividad e
interpretacién del andlisis de las imagenes de difusidn. Se realizan los siguientes pasos:

1. Escalalos volimenes de las imagenes y erosiona ligeramente los mapas de AF.

2. Calcula el registro no lineal, alineando todos los mapas de AF de todos los par-
ticipantes en una plantilla FMRIB58 AF en espacio MNI (Montreal Neurological
Institute, 152 1x1x1mm3).

3. Los mapas registrados de AF se promedian para crear un volumen medio de AF. Se
obtiene la AF media del esqueleto de AF, lo cual representa el centro de todos los
tractos comunes a todos los participantes del estudio. Los datos alineados de AF
de cada paciente se proyectaron en este esqueleto buscando el valor de AF mds
alto dentro de una busqueda del espacio perpendicular a cada véxel del esqueleto
medio.

4. Este procedimiento se repitié para los mapas de DM y DR, aplicando las transfor-
maciones previamente calculadas con los mapas de AF.

Finalmente para evaluar las diferencias en la SB entre controles y pacientes PKU, se
aplicd la prueba de T student para grupos independientes para los esqueletos AF, DM, DR.
Los resultados se informaron con un valor p<0.05 corregido por FWE usando una algoritmo
con 5000 permutaciones (Nichols et al. 2005). Los tractos de SB se identificaron utilizando

el atlas de SB de JHU-ICBM DTI 81 (Hua et al. 2008; Klawiter et al. 2011).
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Se calculé el valor medio de todos los véxeles que mostraron diferencias significativas
entre controles y pacientes. Se aplicd la prueba de Pearson entre estos valores (que rep-
resentaba dafio individual SB) y edad, Phe concurrente, mediana del Ultimo afio, mediana
de toda la vida y valores medios de Phe, y concentraciones de HVA y 5HIIA. También se
calcularon correlaciones de Pearson entre los valores de la difusividad y las puntuaciones
de las pruebas neuropsicoldgicas. Las correlaciones se calcularon con MATLAB R2012a (The
MathWorks, Natick, MA, EE. UU.). Una correlacion se consider6 significativa si sobrevivia
a una p <0.05 con una correccién por multiples comparaciones con FDR. Dado que los 15
pacientes con PKUDP pueden subdividirse en 2 grupos diferentes (buen control metabéli-
co y pobre control metabdlico) completamos un ultimo analisis. Nuevamente, usando el
promedio DM, DR (sin que resultados significativos se obtuvieron para AF), para los valores
de todos voxeles que mostraron diferencias entre pacientes y controles (mismos valores
utilizados para los andlisis correlacionales descritos anteriormente), probamos si los difer-
entes subgrupos de ETPKU mostraron diferentes porcentajes de reduccién en los valores
de difusividad (es decir, dafio SB). Teniendo en cuenta el nimero reducido de pacientes
por grupo utilizamos pruebas no paramétricas bajo SPSS (version18.0.0) para realizar estos

calculos.
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Andlisis del voxel de tractos basados en los mapas de AF, DM, DR. 3R N F ' '8 3 1%

1. Escala los volimenes de las imagenes y se erosiona Ramuwy LA
ligeramente los mapas de AF 'TITEEERE TR )

2. Calculo de registro no lineal, alinea mapas de todos los participantes en una plantilla
(MNI, 152 1x1x1 mm3)

3. Calculo promedio de los mapas para crear volumen medio de AF

4, Se repite el procedimiento para mapas de DMy DR

5. Calculo de diferencias entre los pacientes PKU y GC para mapas FA, DM, DR

6. Identificacion de tractos con atlas de SB del JHU-ICBM DTI 81

7. Correlacion de valores de difusividad y variables (Phe, NT, neuropsicoldgicas)

Figura 11: Esquema de Procesamiento de RMC-TD con TBSS
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6. Resultados

6.1. RESULTADOS 1.

OBIJETIVO 1:
Caracterizar los factores determinantes de las complicaciones neuroldgicas y los tras-

tornos del comportamiento en una cohorte de pacientes PKUDP seguidos a largo plazo.

Neurological complications and behavioral problems in patients with phenylketon-
uria in a follow-up unit.

Maria Julieta Gonzdlez, Alfonso Pablo Gutiérrez, Rosa Gassid, Maria Eugenia Fusté,
Maria Antonia Vilaseca, Jaume Campistol.

Mol Genet Metab 2011;104 Suppl:S73— S79.

En este trabajo se estudid la relacidon entre las complicaciones neurolégicas, los
hallazgos neurorradioldgicos y problemas de conducta, edad en el momento del diagndsti-
co y control dietético a lo largo del seguimiento de los pacientes con PKU en nuestra unidad
metabdlica.

Se realizé un estudio retrospectivo de los pacientes con PKU diagnosticados y contro-
lados en nuestra unidad desde 1985 hasta 2010. A través del registro de pacientes en una

base de datos con 50 items completados por medio de la revisidn de las historias clinicas.
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Objective: To investigate the relationship between neurological complications, neuroradiological findings, and
behavioral problems, age at diagnosis and dietary control along the follow-up of the PKU patients in our

Design: Retrospective study of the PKU patients diagnosed and controlled in our unit from 1985 to 2010.
Methods: Registry of patients in a database with 50 items filled in by review of the clinical histories. Statistical
study of the data (SPSS, 19.0 version).

Phenylketonuria Results: 121 patients were included (median age: 16.0, range 1 month-46 years). 76% of them were diagnosed
PKU through neonatal screening. 12.4% had mild-PKU, 19% moderate-PKU and 68.6% classic-PKU. 88.4% of patients
were treated with a protein-restricted diet, and 11.6% with BH4. 97.7% of the early diagnosed patients had
normal IQ, while 46.3% of late diagnosed patients had mental retardation, 28.5% were borderline and 25% had
normal IQ. In early diagnosed patients, there was a significantly negative correlation between IQ [mean (SD)
100 (11.1)] and the index of dietary control during the first six years of life [median (range) 310 (105-992)]
and that of the immediately past year [348 (106-1127)] (p<0.0001). The proportion of patients with late
diagnosis and neurological and behavioral problems was significantly higher than that of the early diagnosed
ones (p<0.001). The proportion of early diagnosed patients with neurological and behavioral problems who
had good, intermediate or poor dietary control during the first 6 years of life and the immediately past year
was significantly different (p<0.001).

Conclusions: The results show the impact of early diagnosis and good dietary treatment on the IQ and on the

Dietary control
Neurological complications
Behavioral problems

Brain magnetic resonance

percentage of neurological complications and behavioral problems in PKU patients.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

Phenylketonuria (PKU) is an inborn error of phenylalanine (Phe)
metabolism caused by a deficiency of phenylalanine hydroxylase
(PAH), the hepatic enzyme which synthesizes tyrosine from Phe,
using tetrahydrobiopterin (BH4) as a cofactor. Phe accumulation in
plasma and tissues and a decrease in tyrosine synthesis seem to be
involved in the pathogenesis of the disease [1,2]. Classical therapy of
PKU consists of Phe intake restriction, which means a diet with low
natural protein content supplemented with a special Phe-free
formula, enriched with tyrosine and the other amino acids and
micronutrients (vitamins, minerals, oligoelements and essential fatty
acids in some of them) to prevent nutritional deficiencies [3,4]. An

* Corresponding author at: Neuropediatrics Department, Hospital Sant Joan de Déu,
Passeig Sant Joan de Déu 2, 08095-Esplugues (Barcelona), Spain. Fax: +34 93 280 36
26.

E-mail address: campistol@hsjdbcn.org (J. Campistol).
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alternative treatment with BH4 also succeeds in decreasing high Phe
concentrations in patients who respond to this therapy [5]. Early
treatment of PKU prevents severe neurological damage [1]. However,
despite appropriate treatment, some patients may present a slight
decrease in intelligence in comparison with the general population
[6,7] as well as specific deficits of executive functions, especially when
metabolic control is poor [8,9]. Behavioral problems have also been
described in patients with early treatment [10-12]. Quality of dietary
control is determinant in the disease prognosis [7,13].

The neurological and metabolic evaluation of wide series of
patients may allow better understanding of the relationship between
dietary control and the neurological outcome. The recently created
registry of Spanish PKU patients [14] led us to do a retrospective
neurological, behavioral and metabolic study of the whole series of
patients diagnosed and followed-up in our metabolic unit from its
creation in 1985 until 2010.

Our objective was to investigate the relationship between
neurological complications and behavioral problems, age at diagnosis
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and dietary control along the follow-up of the PKU patients in our
metabolic unit.

2. Material and methods
2.1. Patients

A retrospective, descriptive study of the PKU patients diagnosed and
controlled in the Follow-up Unit of the Hospital Sant Joan de Déu
(Reference Center for PKU in Catalonia) from its creation in 1985 until
2010 was performed. The inclusion criteria were: a) PKU patients
diagnosed and/or followed-up in our center, with PAH deficiency
confirmed by differential diagnosis and/or genetic analysis of the PAH
gene, and b) PKU patients with plasma Phe concentrations before
treatment above 360 umol/L. The exclusion criteria were: a) PKU patients
with late diagnosis who refused treatment and follow-up; b) foreign
patients diagnosed in our center who returned to their country and are not
controlled at present in our unit; and c) patients who died owing to causes
unrelated with PKU. PKU patients were classified according to plasma Phe
concentrations before treatment (mild PKU: 360-600 pmol/L, moderate
PKU: 600-1200 pmol/L, and classical PKU>1200 pmol/L) [15].

2.2. Patient's registry

An Excel database was created with 50 patient issues including
clinical data (age, sex, age at diagnosis and treatment), neurological
complications (epilepsy, tremor, clumsiness, spasticity, and mental
retardation), neuroradiological findings, and behavioral problems
(attention deficit, impulsiveness, hyperactivity, anxious and depres-
sive mood, phobias, aggressiveness and low self-esteem), metabolic
data (dietary control) and mutations. The data were recorded
following a review of the patient clinical histories.

2.3. Ethical issues

Adult patients or the parents (when patients were younger than
18 years of age or had mental retardation) signed an informed consent
agreement in accord with the Helsinki Declaration of 1964, revised in
Edinburgh in 2000. Our hospital ethics committee approved the study.

2.4. Methods

2.4.1. General intelligence measurement

Developmental quotient (DQ) was calculated with the Brunet-
Lezine Scale for measuring Psychomotor Development in Early
Infancy in patients younger than 4 years of age. Intelligence quotient
(IQ) was evaluated with the Kaufman Bit Intelligence Test (K-Bit)
(patients from 4 to 6 years), Wechsler Intelligence Scale for Children-
Revised (WISC-R) or IV (WISC-IV) (patients from 6 to 16 years
11 months), and Wechsler Adult Intelligence Scale Third Edition
(WAIS-III) (patients older than 17 years).

Level of intelligence was classified as normal range (DQ/IQ>80),
borderline (DQ/IQ of 70-79) and mental retardation (DQ/IQ<69),
according to the rules of the test manuals [16-20]. Mental retardation
level was classified according to DSM-IV-TR criteria [21].

2.4.2. Neurological complications, neuroradiological study, and
behavioral problems

Neurological complications were registered by review of the
patients’ clinical histories, and behavioral problems were recorded
based on information from patients, parents and teachers.

Patients were controlled by the neuropediatrician every 6 months
during the first year of life, annually for the first two years of life, and every
2 years after the age of three. In the neurological examination altered signs
such as tremor, clumsiness and pyramidal signs (hiperreflexia, spasticity,

and Babinski's sign) were especially focused. Tremor was evaluated with
the WHIGET Tremor Rating Scale.

Development evaluation was performed at one, and three years of
age, and intelligence quotient was evaluated at the age of 6, 12 and
18 years. Patients were evaluated annually by the unit psychologist
until the age of 6 and at 12 and 18 years of age.

The brain magnetic resonance imaging (MRI) had not routinely
been performed, but only in selected groups of patients for research or
medical reasons.

Behavioral problems include internalizing symptoms such as
anxiety, depressed mood, and low self-esteem, and externalizing
symptoms such as hyperactivity, impulsivity and aggressiveness.

2.4.3. Biochemical methods

Plasma and dried blood spot Phe concentrations were analyzed by ion
exchange chromatography (Biochrom 30, Pharmacia Biotech). The
frequency of Phe measurements varied from weekly (<2 month of age)
or biweekly (2 months-4 years old) to monthly (>4 years of age).

2.44. Index of dietary control (IDC)

We calculated the IDC as the Phe data reduction in half-year medians
and the mean of all medians throughout the patient's life [5]. We
examined the registry for the IDC of the first 6 years of life and the IDC of
the immediately past year. We considered the IDC of the first 6 years of life
to be good with Phe <360 pmol/L. The IDC of the immediately past year
depended on patient age: in patients below 10 years of age <360 pmol/L
was considered to be good and from 10 to 18 years <480 pmol/L was
considered also good. In patients younger than 10 years of age an IDC from
360 to 480 pumol/L was intermediate, and it also was in patients older than
10 years of age an IDC<600 pmol/L. Control was deemed poor when the
IDC was higher than these values.

2.5. Statistical study

The statistical study was performed with the SPSS program
(version 19.0). Pearson chi-square test was applied to search for
association between categorical variables. ANOVA with Bonferroni
correction was used to compare quantitative variables when the
number of data was higher than 30, the distribution was normal and
the variances were not significantly different (Levene test). Other-
wise, Kruskal-Wallis test was used. Pearson test was used for
correlations between quantitative data. Statistical significance was
accepted for p<0.05.

3. Results
3.1. Patients

3.1.1. Characteristics of the patients

We evaluated data from 121 patients who fulfilled selection criteria.
Twelve patients were excluded (3 dead patients; 7 late diagnosed adults
who refused treatment and follow-up, and 2 foreigners who had returned
to their countries). Of the included patients, 46% (56) were males and 54%
(65) females. Ages ranged from 1 month to 46 years (median 16.0 years).
The age distribution was as follows: below 6 years: 32/121 (26.4%); from 6
to 11 years: 16/121 (13.2%); from 12 to 18 years: 19/121 (15.7%); and
adults: 54/121 (44.6%).

3.1.2. Diagnosis

The newborn screening program started in Catalonia in 1970 but had
only a universal coverture in 1985. Of the whole series, 76% (92) of
patients were early diagnosed (during the first two months of life) and
24% (29) were late diagnosed. The present age of early diagnosed
patients was a median 11.0 years (range: 1 month to 39 years), and that
of late diagnosed patients was 34.0 (15 to 46 years).
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3.1.3. PKU classification
12.4% (15) were mild PKU, 19% (23) were moderate PKU and 68.6%
(83) were classic PKU.

3.1.4. Genetic study
From 242 alleles, 177 mutations were found. Those with higher
allelic frequency were summarized in Table 1.

3.1.5. Treatment

All patients were treated with Phe-restricted diet at diagnosis.
Fifteen patients (controlled elsewhere at that moment) abandoned
the diet after the age of 6-10 years and all of them resumed the diet in
1985, when they started to be controlled in our unit. Seven of them
were early diagnosed.

In 2003 a BH4-loading test was performed on 64 patients, and 13
of them who responded to BH4 were subsequently treated with this
cofactor. Afterwards one more patient was treated at diagnosis.
Therefore, 14 patients were treated at the moment of the registry with
doses ranging from 6 to 18 mg/kg per day of BH4, while 107 patients
were treated with diet and formula.

3.1.6. Dietary control

In patients with early diagnosis, the IDC for the first 6 years of life was:
median (range) 310 (105-992) umol/L and that for the immediately past
year was 348 (104-1127) umol/L. Fifty six patients (61%) had good dietary
control, 22 patients (24%) had intermediate dietary control, and 14
patients (15%) had poor dietary control either during the first 6 years of
life or during the last year.

In patients with late diagnosis the IDC for the immediately past
year was 433 (260-1247) umol/L. Seventeen patients (59%) has good
dietary control, 4 patients (14%) intermediate, and 8 patients (27%)
poor dietary control.

No significant differences were observed regarding sex in any age
group.

3.2. Cognitive evaluation

3.2.1. Development and intelligence quotient related to the age at diagnosis

The DQ/IQ of the early diagnosed patients was mean 100 (SD 11.1). Of
these, 97.7% had normal DQ/IQ, one patient was borderline, and only one
patient with Turner syndrome had slight mental retardation. Three
patients could not be evaluated.

The 1Q of the late diagnosed patients was mean 62 (SD 21.6). Of
these, 25% had severe mental retardation, 3.5% moderate mental
retardation, 17.8% slight mental retardation, 28.5% were borderline
and 25% had normal IQ. One patient could not be evaluated.

Table 1
Spectrum of the most common mutations in the PAH gene (in bold are those of major
allelic frequency).

Mutations in the PAH gene Detected alleles Allelic frequency

IVS10-11 G>A 26 14.6%
V388M 13 7.3%
IVS4+5G>T 12 6.7%
$349P 1 6.2%
165T 9 5.0%
R158Q 9 5.0%
R261Q 6 3.3%
R243Q 6 3.3%
R261X 6 3.3%
R408W 5 2.8%
L48S 5 2.8%
R243X 5 2.8%
Y414C 4 2.2%

When we considered the DQ/IQ related to the age at diagnosis, a
significantly different distribution was observed among patients with
early diagnosis (before one month and from one to two months of age)
and late diagnosis (from two months to one year and older than one year
of age) (Kruskal-Wallis; P<0.0001) (Fig. 1).

3.2.2. Relationship between DQ/IQ and dietary control in early diagnosed
patients

A significantly negative correlation was observed between DQ/IQ
and the IDC of the immediately past year and that of the first 6 years of
life (Pearson correlation test: r = — 0.478, and r = — 0.435, respectively,
p<0.0001).

The DQ/IQ was significantly different in patients with good,
intermediate and poor IDC in the first 6 years of life (Fig. 2) and in
the immediately past year (ANOVA, Bonferroni correction p<0.0001).

3.3. Neurological complications, neuroradiological findings, and behavioral
problems

3.3.1. Characteristics of the neurological complications, neuroradiological
findings, and behavioral problems

Characteristics of the neurological complications, such as epilepsy,
tremor and clumsiness were examined. The proportion of patients
with these problems was summarized in Table 2.

Generalized or focal epilepsy was present in 9 of the 29 late
diagnosed patients (31%), with favorable response to antiepileptic
drugs, except for two cases. In the 30% of late diagnosed patients
epilepsy started with flexion spasms. Only one early diagnosed
patient with epilepsy family history had seizures.

Tremor was predominantly postural and kinetic, and was limited
to the hands.

Clumsiness was present in 11% of the early diagnosed PKU patients
who showed difficulties in gross motor functions, in throwing or
catching a ball, in coordinating different limbs or in motor imitation
skills. Four of the 29 late diagnosed patients (13.8%) did not walk and
were wheelchair-bound. Spasticity was present in 8/29 late diagnosed
patients (27.6%).

Brain magnetic resonance imaging (MR) was only performed in a
limited number of early diagnosed patients (N=28), for special
research studies or owing to clinical suspicion of abnormalities
because of poor metabolic control. An abnormal image was detected
in 17 patients (60.7%) consisting of increased signal in periventricular
posterior white matter in T2 sequences. In the case of late diagnosed
patients, MR was performed in 17 patients, and an abnormal white
matter with cerebral (5 patients) and cerebellar (2 patients) atrophy
was found in 12 of them (70.6%) (Table 2).

Behavioral problems were found in 28.3% of early diagnosed
patients and in the 86.2% of late diagnosed patients (Table 2).

3.3.2. Neurological complications, neuroradiological findings, and
behavioral problems in relation with the age at diagnosis

The proportion of patients with late diagnosis and neurological
and behavioral problems, and abnormal neuroradiological findings
was significantly higher than that of early diagnosed patients
(Pearson chi-square test, p<0.0001) (Tables 2 and 3). We could not
consider individual complications because of the low number of
affected patients with early diagnosis.

3.3.3. Neurological complications, neuroradiological findings, and
behavioral problems in patients with early diagnosis in relation to sex
No significant differences were observed in the proportion of patients
with early diagnosis and neurological complications or behavioral
problems in terms of sex (44 males/48 females) (Pearson chi-square test).
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3.3.4. Neurological complications, neuroradiological findings, and
behavioral problems in patients with early diagnosis in relation to
dietary control

The proportion of patients with neurological complications was
significantly different in patients with good, intermediate and poor
IDC in the first 6 years of life (Pearson chi-square test p=0.007), and
those in the immediately past year (p=0.001).

The proportion of patients with behavioral problems was also
significantly different in patients with good, intermediate and poor
IDC in the first 6 years of life (Pearson chi-square test: p=0.007) and
those in the immediately past year (p<0.0001). Neurological and
behavioral alterations could not be individually considered because of
the low number of affected patients.

Considering early diagnosed patients who abandoned the diet at the
age of 8-10years (N=7) and resumed after a period free of dietary
control, the proportion of patients with neurological complications and
behavioral problems was not significantly different compared with
those from a group of early diagnosed patients with similar ages
(N=15) who continued treatment through their lives.

3.4. Schooling

In the group of patients with early diagnosis and of school age (35
patients from 6 to 18 years), 82.8% (29/35) attended ordinary school and
14.3% (5/35) ordinary school with support. Only one patient attended a
special school. Among the 25 early diagnosed patients older than 18 years
36% (9/25) had completed schooling.

Among late diagnosed patients, 7% (2/29) attended ordinary
school, 24% (7/29) ordinary school with support, 48% (14/29) attend
or attended a special school, and 21% (6/29) had completed schooling.

Among the 54 patients older than 18 years (with early or late
diagnosis), 15% (8/54) attend or attended university. At present 2 of
them are dieticians (one with late diagnosis), one is an engineer, one
studied political science, one is a business manager, one is a chemist
and one studied Catalan philology. A further late diagnosed patient
studied and is now working as a social worker.

4. Discussion

We previously performed several neurological and neuropsycho-
logical studies involving selected groups of PKU patients controlled in
our unit [22-26], but we had never evaluated the neurological and
behavioral outcome of the whole series of patients either with early or
late diagnosis. The recent register of the Spanish PKU patients [14] led
us to include all patients diagnosed and controlled in our unit in a
database, and to specifically analyze the neurological complications
and behavioral problems of the whole series. Moreover, we completed
the general information with new data regarding the dietary control
during the first 6 years of life, the patients who abandoned the diet,
and specific information about the complications found in individual
patients and their basic schooling and higher education.

There is a general consensus in the literature on the decrease in the
intellectual capacity of early treated PKU patients [6,27-29]. In spite of
having an intelligence quotient within the normal limits, these
patients show a slight decrease in intellectual capacity compared
with identical control groups, including their healthy brothers and
sisters. Moreover, they show some deficits, especially in executive
functions [8,9,30,31]. All these deficits are related with the early start
of treatment and the quality and the duration of the dietary control
[32-34]. Our previous results, involving 37 early diagnosed patients
and 29 healthy, age and sex-matched subjects [8], and the present
study with 92 patients, both found a mean IQ of 100 in PKU patients,
which is significantly lower than that found in our control group
(IQ=111) [8]. Only one patient with combined PKU and Turner
syndrome showed slight mental retardation, and a further one had
borderline intelligence.

Conversely, in our study late diagnosed patients showed a mean IQ of
62, with 46.3% of patients with severe to slight mental retardation, 28.5%
with borderline intelligence and 25% with normal IQ. Two of these late
diagnosed patients even achieved university studies (PAH genotype
P279fsdelC-V388M) [35]. This proportion of mentally retarded patients
is rather low compared with what is found in the literature (96-98% of
untreated PKU patients with IQ lower than 50 [36], and 84% in another
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Fig. 2. Development or intelligence quotient in early diagnosed PKU patients with good, intermediate and poor IDC in the first 6 years of life.

series [37]). A possible explanation for this may be the higher proportion
of mild mutations in the Mediterranean countries [38,39], which allows
a better outcome in some untreated patients. A further reason is that
most of our late diagnosed patients (65%) assumed the Phe-restricted
diet with rather good control, and this might have had a beneficial effect
on their intellectual capacity even in late diagnosed patients [40].

Another relevant question in our study was the similar IQ between
patients diagnosed and treated during the first month and those
diagnosed and treated during the second month of life. The IQ sharply
descended after the second month and kept on decreasing after the
first year of life (Fig. 1).

The quality of dietary control, especially during the first 6 years of
life, further determined the DQ/IQ of early treated patients, as has
already been observed in previous studies with smaller series [8,13].
Similar results were found by other authors [33].

Regarding neurological complications, we focused on epilepsy,
tremor, clumsiness and mental retardation. The proportion of late
diagnosed patients with epilepsy (26%) was similar than that of other

Table 2
Neurological complications and neuroradiological findings in early and late diagnosed
PKU patients.

Neurological complications Early diagnosis Late diagnosis

Number of patients Number of patients
(%) (%)

Total patients=92  Total patients =29

Epilepsy 1(1.1) 9 (31.0)
Tremor 11(12.0) 27 (93.1)
Clumsiness 10 (10.9) 26 (89.7)
Spasticity - 8 (27.6)
Mental retardation 1(1.1) 13 (46.3)
MR findings

Altered brain MR* 17/28(60.7) 12/17(70.6)
Total % of patients with neurological 23 (25) 28 (96.6)

complications and altered MR

2 Brain MR was only performed in a reduced number of PKU patients with early
diagnosis (N =28) and late diagnosis (N=17).

authors (25%) [36,41,42], and this was also the case with tremor and
clumsiness [42,25]. However, even a few patients with early diagnosis
and acceptable dietary treatment showed tremor and clumsiness. The
only early diagnosed patient with seizures had familial antecedents of
epilepsy, and the only one with slight mental retardation also suffered
Turner syndrome.

