
 
 

 

 

El propósito de este dossier es demostrar, mediante algunos de los 

muchos estudios realizados en todo el mundo, que nuestras cámaras 

hiperbáricas en 1.3ATA son adaptadas para el alivio de los síntomas 

del dolor en fibromialgia. 

No se trata de hacer publicidad para traer más clientes a nuestro 

centro de oxigenoterapia, sino para crear conciencia sobre una 

terapia que funciona. Esta información no solo está destinada a los 

pacientes sino, sobre todo, a los profesionales de la salud que 

visiblemente en este país no dan mucho crédito a la oxigenoterapia 

hiperbárica, probablemente debido a la falta de conocimiento. 

Es cierto que la fibromialgia aún no se puede curar. Mientras que los 

mejores científicos continúan buscando una cura, no hay razón para 

dejar que los afectados sufren toda su vida. Obviamente, como 

cualquier terapia natural, es un complemento  y es importante cuidar 

de su dieta, actividad física adaptada pero sobre todo la psique es la 

clave para coordinar el resto. Es por eso que es importante que 

tantos fisioterapeutas, nutricionistas y psicólogos conozcan la 

oxigenoterapia que debe ser parte integral del tratamiento. 

En otros continentes, la práctica es común y obvia. En España, 

seguimos pensando que no hay suficientes estudios para aceptarlo. Y 

la filosofía médica general que escuchamos en todas partes es 

aprender a vivir y medicarse en exceso. 

En las páginas siguientes, concedo la palabra a muchos médicos y 

científicos cuyas investigaciones respaldan el tratamiento de la 

oxigenoterapia hiperbárica. 

Jeremy Trizzulla, DeltaO2  
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Existen por internet artículos que tratan del alivio que procura 
oxigenoterapia hiperbárica en los afectados de fibromialgia y 
algunos nos han visitado para probarla. A todos les sale una mejora 
impresionante. 

¿Porque? 

El alivio del dolor causado por una híper-oxigenación del cuerpo, 
como lo constatamos en nuestro centro hiperbárico de Valencia, 
conforta la teoría siguiente que los dolores de la fibromialgia son por 
parte debidos a una isquemia (isquemia es el nombre científico con 
el que se hace referencia a una falta local de oxígeno). 

El verdadero problema no es la isquemia pero la causa de la 
isquemia. 

Mientras los mejores especialistas tienen que estudiar estas causas, 
oxigenoterapia hiperbárica queda la mejor manera natural de aliviar 
los afectados y permitir que tengan una vida. Una vida social como 
nuestra clienta que lleva 14 años de fibromialgia. Tenía tan dolor que 
no salía de casa sino en silla de ruedas unas veces al año y después de 
tres meses ha vuelto a ponerse tacones e ir a la peluquería y ponerse 
guapa. Eso sin que tomar tantas pastillas como paracetamol, 
amitriptillina, ciclobenzaprina, gabapentina, duloxetina, pregabalina, 
fluoxetina, trazodona... pero solo oxígeno en alta dosis asimilado por 
el cuerpo gracias a la presión de la cámara hiperbárica. Y en nuestro 
caso con solo 1.3 ATA de presión lo que no tiene ninguno peligro para 
el organismo. 

No somos médicos, ni una clínica. Pero es de nuestro deber de 
informar, no solo a los afectados, pero también a los profesionales 
de la salud que aquí tienen una herramienta asequible para tratar a 
sus pacientes. 
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Según la teoría del Síndrome de Miositis Tensional (SMT) del doctor 
estadounidense  John Sarno, y las experiencias del fallecido Profesor 
Eshel Ben-Jacob y el Doctor Shai Efrati de la Escuela de Neurociencia 
de la UTA en 2012 (Universidad de Tel Aviv) y confirmado por otras 
investigaciones en el mundo tal como la de Cuba (Hospital 
universitario clínico quirúrgico Comandante Manuel Fajardo 
igualmente en 2012) y numerosos estudios menos conocidos, 

podemos afirmar que el oxígeno alivia la fibromialgia. 

 

Teoría de la isquemia  

 
“La causa directa del dolor en la fibromialgia, es una falta local de 
oxígeno en músculos y a veces también en tendones y nervios en 
varias partes del cuerpo. Aunque en menor grado, también es 
responsable del dolor la acumulación de sustancias de desecho del 
metabolismo celular, como por ejemplo ácido láctico. Esta falta de 
oxígeno y acumulación de sustancias se produce a causa de un 
insuficiente aporte de sangre a estos tejidos; que está causado a su 
vez por la constricción de vasos sanguíneos. 
(…) 

Muchos estudios* han confirmado esta falta de oxígeno 
en las zonas afectadas por el dolor.”  