A high prevalence of abnormal white matter MR imaging has already
been described in the literature, especially in patients with poor
metabolic control [43]. These lesions have been associated with high
concentrations of Phe in plasma and central nervous system by MR with
spectroscopy [44], and they seem to be quite reversible by optimization
of the metabolic control. We found these abnormal patterns in a high
percentage of early and late diagnosed patients in the present series
(Table 2), although most of these patients are asymptomatic. These
results should be interpreted with caution in the case of early diagnosed
patients because of the limited patients sample (N =28). Moreover, the
brain MR had been performed for special research studies or owing to
the clinical suspicion of abnormalities because of poor metabolic
control. Nevertheless we found abnormal volumetric studies in this
population [26].

Behavioral problems, extensively described in PKU patients, include
internalizing symptoms such as anxiety, depressed mood, and low self-

Table 3
Behavioral alterations in early and late diagnosed PKU patients.

Behavioral alterations Early diagnosis Late diagnosis

Number of patients ~ Number of patients
(%) (%)

Total patients =92 Total patients =29

Attention deficit 21 (22.8) 20 (69.0)
Impulsiveness 16 (17.4) 10 (34.5)
Hyperactivity 19 (20.7) 13 (44.8)
Anxious mood 7 (7.6) 14 (48.3)
Depressed mood 7 (7.6) 14 (48.3)
Phobias 3(3.3) 7 (24.1)

Low self-esteem 11(12.0) 17 (58.6)
Aggressiveness - 8 (27.6)

Total % of patients with behavioral 26 (28.3) 25 (86.2)

problems
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esteem [7,45,46], and externalizing symptoms such as hyperactivity and
impulsivity [11,47,48,12]. Although half of our late diagnosed patients
presented one or more of these symptoms, only a very few of the early
diagnosed patients showed them. The externalizing symptoms, includ-
ing attention deficit, impulsivity and hyperactivity, are the most
prevalent ones in our series. We did not find a different proportion of
males and females with behavioral symptoms in our series, in contrast
to the results of other authors [11].

The early diagnosed patients who abandoned dietary treatment at
the age of 8-10 years and resumed it after a diet-free period did not
show a higher proportion of neurological complications or behavioral
troubles compared with patients who continued treatment through-
out life.

As regards schooling, even early diagnosed patients showed a
higher incidence of school problems compared with control groups
[7,11,49,50]. We had previously performed a study in a limited group
of 26 PKU patients [22] and demonstrated that they presented with
more learning difficulties than controls, probably related to the
disturbed cognitive functions observed in PKU patients. The index of
dietary control of the immediately past 6 months showed a close
relationship with school performance [18], which points to the
importance of good dietary control in PKU. In the present study, 82.8%
of early diagnosed patients attended ordinary school, 14.3% attended
to ordinary school with support, and only one patient needed a special
school. Moreover, of the total group, 15% of adult patients had
attended university and are now working in jobs related with their
studies.

4.1. Conclusions

Our results demonstrate the impact of early diagnosis and good
dietary treatment on IQ and on the incidence of neurological
complications and behavioral problems in PKU patients.
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6. Resultados

6.1. Sintesis de resultados 1

La correlacion entre el CD/Cl y la edad al momento del diagndstico mostré difer-
encias significativas entre los pacientes PKUDP (diagnosticados en los primeros 60
dias de vida) y los pacientes PKUDT (diagnosticados > 60 dias de vida) (p< 0.0001).
Se observé una correlacidn negativa significativa entre el CD/Cl y el ICD del tltimo
afio y el de los primeros 6 afios de vida (p<0.0001).

El CD/CI fue significativamente diferente entre los pacientes con ICD bueno, inter-
medio y pobre en los primeros 6 afios de vida y en el ultimo afio (p<0.0001).

La proporcidon de pacientes de diagndstico tardio con alteraciones neuroldgicas,
alteraciones del comportamiento y anomalias en la neuroimagen fue significativa-
mente mas elevada que en los pacientes de diagndstico precoz (p<0.0001).

La proporcion de complicaciones neurolégicas y del comportamiento fue significa-
tivamente diferente en pacientes con buen, intermedio y pobre ICD en los primer-

os 6 anos de vida (p=0.007) y en el dltimo afio (p<0.001).
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6. Resultados

6.2. RESULTADOS 2

OBIJETIVO 2
Estudiar las complicaciones neuroldgicas y neuropsicoldgicas en el seguimiento de los

pacientes PKUDP a través de investigaciones clinicas, bioquimicas y de neuroimagen.

White matter microstructural damage in early treated phenylketonuric patients.
Maria Julieta Gonzélez, Mdnica Rebollo Polo, Pablo Ripolles, Rosa Gassid, Aida Ormaz-
abal, Cristina Sierra, Roser Colomé Roura, Rafael Artuch, Jaume Campistol.

Orphanet J Rare Dis. 2018;13(1):188.

En esta segunda investigacidon nos planteamos estudiar la integridad de la microestruc-
tura de la sustancia blanca en todo el cerebro de pacientes pediatricos PKU de diagnésti-
co precoz comparados con una poblacién control, mediante la resonancia magnética con
tensor de difusion e indices como la difusividad media, la difusividad radial y la anisotropia
fraccional. Existen pocos estudios que evaltien todos los tractos de la SB cerebral con éste
método en grupos de pacientes pediatricos PKU de diagndstico precoz. Ademas se correla-
cionaron estos indices con los niveles de Phe, el ICD, biomarcadores de neurotransmisores

y parametros neuropsicolégicos como la velocidad de procesamiento.
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Abstract

and with a processing speed task.

Background: Despite dietary intervention, individuals with early treated phenylketonuria (ETPKU) could present
neurocognitive deficits and white matter (WM) abnormalities. The aim of the present study was to evaluate the
microstructural integrity of WM pathways across the whole brain in a cohort of paediatric ETPKU patients compared
with healthy controls (HCs), by collecting DTI-MRI (diffusion tensor magnetic resonance imaging) data and diffusion
values (mean diffusivity (MD), radial diffusivity (RD) and fractional anisotropy (FA)).

Methods: DTI-MRI data and diffusion values (MD, RD, FA) from WM tracts across the whole brain were analized
using Tract Based Spatial Statistics (TBSS), in 15 paediatrics TPKU patients (median age: 12 years) and compared
with 11 HCs. Areas showing abnormal values in the patient group were correlated (Pearson) with age, lifetime Phe
values, last year median and mean Phe, concurrent Phe values in plasma, urine neurotransmitters status biomarkers,

Results: ETPKU showed bilaterally decreased MD values compared with HCs in the body and splenium of the
corpus callosum, superior longitudinal fasciculus, corona radiata and in the posterior limb of the internal capsule.
RD values followed a similar pattern, although decreased RD values in PKU patients were also found in the anterior
limb of the internal capsule and in the cerebral peduncle. Decreased MD and RD values within the aforementioned
regions had significant negative correlations with age, last year median and mean Phe and concurrent Phe values.
No correlations were found with monoamines in urine or processing speed task.

Conclusions: ETPKU patients showed MD and RD values significantly decreased across the whole brain when compared
with HCs, and this damage was associated with high Phe values and the age of patients. Despite this microstructural
damage, no affectation in processing speed was observed in patients with good metabolic control. DTI-MRI sequences
could be used as a technique to quantify WM damage that is difficult to be detect in T1 or T2-weighted images, but also
to quantify damage of WM through the follow up of patients with poor metabolic control in prospective studies.

Keywords: Neuroimaging, Phenylketonuria, Paediatric, Early treatment, Diffusion tensor imaging, Urine monoamines

Background
Despite early and continuous dietary intervention, indi-
viduals with early treated phenylketonuria (ETPKU)
could have neurocognitive deficits and white matter
(WM) abnormalities [1]. The aetiology of this process is
not entirely understood.

In the last years, diffusion tensor magnetic resonance
imaging (DTI-MRI) has emerged as a crucial
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B BMC

neuroimaging technique that allows non-invasive assess-
ment of axonal structure and myelin status [2—4]. In
particular, by measuring the diffusion of water molecules
in the brain, different diffusion indexes can be calcu-
lated. Among them, fractional anisotropy (FA), quantifies
the preference for diffusion of water molecules in one
direction and correlates with axonal diameter, density,
and fibre orientation; while mean diffusivity (MD) is re-
lated to cellularity, oedema, and necrosis and measures
mean water molecular motion [5]. Radial diffusivity (RD)
is also very sensitive for the detection of microstructural

© The Author(s). 2018 Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
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changes and is usually associated with myelination and
axonal diameter [6].

Recent studies have reported abnormal diffusion
values (as measured by MD) in the WM of individuals
with ETPKU as compared with healthy controls (HCs)
[7-15]. Strikingly, the differences in diffusivity extend to
regions that showed normal signal intensity when visua-
lised on regular T2-weighted images [7, 15]. Findings re-
garding the direction of diffusion (as reflected by FA
measures) are controversial, with some studies reporting
decreased values of diffusion anisotropy in ETPKU [7]
while others not finding such differences when com-
pared with control groups [10, 16].

Hallmark neuropathological biomarkers in the brain of
both treated and untreated PKU patients are hypomyelina-
tion, demyelination or both. Cognitive deficits are present
in both treated and untreated PKU individuals, although
the link between the neuropathological findings and cogni-
tive deficits is poorly understood. Dyer et al. [17] postulate
in this sense two interesting hypothesis. The first is based
on the fact that cognitive deficits in individuals with PKU
result from a deficiency of the dopamine neurotransmitter
(NT). Decreased levels of tyrosine in the PKU brain are
thought to be the cause of the low dopamine levels. The
second is that elevated phenylalanine (Phe) values inhibit
biosynthesis and myelin stability in oligodendrocytes. Mye-
lin influences the maturity of axons, suggesting that axonal
maturation may be involved in NT production. Also,
abnormalities in the WM matter could be involved in the
slower processing speed observed in PKU patients [18].

It has been hypothesized also that the
hyperphenylalaninaemia-related neurotoxicity could be
caused by a deficiency of large neutral amino acids
(LNAA), mainly tyrosine and tryptophan, due to
transport competition through the blood-brain barrier
(BBB) [19]. Tyrosine and tryptophan are precursors of
dopamine and serotonin, respectively; and its relative brain
deficit may contribute to a reduced synthesis of these NT
but also a disruption in protein synthesis [20—22]. More-
over, high brain Phe values may produce an inhibition of
tyrosine and tryptophan hydroxylase activity, causing a fur-
ther reduction of dopamine and serotonin biosynthesis [23,
24]. Dopamine is essential for proper functioning of the
prefrontal cortex (PFC), which governs executive functions.
In addition, serotonin is involved both in the cognitive pro-
cesses mediated by the orbitofrontal cortex and in the regu-
lation of mood, emotions, and behaviour [25].

The aim of the present study was to evaluate the micro-
structural integrity of WM pathways in a cohort of paedi-
atric ETPKU patients, by collecting DTI-MRI data and
extracting FA, RD and MD diffusion values from WM
tracts across the whole brain. We first compared ETPKU
patient data with a group of HCs and then we correlated
the areas showing abnormal values in the patient group
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with age, last year median and mean Phe, and concurrent
Phe values in plasma, lifetime Phe values, urine N'T status
biomarkers and processing speed task.

Methods

Participants

Children with ETPKU (n =15, median age 12 years,
range 8-18 years) were recruited through the PKU-
Follow-up Unit of Sant Joan de Deu Hospital in
Barcelona. All patients were diagnosed by the new-
born screening program and were treated continuously
from the first weeks of life. Treatment was as follows:
eleven with classic dietary control (Phe restriction), five
classified with good metabolic control (last year median of
Phe values or index dietary control (IDC) [26], was < 360
pumol/L for patients under 12 years old or < 600 pmol/ L
after 12 years old), and six with poor metabolic control
(IDC was > 360 pmol/L for patients under 12 years old or
> 600 pmol/L after 12 years old), according to the Euro-
pean Guidelines [27]. and six with poor metabolic con-
trol, IDC was > 360 pmol/L for patients under 12 years
old or> 600 pmol/L after 12 years old, according to the
European Guidelines [27]. The remaining four patients
were treated with tetrahydrobiopterin (BH,) and all had
good metabolic control. No patients had a history or clin-
ical evidence of neurological deterioration.

Control group

The control group formed by 11 healthy participants
(mean age 11 years old, range 9-18 years; 5 males and
6 females) that were referred for MRI (magnetic reson-
ance imaging) examination for headache. None of the
controls had a history of intellectual disability, learning
or psychiatric disorders or major medical disorders un-
related to PKU. They had similar age, sex and sociocul-
tural class when compared with the ETPKU group.
Controls were included in a consecutive fashion after
the consent for the acquisition of the DTI-MRI data
was signed.

Metabolic profile

Concurrent blood Phe (taken the day of the scanning ses-
sion), lifetime Phe values (calculated as the mean of each
median year Phe value across the lifetime), last year median
and mean Phe values were measured by ion-exchange
chromatography with ninhydrin detection using a
Biochrom 30 analyser (Pharmacia-Biotech). Urine
excretion of biogenic amine metabolites (homovanillic
acid (HVA) for dopamine and 5 hydroxyindoleacetic
acid (5HIAA) for serotonin) was analyzed using gas
chromatography mass spectrometry detection (Agilent
Technologies).
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Neuroimaging

Scanning parameters:

A diffusion-weighted MRI (DW-MRI) scanning session
was run on a 1.5 T scanner (General Electric Signa HD).
Images were acquired with a spin-echo EPI sequence (53
axial slices, TR: 15000 ms, TE: 104 ms, acquisition matrix:
256 x 256, voxel size: 0.94 x 0.94 x 2.5 mmg). A run with
one non-diffusion weighted volume (using a spin-echo
EPI sequence coverage of the whole head) and 25
diffusion-weighted volumes (non-collinear diffusion gradi-
ent directions, b-values of 1500 s/mm?) was acquired.

DTI-MRI preprocessing and statistical analysis:

Diffusion data processing started by correcting for eddy
current distortions and head motion using FMRIB’s
(functional MRI of the brain) Diffusion Toolbox (FDT),
which is part of the FMRIB Software Library [28]. Subse-
quently, the gradient matrix was rotated to provide a
more accurate estimate of diffusion tensor orientations,

Table 1 Neuroimaging studies with revision samples only ETPKU
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using FSL's (FMRIB Software Library) FDT rotating
bvecs [29]. Following this, brain extraction was per-
formed using the Brain Extraction Tool [30], which is
also part of the FSL distribution. Analysis continued
with the reconstruction of the diffusion tensors using
the linear least-squares algorithm included in Diffusion
Toolkit 0.6.2.2 [31]. Finally, FA, RD and MD maps for
each patient and control were calculated using the ei-
genvalues extracted from the diffusion tensors. Voxel
based analyses of FA, RD and MD maps were performed
using Tract Based Spatial Statistics (TBSS) [32]. Briefly,
FA maps from all individuals were registered to the
FMRIB58_FA template (MNI152 space and 1x1x
1 mm®) using the nonlinear registration tool (ENIRT)
[33]. These registered FA maps were first averaged to
create a mean FA volume. Then a mean FA skeleton was
derived, which represents the centers of all tracts com-
mon to all participants in the study. Each participant’s
aligned FA data were then projected onto this skeleton

Authors Studied population Studied regions Parameters of DTl Conclusions

Vermathen ETPKU adult patients (mean age Grey and white matter tracts. ~ MD, FA Decreased MD and FA values in lesions

et al. 2007 32.5 years) (n=9). Control group Include corpus callosum (CC) and CC. Decreased MD and FA values

71 (mean age 294 years) (n=7). correlated negatively with Phe values.

White et al. ETPKU paediatric patients (mean age 6 ROI (region of interest) of CC  MD, Decreased MD values in anterior part

2010 [8] 12.2 years) (n = 34). Control group (genu, rostral body, anterior RA=FA of CC. Non significant differences in FA

(mean age 124 years) (n=61). midbody, posterior midbody, compared to control group. Age related
isthmus and splenium) decrement of anterior WM of CC. Non-

significant correlations with MD and
Phe values.

White et al. ETPKU adults and paediatric patients 10 RO Include CC (genu, body MD Basal MD values improve after 6 months

2013 [9] BH4 responders (mean age 18.2 years)  and splenium) with BH4 treatment. MD values correlate

(n=12). Control group (mean age
17.8 years) (n=9).

negatively with Phe levels.

Atenor-Dorsey ETPKU adults and paediatric patients 10 RO Include CC (genu, body MD, FA Decreased MD values correlated with
et al. 2013 (mean age 18 years) (n =29). Control and splenium) poor executive functions. Decreased
[10] group (mean age 17.8 years) (n=12) MD values compared to control group.
Non significant differences in FA values
compared to control group.
Peng et al. ETPKU adult and paediatric patients 12 ROI. Include CC (genu, body MD, RD, Decreased MD, RD and AD values in
2014 [11] (mean age 23.3 years) (n=10). Control  and splenium) AD, FA WM tracts and CC compared to control
group (mean age 23.5 years) (n=12). group. Decreased MD, RD and AD values
correlated with older ETPKU. Non-
significant differences in FA compared
to control group.
Wesonga ETPKU paediatric patients (mean age 10 ROI. Include CC (genu, body MD Age correlated with decreased MD
etal. 2016 12.2 years) (n=31). Control group and splenium) values in 4 out of 10 ROI.
[12] (mean age =12 years) (n=51).
Hood et al. ETPKU paediatric patients (mean age Over 10 ROI. Include CC (genu, MD Decreased MD values were correlated
2015 [13] 12.2 years) (n = 36). Control group (n = 24). body and splenium) with high exposure of Phe levels.
Hood et al. ETPKU paediatric patients (mean age 2 ROI: PPO (posterior parietal- ~ MD, RD, Decreased MD and RD values compared
2016 [14] 12.2 years) (n = 36). Control group (n=62). occipital) CSO (centrum FA to control group. Non significant
semiovale). differences in FA compared to control
group.
Ding et al. Adult patients (range 17-32 years): 22 ROI. Include CC (corpus and  MD, FA Decreased MD values in WM and GM
2008 [15] ETPKU (n=4). Control group (n=4). splenium). (grey matter) than control group. FA

non significant differences than control
group.
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by searching for the highest FA value within a search
space perpendicular to each voxel of the mean skeleton.
This process was repeated for the RD and MD maps by
applying the transformations previously calculated with
the FA maps. Finally, in order to assess WM differences
between controls and PKU patients, independent sample
t-tests were calculated for the RD, MD and FA skeletons,
with age and gender as covariates of nuisance. Results
were reported with an FWE corrected p <0.05 value
using threshold-free cluster enhancement [34] and a
nonparametric permutation test with 5000 permutations
[35]. Significant voxels within the skeleton were filled to
make the presentation of results easier to follow. WM
tracts were identified using the JHU-ICBM DTI-81
white matter atlas [36, 37]. RD describes microscopic
water movements perpendicular to the axon [38]. It has
been proposed to reflect myelin quality along the axon
with demyelination being associated with increased RD
[39, 40], while MD is more related to tissue density [41].
Finally, for each patient, diffusivity values within the
voxels showing significance between group effects were
averaged and a mean value was obtained. Pearson’s
correlations were computed between these values (which
represented individual WM damage) and age, concurrent
Phe, last year median, lifetime and mean Phe values,
and with HVA and 5HIIA concentrations. Pearson’s
correlations were also computed between the diffusivity
values and the scores of the neuropsychological tests.

Correlations were computed with MATLAB version
R2012a (The MathWorks, Natick, MA, USA). A correl-
ation was considered significant if it survived a p <0.05
false discovery rate (FDR) corrected threshold.
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Given that the 15 ETPKU patients can be subdivided
into 2 different groups (good metabolic control and poor
metabolic control) we completed one last analysis.
Again, using the average RD/MD (no significant results
were obtained for FA, see next section) values from all
voxels showing differences between patients and
controls (same values used for the correlational analyses
described above), we tested whether the different
ETPKU subgroups showed different percentages of
reduction in diffusivity values (i.e., WM damage). Taking
into account the reduced number of patients per group,
we used nonparametric tests under SPSS (version 18.0.0)
to perform these calculations.

Neuropsychological evaluation
The Wechsler Intellectual Scale of Children (WISC-IV)
[43] and Wechsler Adults Intelligence Scale (WAIS-III)
[44] were administered to assessment general intellectual
ability (intellectual quotient (IQ)). Given that WM abnor-
malities have been associated with a slower performance
in processing speed, the following neuropsychological
battery was used to evaluate it: Processing Speed Index of
Wechsler Scales, time required to copy the Rey Complex
Figure Task [45], motor and visual search speed with Trail
Making Test Part A [46], speed naming with Speeded
Naming NEPSY (NEuroPSYchological Assessment) II
subtest [47], response speed with hit reaction time of
Conners’ Continuous Performance Test-II (CPT-II) [48]
and Total initiation time (sum of time taken to begin each
item) in execution of Tower of London test [49].

The reference typical punctuation for IQ, processing
speed in Index Scales Wechsler, time required to copy

Table 2 Neuroimaging studies with early (ETPKU) and late treated PKU (LTPKU)

Authors Studied population

Studied regions

Parameters of DTl Conclusions

Leuzzi et al. 2007 [16] Adult and paediatric patients (n=32): 4 ROI: Parietal (P), ~MD, FA. Abnormal signal T2-W and FLAIR
ETPKU (n=21) (mean age 17.1 years),  Occipital (O), scans: Parietal periventricular WM
LTPKU (n=11) (mean age 224 years. Frontal (F), abnormalities >O > F >T. WM
Control group (n = 30) (mean age 329 Temporal (T). severity score correlated with age
years) (range: 12-58 years). patient at time of the study. MD
values and WM scores were closely
and inversely correlated (p <.001).
Blood and brain Phe levels were
closely correlated (p < .001). Brain
Phe levels was unrelated with FA values.
Kono et al. 2005 [50] Adult and paediatric patients (n = 21) 6-10 ROI MD MD values in posterior deep WM
(mean age 194 years) (age range 3-44 (anterior and significantly lower than in frontal
years): ETPKU (n = 14), LTPKU (n=7). posterior deep deep WM (P <.001). MD values in the
Control group (n=21) (mean age WM). posterior WM tended to be lower with
206 years) (age range 3-33 years). increased concurrent serum Phe levels
(p <.005) and average serum Phe last
year of examination (p <.001).
Scarabino et al. 2009 [51]  Adult and paediatric patients (h1=32) 4ROl (P, O, F, T). ~ MD, FA Supratentorial (periventricular and

(mean age 18.9 years): ETPKU (n =21),
LTPKU (n=11). Control group (n = 30)
(mean age 32.9 years).

subcortical) abnormal T2 P >0 >F>T.
Decreased 30-50% of MD compared
to control group. FA non correlated
with Phe values.
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Table 3 Clinical characteristics of patients
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Patient  Sex Age Mutation IDC Concurrent  Last year median  Last year mean  Lifetime mean
code Phe umol/L  Phe umol/L Phe umol/L Phe umol/L
P1 Female 8 years R158G/L48S Good 258 256.5 263 268

P2 Female 89 years Y206X/L348 V Good 435 3305 298 434

P3 Male 136 years  R261Q-R176X Good 503 5585 597.7 319

P Female 8 years I65T/IVS12+1A> G Good 126 134 186.8 151

P12 Female 8 years R261Q-165T Good 443 285 2885 297

P6 Male 12 years delF39/F55 L Good (BH4) 667 434 398 316

p7 Female  13.1years R241Q- Not found Good (BH4) 330 369.5 383 309

P8 Female 137 years  Y414C/K396 M Good (BH4) 376 384 407 334

P9 Female  17.1 years V388 M-P362T Good (BH4) 585 4105 522 322

P4 Male 146 years  IVS8nt-7a > g-/IVS8nt+1g>a  Poor 1162 801.5 789 560

P5 Male 17.8 years  165T-R261X Poor 1016 852 8374 406

P10 Female 8 years VS4 + 5G>T/ IVS4 + 5G> Poor 417 4425 436 351

P13 Male 9.1years VS10-IVS10 Poor 567 372 440.5 320

P14 Male 9.3 years IVS4 +5G > T/ IVS10 Poor 102 426 366.5 285

P15 Male 10.7 years  R158Q/P281S Poor 198 427 390.7 367

the Rey Complex Figure Task (RCFT), speed naming in
NEPSY II, Trail Making Test A and total initiation time
in Tower of London, were 100 £ 15. The reference typ-
ical punctuation in the evaluation of hit reaction time in
CPT-II: Conners’ Continuous Performance Test-II, was
50 + 10, as it was considered faster execution less than
40 and slower execution more than 60.

Table 4 Results of neuropsychological evaluation

Systematic review

The literature published from 2001 to 2016 were system-
atically searched: in PubMed: http://www.ncbinlm.nih.
gov/pubmed. To avoid any risk of bias, general search
terms were chosen: clinical studies, PKU/phenylketonuria,
DTlI/diffusion tensor imaging, magnetic resonance
imaging, early treated, late treated, paediatric and adults.

Patient Index dietary 1Q* Processing RCFT® (Time CPT-IIP (Hit NEPSY 11 Trail Making Tower of London?®
code control (IDC) speed Index? required to copy) reaction time) (Naming speed) Test A* (Initiation time)
P1 Good 105 110 92 40 95 106 98

P2 Good 95 88 96 58 75 88 116

P3 Good 114 93 94 45 95 103 130

P11 Good 114 115 100 65 80 83 104

P12 Good 113 117 106 61 84 108 120

P6 Good (BH4) 109 99 69 59 95 93 98

p7 Good (BH4) 115 112 90 40 100 113 106

P8 Good (BH4) 115 121 90 51 95 9 122

P9 Good (BH4) 97 102 102 57 - 103 94

P4 Poor 95 85 58 68 84 15 96

P5 Poor 116 107 81 52 - 94 100

P10 Poor 101 115 126 55 95 97 12

P13 Poor 102 99 106 62 84 104 102

P14 Poor 114 91 119 69 75 96 112

P15 Poor 13 91 73 46 80 73 102

1Q intellectual quotient, RCFT The Rey Complex Figure Task, CPT-Il Conners’ Continuous Performance Test- ||

*Typical Punctuation (TP): 100+ 15
BTP: 50 + 10. Fast: < 40; Slow: > 60
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Inclusion criteria: studies in humans with control
group, neuroimaging studies of DTI done in paediatric
or adult PKU patients, early or late treated. Exclusion
criteria: isolated case reports, studies in animal/cellular
models, and patients with other metabolic disease such
as BH4 deficiencies, articles not published in English. A
total of 12 articles met criteria, 9 of them studied only
early treated PKU (described in Table 1) [7-15], while
the other articles described late and early treated PKU
patients compared with a healthy control group (de-
scribed in Table 2) [16, 50, 51].

Results

The 15 ETPKU evaluated patients had a concurrent Phe
mean value of 426 umol/L (range: 102-1162), lifetime
Phe values of 319.5 umol/L (range: 151-560), a last year
Phe median value of 397 pmol/L (range: 134—852), a last
year mean value of 440 pumol/L (range: 186—837). The
scores for the intellectual quotient (IQ; WISC-IV and
WAIS-III) ranged from 95 to 116 (mean: 111). The
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individual clinical, biochemical and molecular features of
the PKU patients were described in Table 3. The results
of neuropsychological evaluation were described in
Table 4. Only 3 patients had a slower processing speed
(more than one altered task), and all were patients with
poor metabolic control.

Parameters of DTI: RD, MD and FA

In spite of the diffusion data coming from normal appear-
ing white matter, eleven patients had subtle periventricular
abnormalities in a T2 sequence, with only one being more
evident and extended. However, only three had normal T2
sequences in MRI. Accordingly, the whole ETPKU group
showed decreased MD values when compared with con-
trols bilaterally in the body and splenium of the corpus cal-
losum (CC), superior longitudinal fasciculus, corona radiata
and in the posterior limb of the internal capsule (Fig. 1).
RD values followed a very similar pattern, although de-
creased RD values in ETPKU patients were also found

z=16 R
Fig. 1 Decreased Mean Diffusivity values of WM tracts across the whole brain in PKU as compared with controls. a-i: Results are shown over the
mean group skeleton (in green), which represents the centers of all WM tracts common to all participants in the study (see Materials and
Methods). In red-yellow, the WM regions showing decreased MD in patients as compared with controls are shown (p < 0.05 FWE corrected).
Neurological convention is used with MNI (Montreal Neurological Institute) coordinates at the left bottom of each slice

z=30

R z=40 R
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in the anterior limb of the internal capsule and in the
cerebral peduncle (Fig. 2). FA values showed no sig-
nificant differences between groups.

Associations among age, full scale 1Q, processing speed
task, blood Phe values and urinary neurotransmitter
biomarkers

Average MD values for all voxels showing WM dam-
age, significantly and negatively correlated with age (r
=-0.80, p<0.001), last year median Phe, last year
mean Phe and concurrent Phe values (r=-0.65, p<
0.008, r=-10.72, p<0.003 and r=-0.71, p <0.004, re-
spectively; all correlations survived a p<0.05 FDR
corrected threshold; Fig. 3). RD values followed the
same pattern as MD values, also significantly and
negatively correlating with age (r=-0.82, p<0.001),
last year median Phe, last year mean Phe and concur-
rent Phe values (r=-0.60, p<0.02, r=-0.68, p<
0.005, r = - 0.65, p < 0.008, respectively; all correlations
survived a p <0.05 FDR corrected threshold; Fig. 4).
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Thus, the greater the age or the higher the median,
mean and concurrent Phe values, the greater the reduc-
tion in MD and RD values. This suggests that increased
WM damage (reduced MD and RD values) is related to
higher concentrations of Phe and that this damage in-
creases with age.

All patients had lifetime Phe values in normal range in
recomended levels for age: Lifetime Phe values were less
than 600 pmol/l in patients older than 12 years old and less
than 360 umol/L in the younger group (< 12 years old).
These values fall within the recomended normal ranges for
each age reported in the European PKU guidelines [42]. No
significant correlations were observed between lifetime Phe
values and MD or RD variables.

While correlations were not significant between diffu-
sion values and HVA (MD: r=0.28, p=0.30; RD: r=
0.30, p = 0.27), the relationship between 5HIAA and MD
(r=047, p=0.073), and also RD (r=0.49, p=0.068),
approached significance. There were no significant cor-
relations between 1Q, and processing speed scores and

=20 R

z=32

R z=40 R

Fig. 2 Decreased Radial Diffusivity values of WM tracts acress the whole brain in PKU as compared with controls. a-i: Results are shown over the
mean group skeleton (in green), which represents the centers of all WM tracts common to all participants in the study (see Materials and
Methods). In blue, the WM regions showing decreased RD in patients as compared with controls are shown (p < 0.05 FWE corrected).
Neurological convention is used with MNI (Montreal Neurological Institute) coordinates at the left bottom of each slice
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Fig. 3 Correlations between the average Mean Diffusivity value of the WM pathways showing between-group differences and biochemical
parameters and age. The scatter plots display: a The correlation between the mean MD value of the voxels and concurrent Phe. b The correlation
between the mean MD value of the voxels and last year median. ¢ The correlation between the mean MD value of the voxels and age. d The
correlation between the mean MD value of the voxels and last year mean. The scatter plots display the correlation between the mean MD value
of the voxels showing significant differences and concurrent Phe, last year median and mean Phe values and age (the greater the age/
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DTI-MRI variables. No significant differences were
found between the PKU-sub-groups regarding the diffu-
sivity values.

Discussion
This work evaluated the microstructural integrity of
WM pathways across the whole brain in a sample of
paediatric ETPKU patients. By means of DTI-MRI pa-
rameters such as FA, MD and RD and using TBSS,
we compared WM tracts across the whole brain of
ETPKU patients as compared to controls. We found
that ETPKU patients showed bilaterally decreased MD
values compared with HCs in the body and splenium
of the CC, superior longitudinal fasciculus, corona
radiata and in the posterior limb of the internal cap-
sule. These findings were consistent with previous ob-
servations [7—15]. RD values also followed a similar
pattern as previous studies [11, 14].

The most frequent findings in neuroimaging studies in
these patients are the presence of WM abnormalities, evi-
denced as an increased signal intensity in T2-weighted

sequences [52-54], with the periventricular WM being
the most commonly affected region [55-58]. Only 3
(20%) patients showed normal T2 in our sample. The
extent and severity of the WM abnormalities appears
to be modulated by patient age, dietary adherence
and metabolic control profile of Phe levels [54, 57,
59]. More recent studies demonstrate that DTI-MRI
can provide additional insight into the microstructure
of WM integrity of ETPKU patients. Indeed, previous
findings have shown decreased MD values in ETPKU
patients [8-11, 50].

Reviewing previous studies, only two of them studied
MD, RD and FA in a paediatric population in more than
one brain region. Peng and colleagues [11] studied a
smaller series of patients than the present work (but
mixed both paediatric and adult patients), and its results
agree with those of this study. Hood and colleagues [14]
studied a larger series, comparable to our study, which
also showed a decrease in MD and RD values in paediat-
ric ETPKU patients, but their analyses were restricted
only to the posterior parietal occipital (PPO) and
centrum semiovale (CSO; i.e., they did not study WM
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tracts across the whole brain). Both studies showed
non-significant differences in FA values when compared
with the control group. A brief revision among the
different PKU neuroimaging studies is summarized in
Table 1 [7—15] and Table 2 [16, 50, 51].

Associations between decreased MD and Phe values
have previously been reported [7, 11-13]. In our study,
we demonstrate that last year median and mean Phe and
concurrent Phe values were significantly correlated with
decreased MD and RD values.

In addition, decreased MD within the CC has also
been shown to be related to Phe levels [11, 13] . White
et al. [8] showed MD restriction values in the anterior
part of the CC (genu and rostral body). Wesonga et al.
[12] demonstrated significant abnormal diffusion values
in the genu and splenium of the CC. In contrast, we
found decreased of MD values but also RD decreased
values in the body and splenium of the CC.

Finally, decreased MD values have been previously
shown to correlate with increased age [8, 11, 12] in PKU
children, which further supports the results shown in this
work. MD and RD are thought to be a good marker of
myelin structure and, in healthy populations, decreased

RD and MD values are usually associated to a better
WM microstructure [2, 40, 60, 61]. Moreover, re-
search shows that in healthy populations MD values
decrease with age during childhood (increased myelin-
ation) while WM is still maturating [62], whereas
during adulthood, MD increases with age (decreased
myelination) as WM degenerates [63, 64]. However,
PKU populations including the one studied in this
work usually display reduced MD and RD values that
are related to increased Phe levels [11, 13]. That is,
in PKU patients reduced RD and MD values, rather
than reflecting improved WM structure, are a proxy
of WM damage (note that elevated Phe values inhibit
biosynthesis and myelin stability in oligodendrocytes).
Thus, it could be that in healthy populations the
negative association between MD and RD values and
age reflects increased myelination [62], while in PKU,
the same relationship could suggest quite the oppos-
ite: we hypothesize that high levels of Phe produce an
accumulative damage in the microstructure of WM.
For future prospective studies, it is important to note
that to identify the damaged white matter pathways af-
fected in PKU patients, it is paramount to create and use
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age specific DTI templates from healthy participants.
While these templates could be obtained from existing at-
lases, we suggest that, to avoid inter-scanner effects, it
would be useful to have a specific template made for each
scanner and center. In addition, these templates could be
used to compare the microstructural white matter lesions
of each individual patient against the control group of the
hospital, by means of, for example, Crawford-Howell
t-tests [65, 66]; for an example of this test in single-patient
DTI data, see Tuomiranta et al. [67].

While we did not find a significant correlation between
diffusivity values and HVA, the relationship between
S5HIAA and WM damage approached significance.
Although it is known that dopamine and serotonin status
may be affected in PKU patients, urinary HVA and 5-HIAA
are, apparently, not good biomarkers for evaluation. Our
results further support that blood Phe level is still the most
reliable biomarker in the follow-up of these patients.

In addition, previous studies suggest that slower process-
ing speed is related to the WM damage usually found in
PKU, as a result of disruptions in the speed with which
neural signals are transmitted [18, 68]. Nevertheless, despite
the microstructural damage, not affectation in processing
speed was observed in this group of patients. An explan-
ation could be that the PKU population recruited for this
study had in general a good metabolic control. Possibly
higher Phe values would have led to more extensive WM
abnormalities than the ones showed by this group of
ETPKU patients, and this, in turn, could have been mani-
fested in a slower performance in processing speed.

Conclusions

When we evaluated the WM tracts across the whole
brain using TBSS in paediatric ETPKU patients, we
found MD and RD values significantly decreased com-
pared with HCs, and this damage was associated with
high Phe values and with the age of patients. No correla-
tions were found with processing speed scores.

Given current and previous research, we recommend
the use of DTI-MRI sequences for the neuroimaging study
of PKU patients. This technique could be used not only to
quantify WM damage that is difficult to detect in T1 or
T2-weighted images (MRI sequences routinely used), but
also to quantify damage of WM through the follow up of
poor metabolic control patients in prospective studies.

In addition, we suggest that neuropsychological evalu-
ation should be performed routinely in patients with
good metabolic control after 7 years old, in particular in
individuals with WM abnormalities.
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6. Resultados

6.2. Sintesis de resultados 2

De los 15 pacientes PKUDP evaluados, el valor de la mediana del ultimo ano fue
397 umol/L (rango: 134-852) y la media del ultimo afio fue 440 umol/L (rango:
186—837).

Los valores de Cl mostraron un rango entre 95- 116 (media: 111). Sélo 3 pacientes
del grupo de pobre ICD mostraron ser mas lentos en tareas de velocidad de proc-
esamiento (VP).

En la valoracién cualitativa de la RMC, 11 pacientes presentaron alteraciones en
regiones periventriculares (PV) (hiperintensidad de sefial en la secuencia T2), y
so6lo en uno se mostraba una asociacién entre las lesiones PV y en otras areas sub-
corticales. El resto normal.

En la valoracién cuantitativa a través de los indices de la RMC-TD, se observo que
todo el grupo PKUDP mostrd una disminucion de los valores de DM en compara-
cion con el GC (afectacién bilateral en el cuerpo y esplenio del CC, fasciculo lon-
gitudinal superior, corona radiata y en la porcion posterior de la capsula interna).
Los valores de DR siguieron un patrén de localizacién muy similar, aunque también
se encontraron valores de DR disminuidos en pacientes con PKUDP en la porcidn
anterior de la cdpsula interna y en el pedunculo cerebral. Los valores de AF no
mostraron diferencias significativas entre los grupos.

Los valores de DM correlacionaron negativa y significativamente con la edad (p<
0.001), mediana de Phe del ultimo afio, media de Phe del ultimo afio y valores de
Phe concurrente (p< 0.008, p< 0.003 y p<0.004, respectivamente).

Los valores de DR también muestran correlaciones negativas significativas con la
edad (p < 0.001), mediana de Phe del ultimo afio, media de Phe del ultimo afo y

valores concurrentes de Phe (p < 0.02, p < 0.005, p < 0.008, respectivamente).
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Avances en el estudio de la fenilcetonuria

¢ No se encontraron correlaciones significativas entre los valores de los indices de

difusion (DM, DR, AF) y los de monoaminas en orina (HVA — 5HIAA), Cl ni VP.
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6. Resultados

6.3. RESULTADOS 3

OBIJETIVO 3
Estudiar las alteraciones del sueiio en pacientes PKUDP y su relacion con las alter-

aciones de melatonina y serotonina.

Prevalence of sleep disorders in early-treated phenylketonuric children and adoles-
cents. Correlation with dopamine and serotonin status.

Rosa Gassio, Maria Julieta Gonzalez , Oscar Sans, Rafael Artuch, Cristina Sierra, Aida

Ormazabal, Daniel Cuadras, Jaume Campistol

Eur J Paediatr Neurol. 2019;23(5):685-691.

Los pacientes PKU son una poblaciéon en riesgo de desarrollar trastornos del suefio de-
bidos a déficits en la sintesis de neurotransmisores. En esta investigacion se estudid la prev-
alencia de los trastornos del suefio en pacientes nifios y adolescentes PKUDP y su correl-
acion con marcadores de sintesis de dopamina y serotonina en relaciéon a un grupo control.

Ademads se correlaciond el estudio del suefio con los niveles de Phe concurrente, indice
de control dietético y variabilidad de Phe en el ultimo afo, tirosina, triptéfano, prolactina y
ferritina en plasma, concentracién de serotonina plaquetaria, y la excrecion de melatonina,
acido homovanilico y acido 5-hidroxiindolacético en orina. El suefio se evalué mediante la

Escala de Bruni para los trastornos del suefio en nifios.
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1. Introduction

Phenylketonuria (PKU; OMIM 261600) is an inborn error of
metabolism caused by mutations in the phenylalanine hy-
droxylase (PAH) gene (EC 1.14.16.1). These mutations lead to a
total or partial decrease of PAH activity, which catalyzes
the hydroxylation of Phe into tyrosine (Tyr), using tetrahy-
drobiopterin (BH4) as a cofactor. The biochemical conse-
quences are Phe accumulation in biological tissues and fluids,
as well as a deficit in the availability of Tyr."

It is well-known that untreated PKU causes severe neuro-
logical disorders such as intellectual disability, epilepsy, pro-
gressive motor disorder, and severe behavioral disorders.
Treatment of PKU should begin in the first weeks of life as
early as possible and consists of a Phe restricted diet com-
bined with the administration of a special formula, or alter-
natively with BH4 and total or partial diet liberalization in
patients who respond toit.” * Due to the protein requirements
for humans it is not feasible to completely remove Phe from
the diet and, therefore, early-treated PKU patients maintain
blood Phe levels above normal values (40—70 pmol/L), between
120 and 600 pmol/L according to age. Because of this, even
early-treated patients may show slight cognitive alterations (a
normal intellectual quotient but lower than in control groups,
along with executive dysfunction), altered myelination of
the cerebral white matter, and a high incidence of anxiety,
depression and attention deficit hyperactivity disorder
(ADHD).> 8

There are several factors involved in the pathophysiology
of PKU, including changes in the synthesis of the neuro-
transmitters dopamine and serotonin® (Fig. 1). These deficits
are of particular relevance given that dopamine is essential for
executive functions and serotonin is necessary for the regu-
lation of mood. Also, both neurotransmitters play an impor-
tant role in regulating sleep and wakefulness.'"** The
alterations in dopamine and serotonin synthesis in PKU are

P.

BH4 BH4

TPH AACD

BH4

()5 ()5 o

the result of several mechanisms: a) lower Tyr synthesis and
decreased Tyr and tryptophan (Trp) transport through the
blood-brain barrier, since Phe shares the same L-type amino
acid carrier (LAT1, SLC7AS) and competes with them, and b)
inhibition of tyrosine hydroxylase and tryptophan hydroxy-
lase activity due to elevated Phe levels."’

One of the compounds derived from serotonin is mela-
tonin, a hormone synthesized mainly in the pineal gland,
whose main function is the control of the sleep cycle.’* Many
studies have been published on the consequences of dopa-
mine deficiency in early-treated PKU patients, and ultimately
on a higher incidence of mood problems that may be related to
serotonin deficiency.®’® Regarding the serotoninergic deficit,
references to its repercussions on sleep quality have been
described in the literature but are scarce,'® even studies in
which sleep is evaluated. In that sense, our group has per-
formed a previous study in early-treated PKU young adult
patients in which alterations in sleep quality were not
found'’; however, recent studies have been published in PKU
adults'®*? reporting more sleep disorders than in controls.

In the present work, we study the prevalence of sleep dis-
orders in early-treated PKU children and adolescents and
assessed correlations with different biomarkers related to
dopamine and serotonin status.

2. Material and methods
2.1. Participants

We recruited 32 early-treated PKU patients with a mean age of
12 years (SD =+ 3.36) (16 females and 16 males), and a control
group of 32 healthy subjects with a mean age of 11.9 years
(SD + 3.29) (16 females and 16 males) with the same socio-
demographic characteristics. The PKU patient group was
divided in to three subgroups: 1) 12 patients under dietary

AACD

]g [ l ) e o )
(=)

74 ) — ()
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Fig. 1 — Neurotransmitter synthesis. TH: tyrosine hydroxylase. AACD: Aromatic L-amino acid decarboxylase. DP: dopamine.
HVA: homovanillic acid. TPH: tryptophan hydroxylase. SHTP: 5-hydroxytryptophan. 5-HT: serotonin. SHIAA: 5-

hydroxyindoleacetic acid.
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treatment and a good metabolic control (last year index of
dietary control (IDC) < 360 pmol/L for patients under 12 years
old or < 600 umol/L after 12 years), mean age 10 years
(SD + 2.21); 2) 7 patients under dietary treatment and poor
metabolic control (last year IDC > 360 pmol/L for patients
under 12 years old or > 600 pmol/L after 12 years), mean age
11.7 years (SD + 3.09); and 3) 13 patients on prolonged treat-
ment (between 4 and 12.5 years of treatment) with BH4 and
good metabolic control, mean age 13.9 years (SD + 3.48).
Inclusion criteria for PKU patients were: early (started dur-
ing the first weeks of life) and continuous treatment with
restricted diet or BH4, intellectual quotient above 80, absence
of medication on the day of the analyses, and absence of
associated medical pathology or mood disorders that could
condition a sleep disorder. Three patients in the PKU group
(one in each subgroup) were diagnosed with ADHD and
received pharmacological treatment with prolonged-release
methylphenidate; they had good tolerability and therefore
were included in the study. Inclusion criteria for the control
group were: normal school performance, absence of chronic
medication, absence of medical pathology or mood disorders
that could lead to a sleep disorder, and not being healthy sib-
lings of PKU patients (to avoid family habits or environmental
factors that could have an impact on the quality of sleep).

2.2.  Ethical approval

Parents and participants older than 12 years of age signed an
informed consent agreement in accord with the World Medi-
cal Association Declaration of Helsinki adopted in 1964 and
amended in 2013. Our hospital ethics committee (CEI - Comité
de Etica en Investigacién Clinica) approved the study, code
PI-47-12.

2.3. Sleep disorder evaluation

All participants in the study were assessed according to Bru-
ni's Sleep Disturbance Scale for Children (SDSC)*° for the
presence of sleep disorders following the recommendations of
the Clinical Practice Guidelines on Sleep Disorders in Child-
hood and Adolescence in Primary Care of the Spanish
National Health System.”*

The scale consists of 26 items and was developed to detect
sleep disorders within the last 6 months in children and ad-
olescents based on parental reports. Six factors representing
the most common areas of sleep disorders in childhood and
adolescence were evaluated: initiating and maintaining sleep
disorders, sleep breathing disorder, arousal disorders, sleep
wake transition disorders, excessive somnolence and
sleep hyperhidrosis disorder. These subscales were consid-
ered as abnormal when T-score was >70 (T-score: 50 + 10).

2.4.  Biochemical analysis

In the PKU patient group, biochemical markers related to
dopaminergic and serotonergic neurotransmission were
analyzed. As precursors of synthesis: plasma Tyr and Phe were
measured by ion-exchange chromatography with ninhydrin
detection using a Biochrom 30 analyzer (Pharmacia-Biotech).
Plasma Trp was measured by reversed-phase high-

performance liquid chromatography (HPLC) with fluorescence
detection (Waters, Milford, MA, USA), according to previously
reported procedures.” Pituitary prolactin secretion is inhibited
by dopamine, and therefore can be used as a parameter of
brain dopamine availability. Iron deficiency is involved in
some sleep disorders and therefore ferritin blood levels were
measured.”” Serum prolactin and ferritin were measured by a
chemiluminescent microparticle immunoassay using an Ar-
chitect analyzer (Abbott). Due to the presence of similar amine
storage granules and identical high-affinity serotonin trans-
porter and receptors, the platelet serotonin concentration has
been used as an indirect index of central serotoninergic func-
tion. Platelet serotonin concentrations were analyzed by
HPLC with fluorescence detection (Waters, Milford, MA, USA)
following a modified procedure.”” Urine excretion of biogenic
amine metabolites (homovanillic acid (HVA) for dopamine
and 5-hydroxyindoleacetic acid (SHIAA) for serotonin) was
analyzed using gas chromatography mass spectrometry. Uri-
nary 6-sulphatoxymelatonin (the final metabolite of mela-
tonin) was analyzed by duplicate using a competitive ELISA kit
(IBL: Ref. RE54021).”* We also evaluated concurrent Phe levels,
and variability in Phe (standard deviation of Phe levels) and IDC
(median Phe levels in blood) for the last year. The blood tests
were performed after fasting in the morning and urine tests
were collected in the first sample in the morning. All the
biochemical results were compared to the reference values
established by our laboratory.

2.5.  Statistical analysis

The categorical variables were described by their frequency table
with percentages, and the numerical ones by means of descrip-
tive statistics (mean, standard deviation). The frequencies of
categorical variables were compared between groups using the
Chi-squared test, whereas Kruskal-Walllis test was used to
compare the means of numerical variables between groups.

SPSS software 19 (Armonk, NY: IBM Corp.) was used
to perform the statistical analyses. Statistical tests with a
p-value less than 0.05 were considered significant.

3. Results

Biochemical values of metabolic control of PKU and dopamine
— serotonin status are shown in Table 1.

The poor metabolic control group is the one that presented
significantly higher values of concurrent Phe (p = 0.021) and
worse metabolic control during the last year (higher IDC)
(p = 0.002). There are significant differences (p = 0.023) in
variability in Phe levels for the last year between poor control
group (higher SD) and BH4 group.

Mean Trp values were lower in the poor metabolic control
group however the differences were not significant (p = 0.252).

In the PKU group, 43,3% of patients had low melatonin
excretion (Table 2). The group with good metabolic control
presented highest melatonin values (Fig. 2), although we did
not find significant differences (p = 0.249) when comparing the
three PKU subgroups (Table 1). Additionally, 43.8% of the PKU
group presented low serotonin levels (Table 2), with lower
levels in poor metabolic control group (Fig. 3), and we found
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Table 1 — Biochemical values of metabolic control of PKU and dopamine — serotonin status.

Group N Mean SD p-values®
Concurrent Phe BH4 13 387 +173 0.021
umol/L n.v.: 40—70 Poor control 7 662 +353

Good control 12 284 +190
IDC last year BH4 13 332 +112 0.002
umol/L Poor control 7 534 +169

Good control 12 264 +110
Variability in Phe last year (SD) BH4 13 98.8 +46.8 0.023

Poor control 7 183 +50.4

Good control 12 135 +64.7
Tyr BH4 13 57.2 +13.1 0.231
pmol/L n.v.: 40—87 Poor control 7 60.3 +37.0

Good control 12 47.6 +8.23
Trp BH4 13 47.2 +7.85 0.252
umol/L n.v: 30—85 Poor control 6 41.0 +4.69

Good control 12 46.9 +10.2
Platelet Serotonin nmol/10° platelets BH4 13 2.41 +0.75 0.040
n.v.: 1.77-4.46 Poor control 7 1.58 +0.30

Good control 12 2.03 +0.74
Prolactin mU/L BH4 13 209 +43.3 0.186
n.v.: 108-466 Poor control 7 260 +132

Good control 12 201 +160
Ferritin BH4 13 52.7 +39.5 0.736
pg/L n.v.: 10—120 Poor control 7 46.2 +26.9

Good control 12 37.6 +21.4
6-sulphatoxymelatonin BH4 12 13.4 +9.30 0.249
umol/mol creatinine n.v.” Poor control 6 8.33 +6.03

Good control 12 22.8 +19.5
HVA mmol/mol creatinine BH4 13 3.25 +1.24 0.416
n.v.: 0.1-9.8 Poor control 7 3.16 +0.95

Good control 12 5.34 +5.26
SHIAA mmol/mol creatinine BH4 13 3.36 +2.54 0.502
n.v.: 0.3—8.9 Poor control 7 2.27 +1.40

Good control 12 3.88 +4.03

Abbreviations: Phe: phenylalanine; BH4: tetrahydrobiopterin; IDC: index of dietary control; Tyr: tyrosine; Trp: tryptophan; HVA: homovanillic

acid; SHIAA: 5-hydroxyindoleacetic acid.