“La causa directa del dolor en la fibromialgia se origina en el cerebro, 
mediante el Sistema Nervioso Autónomo, el cual hace que se 
contraigan determinados vasos sanguíneos del cuerpo que a su vez 
causan que pase menos sangre a través de ellos, lo que produce una 
disminución del aporte sanguíneo y por tanto de oxígeno a 
determinadas partes del cuerpo. De eso sale una isquemia. Esta falta 
de oxígeno también puede producir contracturas musculares, 
tendinitis y neuritis; y la acumulación de sustancias de desecho como 
ácido láctico, que a su vez, también pueden originar dolor. 

Paralelamente, el Sistema Nervioso Autónomo, produce una 
alteración en los niveles de neurotransmisores del cerebro; y una 
hipersensibilización de neuronas en el cerebro, lo que aumenta 
todavía más la intensidad de cualquier estímulo doloroso.  

La naturaleza química del dolor (falta de oxígeno en determinados 
tejidos del cuerpo) explica el hecho de que el dolor sea tan intenso y 
a la vez que no se detecten anomalías estructurales en las pruebas 
diagnósticas de estos pacientes. Es más, esta teoría pone de 
manifiesto que los pacientes no exageran sus dolores, sino que estos 
son extremadamente intensos aunque no se detecten anormalidades 
en las pruebas diagnósticas que se realizan a los pacientes.”  

Dr John Sarno,  

 

*presentamos unos de los estudios 

científicos más referenciados 
en las páginas siguientes.  

Dr John Sarno 
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Teoría de la isquemia 

“Todos respiramos, mas no todos nos oxigenamos 

adecuadamente…” 
María Melania Gomero Pfennig 

 

María Melania Gomero Pfennig (Perú) 

ALEGRÍA DE VIVIR vs FIBROMIALGIA - Guía preventiva y curativa 

CAPITULO III. CAMINO HACIA LA TRANSFORMACIÓN – CURACIÓN, p85 

 

Esta fórmula insista sobre la importancia que el oxígeno tiene en el 

tratamiento de la fibromialgia. 

Existen varias terapias naturales cuyo objetivo de aprender a respirar 

mejor para captar más oxígeno (como Pranayama). Sin embargo, si 

existen faltas locales de oxígeno en tejidos del cuerpo de los 

afectados, es porque faltan capilares y vasos sanguíneos que con el 

tiempo, y todo lo que asimilamos (contaminación, mala comida, 

alcohol, humo, medicamentos… pero también por efecto del estrés) 

se obstruyen y se alteran. Para reconstruirlos se necesita una 

angiogénesis (producción de nuevos vasos sanguíneos) que la 

oxigenoterapia hiperbárica provoca naturalmente. 

En las siguientes paginas analizamos con publicaciones oficiales de 

científicos el por qué el oxígeno es tan importante.  
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Teoría de la isquemia 

Aquí presentamos 3 investigaciones científicas que han confirmado 

la falta de oxígeno en los puntos gatillo de afectados de fibromialgia. 
Quien toma tiempo encontrara mucho más estudios disponibles en internet. 

1. British Journal of Rheumatology (Oxford), 2000 

Microcirculación y temperatura anormales en la piel por encima de 
los puntos sensibles en pacientes con fibromialgia. 

 

 

 

 

p.917 

 

p. 920 

 

 

 

 

 

 

 

 

“Los resultados de este estudio respaldan que el dolor local 

en la fibromialgia está relacionado con la hipoxia temporal” 

  

Referencia a los 2 otros 

estudios que se pueden ver a 

continuación.  

El estudio de Fassbender no se 

encuentra disponible en internet  
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2. Official Journal of the American Rheumatism Association, 2000 

Niveles reducidos de fosfato de alta energía en los musculos 
dolorosos de pacientes con fibromialgia primaria. 

 

 

 

 

 

 

 

 

“Como se mencionó anteriormente, existe evidencia de la distribución 
patológica de la oxigenación de la superficie muscular en el músculo de 
pacientes con Fibromialgia Primaria (4). Las mediciones se realizaron in vivo 
con un electrodo de oxígeno colocado en la superficie del músculo sobre los 
puntos de activación del trapecio y los músculos braquiorradiales.  

Se encontró una tensión anormal de oxígeno muscular,  
que indica una perfusión capilar irregular, en todos los pacientes con 
Fibromialgia Primaria, en comparación con los resultados de las mismas 
pruebas en controles sanos. La causa de esta hipoxia relativa, sin embargo, 
es desconocida.” 
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3. Scandinavian Journal of Rheumatology (1986) 

Presión de oxígeno del tejido muscular en la fibromialgia primaria 

Los puntos gatillo en el músculo dolorido son un signo característico en 

pacientes con fibromialgia primaria. El electrodo de oxígeno MDO se usó 

para evaluar la oxigenación en el tejido subcutáneo y en los puntos gatillo 

en los músculos trapecio y braquiorradiales. Diez pacientes y 8 controles 

normales fueron estudiados. Los resultados en los pacientes fueron 

anormales, con histogramas dispersos o en pendiente de slalom, indicando 

una baja oxigenación tisular. Los controles fueron normales, excepto en un 

caso. La conclusión es que en pacientes con fibromialgia primaria, la 

oxigenación muscular es anormal o baja, al menos en el área del punto 

gatillo de los músculos. 