& Kruskal—Walllis test.

b 7-14y: 11.9-66.2; >15 y: 6.3—37.9 umol/mol creatinine.

excretion of SHIAA. No correlation was found between the
levels of Phe, Trp, serotonin and the excretion of melatonin or
SHIAA.

significant differences (p = 0.040) between BH4 group and poor
metabolic control group (Table 1). Only one patient presented
with low levels of Trp and another presented with low

60

Table 2 — Melatonin and serotonin status.
Melatonin 5o

Q
Group normal low p-value® E

K
BH4 6 (50%) 6 (50%) 0.665 g
Poor control 3 (50%) 3 (50%) 2
Good control 8 (66.7%) 4 (33.3%) E 3]
TOTAL 17 (56.7%) 13 (43.3%) 2

=
Serotonin £

<
Group normal low p-value® 2
BH4 9 (69.2%) 4 (30.8%) 0.213 10
Poor control 2 (28.6%) 5 (71.4%)
Good control 7 (58.3%) 5 (41.7%) o
TOTAL 18 (56.2%) 14 (43.8%) . . .

Abbreviation: BH4: tetrahydrobiopterin.

& Chi-squared test.

Poor control BH4

Fig. 2 — Melatonin levels.

Good control




EUROPEAN JOURNAL OF PAEDIATRIC NEUROLOGY 23 (2019) 685—691

689

4

Serotonin (nmol/ 10° platelets)
9

T T T
Poor control BH4 Good control

Fig. 3 — Serotonin levels.

We did not find statistically significant differences when
comparing the presence of sleep disorders in the whole group
of PKU patients and the control group (Table 3). Sleep disor-
ders were slightly more frequent in the control group than in
the PKU group (15.6% vs 12.5%), but the difference was not
significant (p = 0.719). Only 4 subjects in PKU group and 5 in
control group presented sleep disorders (one or more than one
SDSC subscale abnormal). We did not find significant differ-
ences between the different SDSC subscales, or specific
questions related to the alteration in the synthesis of dopa-
mine/serotonin and melatonin such as: “How long after going
to bed does your child usually fall asleep”, “The child has
difficulty getting to sleep at night”, “The child has frequent
twitching or jerking of legs while asleep or often changes
position during the night or kicks the covers off the bed”.

No differences were found when comparing the four
groups for the presence of sleep disorder, the subscales or
specific questions. Regarding the nine subjects with sleep
disorders, five were in the control group, one in the poor
metabolic control group and three in the good metabolic

control group. No subjects in the group receiving BH, pre-
sented sleep disorders.

Biochemically, no correlation was found between the
presence of a sleep disorder and the rest of the studied pa-
rameters (concurrent Phe, last year IDC and variability in Phe,
Tyr, Trp, prolactin, serotonin and ferritin, excretion of mela-
tonin, HVA and 5HIAA).

We did not find any correlations between low melatonin or
serotonin levels and the presence of a sleep disorder.

4, Discussion

The prevalence of sleep disorders reported in different coun-
tries is between 13% and 27% in children aged 4—12 years.”?
According to the International Classification of Sleep Disor-
ders, seven major categories can be described: insomnia dis-
orders, sleep-related breathing disorders, central disorders of
hypersomnolence, circadian rhythm sleep-wake disorders,
sleep-related movement disorders, parasomnias and other
sleep disorders.”®

Our study is the first that analyze sleep disorders in early-
treated PKU children and adolescents; 12.5% had sleep disor-
ders, similar than in the control group (15.6%) and prevalence
reported in normal children.”’ Therefore, our PKU patients
presented sleep disorders as expected.

Cognitive functions have been extensively evaluated in PKU
patients, but there are hardly any references as to how PKU
patients sleep, even though they are theoretically a population
atrisk of presenting sleep disorders given the alterations in the
synthesis of neurotransmitters and melatonin.

Initially, published studies address questions related to
EEG sleep patterns rather than sleep quality. Behbehani®®
studied EEG sleep patterns in 22 early- and late-treated
PKU patients (8—10 years), detecting minor EEG changes in
early-treated children and pathological EEG changes in late-
treated PKU patients; however, no significant changes were
found during diet therapy and after diet termination. De
Giorgis et al.,” found a delay in the maturation of patterns of

Table 3 — Bruni's Sleep Disturbance Scale for Children (SDSC) in PKU patients compared control group.

Initiating and Sleep breathing Arousal Sleep wake Excessive Sleep
maintaining sleep disorders disorders transition somnolence  hyperhidrosis
disorders disorders disorders

PKU patients

BH4 (0/13)* normal normal normal normal normal normal

Poor control (1/7)° abnormal (P,) abnormal (P4) normal abnormal (P,) abnormal (P,) normal

Good control (3/12)° abnormal (P,) normal abnormal (P,) abnormal (P,) abnormal (P,) normal
normal abnormal (P3) normal normal normal normal
normal normal normal abnormal (P,) normal normal

Control group (5/32)° normal normal abnormal (C) normal abnormal (C4) abnormal (C,)
normal normal normal normal normal abnormal (C,)
normal normal normal normal abnormal (C5) normal
normal abnormal (Cy4) normal normal normal abnormal (Cg4)
normal normal normal abnormal (Cs) normal normal

P: patient; C: control.
# In brackets altered cases versus total subgroup.
® The same case may have more than one abnormal subscale.
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“tracé alternant” and sleep spindles in 16 early-treated PKU
infants during their first months of life, during plasma Phe
normalization. In 1973, Schulte et al,'® hypothesized that
PKU patients may present sleep behavior alterations due to
Trp metabolism disturbances. They studied 22 untreated
PKU infants and young children (16 days and 3.75 years of
age) and found no differences in the distribution between
rapid eye movement or active, non-REM or quiet, and un-
differentiated sleep compared to the control groups (healthy
normal subjects and early-treated PKU patients). They
concluded that, under chronic reduced conditions and not
abruptly decreased, a normal or near normal sequence of
quiet and active sleep could be maintained despite a severe
lack of blood and cerebrospinal fluid serotonin as it occurs in
PKU.

In recent years, interest in evaluating sleep in PKU pa-
tients has increased, but studies are scarce and focused on
the adult population. In a previous study by our group,” 25
early-treated PKU young adults (range 18—31 years, mean
age: 23.66 years; 12 females, 13 males) were assessed
regarding sleep quality using the Pittsburg Sleep Quality
Index. Thirteen out of 25 patients presented with good
metabolic control (IDC < 600 umol/L). All patients showed
subjectively good sleep quality, 15 very good and 10 fairly
good. By contrast, Bruinenberg et al.,,’® found more sleep
disorders (specially insomnia and circadian rhythm sleep
disorders) and reduced sleep quality in 25 treated adult PKU
patients (mean age: 30 + 9) compared to controls, but they
did not assess metabolic control or provide the age when
treatment was started in these patients. Bilder et al.,'® re-
ported a sleep disorder prevalence of 14.4% in 3714 adult PKU
patients (aged 20 to >80 years, mean age: 38.5 years) versus
6.9% in general population controls, which fell to 9% in the
age range of 20—39 years (n = 2247) (the authors supposed
that this adult cohort were most likely to have had early and
continuous treatment). Regard metabolic control, Huijbregts
et al.,”® in a study of health-related quality of life in early-
treated PKU patients (7—40.8 years) found, only in adult pa-
tients, association between lifetime Phe levels and poorer
functioning in the domain sleep (problems/limitations con-
cerning sleeping). We did not find correlation between
metabolic control and the presence of a sleep disorder, but in
our case, we evaluated more recent Phe levels (concurrent
Phe, last year IDC and variability in Phe) and only 21.8% of
the sample had poor metabolic control.

In adult PKU, mood disorders are more common than in
children, and should be taken into account that could affect
sleep independent of neurotransmitter status.®'®

Platelet serotonin concentrations and urinary melatonin
excretion have been shown to be good long-term indicators of
the amount of circulating plasma serotonin and melatonin
secretion, respectively.””?° In our sample, 43.3% of PKU pa-
tients had low melatonin levels and 43.8% had low serotonin
concentrations, but these values were not correlated with
sleep disorders. These patients have a chronic serotonin and
melatonin deficits, and the hypothesis proposed by Schulte,®
could explain that there is no correlation with sleep disorders,
or perhaps, more exposure over time or a greater deficit of
neurotransmitter synthesis is necessary to induce a sleep
disorder. Other possibility is that urinary melatonin is an

indirect estimation of pineal melatonin excretion, and differ-
ences in hepatic metabolism of melatonin would explain
interindividual differences.

5. Conclusions

In conclusion, we highlight a prevalence of sleep disorders in
early-treated children and adolescent PKU patients similar
than in the control group, despite having a deficit in the syn-
thesis of serotonin and melatonin. However, we should not
completely rule out the higher incidence of sleep disorders
given the small sample size we studied, and the fact that we
only used questionnaires as a tool to assess sleep disorders.
We think it is important to follow up sleep characteristics in
PKU patients, especially those who are older or have poor
metabolic control.
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6. Resultados

6.3. Sintesis de resultados 3

Los trastornos de sueiio fueron ligeramente mas frecuentes en el grupo control
qgue en el grupo PKU (15.6% vs 12.5%), (p = 0.719). No se encontraron diferencias
estadisticamente significativas cuando se comparé la presencia de trastornos del
suefo en el grupo de pacientes PKU respecto al grupo control.

Sélo 4 pacientes del grupo PKU (1 del grupo de pobre ICD y 3 del grupo de buen
ICD) y 5 del grupo control presentaron desdrdenes del sueiio. No se encontraron
diferencias significativas entre las diferentes sub-escalas y preguntas especificas
relacionadas con la alteracidon de la sintesis de dopamina, serotonina o melatoni-
na. Tampoco cuando se compararon los cuatro grupos y la presencia de trastornos
del suefio.

En el grupo total de pacientes PKU, el 43.3% (13 pacientes) tiene valores bajos de
excrecion de melatonina. En el grupo PKU con buen ICD, los valores de melaton-
ina tienden a ser mas altos, sin diferencias significativas entre los tres sub-grupos
PKU.

Los valores medios de Trp fueron mas bajos en el grupo PKU de pobre ICD,
(p=0.252).

El 43.8% (14 pacientes) del total los pacientes PKU muestran niveles mas bajos de
serotonina. Los valores mas bajos aparecen en el grupo de pobre ICD, y se obser-

varon diferencias significativas (p=0.04) entre el grupo BH4.
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6.4. RESULTADOS 4
OBJETIVO 4

Elucidar las posibles causas de la deficiencia de la coenzima Q en pacientes PKU.

Plasma coenzyme Q_ status is impaired in selected genetic conditions.

Raquel Montero, Delia Yubero, Maria C. Salgado, Maria Julieta Gonzalez, Jaume Camp-

istol, Maria del Mar O’Callaghan, Mercé Pineda, Verdnica Delgadillo, Joan Maynou,
Guerau Fernandez, Julio Montoya, Eduardo Ruiz-Pesini, Silvia Meavilla, Viruna Neer-
gheen, Angels Garcia-Cazorla, Placido Navas, lain Hargreaves, Rafael Artuch.

Sci Rep. 2019;9(1):793. Published 2019 Jan 28.

En este estudio se evalud de forma restrospectiva las concentraciones plasmaticas de
CoQ10 en una gran cohorte de pacientes pediatricos y adultos jévenes durante un periodo
de 12 afios. Se estudiaron 597 pacientes, los cuales se dividieron en 6 diferentes grupos
(un grupo control de pacientes sanos, pacientes con PKU, con mucopolisacaridosis (MPS),
con otros errores congénitos del metabolismo (EIM), con enfermedades neurogenéticas y
otros con enfermedades neuroldgicas sin diagndstico genético). Se focalizé la atencién en
aquellos pacientes que presentaban valores bajos de CoQ10 plasmatica, evaluando facto-

res genéticos y ambientales que podrian influir en el estado de CoQ10 plasmatica.
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Identifying diseases displaying chronic low plasma Coenzyme Q, (CoQ) values may be important to
prevent possible cardiovascular dysfunction. The aim of this study was to retrospectively evaluate
plasma CoQ concentrations in a large cohort of pediatric and young adult patients. We evaluated
plasma CoQ values in 597 individuals (age range 1 month to 43 years, average 11 years), studied

during the period 2005-2016. Patients were classified into 6 different groups: control group of healthy
participants, phenylketonuric patients (PKU), patients with mucopolysaccharidoses (MPS), patients
with other inborn errors of metabolism (IEM), patients with neurogenetic diseases, and individuals with
neurological diseases with no genetic diagnosis. Plasma total CoQ was measured by reverse-phase
high-performance liquid chromatography with electrochemical detection and ultraviolet detection

at 275 nm. ANOVA with Bonferroni correction showed that plasma CoQ values were significantly

lower in the PKU and MPS groups than in controls and neurological patients. The IEM group showed
intermediate values that were not significantly different from those of the controls. In PKU patients,
the Chi-Square test showed a significant association between having low plasma CoQ values and being
classic PKU patients. The percentage of neurogenetic and other neurological patients with low CoQ
values was low (below 8%). In conclusion, plasma CoQ monitoring in selected groups of patients with
different IEM (especially in PKU and MPS patients, but also in IEM under protein-restricted diets) seems
advisable to prevent the possibility of a chronic blood CoQ suboptimal status in such groups of patients.

Coenzyme Q,, (CoQ) is a lipid that acts in the mitochondrial respiratory chain as an electron transporter essen-
tial for ATP synthesis and serves as a lipophilic antioxidant, among other functions'. The benzoquinone ring of
CoQ is derived from tyrosine, while the polyprenyl side-chain comes from acetyl-CoA, through the mevalonate
pathway, which is common to the synthesis of other lipids such as dolichol and cholesterol, in a tightly regulated
process®. Blood CoQ status depends on liver biosynthesis and is also the result of dietary sources that can influ-
ence plasma CoQ concentrations, contributing up to 25% of the total amount®. For CoQ, all tissues and cells are
able to synthesize the sufficient amounts necessary for their different biological functions; therefore, no noticeable
degree of uptake of CoQ seems to occur between the blood and tissues*.

In blood, CoQ is transported by the lipoprotein cholesterol (Chol) transporters®. CoQ has been shown to be
very efficient in preventing low-density lipoprotein (LDL) oxidation®. Since oxidized LDL is considered to have a
key function in the development of the atherosclerotic process leading to cardiovascular diseases, treatment with
CoQ to prevent this oxidation may have therapeutic value. Accordingly, clinical trials of CoQ supplementation
to patients suffering from cardiovascular diseases have reported a reduction in the level of biochemical markers
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associated with pathology and major adverse cardiovascular events”®. Therefore, identifying diseases displaying
chronic low plasma CoQ values may be important to prevent possible cardiovascular dysfunction. The relation-
ship between total blood Chol and CoQ is based on the rationale that both of these molecules share a common
biosynthetic pathway, the mevalonate pathway®. Thus, the simultaneous measurement of plasma CoQ and Chol
levels is of interest to assess the relationship between the presence of these two lipids in the blood!® and may there-
fore predict the potential for the oxidative damage of the cholesterol transporter lipoproteins''.

Some genetic and environmental conditions have been associated with a decreased level of plasma CoQ val-
ues in pediatric patients'>-8. Thus, plasma CoQ status may be a valuable biomarker for certain diseases, both for
diagnosis and treatment monitoring. Moreover, the key role of CoQ in the protection of Chol lipoprotein against
free-radical damage strongly advocates the identification of patients presenting with chronic low plasma CoQ
values.

In view of the diagnostic potential of plasma CoQ status, the aim of this study was to retrospectively evaluate
plasma CoQ concentrations and CoQ/Chol ratios in a cohort of pediatric and young adult patients from a period
of 12 years. We focused on those patients presenting with low plasma CoQ values, assessing genetic and environ-
mental factors that could influence plasma CoQ status.

Methods

Subjects. We retrospectively evaluated our database containing 597 individuals (age range 1 month to 43
years, average 11 years), studied during the period 2005-2016 in Hospital Sant Joan de Déu (Barcelona) and in
the Great Ormond Street Hospital (London). Patients were classified into 6 different groups: control group of
healthy participants, phenylketonuric (PKU) patients due to mutations at the PAH gene encoding phenylala-
nine hydroxylase, patients with mucopolysaccharidoses (MPS), patients with other inborn errors of metabolism
(IEM), patients with neurogenetic diseases, and lastly individuals with neurological diseases with no genetic
diagnosis. Details of these cohorts of patients are provided in Table 1 and in the Supplementary Material 1. From
the latter group, we selected 9 cases who were found to have low plasma CoQ values associated with a neuro-
logical syndrome for genetic diagnosis through next-generation sequencing (NGS). Total Chol values were also
analyzed from the PKU, MPS, and IEM groups (Table 1). The criteria for the group classification were: i) Patients
under restricted dietary treatment and at the risk of a suboptimal CoQ status: PKU and IEM patients. ii) Patients
with MPS, since these patients may present with low CoQ values, but they are not under dietary restriction. iii)
Patients with neurogenetic conditions just to identify diseases that may present with low plasma CoQ levels. iv)
Neuropediatric patients with no diagnosis, to assess whether CoQ status would be a surrogate biomarker for the
diagnosis of genetic related primary or secondary CoQ deficiencies.

Controls were healthy children with no chronic pharmacological treatments submitted to our Hospital for
minor surgical interventions (mainly phimosis, adenoids and tympanic drainage). The different groups of dis-
eases studied here were excluded based on: (1) biochemical data: most of them underwent the expanded newborn
screening programs that include PKU and other IEM groups. (2) Clinical data: controls were healthy children
with no neurological complications, while the MPS, neurogenetic and other neuropediatric patients included in
the present study were severely handicapped.

From the 113 PKU patients, the type of PAH gene mutation was determined in 89 patients, as reported!®
(Supplementary Data Set). The assigned value study classifies the mutations as 4 categories (1 classic PKU, 2
moderate PKU, 4 Mild PKU, and 8 mild HPA) for every mutant PAH allele. Thus, the sum of the scores obtained
for every allele led to the final classification of patients. In 65 out of 113 PKU patients, the predicted residual PAH
activity was also calculated as previously reported®. Both variables (assigned value and residual PAH activity)
were studied as predictors of the risk of developing low plasma CoQ values. All PKU patients were under dietary
treatment at the time of the study, as previously reported?'.

For the 44 MPS patients (Table 1), we increased the number of patients studied in our previous work'* from
Sanfilipo to include patients with other MPS disorders (Supplementary Material 1). For the 61 IEM patients, we
compared CoQ values in a subgroup on a carbohydrate-restricted diet (galactosemic and fructosemia) with those
of a group on protein-restricted diets (homocystinurias, organic acidurias, urea cycle defects, and other aminoac-
idopathies) (Supplementary Material 1).

Exclusion criteria included patients taking CoQ. Blood samples were taken in the morning after an 8-12h
fasting period. Blood samples were collected into evacuated glass tubes containing heparin. Blood was immedi-
ately centrifuged at 4°C (1500xg), and the plasma samples were stored at —80 °C until analysis.

Ethical issues. All patient samples were obtained in accordance with the 2013 revised Helsinki Declaration
of 1964. For biochemical and genetic investigations, informed consent was collected from patients or their guard-
ians. The Ethical Committee of Sant Joan de Déu Hospital approved the study.

Biochemical methods. Serum total Chol values were analyzed by the automated cholesterol oxidase pro-
cedure in an Architect autoanalyzer (Abbot). Plasma total CoQ, the sum of the reduced form ubiquinol plus the
oxidized ubiquinone, was measured by reverse-phase high-performance liquid chromatography with electro-
chemical detection and with ultraviolet detection at 275 nm, as previously reported??*. Plasma CoQ determi-
nation was accredited by the norm ISO15189 (ENAC). Reports regarding this accreditation are available upon
request. In Fig. 1, typical chtomatograms from internal quality control material and human plasma samples are
depicted. As we can see in the Fig. 1, the separation of CoQ and internal standard is optimal and both electro-
chemical and ultraviolet detection systems are specific for CoQ analysis in complex matrixes such as plasma,
HPLC-electrochemical detection having a greater sensitivity when compared with ultraviolet detection or other
approaches.
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Figure 1. Typical chromatograms (HPLC with electrochemical detection) from: Left panel. Commercial
control (Coenzyme Q,, Chromsystens, level 1 (Ref. 0092): CoQ,,=0.56 umol/L), based on serum matrix.
Middle panel. Human plasma sample with CoQ,,=1.18 umol/L. Right panel. Human plasma sample with
CoQ,(=0.38 umol/L. Samples, calibrators and controls are spiked with internal standard (Coenzyme Q,

(CoQy)).

PKU (n=113) 0.20-1-18 (0.49) | 2.46-8.36 (3.74) | 51-324 (132) CoQ:37/113

9m-43y (16.8) SD=0.20 SD=0-74 SD=49.7 CoQ/Chol: 33/113

MPS (n=44) 0.16-0.93 (0.40) | 3.14-6.35(4.40) | 29-201 (94) CoQ 24/44

3-25y(11.4) SD=0.17 SD=0.85 SD=40.3 CoQ/Chol 17/30

IEM (n=61) 0.18-1.21 (0.55) | 2.27-5.89 (4.04) | 69-291 (139) CoQ11/61

6m-40y (10.4) SD=0.19 SD=0.85 SD=46.2 CoQ/Chol 13/61

Neurogenetic conditions (n=99) | 0.25-1-30 (0.67)

1m-27y (10.3) SD=0.21 na na CoQ5/99

Other neurological disorders

(n=197) 0.20-167 (0.68) |, na CoQ 19/197
SD=0.27

1m-35y (8.2)

Control group (n=83) 0.38-1.34 (0.65) | 2.46-5.88 (4.01) 101-283 (163)

8m-22y (10.6) SD=0.24 SD=0.77 SD=51

Table 1. Plasma CoQ and Chol concentrations in controls and 5 groups of patients. Reference values are

stated as range (defined as 2.5 and 97.5 percentiles), average (in brackets) and SD. For patient groups, data are
represented as range (average and standard deviation). Age is expressed as range (average). Only the PKU group
showed a significantly higher average age when compared with the other groups. In PKU cases elder than 22
years of age, the % of low plasma CoQ values was slightly higher when compared with to those younger than 22
years of age (8 out of 22). *m: months of age. y: years of age.

Genetic analysis. A PKU and MPS mutation study was performed by Sanger sequencing and NGS tech-
nology, as previously reported?. For the 9 selected patients with unknown neurological conditions and plasma
CoQ deficiency, we applied a commercial panel (TruSight One Sequencing Panel, Illumina) and a NextSeq. 500
sequencer (Illumina) to screen a maximum number of candidate genes.

Statistical methods. The Pearson correlation test was used to determine the correlations among plasma
CoQ and Chol values and the patient age and to correlate PAH residual activity with plasma CoQ concentra-
tion. The ANOVA with Bonferroni correction test was applied to compare plasma CoQ, Chol, and CoQ/Chol
values among the different cohorts of patients and controls. Student T test was used to compare CoQ status in
IEM patients with different dietary treatment (carbohydrate and protein-restricted). Chi-Square test was used to
search for an association between the type of mutations (classified according to 25) and the CoQ status (deficient
or not) in the PKU cohort. Statistical calculations were performed using SPSS 23.0 software.

Results

In the control group, a highly positive correlation was observed between plasma CoQ and total Chol values
(Pearson test; r =0.523; p < 0.0001) (Supplementary Figure 1). No correlation was observed between the age and
plasma CoQ and CoQ/Chol values in controls under 22 years of age. Thus, a unique reference interval was estab-
lished for this group (Table 1). We defined low plasma CoQ values as those below the lowest limit of the reference
interval established in our laboratory, which was 0.38 umol/L corresponding to the 2.5 percentile (Table 1).
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Figure 2. Box plot representation of: Left panel. Plasma CoQ values (umol/L) in the 6 subject groups. Middle
panel. Serum Chol (mmol/L) and Right panel CoQ/Chol values (umol CoQ/mol Chol) from controls, PKU,
MPS and IEM patients. Low plasma CoQ concentrations are frequently observed in both PKU and MPS
patients, while the IEM group show intermediate values. The length of the boxes indicates the interquartile
space (p25-p75); the horizontal line into the box represents the median (p50), and the circles indicate outlier
values. *X-axis groups: Group 1: healthy participants. Group 2: phenylketonuric. Group 3: patients with
mucopolysaccharidoses. Group 4: patients with other inborn errors of metabolism. Group 5: patients with
neurogenetic diseases. Group 6: individuals with neurological diseases with no genetic diagnosis.

CoQ
PKU 0.164 0.067-0.261 (p < 0.0001)
Controls MPS 0.252 0.127-0.377 (p < 0.0001)
IEM 0.100 —0.013-0.213 (p=0.139)
CoQ/Chol
PKU 31.6 11.4-51.8 (p < 0.0001)
Controls MPS 69.4 38.9-99.9 (p < 0.0001)
IEM 24.1 0.4-47.8 (p =0.043)
MPS PKU —37.8 —67.4 - —8.4 (P=0.003)
IEM —45.3 —77.3-13.4 (p=0.001)

Table 2. ANOVA with Bonferroni correction showed that plasma CoQ values were significantly lower in the
PKU and MPS groups than in controls. IEM group showed intermediate values that were not significantly
different from those of the controls. When we compared the CoQ/Chol ratios in these 3 groups, MPS values
were significantly lower than controls, PKU, and IEM. In turn, IEM and PKU patients showed significantly
lower values than controls.