“Para concluir, hemos encontrado evidencia de oxigenación tisular 

anormal en el músculo con puntos gatillo en pacientes con Fibromialgia 

Primaria medido con el electrodo de oxígeno MDO. Los estudios que 

emplean técnicas modernas para dilucidar el estado metabólico del tejido 

de los puntos desencadenantes pueden confirmar estos hallazgos.” 
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Teoría de la disfunción mitocondrial y estrés oxidativo 

https://fibromialgiamelilla.wordpress.com/2012/10/31/el-dano-
mitocondrial-como-origen-de-la-inflamacion-en-la-fibromialgia/ 

 

El Doctor Mario Cordero ha investigado mucho sobre la implicación 
del estrés oxidativo en la fibromialgia. Nos deja muchos estudios y 
publicaciones. Aquí les enseñamos algunas referencias. 

https://investigacion.us.es/sisius/sis_showpub.php?idpers=19424 

 

 

A continuación 3 de sus 
publicaciones destacan la 
implicación del estrés oxidativo 
en la patología de la 
fibromialgia. Su acción en el 
daño mitocondrial y la 
necesidad de un tratamiento 
antioxidante.  

https://investigacion.us.es/sisius/sis_showpub.php?idpers=19424
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Teoría de la disfunción mitocondrial y estrés oxidativo 

Publicaciones científicas de Mario D. Cordero 

 

1. Plos One, October 2011 | Volume 6 | Issue 10 | e26915 

Los síntomas clínicos en la fibromialgia están mejor asociados a los 

niveles de peroxidación lipídica en las células mononucleares 

sanguíneas que en el plasma. 

 

 

 

 

 

 

“(…) Finalmente, los resultados de este estudio indican que el estrés 

oxidativo podría estar implicado en la gravedad de los 

síntomas clínicos en Fibromialgia y sugieren que la terapia 

antioxidante debe ser examinada como un tratamiento en 

fibromialgia.” 
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2.  Arthritis Research & Therapy, Sevilla,  2010 12:R17 

Disfunción mitocondrial y activación de la mitofagia en células 
mononucleares sanguíneas de pacientes con fibromialgia: 
implicaciones en la patogenia de la enfermedad 

INTRODUCCIÓN: La fibromialgia es un síndrome de dolor crónico con etiología 
desconocida. Estudios recientes han mostrado algunas pruebas que demuestran 
que el estrés oxidativo puede tener un papel en la fisiopatología de la fibromialgia. 
Sin embargo, todavía no está claro si el estrés oxidativo es la causa o el efecto de 
las anomalías documentadas en la fibromialgia. Además, el papel de las 
mitocondrias en el desequilibrio redox informado en la fibromialgia también es 
controvertido. Llevamos a cabo este estudio para investigar el papel de la 
disfunción mitocondrial, el estrés oxidativo y la mitofagia en la fibromialgia . 

MÉTODOS: Se estudiaron 20 pacientes (2 hombres, 18 pacientes mujeres) de la base 
de datos de la Asociación de Fibromialgia de Sevilla y 10 controles sanos. 
Evaluamos la función mitocondrial en células mononucleares sanguíneas de 
pacientes con fibromialgia midiendo, niveles de coenzima Q10 con cromatografía 
líquida de alta resolución (HPLC) y potencial de membrana mitocondrial con 
citometría de flujo. El estrés oxidativo se determinó midiendo la producción de 
superóxido mitocondrial con MitoSOX y peroxidación lipídica en células 
mononucleares sanguíneas y plasma de pacientes con fibromialgia. La activación de 
la autofagia se evaluó mediante la cuantificación de la intensidad de fluorescencia 
de la tinción con rojo LysoTracker de las células mononucleares sanguíneas. La 
mitofagia se confirmó midiendo la actividad citrato sintasa y el examen con 
microscopio electrónico de células mononucleares sanguíneas. 

RESULTADOS: Encontramos niveles reducidos de coenzima Q10, disminución del 
potencial de membrana mitocondrial, aumento de los niveles de superóxido 
mitocondrial en células mononucleares sanguíneas y aumento de los niveles de 
peroxidación lipídica tanto en células mononucleares sanguíneas como en plasma 
de pacientes con fibromialgia. La disfunción mitocondrial también se asoció con una 
mayor expresión de genes autofágicos y la eliminación de mitocondrias 
disfuncionales con mitofagia. 

CONCLUSIONES: Estos hallazgos pueden apoyar el papel del estrés 
oxidativo y la mitofagia en la fisiopatología de la fibromialgia. 
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3. Antioxidants & Redox Signaling, March 2013 

¿Puede la coenzima Q10 mejorar los parámetros clínicos y 

moleculares en la fibromialgia? 

 

La Coenzyme Q10 es un antioxidante presente en la mitocondria. 

Es un componente de la cadena de transporte de electrones y 

participa en la respiración celular aeróbica, generando energía en 

forma de ATP. Tanto la deficiencia de la coenzima Q10 (CoQ10) como 

la disfunción mitocondrial han sido implicadas en la fisiopatología de 

la fibromialgia. 

En este estudio han investigado el efecto de la administración de 

suplementos de CoQ10. 

“Comparado con el grupo placebo, se observó una mejora en los 

síntomas clínicos en el grupo CoQ10, que muestra una reducción de 

aproximadamente 52% en comparación con el pretratamiento en el 

FIQ (cuestionario de impacto de fibromialgia) y una reducción más 

prominente del dolor (52%), fatiga (47%) y cansancio matutino (44%) 

subescalas de FIQ. Además, observamos una reducción importante en 

la escala visual del dolor en el grupo CoQ10 sobre el grupo placebo 

(56%) y una reducción en los puntos sensibles (44%). Sin embargo, no 

observamos cambios significativos en la calidad del sueño, evaluados 

por PSQI. No se observaron o informaron efectos adversos por parte 

de los pacientes.” 

“Estos resultados conducen a la hipótesis de que CoQ10 tiene un 

efecto terapéutico potencial en la fibromialgia, e indican nuevos 

objetivos moleculares potenciales para la terapia de esta 

enfermedad.” 
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4. Biochimica et Biophysica Acta,  

Volume 1852, Issue 7, July 2015, Pages 1257-1267 

La metformina y la restricción calórica inducen una restauración 

dependiente de AMPK de la disfunción mitocondrial en fibroblastos de 

pacientes con fibromialgia 

 
En esta publicación lo que se ve interesante son los siguientes 
gráficos comparando la tasa de consumo de oxígeno de una persona 
sana (control) y con 3 afectados de fibromialgia (FM1-3) : 
 
“A continuación, investigamos la función mitocondrial midiendo los 
valores de OCR en control y fibroblastos FM, expuestos 
secuencialmente a cada uno de los cuatro moduladores de la 
fosforilación oxidativa (OXPHOS): oligomicina (un inhibidor de F1Fo-
ATPasa o complejo V), 2,4-DNP (desacoplamiento de la cadena de 
transporte de electrones OXPHOS) y antimicina / rotenona 
(inhibidores del complejo I y III, respectivamente) (fig.A). 
El OCR basal se vio notablemente afectado en fibroblastos de 
pacientes con FM en comparación con los controles (Fig.B). 
La capacidad respiratoria adicional (SRC) de las células se obtuvo 
calculando la media de los valores de OCR después de la inyección de 
2,4-DNP menos la respiración basal y podría usarse como un 
indicador de qué tan cerca está funcionando una célula hasta su 
límite bioenergético. Los fibroblastos de pacientes con fibromialgia 
mostraron una disminución significativa de SRC en comparación con 
las células control (Fig.C). 
Además, de forma similar a lo que se encontró previamente en los 
BMC, los fibroblastos FM también mostraron niveles de CoQ10 
disminuidos en comparación con los controles (Fig.D). 
El contenido de CoQ10 de los fibroblastos del paciente 1 se redujo en 
un 70%, del paciente 2 en un 78% y del paciente 3 en un 82%. Los 
fibroblastos FM también tenían un número menor de mitocondrias; 
medimos el contenido de mtDNA y lo comparamos con los valores de 
control.” 
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(A) Se controló el OCR usando el analizador de flujo extracelular Seahorse 
XF-24 con la inyección secuencial de oligomicina (1μg/ml), 2,4-DNP 
(100μM), rotenona (1 μM) y en el punto de tiempo indicado. 

 
 
 
 
 
(B). El OCR basal se vio 
notablemente afectado en las 
células de FM en comparación 
con el control. 

 
 

 
 
(C) La capacidad respiratoria 
de repuesto (SRC) de los 
fibroblastos de FM mostró una 
disminución significativa con 
respecto a los fibroblastos de 
control. 