Plasma CoQ, Chol, CoQ/Chol ratio values, and the number of cases with low plasma CoQ values in the differ-
ent cohorts of patients are stated in Table 1 and Fig. 2. ANOVA with Bonferroni correction showed that plasma
CoQ values were significantly lower in the PKU and MPS groups than in controls and neurological patients. IEM
group showed intermediate values that were not significantly different from those of the controls (Fig. 2, Tables 1
and 2). When we compared the CoQ/Chol ratios in these 3 groups, MPS values were significantly lower than
controls, PKU, and IEM (Tables 1 and 2). In turn, IEM and PKU patients showed significantly lower values than
controls (Table 2). The highest percentage of patients with low-plasma CoQ and Q/Chol values belonged to the
MPS group. In this group, low plasma CoQ value was a consistent feature in Sanfilippo patients, but it was also
present in other MPS patients, except for Hurler-Scheie and Maroteaux-Lamy patients (data not shown). Even
MPS patients with normal CoQ values displayed plasma CoQ concentrations close to the lowest limit of our
reference interval.

In 65 PKU cases, we studied the correlation between CoQ concentration, the residual predicted PAH activity,
and the Phe value at diagnosis (as a predictor of disease severity). As expected, residual PAH activity was found to
be negatively correlated with the Phe level at diagnosis (r = —0.448; p < 0.0001) but positively correlated with the
CoQ concentration (r=0.379; p=0.003). To further validate this observation, we used the assigned value study
by classifying 89 PKU patients into 4 groups (2, 5, 8, and 9) according to the type of mutation (Supplementary
Data Set). Chi-Square test showed a significant association between having low plasma CoQ values and belonging
to group 2 (Chi square=7.518; p=0.006). Thus, from the 39 cases of group 2, 23 displayed low CoQ values, while
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Figure 3. Graphic resprsentation of the assigned value (AV) study results in PKU patients. The black bars
represent the number of PKU paints displaying low plasma CoQ concentrations in the different AV groups. The
grey bars represent the number of PKU patients with normal plasma CoQ concentration. In AV groups 2 and

5 (classic PKU), the number of cases displaying low plasma CoQ values is higher than those belonging to AV
groups 8 and 9 (milder PKU forms).

16 were normal. In the 34 patients classified as group 5, 14 showed low CoQ values and 20 were normal. From the
16 cases belonging to groups 8 and 9, only 1 displayed low CoQ concentrations. Results are represented in Fig. 3.

Regarding the patients with IEM, the percentage of cases with low CoQ values was lower than those of MPS
and PKU patients (Table 1), and the frequency of low CoQ values was randomly distributed in homocystinurias,
organic acidurias, and urea cycle defects. We compared (student t test) the plasma CoQ and CoQ/Chol values
between patients with IEM and carbohydrate-restricted diet (galactosemias and fructosemias) with those taking
protein-restricted diets (amino acid defects and organic acidemias), and no differences were observed. Only
plasma CoQ levels tended to be lower (p =0.069) in the protein-restricted group, but values normalized when
they were related to Chol.

The 2 groups of neurological patients did not show any significant differences in plasma CoQ concentrations
compared with the control group values, and the percentage of cases with low CoQ values was below 8% (Table 1,
Fig. 2). NGS analysis in selected neurological patients with low plasma CoQ values failed to detect any patho-
genic mutations in genes related to CoQ biosynthesis or associated with secondary CoQ deficiency. However, we
found two unexpected findings: one patient with an epileptic encephalopathy diagnosed with a channelopathy
(CACNAIA (NM_023035.2): p.Arg198GIn/c.593 G > A (heterozygous) and another case diagnosed with a Xq28
duplication syndrome (chrX:154125883-154562336 duplication [436Kb] [heterozygous]). The pathogenicity of
both mutations was assessed following the recommendations of the American College of Medical Genetics®.

Discussion

To our knowledge, this is the first work to analyze plasma CoQ and Chol status in a large cohort of pediatric
patients. We first confirmed the previously published reference intervals for CoQ and CoQ/Chol values in a
healthy population of 83 individuals. The concentration of plasma CoQ in healthy subjects has been reported by
different authors in various populations, in general with a good agreement and such values close to those stated in
the present study?*-%. Since CoQ is known to bind to lipoproteins, the amount of CoQ in the plasma can also be
related to the amount of Chol, and differences in total CoQ may be normalized to total Chol?’. Another important
observation was that neither plasma CoQ nor CoQ/Chol ratios correlated with the age in the control group (all
were below 22 years), establishing only one reference interval. These results are in agreement with other studies®
and indicate the stability of plasma CoQ status, at least in humans below 22 years.

Other remarkable observation of the present study is that low plasma CoQ values is a common biochemical
feature in PKU and MPS patients and less frequent in the IEM group (in spite of having restricted diets that
might lead to CoQ suboptimal status). In these groups, we also analyzed total Chol and calculated CoQ/Chol
ratio to assess whether these values were concomitantly decreased. PKU is caused by a deficiency in the enzyme
phenylalanine 4-hydroxylase (EC 1.14.16.1) due to mutations in the PAH gene. Plasma CoQ status is decreased
in around one-third of the PKU patients compared to an age-matched reference population, as demonstrated
previously'?, as well as in the present study. Several hypotheses may explain this deficiency, although none of them
have yet been demonstrated in humans, and a combination of different factors is the most plausible explanation:
Firstly, PKU patients avoid foods that are rich sources of CoQ. Secondly, the availability of tyrosine is essential
for the synthesis of CoQ. Tyrosine may be low in PKU patients, but no association has been reported between the
lowered plasma tyrosine concentration of patients and their serum CoQ level®. Thirdly, other factor associated
with the decreased plasma CoQ level of PKU patients may be the elevated blood phenylalanine concentrations®,
since experimentally induced hyperphenylalaninemia in mice has been reported to inhibit the activities of the
brain and liver enzymes, 3-hydroxy-3-methylglutaryl-CoA reductase, and mevalonate-5-pyrophosphate decar-
boxylase®, which are both essential for CoQ and Chol biosynthesis. Interestingly, plasma CoQ and Chol values
were decreased in PKU patients, indicating that inhibition of the mevalonate pathway may be the common cause
of the deficit in CoQ and Chol status. In all likelihood, the factors responsible for the CoQ deficiency in PKU are
multifactorial, but the demonstration of an association between the predicted PAH residual activity or the type
of PAH mutations and the CoQ status of the patients supports the hypothesis that the more severe the degree of
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hyperphenylalaninemia, the lower the level of plasma CoQ. Therefore, the inhibition of the mevalonate pathway
by high Phe values®***! would be the most plausible explanation for decreased concentrations of both Chol and
CoQ.

Regarding the MPS group, only 2 reports demonstrate that a noticeable percentage of patients with a genetic
diagnosis of MPS present with plasma CoQ deficiency’>*2. Those studies did not conduct etiologic investigations
but raised several hypotheses regarding the presence of low plasdma CoQ values: (1) Impaired liver function
in MPS, which can cause low plasma CoQ levels; (2) Nutritional problems, although this was unlikely since
other lipophilic and hydrophilic vitamins were normal in these patients'>*?; (3) the most plausible explanation
for the deficit in plasma CoQ concentrations is related to vitamin B,, which can show low blood levels in MPS
patients®. The active form of vitamin By, pyridoxal 5-phosphate, is required for the transamination of tyrosine
into 4-hydroxyphenylpyruvic acid for CoQ biosynthesis. In this context, a correlation between blood CoQ and
vitamin By status has been demonstrated™®. It is also unknown whether CoQ deficiency is also present in tissues
and how this may contribute to the pathophysiology of MPS. In the present study, this group displayed the highest
frequency and most profound low plasma CoQ concentrations, while, in contrast to the PKU group, Chol values
were not reduced in parallel. Furthermore, the low CoQ values was present in all types of MPS patients except
for Hurler-Scheie and Maroteaux-Lamy patients. A hypothesis that may account for the CoQ subpotimal status
in MPS is that heparan sulphate (and probably other mucopolysaccharides), may create adducts with pyridoxal
5-phosphate, leading to a loss of vitamin B¢ and consequently low CoQ concentrations®’. However, this has yet to
be confirmed or refuted and requires further investigation.

Few reports have stated the association between other IEM under restricted dietary treatments and CoQ
status. CoQ deficiency has been reported to be associated with propionic and type II glutaric acidurias'343,
mainly in muscle biopsy. We demonstrate here that none of the groups investigated showed a more consistent
CoQ deficiency compared with the others. In fact, the IEM group displayed intermediate values between those
for MPS, PKU, and the controls or the neurological patients. A limitation of the present study is that the IEM
group is heterogeneous, and one hypothesis that can be drawn is that the contribution of the restricted diets to
the plasma CoQ concentration would be expected to be limited (lack of differences between the CoQ values in
carbohydrate-restricted diet group with that of the normal CoQ availability vs protein-restricted diet group that
would be at risk of low CoQ intake). Thus, the contribution of dietary sources, which has been reported to be
up to 25% of the total plasma CoQ values?, in the absence of other etiologic mechanisms such as in PKU, would
explain these intermediate values. Interestingly, the degree of low CoQ values in this group was higher than that
in the neurological patients, advocating the value of plasma CoQ monitoring in IEM patients, considering that
these patients will be chronically treated.

Surprisingly, neither the neurogenetic group (including, for example, mitochondrial disorders patients) nor
the non-diagnosed neurological patients showed reduced plasma CoQ values. Furthermore, the average plasma
CoQ values in these 2 groups of patients were almost identical to those of the control group. Moreover, the NGS
assessment of those selected cases with a complex neurological phenotype and CoQ deficiency failed to detect
pathogenic mutations in the candidate genes, confirming that plasma CoQ status is quite stable, probably tightly
regulated, and may not be a good biomarker to reflect systemic (brain, muscle) CoQ status. Thus, plasma CoQ
would not be a good biomarker to demonstrate genetic diseases associated with CoQ deficiency. In fact, a high
percentage of mitochondrial disease patients and those having primary genetic disturbances in CoQ biosynthesis
show a CoQ deficient status in tissues (fibroblast, muscle) but not in plasma?®®. However, it has been demonstrated
after a genome-wide association study that serum CoQ levels identify susceptibility loci linked to neuronal dis-
ease (Alzheimer’s disease, autism, and schizophrenia)*. No patients with these diseases were investigated in the
present study, and this would explain these differences.

CoQ values may be influenced by several genetic and environmental conditions, including changes in dietary
habits and cholesterol patterns. Since, therefore the variation amongst individuals may be great, single and iso-
lated CoQ determinations in patients are probably no sufficient for detecting a real CoQ suboptimal status or for
indicating CoQ supplementation.

In conclusion, low plasma CoQ values is neither a common finding in most of neuropediatric patients nor a
good biomarker to predict genetic conditions leading to primary CoQ deficiency. On the contrary, plasma CoQ
monitoring in selected groups of patients with different IEM (especially in PKU and MPS patients, but also in
organic acidemias and aminoacidopathies under protein-restricted diets) seems advisable to prevent the possi-
bility of a chronic low blood CoQ values in such groups of patients.

Data Availability
The datasets generated during and/or analysed during the current study are available from the corresponding
author on reasonable request.
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6. Resultados

6.4. Sintesis de resultados 4

En 65/113 casos de pacientes PKU, se estudid la correlacion entre la concentracién
de CoQ10, la actividad residual de PAH y el valor de Phe en el momento del diag-
nostico (como predictor de la severidad de la enfermedad). Se objetivé una correl-
acién negativa entre la actividad residual de PAH y el nivel de Phe en el momento
del diagnéstico (p <0.0001), pero una correlacion positiva con el concentracién de
CoQ10 (p = 0.003).

Los niveles plasmaticos de CoQ10 fueron significativamente mas bajos en los gru-
pos PKU y MPS que en los controles y en los pacientes neurolégicos (ANOVA con
correccion de Bonferroni).

Los valores del indice CoQ10/Col fueron significativamente mas bajos en el grupo
MPS que en el resto (PKU, EIM y GC)

El mayor porcentaje de pacientes con valores bajos de CoQ10 y CoQ10/Col en
plasma pertenecian a grupo MPS, sobretodo los niveles plasmaticos bajos CoQ10
en los pacientes con Sanfilippo, excepto en pacientes con Hurler-Scheie y Ma-
roteaux-Lamy. Incluso los pacientes con MPS con valores normales de CoQ10
mostraron concentraciones plasmaticas de CoQ10 cercanas al limite mas bajo de
nuestro intervalo de referencia.

Respecto a los pacientes con EIM, el porcentaje de casos con valores bajos de
CoQ10 fue menor que los de MPS y pacientes PKU, y la frecuencia de valores bajos
de CoQ10 se distribuyd aleatoriamente en homocistinurias, acidurias organicas y
defectos del ciclo de la urea.

Se compard los valores de CoQ10 en plasmay CoQ10/Col entre pacientes con EIM
y dieta restringida en carbohidratos (galactosemias y fructosemias) con aquellos
gue toman dietas restringidas en proteinas (defectos de aminodacidos y acidemias

orgdnicas) y no se observaron diferencias significativas.
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7. Discusién

7. Discusion por temas

7.1. Caracterizacion de los determinantes de las complicaciones neuroldgicas y del

comportamiento en los pacientes PKU seguidos a largo plazo.

Existe un consenso general en la literatura sobre una ligera disminucién de la capaci-
dad intelectual de pacientes con PKUDP (Smith et al. 1990; Waisbren et al. 2007; Moyle
et al. 2007; DeRoche et al. 2008). Ademas, muestran algunos déficits, especialmente en
funciones ejecutivas (Gassio et al. 2005; Christ et al. 2010; Welsh et al. 1990; Diamond et al.
1997). Todos estos déficits estan relacionados con el inicio del tratamiento, la calidad y la
duracién del control dietético (Smith et al. 1991; Burgard et al. 2000; Waisbren et al. 2000).
En un estudio previo de Gassi6 et al. (2005), de 37 pacientes PKUDP (con 29 sujetos como
grupo control), se observé un Cl medio de 100, que es significativamente mas bajo que el
encontrado en el grupo de control (Cl = 111), en nuestro estudio la media del Cl fue simi-
lar (100) en este grupo de pacientes PKUDP (n=92). En este estudio, los pacientes PKUDT
mostraron una media de Cl de 62, de ellos el 46.3% fueron pacientes con discapacidad in-
telectual (DI) leve a profunda, 28.5% con Cl limite y sélo 25% con Cl dentro de la normalidad
(Mallolas et al. 2000). Esta proporcidon de pacientes con DI en PKUDT es baja en compara-
cion con otras como, 96-98% tienen un Cl inferior a 50 segun Tourian et al. (1982) y 84%
segun en Pitt et al. (1991). Una posible explicacién de esto puede ser la mayor proporcién
de mutaciones leves en los paises mediterraneos (Desviat et al. 1997; Mallolas et al. 1999)
y la otra es que la mayoria de nuestros pacientes PKUDT (65%) que iniciaron la restriccion
de la dieta baja en Phe mantuvieron un buen control, y esto podria haber tenido un efecto
beneficioso sobre su Cl incluso en pacientes PKUDT (Koch et al. 1999).

El Cl fue similar entre pacientes diagnosticados y tratados durante el primer mes y
aquellos diagnosticados y tratados durante el segundo mes de vida. El Cl descendié brus-

camente después del segundo mes y siguié disminuyendo después del primer afio de vida.
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La calidad del ICD, especialmente durante los primeros 6 afios de vida, ademas deter-
mind el CD/CI de los pacientes de diagndstico precoz, como se ha observado en estudios
previos (Gassid et al. 2005; Vilaseca et al. 2010; Burgard et al. 2000).

En cuanto a las complicaciones neuroldgicas, estas fueron mas frecuentes en los paci-
entes PKUDT, la presencia de epilepsia fue del 26%, similar a la reportada por otros autores
(25%) (Tourian et al. 1982; Smith et al. 1996; Brenton et al. 2000), y este también fue el caso
para el temblor y la torpeza (Brenton et al. 2000; Perez-Duefias et al. 2006). Sin embargo,
incluso algunos pacientes PKUDP y con buen control metabdlico mostraron temblor y tor-
peza.

La prevalencia de alteraciones de la SB en la RMC es alta, especialmente en pacien-
tes con pobre control metabdlico (Anderson et al. 2010). Estas se han asociado con con-
centraciones de Phe altas en plasma y en el SNC valorado con la RMC con espectroscopia
(Thompson et al. 1993), y parecen ser reversibles con optimizacién del control metabdlico.
Detectamos estos patrones anormales en un alto porcentaje de pacientes con diagndstico
temprano y tardio en la presente serie, aunque la mayoria de estos pacientes estan asin-
tomaticos.

Los problemas de comportamiento en los pacientes PKU, incluyen sintomas internali-
zantes como ansiedad, depresién y baja autoestima (Weglage et al. 1996; Pietz et al. 1998;
Smith et al. 2000) y sintomas externalizantes como la hiperactividad e impulsividad (Ste-
merdink et al. 2000; Brumm et al. 2010; Antshel et al. 2010; Arnold et al. 2004). Los sinto-
mas de externalizacién, son los mas prevalentes en nuestra serie. No observamos una pro-
porcion diferente segln sexo, en contraste a los resultados de otros autores (Stemerdink et

al. 2000).

7.2 Alteraciones de la microestructura de la sustancia blanca

Las presencia de alteraciones de SB en la PKU son frecuentes, y se observan como hip-
erintensidades en la secuencia T2 de la RMC, sobretodo en areas posteriores (Villasana et

al. 1989; Thompson et al. 1990; 1993), en especial en regiones periventriculares parieto-oc-
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cipitales (Bick et al. 1991; 1993; Cleary et al. 1994; Phillips et al. 2001), similar a lo encontra-
do en nuestro estudio, ademas sélo 3 pacientes (20%) mostraron una RMC en T2 normal.

Ademas en este trabajo se ha evaluado la integridad de la microestructura de la SB de
los tractos cerebrales, a través de la RMC-TD. La cual a través de los paramétros AF, DM y DR
permite cuantificar mejor las alteraciones de la SB en relacién a un grupo control (GC). Se
observé que todos los pacientes PKUDP mostraron una disminucion de los valores de DM
bilateral en relacién al GC en diferentes estructuras de SB como cuerpo calloso, fasciculo
longitudinal superior, corona radiata y en la regién posterior de la cdpsula interna, como
en estudios previos (Vermathen et al. 2007; White et al. 2010; 2013; Antenor-Dorsey et al.
2013; Peng et al. 2014; Wesonga et al. 2016; Hood et al. 2015; Ding et al. 2008; Kono et al.
2005). Los valores DR también siguieron un patrén similar y coincidiendo a lo reportado por
otros autores (Peng et al. 2014; Hood et al. 2016).

Nuestro estudio estudié 3 paramétros (AF, DM, DR) de la RMC-TD, como en el estudio
de Peng et al. (2014), donde se estudia una serie mds pequefia de pacientes pediatricos
y adultos, y sus resultados concuerdan con los nuestros. En otro estudio de Hood et al.
(2016) estudiaron una serie de 10 pacientes pediatricos PKUDP y 12 controles, que también
mostrd una disminucién en los valores de DM y DR, pero analizaron 2 regiones puntuales,
el drea parieto-occipital posterior (POP) y centro semioval (CSO) relacionadas con areas de
memoria de trabajo, y procesamiento estratégico verbal y no verbal; no observaron difer-
encias significativas en los valores de AF respecto al GC, como en nuestro estudio.

La asociacion entre la disminucién de los valores de DM y los niveles de Phe fue descri-
ta por otros autores (Vermathen et al. 2007; Peng et al. 2014; Wesonga et al. 2016; Hood
et al. 2015). Nuestro estudio demostrd que la media de las medianas del ultimo ano y la
Phe concurrente, se correlacionan significativamente con la disminucién de ambos valores,
DM vy DR. La disminucion de los valores de DM se ha correlacionado con el incremento de
la edad en nifios PKU (White et al. 2010; Peng et al.2014; Wesonga et al. 2016), lo cual re-
fuerza los resultados de este estudio.

La diferencia se observa en investigaciones en poblaciones sanas que demuestran

que los valores de DM disminuyen con la edad durante la nifiez, (por el proceso de mie-
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linizacion, la SB estd mas compacta), mientras todavia estd madurando (Scantlebury et al.
2014). Mientras que, durante la edad adulta, los valores de DM tienden a aumentar por los
procesos que afectan la integridad de la SB (Madden et al. 2009, Benitez et al. 2018). En
cambio la AF disminuye a lo largo de la edad adulta. La disminucién de valores de DM y DR
se asocian a un mejor estado de la microestructura de la SB (Basser et al. 2014; 2015; Song
et al. 2002; 2005). Sin embargo, en poblaciones PKU como las estudiadas en este trabajo,
los valores reducidos de DM y DR parecen estar mas relacionados con el aumento de los
niveles de Phe (Peng et al. 2014; Hood et al. 2015). Es decir, que en los pacientes PKU la
reduccién de los valores de DM y DR, no refleja que la SB estd mas preservada, sino que,
representa el dafio de SB ya que los niveles elevados de Phe inhiben la biosintesis y esta-
bilidad de la mielina en los oligodendrocitos. Por lo tanto, se postula que en poblaciones
sanas, la correlacién negativa entre los valores de DM y DR con la edad refleja una mejor
preservacion del proceso de mielinizacién (Scantlebury et al. 2014), mientras que en la PKU,
los resultados refuerzan la hipotesis que los niveles elevados de Phe producen un dafio acu-
mulativo en la microestructura de la SB y por eso disminuyen los valores de DM.

Seria interesante para estudios prospectivos tener en cuenta que para identificar las
vias danadas de la SB en los pacientes PKU, crear y usar plantillas de tensor de difusién para
edad de GC. Si bien estas plantillas se pueden obtener de atlas existentes, sugerimos que,
para evitar sesgos entre escaneres, seria util tener una plantilla especifica hecha para cada
escaner y centro hospitalario. Ademas se podrian usar para comparar las lesiones micro-
estructurales de la sustancia blanca de cada paciente de forma individual con el grupo de
control del hospital (Crawford et al. 1998, 2012).

En relacién a los metabolitos de neurotransmisidn en orina (5-HIAA, HVA), no encon-
tramos correlaciones significativas con los valores de difusividad. Aunque ambas vias (de la
dopamina y serotonina) estan afectas en la PKU, estos no resultaron ser buenos biomarca-
dores. Nuestra investigacion apoya auin mas que, el nivel plasmatico de Phe sigue siendo el
biomarcador mas fiable en el seguimiento de estos pacientes.

Estudios previos sugieren que la velocidad de procesamiento (VP) lenta se relaciona

con dafio de la SB de los pacientes PKU, (Janos et al. 2012; Anderson et al. 2012). Sin embar-
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go a pesar del dafio microestructural, no se observa afectacion de la VP en este grupo. Una
explicacién podria ser que la poblacion reclutada para el estudio en general tuvo un buen
ICD. Posiblemente sean necesarios niveles mas altos de Phe para producir mayor dafio de
la SB y consecuentemente de la neurotransmision, y esto a su vez se veria reflejado en un

rendimiento mas lento en la VP.

7.3. Trastornos de suefio en la PKU y su correlacion con marcadores de

neurotransmision

La prevalencia de los trastornos del sueio notificados en diferentes paises es de entre
el 13% vy el 27% en nifios de 4 a 12 ainos (Guideline 2009). Nuestro estudio es el primero que
analiza los trastornos del suefio en pacientes PKUDP pediatricos y adolescentes; el 12.5%
tenia trastornos del suefo, ligeramente similar a la del grupo control (15.6%) y a la preva-
lencia reportada en nifios sanos (Guideline 2009).

Los pacientes PKU, son en teoria una poblacién de riesgo para presentar trastornos
del sueio debido a las alteraciones en la sintesis de neurotransmisores y melatonina. Ini-
cialmente los estudios publicados abordaron interrogantes relacionados con los patrones
de sueio registrados en el electroencefalograma (EEG) en lugar de estudiar la calidad del
sueno. Giorgis et al. (1996), encontraron un retraso en la maduracion de los patrones de
“trazado alterante” y husos de sueno en 16 lactantes PKUDP en los primeros meses de
vida, durante la normalizacidon de los niveles de Phe. En 1973, Schulte et al. hipotetiza-
ron que los pacientes PKU pueden presentar alteraciones de suefio debido a alteraciones
del metabolismo del Trp, estudiaron 22 pacientes PKU sin tratamiento (rango de edad 16
dias de vida a 3.75 afios de edad) y no encontraron diferencias en la distribucion entre
sueno REM, suefio no-REM e indiferenciado, en comparacién con los GC (controles sanos y
PKUDP). Concluyeron que en condiciones crénicas, las concentraciones reducidas de sero-
toninay sin disminuciones abruptas, podrian mantener una secuencia normal o casi normal
del suefio REM y suefio no-REM a pesar de un descenso la serotonina en sangre y sistema

nervioso como puede ocurrir en la PKU.
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En los Ultimos afios, el interés en evaluar el suefio en pacientes con PKU ha aumenta-
do, y se centran en la poblacién adulta. En un estudio previo de nuestro grupo (Gassio et al.
2013), de 25 pacientes PKUDP (18-31 afos, 52% con buen ICD) fueron evaluados con la es-
cala de calidad de suefio (Pittsburg), todos los pacientes mostraron subjetivamente buena
calidad del suefio, 15 muy buena y 10 bastante buena. Por el contrario, Bruinnenberg et al.
(2017) encontraron una mayor incidencia de trastornos de sueno (insomnio y alteraciones
del ritmo circadiano del sueiio) y menor calidad de suefio en 25 pacientes PKUDP adultos
(edad media: 3019 anos) comparados con un GC, pero no evaluaron el ICD ni la edad de ini-
cio del tratamiento. Bilder et al. (2017), informaron una prevalencia de trastornos de suefio
del 14.4% en una serie de mayor de 3714 pacientes PKU adultos (rango de edad: 20 a > 80
afios, edad media: 38.5 afios) versus 6.9% en controles de poblacién general, los mismos
disminuyeron a 9% en el rango de edad de 20-39 afios (n=2247).

En la PKU adulta, los trastornos del estado de dnimo son mas comunes que en ninos,
y deben tenerse en cuenta, ya que podrian afectar al sueno independientemente del esta-
do de la neurotransmisién (Brumm et al. 2010; Bilder et al. 2017). Las concentraciones de
serotonina plaquetaria y melatonina urinaria son buenos indicadores a largo plazo de estas
en plasma circulante (Ormazdabal et al. 2005; Paakkonen et al. 2006). En nuestra muestra,
el 43.3% de pacientes con PKU tenia niveles bajos de melatonina y 43.8% niveles bajos de
serotonina, pero estos valores no se correlacionaron con la presencia de trastornos del
sueno. Estos pacientes podrian tener un déficit crénico de serotonina y de melatonina,
y segun la hipdtesis de Schulte et al. (1973), explicaria porque no hay correlacién con los
trastornos del suefio, ya que quiza sea necesaria una mayor exposicion a niveles elevados
de Phe a largo plazo para producir un mayor déficit de la sintesis de neurotransmisores y
consecuentemente para inducir trastornos de suefio. Otra posibilidad es que la melatonina
urinaria sea una estimacion indirecta de la excrecidon de melatonina pineal y las diferencias

en el metabolismo hepatico de la melatonina explicarian las diferencias interindividuales.
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7.4. Coenzima Q10 en la PKU y otros EIM

Este es el primer trabajo para analizar el estado de CoQ, y colesterol en plasma en una
gran cohorte de pacientes pediatricos. Se conoce que la CoQ,, se une a las lipoproteinas,
la cantidad de CoQ,, en el plasma también puede ser relacionado con la cantidad de Coles-
terol (Col), y las diferencias en CoQ,, total pueden normalizarse a Col total (Molyneux et al.
2005). Las proporciones de CoQ,, en plasma y el indice de CoQ, /Col no se correlacionaron
con la edad en el GC, estableciendo solo un intervalo de referencia. Estos resultados estdn
de acuerdo con otros estudios (Molyneux et al. 2005) e indican la estabilidad del estado de
CoQ,, en plasma.

Ademas se observo que los valores de CoQ,, en plasma estan disminuidos de forma
caracteristica en pacientes PKU y con MPS, y con menos frecuencia en el grupo de EIM (a
pesar de tener dietas restringidas). El estado de CoQ, en plasma disminuye en alrededor
de un tercio de los pacientes con PKU en comparacién con una poblacién de referencia de la
misma edad, como se demostrd anteriormente (Artuch et al. 1999), asi como en el presente
estudio. Varias hipétesis pueden explicar esta deficiencia, aunque ninguna de ellas aun se
han demostrado en humanos, y una combinacién de diferentes factores es la explicacion
mas plausible. En primer lugar, los pacientes con PKU evitan los alimentos que son ricos en
CoQ,,. En segundo lugar, la disponibilidad de tirosina es esencial para la sintesis de CoQ_ (la
tirosina puede ser baja en la PKU), pero no se ha demostrado ninguna asociacion entre la
disminucion de la concentracion plasmatica de tirosina de los pacientes y su nivel de CoQ,
sérico (Artuch et al. 2001). En tercer lugar, otro factor asociado con la disminucién del nivel
de CoQ,, en plasma de los pacientes con PKU pueden ser las concentraciones elevadas de
Phe en sangre (Artuch et al. 2001), dado que se ha reportado que la hiperfenilalaninemia
inducida experimentalmente en ratones inhibe las actividades de la enzimas cerebrales y
hepaticas, 3-hidroxi-3-metilglutaril-CoA reductasa y mevalonato-5-pirofosfato descarboxi-
lasa (Castillo et al. 1988), esenciales para la biosintesis de CoQ,, y Col. Curiosamente, los
valores de CoQ,, y Col en plasma disminuyeron en pacientes con PKU, lo que indica que la

inhibicidn de la via del mevalonato puede ser la causa comun del déficit en el estado de
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CoQ,, y Col. Con toda probabilidad, los factores responsables de la deficiencia de CoQ,, en
pacientes PKU son multifactoriales, pero la demostracién de una asociacién entre la activi-
dad residual de PAH o el tipo de las mutaciones de PAH y el estado de CoQ, de los pacientes
respalda la hipdtesis de que cuanto mas grave es el grado de hiperfenilalaninemia, menor
es el nivel de CoQ , en plasma. Por lo tanto, la inhibicion de la via del mevalonato por va-
lores altos de Phe (Artuch et al. 2001; Castillo et al. 1988) seria la explicacién mas plausible
para la disminucion de las concentraciones de Col y CoQ_ .

Con respecto al grupo de MPS, solo 2 investigaciones previas demuestran que un por-
centaje notable de pacientes con MPS que presenten una deficiencia de CoQ , en plasma
(Delgadillo et al. 2011; Yubero et al. 2016). En el presente estudio, este grupo mostré mayor
frecuencia y concentraciones mas bajas de CoQ,, en plasma, mientras que, en contraste
con el grupo PKU, los valores de Col no se redujeron en paralelo.

Pocos estudios han mostrado la asociacion entre otros EIM bajo tratamientos dietéti-
cos restringidos en proteinas y la deficiencia de CoQ , como lo descrito en acidurias glutari-
ca tipo Il y, propidnica (Neergheen et al. 2018; Gempel et al. 2007; Baruteaus et al. 2014).
En este estudio ninguno de los grupos investigados mostré una deficiencia consistente de
CoQ,, en comparacion con GC. La contribucion de las dietas, se ha informado que es de
hasta el 25% de los valores totales de CoQ,, en plasma (Weber et al. 1997), en ausencia
de otros mecanismos etioldgicos como en la PKU, explicaria estos valores intermedios. El
grado de valores bajos de CoQ,, en este grupo fue mayor que en los pacientes neurologi-
cos, abogando por el valor de la monitorizacion de CoQ,, en plasma en pacientes con EIM,

considerando que estos pacientes seran tratados crénicamente.
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8. Conclusiones

8. Conclusiones

1. Nuestro estudio confirma el gran impacto que tienen el diagndstico precoz y el
control adecuado del tratamiento sobre el coeficiente intelectual y la incidencia de
complicaciones neuroldgicas y del comportamiento en los pacientes PKU.

2. Los pacientes PKUDP muestran valores significativamente disminuidos de DM y
DR, comparados con los controles sanos. Este dafio esta asociado con valores
elevados de Phe y con la edad de estos pacientes. Estos resultados confirman el
compromiso de la SB, incluso en los pacientes PKUDP, con un buen control me-
tabdlico, por lo cual la utilizacién sistematica de esta técnica de neuroimagen de-
beria estar indicada. A pesar del dafio microestructural de la sustancia blanca, no
se observa afectacion de la velocidad de procesamiento en los pacientes con buen
control metabdlico.

3. La prevalencia de trastornos del suefio en pacientes pedidtricos y adolescentes
PKU son similares a las observadas en el grupo control, a pesar de tener un défi-
cit en los valores de serotonina y melatonina. Sin embargo, no debemos descar-
tar completamente la mayor incidencia de trastornos del suefio dado el pequefio
tamaino de muestra que estudiamos y el hecho de que solo se utilizaron cues-
tionarios como herramienta para evaluar los trastornos del suefio. Creemos que
es importante hacer un seguimiento de las caracteristicas del suefio en pacientes
con PKU, especialmente en aquellos que son mayores o tienen un peor control
metabdlico.

4. Lamonitorizaciéon del CoQ10 plasmatico en grupos seleccionados de pacientes con
diferentes EIM (especialmente en pacientes con PKU y MPS, pero también en aci-
demias orgdnicas y aminoacidopatias con dietas restringidas en proteinas) parece
aconsejable para prevenir la posibilidad de una deficiencia crénica de CoQ10 en

sangre en este grupo de pacientes.
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9. Estudios futuros

9. Estudios futuros

Estudios volumétricos de ganglios de la base (estructuras de sustancia gris) y cor-
relacién con las alteraciones de la motricidad fina.

Estudios prospectivos de evaluacién a largo plazo de la microestructura de la sus-
tancia blanca con tensor de difusién en series mas grandes de la unidad de segui-
miento de la PKU. Comparandolos con una plantilla control de mayor nimero de

pacientes control de nuestro centro.
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RESUMEN

Fundamento y objetivo: Conocer el control de la fenilcetonuria (PKU) en las unidades de seguimiento
espafiolas y realizar un registro de pacientes.
Pacientes y método: Pacientes con PKU diagnosticados y/o seguidos en Espaiia, con fenilalanina previa al
tratamiento > 360 pwmol/L. Cuestionarios: datos anonimizados incluidos, aquellos aportados por las
unidades durante el afio 2010.
Resultados: Se han recogido datos de las 18 unidades de seguimiento espaiiolas. El 83% muestran una
composicion multidisciplinaria y todas controlan pacientes de todas las edades, con criterios de
tratamiento, en general, uniformes. Se han registrado datos de 688 pacientes con PKU, con una mediana
de edad de 14 afos (extremos 1 mes-53 afios); un 41,5% eran mayores de 18 afios. Un 71,8% se
diagnosticaron precozmente. Un 15,8% tienen una PKU leve, el 26% una forma moderada y el 51,5% la
forma clasica. Un 78,6% de los pacientes son tratados con dieta restringida en proteinas, el 9,3% con
tetrahidrobiopterina (BH4) y dieta libre y un 7,8% con BH4 y dieta. El control dietético es bueno en el
58,6% de pacientes, regular en el 26% y malo en un 15,4%. La mediana del coeficiente intelectual del total
de pacientes con PKU es de 97 (extremos 25-145). El porcentaje de pacientes de diagnoéstico tardio con
complicaciones neurolégicas y conductuales es significativamente mayor al de los diagnosticados
precozmente. El 13,3% de adultos han cursado estudios universitarios y el 37,5% tiene pareja estable.
Conclusiones: Este estudio permite evaluar el funcionamiento de las unidades de seguimiento de la PKU
en Espafia, asi como registrar y analizar, por primera vez, los datos de los pacientes con PKU controlados
en ellas. Se demuestra la necesidad de unidades de enfermedades metabdlicas de adultos y el valor del
diagnostico precoz en el prondstico de los pacientes con PKU.

© 2011 Elsevier Espafia, S.L. Todos los derechos reservados.

Treatment and control of patients with phenylketonuria: results from the
Collaborative Group of Spanish Follow-up Units

ABSTRACT

Background and objective: To evaluate the management of phenylketonuria (PKU) in Spanish metabolic
units and to develop a patients registry.

Patients and methods: PKU patients diagnosed and/or followed up in Spain, with phenylalanine values
before treatment > 360 wmol/L. Registered anonimous data are those yielded by the units during 2010.
Results: Data from the 18 Spanish Follow-up Units were collected. Eighty-three per cent of Units are
multidisciplinary, all of them corresponding to control patients of all ages, with uniform management
criteria. Data of 688 PKU patients were registered (median: 14 years [1 month-53 years], 41.5% are
presently > 18-year-old. 71.8% patients came from neonatal screening; 15.8% have mild-PKU, 26%
moderate-PKU and 51.5% classic-PKU. 78.6% patients are treated with protein-restricted diet, 9.3% with
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BH4 and free diet and 7.8% with BH4 and diet. Dietary control was good in 58.6% patients, intermediate in
26% and poor in 15.3%. Median (range) intellectual quotients was 97 (25-145). The number of
neurological complications in late diagnosed patients was three-times higher than those of neonatal
screening patients. 13.3% of adults had university studies and 37.5% had a stable couple.

Conclusions: This study allows for the first time the evaluation of the PKU management by Spanish PKU
Follow-up Units, as well as the analysis and registry of controlled PKU patients. The study makes evident
the need of adult Follow-up Units and the importance of neonatal screening for PKU patients prognosis.

© 2011 Elsevier Espafia, S.L. All rights reserved.

Introduccion

La fenilcetonuria (PKU) es un error congénito del metabolismo
de la fenilalanina (Phe) causado por la deficiencia enzimatica de
fenilalanina hidroxilasa (PAH, EC 1.14.16.1), la enzima hepatica
que sintetiza tirosina a partir de Phe, siendo el cofactor de la
reaccion enzimatica la tetrahidrobiopterina (BH4). La acumulacion
de Phe en plasma y tejidos y la disminucion de la sintesis de
tirosina parecen estar implicadas en la patogénesis de la
enfermedad!. El tratamiento clasico de la PKU consiste en la
restriccion de Phe de la dieta, lo que implica una dieta con bajo
contenido en proteinas naturales, suplementada con una formula
especial exenta de Phe y enriquecida en tirosina, y que contenga los
demdas aminoacidos y micronutrientes (vitaminas, minerales,
oligoelementos y acidos grasos esenciales en algunas de ellas)
necesarios para evitar deficiencias nutricionales*. El tratamiento
alternativo con BH4 también logra disminuir las concentraciones
de Phe en los pacientes que responden al mismo’. El tratamiento
precoz de la PKU evita el dafio neurologico grave!. Sin embargo,
puede aparecer una ligera reduccion del coeficiente intelectual
respecto a la poblacion general, asi como déficits especificos de las
funciones ejecutivas, especialmente si el control metabolico no es
el adecuado®’. La calidad del control dietético es determinante en
el pronéstico de estos pacientes’®,

En 1963 Guthrie y Susi publicaron un método de cribado de la
PKU mediante la determinacién de la Phe en sangre que debia ser
utilizado en toda la poblaciéon en el periodo neonatal, lo que
permitia el tratamiento precoz de la PKU y evitaba el retraso
mental de los pacientes tratados precozmente®. En Espaiia se inicié
en Granada en 1968, en Barcelona en 1970 y en Madrid en 1973,
siendo la cobertura actual superior al 99% de la poblacién de recién
nacidos?. El cribado neonatal de la PKU ha dado lugar al diagnéstico
de un creciente niimero de pacientes con esta enfermedad que han
requerido una confirmacion diagnoéstica y un complejo segui-
miento clinico, bioquimico y nutricional de por vida®“. Esto ha
determinado la creaciéon de unidades de seguimiento que han
generado sus propios protocolos para el tratamiento y control de
dichos pacientes!®~1>, No obstante, no se ha logrado aunar criterios
para los requerimientos del buen funcionamiento de estas
unidades'®!?, ni se han unificado los protocolos basicos para el
seguimiento de estos pacientes, aun cuando a través de la
Asociacion Espafiola para el Estudio de los Errores Congénitos
del Metabolismo (AECOM) se consensu6 una pauta de diagnostico
y seguimiento'®. Por todo ello, resulta indispensable la recogida de
datos sobre el funcionamiento actual de las unidades y Ila
realizacion de un registro de pacientes con PKU que nos permita
conocer el estado actual de los casos diagnosticados y/o tratados en
el pais a lo largo de estos afios'®.

Los objetivos de este estudio han sido conocer el funciona-
miento de las unidades de seguimiento de PKU en Espaiia, evaluar
el seguimiento de la enfermedad en las mismas y realizar una base
de datos con un registro de pacientes con PKU, en la que se recojan
y analicen las caracteristicas clinicas, bioquimicas y genéticas de
los mismos.

Pacientes y método
Unidades de seguimiento

Se han incluido en el estudio las 18 unidades de seguimiento de
PKU situadas en diferentes comunidades auténomas espaiiolas.

Pacientes

Criterios de inclusion

a) Pacientes con PKU diagnosticados y/o seguidos en centros
espaiioles, con deficiencia de PAH confirmada por diagnoéstico
diferencial y/o analisis mutacional del gen PAH; b) pacientes con
PKU con concentraciones de Phe previas al tratamiento super-
iores a 360 wmol/L.

Criterios de exclusion

a) Pacientes con PKU diagnosticados tardiamente y que han
rechazado el tratamiento; b) pacientes que han cambiado de
residencia a otras zonas del pais y se controlan actualmente en
otras unidades de seguimiento (estos pacientes se incluyen en la
unidad de seguimiento actual); c) pacientes extranjeros que
fueron diagnosticados en Espafia pero han retornado a su pais de
origen y no son controlados actualmente en las unidades de
seguimiento espafiolas; y d) hiperfenilalaninemias leves.

Cuestionarios de manejo de fenilcetonuria

En febrero de 2009 se remitid a los centros esparioles de
seguimiento de PKU un cuestionario (base de datos Excel)
compuesto de dos partes destinadas a: 1) conocer el funciona-
miento de las unidades y el seguimiento global de los pacientes, y
2) registrar los pacientes diagnosticados y/o tratados en las
unidades de seguimiento espafiolas. Los datos incluidos en el
estudio son los aportados por las unidades hasta junio de 2010. El
cuestionario sobre el funcionamiento de las unidades consta de un
total de 14 preguntas cerradas, que incluyen datos codificados del
centro y de los criterios de seguimiento de los pacientes
(periodicidad de los controles, concentraciones maximas de
Phe recomendadas e indice de control dietético utilizado en
el seguimiento). El cuestionario sobre los pacientes consta de
41 preguntas cerradas, que incluyen datos personales codificados
(5 preguntas), datos dietéticos (10 preguntas), evolucion del
desarrollo y complicaciones (19 preguntas) e insercion social
(7 preguntas).

Entre las variables utilizadas en los datos dietéticos se deben
definir:

- El test de sobrecarga de BH4 es la prueba que permite valorar la
respuesta a este cofactor, es decir, el porcentaje de descenso de la
concentracién de Phe al suplementar al paciente con BH42.
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- Latolerancia es la cantidad maxima de Phe que el paciente tolera
para mantener la concentracion plasmatica dentro del intervalo
recomendado?.

- Indice de control de la dieta (ICD) es el cilculo (media, mediana o
media de medianas) de las concentraciones de Phe durante un
periodo de control del paciente?! (el Gltimo afio en este estudio).

Andlisis estadistico

El analisis estadistico se ha realizado usando el programa SPSS
(version 17.0). Dada la naturaleza del estudio, se ha utilizado un
andlisis descriptivo para muchos de los datos, calculando
Gnicamente el porcentaje de respuestas y la mediana (extremos)
de las variables cuantitativas. La prueba de Chi al cuadrado se ha
utilizado para comparar las variables cualitativas y el test ANOVA
con la correccion de Bonferroni para comparar las variables
cuantitativas (ICD, coeficiente intelectual o de desarrollo). El test
de Pearson se ha usado para determinar la correlaciéon entre
variables cuantitativas (Phe al diagnoéstico frente a respuesta a la
sobrecarga de BH4 y edad frente a indice de control de la dieta). Se
ha aceptado significacion estadistica para p < 0,05.

Proteccion de datos y confidencialidad

Los autores han seguido los protocolos establecidos por sus
respectivos centros sanitarios para acceder a los datos de las
historias clinicas y poder realizar esta publicacion con la finalidad
de investigaciéon y divulgacion cientifica. Los datos registrados
tanto de centros como de pacientes han sido anonimizados
mediante codigos de centros y de pacientes. La realizacion del
registro ha sido aprobada por la Agencia Espafiola de proteccion de
datos y AECOM figura como responsable final del registro de
pacientes.

El estudio ha sido aprobado por el Comité de Etica del Hospital
Sant Joan de Déu de Barcelona y se ha realizado de acuerdo con las
normas éticas de Helsinki de 1964, revisadas en Seil en octubre de
2008.

Resultados
Unidades de seguimiento

Se han recogido los datos sobre la organizacién y manejo de
pacientes de las 18 unidades de seguimiento espafolas de PKU a las
que se envi6 el cuestionario.

La creacion de estas unidades se remonta a 1977. Entre 1977-
1980 se crearon cuatro unidades, entre 1981-1990 empezaron a
funcionar 6 unidades, de 1991-2000 tres unidades y entre 2001-
2005 tres unidades (dos centros no han contestado a esta cuestion).
Las unidades estan formadas basicamente por pediatras (83%),
nutricionistas (72%), dietistas (67%), bioquimicos (94%), neurope-
diatras (55%) y psicologos (83%), aun cuando algunos especialistas
pueden no formar parte de la unidad propiamente dicha, sino
actuar como consultores externos. Todas las unidades controlan
pacientes con PKU de todas las edades.

Confirmacion del diagndstico y control de pacientes

Diagnostico diferencial

En 17/18 centros (94,4%) se realiza el diagnostico diferencial de
los pacientes con hiperfenilalaninemia mediante la determinacion
de pterinas, de la actividad dihidropteridina reductasa (DHPR) en
sangre seca y el andlisis de aminoacidos. S6lo 10/18 unidades
(55,5%) realizan el test de sobrecarga de BH4 al diagnéstico, 7
unidades no lo realizan (38,9%) y un centro no contesta. Todas las

unidades coinciden en tratar a los pacientes con PKU cuyas
concentraciones de Phe son superiores a 360 pumol/L.

Seguimiento de pacientes

El seguimiento clinico se realiza segin las diferentes especia-
lidades integrantes de la unidad con una periodicidad mensual o
trimestral (nutricion/dietética y pediatria), o anual (neurologia,
psicologia).

El seguimiento bioquimico generalmente es mensual. El analisis
de Phe se realiza en sangre seca recogida en el domicilio en 17/18
unidades (94,4%) y, ademads, por venopuncion en 6 unidades
(33,3%).

La evaluacion del control de Phe se realiza calculando el indice
de control de la dieta de los pacientes en base a la media
(3 centros), la mediana (3 centros), la media de medianas de las
concentraciones de Phe (3 centros), otras medidas (un centro) y no
consta en 8 centros (ver datos dietéticos en material y método).

Los valores maximos de Phe que las unidades consideran como
aceptables en el seguimiento de estos pacientes segin los grupos
de edad son inferiores a 600 pmol/L para la edad adulta (intervalo
480-900 wmol/L) y de 360 pmol/L en nifios, lactantes (< 1 afio) y
embarazadas.

Pacientes

Sujetos de estudio

Se han analizado los datos de 703 pacientes con PKU. Se han
excluido 15 pacientes de los que no se disponia de muchos de los
datos solicitados en el cuestionario. Finalmente se han registrado
los datos de 688 pacientes con PKU, 328 varones y 356 mujeres (en
4 se desconoce el sexo), con edades comprendidas entre 1 mesy 53
afios (mediana 14 aiios). La distribucion por edades se representa
en la tabla 1.

Diagndstico

De los 688 pacientes, 494 se diagnosticaron precozmente (< 2
meses) y actualmente tienen una mediana de edad de 10 afios
(extremos 0-39 afios) y 171 se diagnosticaron tardiamente y
actualmente tienen una mediana de edad de 30 afos (extremos 1-
53 afios) (en 23 pacientes no consta la fecha de nacimiento o de
diagnostico). El 70,2% de los pacientes se diagnosticaron antes del
mes de vida, el 6% entre 1-2 meses, el 3,6% entre 2 meses y un aiio,
mientras que el 20,2% eran mayores de un afio en el momento del
diagnostico.

La mediana de concentracion de Phe plasmatica en el momento
del diagnéstico en el conjunto de pacientes era de 1.267 pwmol/L
(extremos 138-4.500 wmol/L). Algunos valores de Phe eran
inferiores a 360 pwmol/L cuando se diagnostico al paciente, porque
se trataba de valores muy iniciales en hermanos de pacientes
diagnosticados previamente. Teniendo en cuenta los valores de Phe
previos al tratamiento, se podia clasificar a 109 (15,8%) de ellos
como una PKU leve, a 179 (26%) como una PKU forma moderaday a
354 (51,5%) como una forma severa o PKU clasica. En 46 pacientes
no constan los valores previos al tratamiento.

En relacion con el estudio genético, de los 688 pacientes dicho
estudio se realiz6 en 508. En 496 se hallaron dos mutaciones y en
52 sblo una mutacion. En la tabla 2 se describen las mutaciones de
mayor frecuencia alélica.

Tabla 1
Edad actual de los pacientes con fenilcetonuria

Grupo de edad < 6 aflos 6-11 afios 12-18 aflos > 18 afios No

consta
Namero de pacientes 165 136 98 286 3
Porcentaje 23,9% 19,7% 14,2% 41,4% 0,6%
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Tabla 2
Espectro de mutaciones de mayor frecuencia alélica en pacientes con fenilcetonuria
Mutacion en el gen PAH Namero de alelos Frecuencia
detectados alélica
IVS10-11G>A* 107 10,5%
165T* 80 7.8%
V388M* 79 7,7%
R261Q* 72 7,0%
IVS4+5G>T* 48 4,7%
S349p* 38 3,7%
R408W* 29 2,8%
Y414C* 26 2,5%
R243X* 25 2,4%
R158Q* 23 2,2%
R243Q* 23 2,2%
E280K 20 1,9%
L48S 17 1,6%
VS8 -7A>G 16 1,5%
IVS10 int546 15 1,4%
P281L 14 1,3%
R252W 13 1,2%
IVS12+1G>A 12 1,1%
R68S 11 1,0%
1348V 10 0,9%
R261X 10 0,9%
IVS1+5G>T 9 0,8%
G46S 7 0,6%
P122Q 6 0,5%
F55fs 6 0,5%
R111X 6 0,5%
Y198fs 6 0,5%

Con asterisco las de mayor frecuencia alélica.