 
 

 
 
 
 
 
 
(D) CoQ10 levels in control and 
FM cells. 
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Oxigenoterapia hiperbárica 
Experimentación en el mundo 

 “A pesar de que algunos médicos están en desacuerdo con el uso de esta 
cámara para curar la fibromialgia, me parece que debo informarles acerca 
de ella, y para que cuando lean en el capítulo III, “oxigenación” comprendan 
mejor como la cantidad de oxígeno en cada célula de nuestro cuerpo es vital 
para la cura de esta enfermedad. Las cámaras de oxígeno hiperbárico se 
utilizan en muchos países para el tratamiento de pacientes con embolias, 
quemaduras, intoxicación por monóxido de carbono y el síndrome de 
descompresión. Ahora, un estudio de la Universidad de Tel Aviv muestra 
que los tratamientos de oxígeno puro a alta presión también son útiles para 
las personas que sufren de fibromialgia, enfermedad que afecta a uno de 
cada 70 estadounidenses, la mayoría mujeres. Con oxígeno se reduce o 
elimina la necesidad de medicación. 

Israel, Tel Aviv. 

PLOS ONE (May 2015),  

DOI:10.1371/journal.pone.0127012 

La terapia con oxígeno hiperbárico puede disminuir el síndrome de 
fibromialgia: ensayo clínico prospectivo 

“El estudio publicado recientemente en la revista PLOS ONE, describe cómo 
los investigadores fueron capaces de cartografiar las regiones del cerebro 
que funcionan mal por el síndrome, y utilizaron el tratamiento con oxígeno 
hiperbárico para reducir drásticamente o incluso eliminar, la necesidad de 
medicamentos para el dolor. El éxito del tratamiento permitió a los 
pacientes reducir drásticamente o eliminar el uso de medicamentos para 
el dolor. “La ingesta de los medicamentos alivia el dolor, pero no revierte la 
condición, lo que sí lograron los tratamientos de oxígeno hiperbárico”, dijo 
Efrati, quien añadió que los resultados son lo suficientemente importantes 
como para justificar un mayor estudio. “Los tratamientos de oxígeno 
hiperbárico están diseñados para hacer frente a la causa real de la 
fibromialgia – la patología del cerebro responsable del síndrome”, explicó 
Efrati. “Esto significa que la reparación del cerebro, incluyendo la 
regeneración neuronal, es posible incluso para síndromes de dolor de larga 
duración”. 

  

Comentarios de  
Ma Melania Gomero Pfennig en su  

ALEGRÍA DE VIVIR vs FIBROMIALGIA 
Guía preventiva y curativa 

(Perú - 2017) 
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Oxigenoterapia hiperbárica 
Experimentación en el mundo 

Cuba. 

Revista Cubana de Reumatología,  

Volumen XVI Número 20, 2012 ISSN: 1817-5996 

Eficacia del tratamiento con cámara hiperbárica en pacientes con 
diagnóstico de Fibromialgia  

“En la Fibromialgia, el estrés oxidativo es relevante en su fisiopatología. La 
Medicina Hiperbárica produce hiperoxia, disminuyendo las especies 
reactivas del oxígeno. Se realizó una investigación para evaluar  eficacia del  
tratamiento con cámara hiperbárica en pacientes con  Fibromialgia, tipo  
ensayo clínico piloto, utilizando  métodos clínicos y epidemiológicos,  corte 
longitudinal, tiempo prospectivo desde enero 2011 a julio 2012.  

Se incluyeron  20 pacientes tratados con cámara hiperbárica en tres ciclos, 
de 10 sesiones, cada tres meses. Se evaluó  calidad mediante el test 
Fibromyalgia Impact Questionnaire (FIQ) y se buscó la aparición de eventos 
adversos.  

El grupo etario con mayor prevalencia de fibromialgia fue  40 - 49 años, 
relación  favorable al sexo femenino (...).  

El 90 % tuvo  respuesta satisfactoria al tratamiento.  

No se reportó  Toxicidad. 

Concluimos el estudio respalda  usar  cámara hiperbárica en el tratamiento 
de Fibromialgia.”  

En este ejemplo, el dolor ha pasado de 81% a 33% (FIQ) 
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Oxigenoterapia hiperbárica 
Experimentación en el mundo 

Turquía. 

The Journal of International Medical Research, 32(3):263-7 · 2004 

Una nueva modalidad de tratamiento para el síndrome de 
fibromialgia: terapia de oxígeno hiperbárico 

“Hubo 26 pacientes (17 mujeres, 9 hombres, edad media de 40.46 ± 4.79 

años) en el grupo HBO y 24 (18 mujeres, seis hombres, edad media 39.88 ± 

4.71 años) en el grupo de control. (…) En el grupo HBO hubo una diferencia 

estadísticamente significativa entre los resultados de todos los parámetros 

después de la primera y la decimoquinta sesiones.” 

“(…) Creemos que la terapia con HBO puede ser efectiva para tratar 

pacientes con fibromialgia debido al efecto decreciente del óxido nítrico.” 

“En la experiencia clínica, la terapia HBO a menudo estimula la producción 

de tejido de granulación rojo que consiste principalmente en nuevos vasos 

sanguíneos y la matriz colágena de soporte. La concentración del factor de 

crecimiento endotelial vascular (VEGF) aumenta significativamente con 

HBO. Si la concentración de VEGF responde directamente a la hiperoxia, es 

posible que el VEGF estimule la angiogénesis. Esta es otra razón por la cual 

la terapia HBO puede ser efectiva en fibromialgia y puede jugar un papel 

importante en su manejo.”  
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SON NUMEROSOS LOS ARTICULOS CIENTIFICOS 

QUE RESPALDAN LAS TEORIAS EN FAVOR DE LA 

OXIGENOTERAPIA HIPERBARICA. 
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Cámaras hiperbáricas presión baja (1.3ATA) 

Según el siguiente artículo 

canadiense traducido aquí 

por partes, los benéficos 

de nuestras cámaras 

hiperbáricas son muy 

efectivos y demostrados 

en varias partes del 

mundo.  

Primero recordamos lo que es la medicina hiperbárica.  

 (...) Esta terapia consiste en administrar oxígeno 100% enriquecido en 
oxígeno a una persona colocada en una cámara hiperbárica rígida, 
típicamente presurizada entre 2 y 2,5 ATA, o hasta dos veces y media la 
presión atmosférico normal a nivel del mar. 
Sin embargo, algunas investigaciones científicas también han demostrado 
la efectividad de TOHB (oxigenoterapia hiperbárica) a presiones más bajas. 

Hugues Pascis, el fundador canadiense de la Compagnie Hyper Santé (Saint-
Jérôme, Canada) se convirtió en el primer canadiense en importar, alquilar 

y vender cámaras hiperbáricas portátiles. 

[En estas cámaras,] el paciente recibe oxígeno a través de la nariz a través 
de una cánula alimentada por un concentrador de oxígeno. "En la capsula, 
la concentración de oxígeno en el aire se eleva al 30%, que normalmente es 
del 21%, y se aplica una presión de 1,3 ATA. Esto es equivalente a bucear 
cerca de 4 metros de profundidad, que sin embargo son hasta 50 metros 
(3.5 ATA) para tratamiento hiperbárico en el hospital. 

Hacemos la homeopatía de la medicina hiperbárica ", explica Pascis. 

Los beneficios de estas capsulas, cuya presión no puede exceder 1.3 ATA, 
nunca han sido atestiguadas en una revista científica. Sin embargo, este 
técnico de baja presión OHB ha ayudado a mejorar la condición de miles de 

personas con fibromialgia, esclerosis múltiple, conmociones cerebrales, 
derrames cerebrales y autismo. "Esto demuestra sin lugar a dudas la 
necesidad de oxigenar nuestro cerebro, es el regulador de todas nuestras 
condiciones físicas y psicológicas.” El número de sesiones requeridas para 
lograr efectos permanentes varía de un individuo a otro, pero Pascis dice 
que se necesitan al menos 40 para tratar casos graves. 

Nos recuerda también que el oxígeno es la molécula en la base de la vida. 
"Bajo presión, ingresa a los fluidos corporales y desintoxica y regenera todas 
las células de todos los tejidos y órganos. Esta es la LEY DE HENRY formulada 
en 1803: "A temperatura y equilibrio constantes, la cantidad de gas 
disuelto en un líquido es proporcional a la presión parcial ejercida por este 
gas sobre el líquido". 
Él agrega que el oxígeno presurizado ayuda a neutralizar los radicales libres 
que causan el envejecimiento prematuro, ya que el óxido oxida el metal. 
"A los metales pesados les gusta esconderse en el cerebro donde interfieren 
con la transmisión neuronal", dice Hugues Pascis. Sin embargo, el aumento 
de oxígeno en los tejidos genera una mayor desintoxicación de los metales 
pesados, que es esencial para el buen funcionamiento de todas las células 
que componen los tejidos del cuerpo. ". 

https://maisonsaine.ca/sante-et-
securite/loxygenotherapie-hyperbare-

nouvelle-arme-contre-les-maladies-
neurologiques-et-

environnementales.html 
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Antes de todo, es importante saber que el uso de cámaras hiperbáricas  
puede ser médico o no. 

Según lo especificado por la UHMS (Undersea and Hyperbaric Medical 
Society), principal referente mundial en medicina hiperbárica, la medicina 
hiperbárica es el uso médico del oxígeno puro al 100% en una cámara 
presurizada, llamada cámara hiperbárica, a presiones de 1.4 a 2.5ATA 
(atmósferas absolutas). 