Tratamiento

El test de sobrecarga de BH4 se realiz6 a 411 (59,7%) de los
pacientes. En 89 de ellos (12,9%) la respuesta fue buena
(disminucién de la Phe basal > 50%), en 84 (12,2%) fue regular
(30-50%) y en 238 (34,6%) fue mala (< 30%). Se observo una
relacion significativa negativa entre la concentracion de Phe al
diagnéstico y la respuesta a la sobrecarga de BH4 (r=-0,520;
p < 0,0001). En la figura 1 se representan las concentraciones de
Phe al diagnostico en relacion con la respuesta al test de sobrecarga
de BH4.

De los 688 pacientes, 541 (78,6%) estan tratados con dieta
restringida en proteinas y formula, 64 (9,3%) con BH4 y dieta libre y
54(7,8%) con BH4 y dieta. En 29 pacientes no consta el tratamiento.
La mediana de la tolerancia a la Phe en los pacientes tratados con
dieta y formula es de 390 mg/dia (extremos 180-600 mg/dia) y la
mediana de los pacientes tratados con BH4 es de 1.000 mg/dia
(extremos 250-2.700 mg/dia) (fig. 2).

El control dietético se consider6 bueno (en relacion a los valores
recomendados para cada grupo de edad) en 403 pacientes (58,6%),
regular en 158 (26%) y malo en 105 pacientes (15,3%) (no consta en
22 pacientes) (fig. 3). La mediana del indice de control dietético del
Gltimo afio es de 390 pwmol/L (extremos 66-2.310 wmol/L). En la
figura 4 se representan los indices de control de la dieta en los
grupos etarios estudiados. Se observa una relacién significativa
entre la edad y el indice de control de la dieta (r=0,475;
p < 0,0001), con un peor cumplimiento a medida que ésta se
incrementa. De los 688 pacientes, 586 mantienen el tratamiento
(85%), mientras que 68 lo abandonan a una mediana de edad de
12,0 afios (extremos 1-38 afos).

Seguimiento neurologico

Los tests de inteligencia mas frecuentemente realizados en los
pacientes mayores de 3 afios son WISC III-IV, K-BIT, K-ABC y RAVEN.
El coeficiente intelectual (CI) o de desarrollo (CD) del total de los
pacientes (mediana 97 [extremos 25-145]) se expresa en la tabla 3.
El CI o CD presenta una mediana de 100 (extremos 100-143) en los
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Figura 1. Valores de fenilalanina (Phe) al diagnéstico en relacion con la respuesta al
test de sobrecarga de tetrahidrobiopterina (BH4). La linea media de las cajas
representa la mediana (Ps), la base inferior el percentil 25 (P,5) y la superior el 75
(P7s). Los trazos horizontales corresponden a valores adyacentes, maximo y
minimo; los puntos representan los valores exteriores y la estrella el valor alejado
(ambos, valores anémalos).
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Figura 2. Tolerancia a fenilalanina (Phe) (mg/dia) en pacientes con fenilcetonuria
(PKU) agrupados segin su tratamiento. La linea media de las cajas representa la
mediana (Psp), la base inferior el percentil 25 (P,s) y la superior el 75 (P75). Los trazos
horizontales corresponden a valores adyacentes, maximo y minimo. BH4:
tetrahidrobiopterina.

pacientes con diagnostico precoz (< 2 meses de edad) (n=494)y
una mediana de 75,5 (extremos 25-118) en los pacientes
diagnosticados tardiamente (n=171) (p < 0,0001). Se representan
dichos coeficientes en relacion con la edad actual de los pacientes en
la figura 5.

El porcentaje de pacientes de diagnostico tardio con compli-
caciones neuroldgicas y trastornos del comportamiento es
significativamente mayor al de los diagnosticados precozmente
(tablas 4y 5).

Insercion social de los pacientes

Escolarizacion. Del conjunto de los pacientes, s6lo consta que 594
han estado o estan escolarizados. De ellos, 392 en una escuela
ordinaria (66%), mientras que 56 lo estan en escuela ordinaria con
adaptacion curricular (9,4%) y 63 en una escuela de educacion
especial (10,6%). Actualmente, de los 234 pacientes en edad escolar
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Figura 4. Indice de control de la dieta segiin los grupos de edad. La linea media de las
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75 (P5). Los trazos horizontales corresponden a valores adyacentes, maximo y
minimo; los puntos negros representan los valores exteriores y las estrellas los
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(6-17 afios), estudian en una escuela ordinaria 186 (79%), con
adaptacion curricular 19 (8,1%) y educacién especial 8 (3,4%) (en 21
pacientes no disponemos de datos). Considerando la edad al
diagnostico, se observan diferencias significativas entre el niimero
de pacientes con PKU que estan o han estado escolarizados en una
escuela ordinaria o con soporte y los que han sido diagnosticados
precoz o tardiamente (p < 0,0001) (fig. 6).

Estado actual de pacientes adultos. De los 688 pacientes registrados,
286 son mayores de 18 afios (41,4%). De ellos, 38 cursan o han

Tabla 3
Coeficiente de desarrollo o intelectual en los pacientes con fenilcetonuria
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Figura 5. Coeficiente de desarrollo o intelectual en los diferentes grupos de edad al
diagnostico.

cursado estudios universitarios (13,3%). Los 12 (> 24 afios) que han
completado los estudios universitarios estan insertados laboral-
mente.

Insercion laboral del conjunto de pacientes > 18 arfos. De
286 pacientes mayores de 18 afios, constan los datos de 155
(54,2%). De éstos, 113 tienen trabajo estable, 17 con ayuda para
insercion laboral, 5 trabajan en el hogar y 20 estan actualmente en
el paro.

Insercion social. Respondieron 205 pacientes mayores de 18 afios,
de los que 77 tienen pareja estable (37,5%) y 128 (62,5%) estan
solteros. Diez mujeres con PKU tienen un hijo sano y 4 mujeres
tienen 2 o mas hijos sanos, mientras que 13 madres con PKU tienen
un hijo con embriopatia, 4 tienen dos hijos afectados y una madre
tiene 4 hijos afectados.

Discusion

La necesidad del seguimiento de los pacientes con PKU y otras
enfermedades metabodlicas por parte de unidades multidisciplina-
rias especializadas en dichos trastornos se ha hecho evidente en los
altimos afios'®. No obstante, son pocos los estudios dedicados a la
evaluacion del funcionamiento de estas unidades'®!”. Por ello, es
importante la realizacion de este estudio, que ha permitido conocer
el funcionamiento de las unidades espafiolas, asi como registrar y
analizar los datos de los pacientes con PKU controlados por ellas.

Un 83% de nuestras unidades son multidisplinarias, algo que se
considera imprescindible en este momento!®. Estos datos contra-
stan con los recientemente publicados por van Spronsen y Burgard
en un estudio de 165 unidades en 23 paises europeos, donde
Gnicamente un 12% de ellas disponen de un equipo completo!®. La
mayoria de las unidades espafiolas estan lideradas por pediatras,
situadas fisicamente en departamentos de pediatria u hospitales
pediatricos. Este problema se pone en evidencia en este estudio,

CI/CD Retraso mental grave Retraso mental moderado Retraso mental leve Limite Normal Normal-alto
Namero de pacientes 11 15 34 65 292 51
Porcentaje (%) 2,4 3,2 73 13,9 62,4 10,9

Basado en la Scale of Mental Retardation of American Association 1992.
CI/CD: coeficiente intelectual o de desarrollo.
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Tabla 4
Complicaciones neuroldgicas en pacientes espaiioles con fenilcetonuria

Complicaciones neurolbgicas Diagnostico precoz

Diagndstico tardio Significacién estadistica

Epilepsia 1,9
Temblor 4,7
Torpeza motriz 57
Retardo mental 3,8
Otras alteraciones neuroldgicas 71

19,2 p <0,0001
39,7 p<0,0001
56,9 p<0,0001
66,2 p<0,0001
17,3 p<0,015

Datos expresados en % de pacientes.
Significacién estadistica: prueba de Chi al cuadrado.

Otras alteraciones neurologicas: alteraciones en la resonancia magnética craneal, alteraciones en el electroencefalograma y potenciales evocados visuales.

Tabla 5
Trastornos del comportamiento en pacientes espafioles con fenilcetonuria

Trastornos del comportamiento Diagnostico precoz

Diagnostico tardio Significacion estadistica

Déficit de atencion 19,1
Hiperactividad 13,6
Impulsividad 13,0
Depresion 3,6
Ansiedad 7,8
Fobias 1,9
Baja autoestima 72
Otros trastornos 41

59,2 p <0,0001
28,2 p<0,001
27,6 p<0,001
25,6 p <0,0001
30,9 p <0,0001
15,7 p <0,0001
25,0 p <0,0001
13,8 p <0,002

Datos expresados en % de pacientes.
Significacion estadistica: Prueba de Chi al cuadrado.

Otros trastornos: trastornos del espectro autista, alteraciones del lenguaje, agresividad y autoagresividad.

donde se observa que la mediana de edad actual de los pacientes
con PKU espaiioles ya alcanza los 14 afos, con un 41,4% de ellos
mayores de 18 afios, que contindian controlandose en unidades
pediatricas. Esta situacion es similar en Europa, donde sélo existen
tres unidades de adultos'®, con un 1,9% de médicos dedicados al
cuidado de pacientes metabodlicos adultos en los 163 centros
estudiados. Esto conduce a la primera conclusion importante, que
es la necesidad de unidades de enfermedades metabdlicas para
adultos, estrechamente coordinadas con las unidades pediatricas
actuales, que conozcan la problematica de estos pacientes y cubran
las necesidades de los adultos de una forma adecuada.

Se observa un elevado cumplimiento de las unidades en cuanto
a la realizacion del diagnéstico diferencial (94,4%), mientras que el
test de sobrecarga de BH4 se realiza en una proporcion menor
(55,5%), similar a la del conjunto de centros europeos (53,5%)"".
Destaca también la concordancia de los valores de Phe por encima
de los cuales se inicia el tratamiento, asi como la de los valores
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Figura 6. Pacientes escolarizados en escuela ordinaria, ordinaria con soporte y que
completaron escolarizacion en relaciéon con la edad al diagnostico.

maximos recomendados de Phe en el control de los pacientes,
sobre todo en la edad pediatrica y embarazo, a diferencia de la gran
discrepancia observada en los estudios europeos!®!”.

En cuanto a los pacientes con PKU, mas del 70% de ellos se han
diagnosticado antes del mes de vida, lo que mejora claramente el
pronostico de la enfermedad mediante una introduccion temprana
de la dieta y un seguimiento y deteccion precoz de las
complicaciones que pueden presentarse.

La elevada proporciéon de formas leves y moderadas (42%)
representa una mayor facilidad para el buen control de estos
pacientes, muchos de los cuales se benefician ya, o pueden hacerlo
en un futuro préximo, del tratamiento con dihidrocloruro de
sapropterina, un derivado sintético de la BH4 (KUVAN®)?2, asi
como de otras opciones terapéuticas basadas en la accion de
chaperona de futuras terapias®>.

La mutaciéon mas prevalente es el cambio IVS10-11G>A, tal
como se habia ya descrito en estudios anteriores?*?>. Destaca la
gran heterogeneidad genética observada en pacientes espaiioles en
relacién con los de otras areas geograficas.

El control dietético de los pacientes es bueno o regular en una
gran proporcion de ellos, siendo la edad un factor determinante en
el buen control. La utilidad del calculo de un indice de control de la
dieta (ver material y métodos) se evidencia en los estudios de
evaluacion de los resultados del control a corto y largo plazo?'.
Aunque la adolescencia y edad adulta permitan una cierta
relajacion de la dieta (siempre y cuando no exista la posibilidad
de embarazo en las mujeres), numerosos estudios muestran la
necesidad de una restriccién dietética de por vida, para evitar una
posible regresién neurologica®. Esto hace necesarias las unidades
para adultos que puedan atender a los pacientes una vez superada
la edad pediatrica.

En cuanto a la situacion actual de los pacientes con PKU en
Espaiia, hay que resaltar el impacto del diagndstico precoz sobre el
coeficiente intelectual de los mismos, asi como en la existencia de
complicaciones neurolégicas y conductuales. El diagnéstico precoz
ha permitido que la escolarizacién de los pacientes sea practica-
mente normal en la mayor parte de ellos, asi como su insercion
laboral y social.
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En resumen, hay que destacar el esfuerzo realizado por las
unidades de enfermedades metabélicas pediatricas para consti-
tuirse en grupos multicéntricos de seguimiento de los pacientes y
la importancia de la futura creacion de unidades de adultos. Hay
que resaltar también la importancia del diagndstico precoz de los
pacientes para la buena evolucién neuropsicoldgica de los mismos
y en su insercion social. Queremos destacar la importancia de
haber podido realizar este registro de pacientes espafoles gracias a
la colaboracion de todos los centros de seguimiento y la necesidad
de actualizarlo periédicamente, para reunir la informacion que nos
permita evaluar el seguimiento y las necesidades de los pacientes
con PKU espafioles. Por Gltimo, mencionar la necesidad de reunir
los registros de PKU europeos para generar protocolos interna-
cionales basados en datos objetivos.
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Cerebral neurotransmitter (NT) deficiency has been suggested as a contributing factor in the
pathophysiology of brain dysfunction in phenylketonuria (PKU), even in early-treated phenyl-
ketonuric patients. The study aimed to review dopamine and serotonin status in PKU, and the
effect of the impaired neurotransmission. Several mechanisms are involved in the pathophysi-
ology of PKU, primarily characterized by impaired dopamine and serotonin synthesis. These
deficits are related to executive dysfunctions and social-emotional problems, respectively, in
early treated patients. Blood phenylalanine is the main biomarker for treatment compliance
follow-up, but further investigations and validation of peripheral biomarkers may be performed
to monitor NT status. The development of new therapies is needed not only for decreasing
blood and brain phenylalanine levels but also to improve NT syntheses.
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Introduction

Phenylketonuria (PKU; OMIM 261600) is an inborn error of
metabolism of phenylalanine (Phe) caused by mutations
in the gene coding for the enzyme phenylalanine hydroxylase
(PAH) (EC 1.14.16.1). PAH locus is on chromosome
12g22-12g24.1. To date, more than 950 mutations have been
described (http:/www.biopku.org). This enzyme catalyses the
hydroxylation of Phe to tyrosine, and uses tetrahydrobiopterin
(BH4) as a cofactor. The mutations in the PAH gene lead to a
partial or total enzyme activity lost, and produce a Phe
accumulation and decreased tyrosine biosynthesis in the liver
and consequently in other organs and biological fluids." If PKU
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is untreated, it leads to intellectual disability, seizures, and
microcephaly, among other severe neurologic disorders. The
diagnosis of newborns in screening programs and early treat-
ment allows virtually normal physical and intellectual develop-
ment in patients with PKU.' The classic treatment for PKU is a
restricted diet in Phe, which means low natural proteins,
supplemented by special medical foods enriched in tyrosine
and other amino acids and in nutrients (vitamins, minerals,
and essential fatty acids) necessary to avoid nutritional deficits."
In the past decade, there has been a new treatment for some
patients with PKU harboring mild-to-moderate mutations.
This is sapropterin dihydrochloride, a synthetic form of BH4
that acts as a chemical chaperone improving PAH residual
activity. This effect leads to an increase in Phe transformation to
tyrosine, therefore, decreasing plasma Phe levels and, allowing
full or partial withdrawal of the restrictive diet in these
patients.”" There is an extensive research conducted on new
therapeutic options like enzyme and gene therapy, and a
glycomacropeptide-based diet (a natural Phe-free protein). The
main aim of PKU treatment, whether the patient is undergoing
dietary treatment or BH4 therapy, consists of keeping blood
Phe concentrations in a safe range for the central nervous
system. There are several recommendations, but no consensus,
about the limits of this range. A common practice is that blood
Phe should be lower than 360 pmol/L until 12 years of age and
should remain lower than 600 pmol/L in patients older than
12 years. These values are 3-5 times more elevated that normal
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Table The hypotheses of different mechanisms underlying
neurotoxicity in Phenylketonuria

Brain high levels of Phe concentrations
Neurotransmitter biosynthesis defect
Abnormal brain myelination

Abnormal synthesis of proteins in brain
Cerebral tyrosine and tryptophan deficiency
Neurotoxicity of Phe metabolites
Cholesterol biosynthesis defects
Increase oxidative stress

Altered DNA methylation
Bioenergetics deficit

LCPUFA deficiency

LCPUFA, long-chain polyunsaturated fatty acid.

Phe values (35-75 pmol/L) because the protein requirements
of the organism makes the complete removal of Phe (an
essential amino acid) from the diet impossible.””

These treatments prevent the severe neurologic complica-
tions of patients with PKU, when started early in newborns.
However, it has been demonstrated that early treated patients
with PKU may present some neurologic and neuropsycho-
logical problems. Intellectual quotient scores are normal, but
usually lower than intellectual quotient scores of control
groups. Patients display deficits in executive functions (atten-
tional control, planning or goal setting and problem solving,
cognitive flexibility of thought and action, concept formation
or abstraction, information processing, and social cognition),
and deficits in fine-motor skills.”'° These complications,
despite being mild, can negatively affect school performance. '’
There is also a high incidence of anxiety, depression, and
attention deficit hyperactive disorder (ADHD) in these
patients. 12

Another consequence of high levels of Phe in the brain is
impaired white matter (WM) myelination. The prevalence of
such WM disturbances is high in patients with high Phe
concentrations, especially in older patients and in those with
poor treatment compliance. These disturbances may be
detected through brain magnetic resonance imaging studies,

Tyrosine
PA hydroxylase
| Tyrosine

Phenyldanine

ﬂ!

Tryptophan
hydroxylase

Tryptophan 5-hydroxitryptophan

BH4

L-DOPA M [ Dopamine

which show areas of increased signal in T2 sequences,
predominantly in the parieto-occipital periventricular WM.
Anew magnetic resonance imaging technique (diffusion tensor
imaging) shows evidence of abnormalities in microstructural
WM integrity in different brain regions of patients with early
treated PKU (lower mean diffusion), even when WM hyper-
intensity is not present. P

In this article, we will review current knowledge about
neurotransmitter (NT) dopamine and serotonin status in PKU,
and the effect of impaired neurotransmission in cognitive,
emotional, behavioral and social skills of patients with early
treated PKU. New therapies will also be discussed.

Pathophysiology of Cerebral
Dysfunction in PKU

It is now recognised that there is minimal, but demonstrable
brain damage in patients with early treated PKU and the causal
factors are not entirely understood. Although PAH is a liver
enzyme, the target organ of hyperphenylalaninaemia is the
brain. The hypotheses of different mechanisms underlying
neurotoxicity in PKU are listed in the Table."'**"

It has been postulated that hyperphenylalaninaemia-related
neurotoxicity could be explained in part by Phe sharing the
same L-type amino acid carrier (LAT1, SLC7A5) with other
large neutral amino acids (LNAA) (mainly tyrosine and
tryptophan), and competes with these to cross the blood-
brain barrier (BBB).”' Tyrosine and tryptophan are precursors
of NTs, and its relative brain deficit may contribute to a
reduced synthesis of serotonin, dopamine, and noradrenaline.
Moreover, the high Phe values in the brain may produce an
inhibition of tyrosine and tryptophan hydroxylases activities,
causing a further reduction of dopamine and serotonin
biosynthesis' "% (Fig.).

These potential neurotransmission deficits are relevant, as
the dopamine is essential for a proper functioning of the
prefrontal cortex (PFC), which in turn controls the executive
functions. Serotonin is involved both in the cognitive processes

= [Noradrenalm ]

1 i $

[Serotomn ] ‘ [ Melatonin ]

3

Figure Schematic representation of the synthesis of serotonin and dopamine and their metabolites (biogenic amines).
AADC, aromatic L-amino acid decarboxylase; BH4, tetrahydrobiopterin; .L-DOPA, L -3,4 dihydroxyphenylalanine; SHIAA,
hydroxyindoleacetic acid; HVA, homovanillic acid; PAH, phenylalanine hydroxylase, VLA, vanillactic acid; VMA,

vanillylmandelic acid.



334

M.J. Gonzalez et al.

mediated by the orbitofrontal cortex and in the regulation of
mood, emotions, and behavior.”” It is important to consider
the relative deficit of tyrosine in PKU, because this amino acid
becomes an essential one as its biosynthesis is severely
decreased. Once again, a high Phe value is the main patho-
physiological factor, as Tyr supplementation in the presence of
toxic Phe values does not prevent neurologic damage in PKU."'
Although the special diets are supplemented with Tyr, it has
been demonstrated that blood tyrosine concentrations fluc-
tuate throughout the day, and may decrease after prolonged
fasting. >

Another pathophysiological mechanism in PKU is the
low bioavailability of LNAA that causes a decrease in brain
protein synthesis, as it has been proved in the PAH™"?
mice model.”” In studies performed in patients with
PKU, it was demonstrated that cerebral protein synthesis,
which is necessary for the development of cerebral
functions, was inversely proportional to plasma Phe
concentrations.”” Myelin basic protein biosynthesis,
which is essential for myelin formation, may be affected
if there are low brain concentrations of some essential
amino acids. This may also affect other brain proteins,
such as tyrosine and tryptophan hydroxylase enzymes and
some cerebral receptors such as the glutamate receptor.
This reduced protein synthesis may result in decreased
synaptic plasticity and axonal growth.'” Recently, Horling
et al’® revealed disturbances in the presynaptic and
postsynaptic protein expression in the hippocampal area
of PAH™? mice. This finding was associated with a
dysfunction in synaptogenesis and in synaptic transmis-
sion, and with reduced microglial activity, observed
especially when the blood Phe levels were elevated.

Other pathophysiological factor is that the elevated
concentrations of Phe may inhibit the cholesterol biosynthesis.
In the PAH"™ mice, there is consistent evidence that the
alterations in cerebral WM are due to the inhibition of the
rate-limiting enzyme of cholesterol biosynthesis, the
3-hydroxymethylglutaril-CoA reductase, that impairs the abil-
ity of oligodendrocytes to produce and maintain the myelin.””
It was suggested that the absence of myelin in patients with
PKU secondarily affects the synthesis of NTs,”® and produce
disruptions in the interconnectivity among different cerebral
areas.”” This inhibition of cholesterol biosynthesis would be
related to other common observations in PKU, for example, a
coenzyme Q10 deficiency, ™ as both molecules are synthesised
through the mevalonate pathway.

Other factors implicated in the neuronal damage are
antioxidant system abnormalities, which may adversely affect
the maturation of the developing brain. These abnormalities in
patients with PKU are secondary to nutritional deficits owing
to the treatment with a diet restricted in animal protein.
Furthermore, elevated concentrations of Phe can inhibit
antioxidant enzyme activities, which occur with catalase and
glutathione peroxidase activities, or may decrease coenzyme
Q10 biosynthesis.™

Studies have claimed that long-chain polyunsaturated fatty
acid deficiency due to low dietary intake may be an additional
deleterious factor for the brain. Long-chain polyunsaturated

fatty acids have a critical role as a structural component of the
phospholipids in the plasma membranes. Docosahexaenoic
acid is the main lipid inside the neuronal membranes and in
retinal cells. Thus, it is essential for brain development in
general and for retina and visual circuits in particular.

It is known that toxic exposures can alter DNA methylation.
It has been shown that high Phe levels in patients with PKU
may lead to aberrant DNA methylation that secondarily
produces gene dysregulation in the brain and leucocytes. '’

Brain energy metabolism disturbances have also been
described in both animal models and patients with PKU
owing to decreased glucose oxidation and impaired
activities of different enzymes, such as mitochondrial
respiratory chain complexes, Krebs cycle enzymes, and
creatine kinase.”"

Therefore, from these studies, we can conclude that the
neurologic damage in PKU may be due to multifactorial
mechanisms, which might be involved to a greater or lesser
degree in the pathophysiology of the disease.

Impaired Neurotransmission in
PKU

The first descriptions of the alteration in NT synthesis in
untreated patients with PKU date from the late 1950s and
initially was involved only serotonin. Pare et al in 1957,
demonstrated lower concentrations of serotonin in the blood
and 5-hydroxindolacetic acid (5HIAA) in the urine of these
patients, and Yuwiler et al”> demonstrated decreased brain
serotonin in mice with high levels of Phe. McKean" reported
reduced concentrations of serotonin, dopamine, noradrena-
line, tyrosine, and tryptophan in the brains of untreated
patients with PKU, with major reduction in the caudate
nucleus, and increased SHIAA and homovanillic acid (HVA)
in cerebrospinal fluid (CSF) when the blood Phe values
decreased. Butler et al,” also described an increase of SHIAA
and HVA in the CSF of patients with untreated PKU after
beginning the dietary treatment. These findings led to the
hypotheses that elevated Phe levels may inhibit tyrosine
hydroxylase and tryptophan hydroxylase activities”® together
with a decrease in the neuronal uptake of tyrosine and
tryptophan.”” These hypotheses were later confirmed. Pas-
cucai et al,”® demonstrated in PAH™ mice a severe cerebral
depletion of serotonin, with mild reduction in the brain level of
tryptophan, and major deficits in the brain level of 5-
hydroxytryptophan (5-HTP). These findings also suggested
that an excess of brain Phe might interfere with tryptophan
hydroxylase activity, thus reducing availability of 5-HTP.