Bajo estos límites estamos en el mundo del bienestar general, la mejora del 
cuerpo, el alivio de dolores e inflamaciones y la prevención de enfermedad. 

Es el conjunto de la alta dosis de oxígeno y de la  presión superior a la 
presión atmosférica que provoca el tratamiento de oxigenoterapia. 

Nuestras cámaras hiperbáricas suben a una presión fija de 1.3 ATA con 97% 
de oxígeno lo que ya permite que este sea asimilado en los líquidos 
corporales y constituir así una reserva que ayudará a mejorar el cuerpo en 
todos los aspectos (salud, belleza, deporte). 

Sin embargo como lo confirma la experiencia del Doctor Hugues Pascis, 
nuestras cámaras son una herramienta posible para el uso médico 
(autismo, migrañas, fibromialgia, recuperación de lesión, recuperación 
post-operatorio, cicatrización, desinflamación, dolores…).  

El modelo de cámara hiperbárica de DeltaO2 es hinchable diseñado para ser 
fácilmente transportable. Dispone de un compresor (para ponerla en 
presión) y de un concentrador de oxígeno (que concentra el oxígeno del 
local para mandarlo a la persona vía gafas de oxígeno). 

Las cámaras hiperbáricas de DeltaO2 responden a todas las normas 
europeas y son consideradas como válidas como material médico (aunque 
no se usa como tal en nuestro centro). 

A este nivel de presión está permitido entrar en ellas con móvil, tableta y 
ordenador portátil con la conexión WIFI que ponemos a disposición. Lo que 
permite a alguno seguir trabajando durante el tiempo de la sesión, o 
conectarse en internet, escuchar su propia música y ver películas. 

Por un lado vendemos sesiones con bonos adaptados según el uso y 
objetivos.  

Por otro lado, vendemos las cámaras hiperbáricas a los profesionales de la 
salud, centros deportivos y de bienestar así que los particulares. 

Los dos modelos de cámaras 

hiperbáricas a 1.3 ATA de DeltaO2 
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Abnormal microcirculation and temperature in
skin above tender points in patients with
fibromyalgia
M. Jeschonneck1 , G. Grohmann2 , G. Hein and H. Sprott1,3
1Department of Internal Medicine IV and 2Department of Internal Medicine III,
Friedrich Schiller University, Jena, Germany and 3Department of Rheumatology
and Institute of Physical Medicine, University Hospital, Zürich, Switzerland

Abstract
Objective. Skin temperature and skin blood flow were studied above different tender points

in 20 patients with fibromyalgia (FM ) and 20 healthy controls.
Methods. Blood flow was measured by laser Doppler flowmetry and skin temperature was

measured with an infrared thermometer.
Results. In the skin above the five tender points examined in each subject, we found an

increased concentration of erythrocytes, decreased erythrocyte velocity and a consequent
decrease in the flux of erythrocytes. A decrease in temperature was recorded above four of the
five tender points.

Conclusion. Vasoconstriction occurs in the skin above tender points in FM patients,
supporting the hypothesis that FM is related to local hypoxia in the skin above tender points.

K : Fibromyalgia, Skin blood flow, Laser flowmetry, Temperature, Algometry.

Fibromyalgia (FM ) is one of the most frequent rheum- tenderness and local blood flow in the skin above defined
tender points determined by the Doppler method.atological diseases and one of the most controversial

diagnoses in the field of rheumatology [1]. FM has a
prevalence of 1–3% and occurs predominantly in
females, commonly between the ages of 40 and 50 yr Patients and methods
[2, 3].

Twenty FM patients (18 female, two male) with a meanThe aetiopathology of FM is still unknown. Several
age of 46± 2.5 (...) yr (range 23–67 yr) were includedfactors are thought to interact: muscle overload, bad
in this study. They had presented symptoms for anposture of the spine [4], disturbed sleep [5], psychogenic
average of 4± 1.1 yr (range 1–30 yr). The gender-factors [6 ], local hypoxia [7, 8] and reduced levels of
matched control group (mean age 46± 4.4 yr, rangehigh-energy phosphate [9].
23–66 yr) consisted of 20 persons with no symptoms ofIn 1973, Fassbender et al. [7] published a morpholo-
muscular disease. The diagnosis of FM was based ongical study of FM and hypothesized that local hypoxia
the modified criteria of Müller [1] and the ACR criteriacauses degenerative changes in the muscle. In 1986, this
[11]. The mean number of positive tender points in thehypothesis was supported by the findings of Bengtsson
FM group was 16.1± 0.6.et al. [9]. They reported decreased levels of adenosine