It was also suggested that elevated blood Phe interferes with
the transport of LNNA through the BBB.” The affinity of the
LAT-1 transporter for Phe is high, therefore a subtle increase of
Phe (within 200-500 pmol/L) may produce a substantial
increment of the transport of this amino acid across the BBB
and limit the passing of other LNNA such as tyrosine and
tryptophan.”" This effect occurs not only in the BBB but also in
synaptosomal plasma membrane vesicles.'
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After this initial observation, the studies were con-
ducted in early treated patients. A disturbance in the NT
synthesis and in LNNA transport through BBB was also
observed. Giovaninni et al*” detected in patients with
PKU without treatment and in patients with good
metabolic control decreases in norepinephrine and
platelet serotonin values, and suggesting that even a
slight increase in plasma Phe could inhibit peripheral
synthesis of serotonin and noradrenaline. Paans et al’'
demonstrated with positron emission tomography (PET)
scans low availability of brain tyrosine in adult patients
with PKU with Phe values higher than 700 pmol/L. In
patients with plasma Phe levels between 0.47 and
2.24 mmol/L, a correlation between the brain and plasma
Phe concentrations was shown through magnetic reso-
nance spectroscopy,’” although these findings have not
been confirmed by other studies in adult early treated
patients.‘”’ Burlina et al,*" described decreased NT metab-
olite concentrations in CSF (HVA and 5HIAA) in early
treated adolescents and young adults with WM abnormal-
ities (hyperintensity in T2-weighed images) in the presence
of Phe levels higher than 700 pmol/L. Landvogt et al,”” showed
in a PET scan study a severely impaired influx and distribution
of 6-['®F] fluoro-.-DOPA (FDOPA) throughout the striatum
(41% reduction in the rate of use of FDOPA) in early treated
adult patients without strict dietary treatment and with mean
serum Phe levels of 1260 pmol/L. The competitive inhibition
of the LNAA transporter by high plasma Phe values explains
this abnormality.

Groot et al™ studied cerebral protein synthesis in
patients with PKU using PET scan and magnetic resonance
spectroscopy. They found that increased blood Phe con-
centrations were strongly associated with reduced -
[1-"'C]-tyrosine (*'C-Tyr) transport from blood to brain,
which was associated in turn with reduced ''CTyr
cerebral protein incorporation, and inverse association be-
tween brain Phe concentrations and the rate of ''C-Tyr
incorporation into cerebral proteins.”’

Animal models studies confirmed the NT alteration syn-
thesis in different brain areas. Diamond et al,* in rat pups with
mild plasma Phe elevations, found reductions in HVA values in
2 frontal cortical areas (the medial PFC and the anterior
cingulate cortex). The 5-HIAA values were decreased in all
brain regions examined, and there was no effect on norepi-
nephrine. Puglisi-Allegra et al*” demonstrated in the brains of
PAH™? mice a marked decrease in serotonin, norepinephrine,
dopamine, and their metabolite levels in different cerebral areas
(PEC, cingulate cortex, nucleus accumbens, caudate-putamen,
hippocampus, and amygdala), with the PFC and amygdala
being the most affected anatomic structures. A marked
decreased in the dopamine reuptake was also observed in
the PFC, accumbens nucleus and cingulate cortex. Serotonin
appeared to be more affected than dopamine, given that
inhibition of dopamine synthesis needs a Phe concentration
3 times higher than those needed for inhibition of serotonin
synthesis. Other studies in PAH™ mice™ revealed decreased
concentrations of striatal 5-HIAA; 3,4-dihydroxy-phenylacetic
acid (a dopamine metabolite); and 5-HIAA/5-HT ratios.

Pascucci et al’' " studied in PAH™? mice several aspects of
NT synthesis and its effect in cognitive and behavioral
development. Biogenic amines (serotonin, dopamine, and
noradrenaline) were implicated in the formation and main-
tenance of synapses during brain postnatal maturation. Their
deficits during critical brain developmental phases can pro-
duce neurodevelopmental disturbances. They demonstrated
deficits of the brain amines levels in pups with PKU between
postnatal days 14 and 35. In another study, they evaluated
amine release in adult PAH*™? mice in response to a
psychogenic stressor, and observed no dopaminergic and
serotoninergic responses in prefrontal cortical terminals.
Introduction of a Phe-free diet promoted recovery of the
serotonin response only, and after administration of
5-hydroxytryptophan a frontal cortical serotonin response
was detected. They concluded that high Phe levels interfere
with the ability of the mature PFC to respond to psychological
challenges. They also showed a deficient tyrosine hydroxylase
expression and reduced cortical activity in the medial PFC.
Interestingly, low 1-DOPA doses restored dopaminergic
transmission in the PFC. In a study in different forms of
HPA (mild-HPA, mild-PKU, and classic-PKU), demonstrated
increasing severity of executive disabilities and brain aminergic
deficits in mild-to-severe HPA forms, with the PFC and
amygdala as the most affected brain areas. These data
confirmed the high susceptibility of brain serotonin metabo-
lism to increased Phe levels.

In 1999, Dyer™® hypothesized another cause of cognitive
abnormalities in patients with PKU. As previously mentioned,
in the PAH®™? mouse, moderately elevated Phe concentrations
inhibited 3-hydroxy-3-methylglutaryl-coenzyme A reductase,
which is a key enzyme for cholesterol biosynthesis. This fact is
related to the inability to produce or maintain myelin by the
oligodendrocytes, leading to an immature state that seconda-
rily decreased dopamine production in neurons. Joseph and
Dyer”” found in PAH®™? mice a decreased level of dopamine
in the PFC cortex and striatum. After the introduction of a low
Phe diet, decreased levels of Phe and increased tyrosine values
in the blood and brain (frontal cortex and striatum) were
detected, leading to an increment in dopamine and basic
myelin protein content in different cerebral areas. These
findings supported the hypothesis of the role of myelination
in the regulation of dopamine synthesis.

Besides alterations in aminergic transmission, alter-
ations in glutamatergic synaptic transmission have also
been reported, which could be involved in the cognitive
deficits of patients with PKU. Glutamate is the main
excitatory NT par excellence of the brain cortex and its
specific receptors have an important role in the func-
tional and morphologic plasticity of synapses. Marty-
nyuk et al’® reported that high Phe concentrations in
PAH®™? mice depressed glutamatergic synaptic trans-
mission by a combination of presynaptuic and postsy-
naptic actions, and an attenuation of NT release.
Exposure to prolonged periods of high Phe values also
caused compensatory changes in glutamatergic synaptic
transmission, such as an increase in the expression and
density of glutamate receptors.
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Neuropsychological
Abnormalities Related to
Neurotransmission in PKU

Executive functions are frequently affected in patients with
early treated PKU. For an adequate acquisition of executive
functions, a proper anatomical and functional development of
the PFC and related brain areas (basal ganglia, anterior
cingulate cortex, and posterior parietal cortex) is required.
Therefore, executive functions would be impaired by the
dopamine deficiency and by disruptions in the functional
connectivity of the PFC.”” Welsh et al”” hypothesized that
prefrontal dysfunction was a cause of executive deficits in early
treated patients.

The relationship between decreased NT biosynthesis and
neuropsychological alterations has been described in patients
with early treated PKU. Krause et al™” reported in children and
young adults with PKU (6-24 years), most of them early
treated, that with blood Phe > 1300 pmol/L, the patients
showed prolonged performance times on neuropsychological
tests of higher integrative function. They found an inverse
correlation between plasma phenylalanine and urine HVA
values. Lou and Lykkelund™ " confirmed these results when
they studied adolescent and young adults, and suggested that
bad dietary compliance would lead to decreased NT biosyn-
thesis, thus interfering with cognitive functions. The reaction
time variability increased in the vigilance test, when blood Phe
levels were higher than 1200 pmol/L and CSF concentrations
of HVA and 5-HIAA were low.

Diamond et al***” investigated the mechanisms of cognitive
impairment in rat pups. Mild plasma Phe elevations produced
impaired on a task dependent on the frontal cortex (delayed
alternation), and the reduced levels of HVA observed in the
medial PFC were significantly correlated with poor perform-
ance in the delayed alternation task. These results showed that
slight increase in plasma Phe levels could affect cognitive
processes dependent on the PFC, and would also decrease
HVA levels in the frontal cortex. Slightly decreased concen-
trations of cerebral tyrosine may have a significant effect on
dopaminergic neurons from the PFC. These neurons are
especially sensitive to the decrease of dopamine biosynthesis,
probably owing to high dopamine turnover.””

A decreased dopamine biosynthesis in the striatum has been
reported both in patients with PKU and animal mod-
els. %7977 As one of the main brain dopaminergic tracts is
the nigrostriatal pathway, which is involved in motor planning,
it is not surprising that impaired coordination of fine-motor
skills is observed in some patients with early treated PKU. %+

Deficits of other cognitive functions have been reported,
including visual-spatial and visual-constructive disabilities, and
impaired sensitivity of visual contrast. The dopaminergic
neurons in the retina are also very sensitive to decreased
tyrosine availability and would explain in part some of the
cognitive skills alteration.””"

WM disturbances may also cause a noticeable effect in fine-
motor and visual-spatial skills, and in the slowing processing
speed of patients with PKU.""

In recent years, a higher prevalence of ADHD in patients
with early treated PKU has been reported in the literature, with
between 13% and 32% of PKU patients having ADHD (with a
higher incidence of predominantly inattentive presentation)
when compared with 5% and 7% of the general popula-
tion.""""> ADHD is a neurobiological disorder caused by a
dysfunction of the PFC and its connections with subcortical
regions (basal ganglia and cerebellum) and posterior cortical
areas, which also affect executive dysfunction. In this disorder,
prevalent symptoms are inattention, hyperactivity, and impul-
sivity.”” Children with ADHD and PKU share a common
pathophysiological process, as PEC dysfunction secondary to a
hypofunction of catecholaminergic circuits, in the PKU
because of NT deficit, and in ADHD because of a dysregulation
of NT systems.””

Executive dysfunction is one of the disorders most com-
monly reported in patients with early treated PKU; however,
there are also other studies focusing on the increased incidence
of socioemotional problems in these patients, produced in part
by serotonin deficit without forgetting the role it can play the
emotional stress associated with any chronic health disorder or
secondary to executive dysfunction. Mood disorders (anxiety
and depression) are seen more frequently in adolescents and
adults, and these symptoms are related with concurrent and
lifetime Phe levels, and behavioral disorders in patients who are
off diet or with poor metabolic control of the disease.'”"*
These problems are beginning to be taken more into account,
and in the last management guidelines, follow-up is recom-
mended to improve the emotional state and quality of life, and
the cognitive development of these patients.™ %>’

Between 1% and 2% of patients with PKU, without or with
poor dietary treatment compliance, may have an atypical
outcome. They do not display cognitive deficits or have only
a very slight intellectual disability. In these cases, in spite of
clearly high blood Phe values, brain Phe values remain in a safe
range.”® The most plausible explanation is the presence of
allelic variants in the LAT-1 transporter that would impair the
Phe transport through the BBB.'

Therapeutic Approaches to
Improve NT Disturbances

LNAA (tyrosine and tryptophan, as well as other amino acids)
was proposed as a complementary treatment to restricted diet,
with the rationale of increased cerebral NT concentrations and
brain essential amino acid availability.”” Isolated tyrosine
supplementation has been tested with controversial results.
Although in some studies, an increment in dopamine biosyn-
thesis and improvement in visual reaction time™ has been
documented, whereas in others no improvement in cognitive
functions could be established.”””" When supplementation
was based on LNAA, a decrease in brain Phe levels was
observed,”> " together with an improvement in executive
functions.”” The present recommendations can be applied as a
therapeutic approach only for adult patients with PKU with
poor treatment compliance. In patients with good metabolic
control, the benefits of LNNA treatment are probably
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limited,”® and it has not been tested in children younger than

11 years of age.

Pascucci et al,’? based on their studies of catecholamine
metabolism in PAH™™? mice, proposed treatment with low
1-DOPA doses together with 5-hydroxytryptophan,’” with the
rationale of increasing the cortical dopamine neurotransmis-
sion and improving the frontal cortical serotonin response even
in the presence of high Phe levels in the blood and brain.
Previously, Ullrich et al”” did not find improvement in visual
evoked potentials and in different neuropsychological tests in
untreated adult patients with PKU under L-DOPA therapy.

In a recent study,” significantly lower concentrations of
urine and blood melatonin (a serotonin metabolite), and urine
dopamine, in adult patients with PKU were observed when
compared with controls. After supplementation with LNAA,
patients demonstrated significantly increased levels of these
NTs in blood and urine compared with the placebo group.
These results support the statement that blood and urine
melatonin monitoring may serve as biomarkers reflecting brain
serotonin synthesis in patients with PKU.

Novel therapies for patients with PKU beyond dietary
treatment are being tested for decreasing Phe values by
different mechanisms. In a recent review, ! these alternative
therapies were detailed and included treatment with the
cofactor BH4 in adults and paediatric population groups as a
chaperone, and the enzyme replacement therapy with phenyl-
alanine ammonia lyase (PAL EC 4.3.1.5) as a potential enzyme
substitution therapy for patients with PKU, among others. It
has been consistently demonstrated in follow-up studies that
BH#4 resulted in reductions in the levels of blood phenyl-
alanine, increased intake of dietary phenylalanine, and pre-
served neurocognitive performance.™'”” PAL degrades Phe
into transcinnamic acid and ammonia and reduces Phe levels,
but more research is needed to demonstrate efficacy and safety
for patients.

Ormazabal et al'”” found decreased platelet serotonin
concentrations in patients with PKU and restored platelet
serotonin values by BH4 supplementation. They postulated
that this increase might be owing to a direct effect of BH4 on
peripheral tryptophan hydroxylase. In 38 children and adults
with PKU and ADHD, sapropterin therapy significantly
improved inattention symptoms and executive functioning
in the first 4 weeks of treatment, and improvements were
maintained throughout 26 weeks of treatment.”' Douglas
et al'™ showed a significant increase in HVA after 1 month
of sapropterin administration in patients with PKU. Van Vliet
et al'”” compared blood prolactin values and blood phenyl-
alanine concentrations among the BH4 responders of patients
with PKU. Blood prolactin concentrations positively correlated
with blood phenylalanine concentrations, suggesting reduced
cerebral dopamine availability, and median blood prolactin
concentrations were significantly lower while patients were
undergoing therapy, especially at increasing BH4 dose.
Denecke et al'” reported controversial results regarding this
issue. Pituitary prolactin secretion is inhibited by dopamine,
and it is postulated as a parameter of brain dopamine
availability.

In PAH"™™ mice, the study of monoamine NT turnover has
been evaluated after enteral BH4 administration.'”” Saprop-
terin treatment was associated with a statistically significant
increase in brain total biopterin content, but the greatest and
most consistent effect was seen only with high doses of
sapropterin (100 mg/kg body weight). Saproterin therapy
did not alter the dopamine and serotonin status in the brain,
but it was associated with increased HVA and 5HIAA concen-
trations. These results suggest that BH4 therapy may stimulate
synaptic NT release and subsequent monoamine metabolism,
but the transport of BH4 through BBB is probably limited, and
thus these potential effects of BH4 therapy on NT merit
further investigation.

Novel pharmacotherapeutic approaches for PKU are being
investigated in PAH®™ mice. For example, selected non-
physiological amino acids (2-aminoisobutyrate and N-methyl-
2-aminoisobutyrate), acting as competitive inhibitors of brain
amino acid transporters, may reduce Phe deposit in the
brain.'* "% In PKU*™? mice, gene therapy restores blood
Phe levels to a safe range, and locomotor activity, exploratory
behavior, and neurogenic amines recovered after liver-targeted
gene transfer with recombinant adeno-associated virus vectors.
After 8 weeks of gene therapy, aminergic deficits were
markedly ameliorated, and catecholamine synthesis was
restored to approximately 80%-90% and serotonin synthesis
to 60%-70%. A marked recovery was also observed in the
brain weight.''' Improved behavioral phenotype (hyperactiv-
ity and reduced digging behavior) and brain NT concentra-
tions were demonstrated after the application of the
glycomacropeptide diet."'” Oral nitisinone therapy has been
proposed as an adjunct treatment. Nitisinone is a reversible
inhibitor of 4-hydroxyphenylpyruvate dioxygenase (HPD, EC
1.13.11.27), an enzyme in the tyrosine degradation pathway.
After administration of nitisinone, pharmacologic inhibition of
tyrosine degradation increased blood and brain tyrosine,
decreased blood and brain Phe, and increased dopamine and
its metabolites in the brain. Brain serotonin content was
unchanged.' "’

Conclusions

Several mechanisms are involved in the neuropathophysiology
of PKU, primarily characterized by impaired dopamine and
serotonin status. These neurotransmission deficits are closely
related with executive dysfunctions and social-emotional
problems that may appear in patients with PKU, even in early
treated cases with good metabolic control. At present, blood
Phe values are the main biomarker for follow-up of treatment
compliance, as most cases are directly related to brain Phe
levels. A major limitation for the monitoring of NT status is the
need for CSF to analyse the most informative biochemical
parameters. Thus, further investigation and validation of
peripheral biomarkers (such as prolactin and melatonin) may
be promising to evaluate NT status in PKU. The development
of new therapies is effective not only for decreasing blood and
brain Phe levels but also to improve NT status.
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11.2. Otras publicaciones en las que ha colaborado la doctoranda:

1. Cassis L, Cortes-Saladelafont E, Molero-Luis M, et al. Review and evaluation of the
methodological quality of the existing guidelines and recommendations for inher-
ited neurometabolic disorders [published correction appears in Orphanet J Rare
Dis. 2016 Nov 3;11(1):147]. Orphanet J Rare Dis. 2015;10:164. Published 2015 Dec
30. d0i:10.1186/s13023-015-0376-9

2. Vidal S, Xiol C, Pascual-Alonso A, O’Callaghan M, Pineda M, Armstrong J. Genetic
Landscape of Rett Syndrome Spectrum: Improvements and Challenges. Int J Mol
Sci. 2019;20(16):3925. Published 2019 Aug 12. doi:10.3390/ijms20163925

3. Vidal S, Brandi N, Pacheco P, et al. The utility of Next Generation Sequencing for
molecular diagnostics in Rett syndrome. Sci Rep. 2017;7(1):12288. Published 2017
Sep 25. d0i:10.1038/s41598-017-11620-3

4. Kolker S, Valayannopoulos V, Burlina AB, et al. The phenotypic spectrum of or-
ganic acidurias and urea cycle disorders. Part 2: the evolving clinical phenotype
[published correction appears in J Inherit Metab Dis. 2015 Nov;38(6):1157-8. Gar-
cia Cazorla, Angeles [corrected to Garcia-Cazorla, Angeles]]. J Inherit Metab Dis.
2015;38(6):1059-1074. doi:10.1007/s10545-015-9840-x

5. Chakrapani A, Valayannopoulos V, Segarra NG, et al. Effect of carglumic acid with
or without ammonia scavengers on hyperammonaemia in acute decompensation
episodes of organic acidurias. Orphanet J Rare Dis. 2018;13(1):97. Published 2018

Jun 20. doi:10.1186/513023-018-0840-4

11.3. Comunicaciones cientificas a congresos:

1. Poster: Comparacion de funciones cognitivas entre pacientes PKU de diagndstico
precoz en tratamiento con BH4 Vs pacientes PKU tratados con dieta. XI Congre-

so Nacional de Errores Congénitos del Metabolismo. Pamplona 14-16 octubre de

175



Avances en el estudio de la fenilcetonuria

2015. Autores: Gonzalez MJ, R Gassio, R Colomé, R Artuch E Castejon, S Meavilla,
J Campistol.

2. Comunicacion oral de Evolucidn neuroldgica a largo plazo de poblacién de paci-
entes fenilcetontricos de diagndstico precoz, Autores: MJ Gonzdlez, RGassio, M
Tondo, JMuchart, E Fuste, | Alonso Colmenero, N Lambruschini, N Egea, R Artuch, J
Campistol. Reunion Cientifica conjunta de la AINP — SENEP, Valencia Espaiia, 10-14
de septiembre de 2013.

3. Poster presentation: Neurological outcomes in early-treated phenylketonurics
adults patients, MJ Gonzdlez, R Gassié, M Tondo, J Muchart, E Fuste, | Alonso
Colmenero, N Lambruschini, N Egea, R Artuch, J Campistol, 12th International
Congress of Inborn Errors of Metabolism, 2013.

4. Poster presentation: Health-related quality of life, sleep and behavioural and
emotional functioning in early- treated phenylketonuric adults patients, R Gas-
si6, Gonzdlez MJ, R Colomé, O Sans, C Sierra, MA Vilaseca E Castejon, AP Gutierrez,
R Artuch, J Campistol, 12th International Congress of Inborn Errors of Metabolism,
2013.

5. Poster presentation: Epilepsy debut in late diagnosed PKU patients after intro-
duction phenylalanine restricted diet. Gonzalez M J, Itzep D, Lambruschini N, Ar-
tuch R, Campistol J. SSIEM 2015, Lyon.

6. Poster: Comparacion de funciones cognitivas entre pacientes PKU de diagndstico
precoz en tratamiento con BH4 Vs pacientes PKU tratados con dieta. XI Congre-
so Nacional de Errores Congénitos del Metabolismo. Pamplona 14-16 octubre de
2015. Autores: Gonzalez MJ, R Gassio, R Colomé, R Artuch E Castejon, S Meavilla,
J Campistol..

7. Poster: Estudio de Motricidad fina en pacientes PKU de diagnéstico precoz. XI
Congreso Nacional de Errores Congénitos del Metabolismo. Pamplona 14-16 oc-

tubre de 2015. Autores: Gonzalez MJ, R Gassid, R Colomé, A Mesas, C Sierra, E

Castejon, S Meavilla, ] Campistol.

176



8.

10.

11. Anexos

Comunicacion Oral: Evolucion neurolégica a largo plazo de pacientes Adultos con
fenilcetonuria de diagndstico precoz. XVII reunion de pacientes afectos de enfer-
medades metabdlicas hereditarias y familias. 23 de enero de 2016. HSJD.

Poster: Sleep study in early treated phenylketonurics patients relationship with
melatonin and serotonin status. R Gassio , MJ Gonzalez, O Sans, R Artuch, C Sier-
ra, A Ormazabal, D Cuadras, ] Campistol. EPNS 2017, Lyon, France.

Poster: Advances in early treated Phenylketonuria: the first study with DTI in
Spanish pediatric population. M.J. Gonzdlez M. Rebollo P. Ripolles R.Gassié R.

Artuch J. Campistol. EPNS 2017, Lyon, France

177






11. Anexos

11.4. Reunion de pacientes y familiares con PKU y otros errors congénitos del

metabolismo

11.4.1. La doctoranda participa como ponente de la charla:”Evolucidn a largo plazo de

los pacientes con PKU de diagndstico precoz”

XVII REUNION DE AFECTADOS DE ENFERMEDADES
METABOLICAS HEREDITARIAS Y FAMILIAS

SABADO, 23 DE ENERO DE 2016

Programa de la Reunion

Moderadoras: Angels Garcia- [Lula Vila
9:30 ANGELS GARCIA - JAUME CAMPISTOL (UNITAT DE METABOLIQUES, HSJD-CIBERER),
LULA VILA- MEI GARCIA (PRESIDENTA Y VICEPRESIDENTA DE L'ASSOCIACIO CATALANA

DE TRASTORNS METABOLICS HEREDITARIS PKU/ATM): PRESENTACION DE LA REUNION.

9:45 CRISTINA FILLAT (INSTITUT D’ INVESTIGACIONS BIOMEDIQUES AUGUST PI | SUNYER, IDIBAPS):
"AVANCES EN TERAPIA GENICA PARA EL TRATAMIENTO DE LAS ENFERMEDADES METABOLICAS"

10:15 CRISTINA MONTSERRAT (DIETISTA-NUTRICIONISTA, HOSPITAL CLINIC, BARCELONA):
“PRIMERAS EXPERIENCIAS EN UN HOSPITAL DE ADULTOS".

10:45 FRANCESC CARDELLACH (MEDICINA INTERNA, HOSPITAL CLIiNIC-CIBERER):
" ENFERMEDADES METABOLICAS: COMO GARANTIZAR LA CONTINUIDAD ASISTENCIAL DESDE LA 'EDAD PEDIATRICA AL ADULTO™.

11:15 DESCANSO
Moderadores: Mei Garcia- Jaume Campistol

12:00 JUDITH ARMSTRONG (MEDICINA GENETICA | MOLECULAR, HSJD-CIBERER):
“TECNICAS DE SECUENCIACION DE NUEVA GENERACION PARA EL DIAGNOSTICO DE ENFERMEDADES NEUROMETABOLICAS”.

12:30 JULIETA GONZALEZ (NEUROLOGIA, HSJD):
"EVOLUCION A LARGO PLAZO DE LOS PACIENTES CON PKU DE DIAGNOSTICO PRECOZ".

13:00 RAMON BADOSA (TREBALL SOCIAL, HSJD):
“TRABAJO SOCIAL EN LA UNIDAD DE PKU: DETECCION, ANALISIS Y ABORDAJE DE LAS DIFICULTADES PLANTEADAS".

13:30 JAUME CAMPISTOL (NEUROLOGIA, UNITAT SEGUIMENT DE LA PKU, HSJD-CIBERER):
“DECALOGO DEL SEGUIMIENTO DE LA PKU EN EL HSJD"

TARDE, AULA 10 - Tercer Piso EDIFICIO DOCENTE

16:00 ASAMBLEA GENERAL DE LA ASSOCIACIO DE TRASTORNS METABOLICS HEREDITARIS

Lugar: Auditorio de| EdifiCio DoCente
(C. Gta. Rosa, Hospital Sant Joan de Déu)

©
ILUSTRACIONES: ANOE\
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11.4.2. La doctoranda participa con la ponencia: ”Resultados del estudio FIS en la PKU:

suefio, neuroimagen y neurotransmisores
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11. Anexos

11.5. Premio

Mejor poster del Congreso Europeo de Neuropediatria 2017 otorgado por la Europe-
an Paediatric Neurology Society. Advances in early treated Phenylketonuria: the first study
with DTl in Spanish pediatric population. M.J. Gonzdlez M. Rebollo P. Ripolles R.Gassié R.

Artuch J. Campistol. EPNS 2017, Lyon, France.

Professor Alexis Arzimanoglou
Chair of Local Organising Committe
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