Five selected pairs of tender points in the FM patientdiphosphate and phosphoryl creatine together with
group and corresponding tender point locations in theincreased levels of adenosine monophosphate and creat-
control group were explored. Where data are given inine. Furthermore, they described discrete histopatholog-
this paper for a tender point, they refer to the averageical and histochemical changes in muscle biopsies [10].
of the bilateral pair of tender points. The tender pointsLund et al. [8] reported abnormal oxygen pressure at
were localized with reference to anatomical structures,the muscle surface above trigger points.
as defined in the criteria [1]. Other tender or controlHere, we describe changes in skin blood flow as
points were not considered in this study.revealed by the examination of skin temperature and

All subjects had abstained from physical therapy,
physical examination, vasoactive drugs and local vaso-
active substances for at least 24 h before the study.
The examination was performed at room temperatureSubmitted 17 June 1999; revised version accepted 3 March 2000.
(24°C ).Correspondence to: H. Sprott, Department of Rheumatology and

The blood flow in the skin above the defined tenderInstitute of Physical Medicine, University Hospital Zürich,
Gloriastrasse 25, CH-8091 Zürich, Switzerland. points [trapezius, erector trunci (additional tender point

© 2000 British Society for Rheumatology917
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by Müller [1]), greater trochanter, knees and lateral tender points examined in FM subjects compared with
controls; the difference was least at the lateral epicondyleepicondyle] was measured with a laser blood-flow mon-

itor (MBF 3D; Moor Instruments, Axminister, UK). (34%; 11.3 AU for FM patients vs 17.1 AU for controls;
P< 0.0001) and greatest at the erector trunci (43%;Laser Doppler flowmetry provides simple, non-invasive,

real-time measurement of local blood flow. It makes use 12.7 vs 22.2 AU; P< 0.0001) (Table 2). The calculated
flux was lower in the skin above all tender points in FMof the Doppler shift of laser light; moving blood cells

reflect the light, resulting in a frequency shift, the patients than in controls. The difference in flux was least
above the lateral epicondyle (17%; 22.0 AU for FMamount of shift depending on the speed of the cells. The

power spectrum density of the beat notes is determined patients vs 26.4 AU for controls; P= 0.0212). The
largest difference was found above the erector trunciby the concentration of red blood cells [12]. The erythro-

cyte concentration, the relative mean erythrocyte speed tender point, where the flux was reduced by 39%
(25.2 vs 41.7 AU; P< 0.0001) (Table 3).and the mean of the resulting erythrocyte flux can then

be displayed in arbitrary units (AU ). The data were Surface skin temperature at four of the tender points
was lower in FM patients than in controls (Table 4).stored automatically for later analysis. The MBF 3D

monitor used a solid-state laser diode as the laser light The decrease was least at the greater trochanter (0.5°C;
32.4 vs 32.9°C; P= 0.0857) and greatest at the lateralsource, and the emitted frequency was between 780 and

810 nm. Two glass fibres were used to transmit the laser epicondyle (1.2°C; 32.2 vs 33.4°C; P< 0.0001). The skin
temperature at the knees was 0.3°C higher in FMlight to the tissue and to collect the reflected light for

detection by the MBF 3D monitor [13]. The area patients (31.7°C) than in controls (31.4°C ) (P= 0.4791)
(Table 4).examined was approximately 2 mm2. The penetration

depth of the laser was 1 mm [14]. The algometry results showed significantly lower pain
thresholds at all five tender points in the patient groupSkin temperature above defined tender points was

measured using an infra-red thermometer (Ther than in the controls (Table 5).
Monitor C-1600 M; Linear Laboratories, Fremont,
California, USA). This thermometer was calibrated in Discussion
increments of 0.1°C. The distance between the probe
and the tender point was 1 cm. The temperature was The main symptoms in FM are muscle pain and ten-

derness, which are difficult to measure. Until now theredisplayed digitally.
At the end of the examination, the pressure tolerance have been no objective parameters to support the dia-

of the different tender points was measured with a pain
pressure algometer [15]. The top of the algometer was T 2. Relative erythrocyte speed (AU; mean± ...) in the skin
placed on the tender point and the pressure was above tender points in FM patients and controls
increased until the patient confirmed pain [16, 17].

Tender point Controls FM SignificanceStatistics were scored using SPSS 7.2 for Windows.
Differences between FM patients and controls were

Trapezius 25.0± 1.3 15.3± 1.2 P< 0.0001
tested for significance by the Mann–Whitney U-test for Erector trunci 22.2± 1.7 12.7± 1.0 P< 0.0001
unpaired samples. A P value of <0.05 was considered Greater trochanter 17.1± 1.4 11.0± 1.1 P= 0.0005

Lateral epicondyle 17.1± 1.2 11.3± 0.9 P< 0.0001significant.
Knees 16.5± 0.8 9.8± 0.8 P< 0.0001

Results
T 3. Relative erythrocyte flux (AU; mean± ...) in the skinSignificant differences were found between FM patients
above tender points in FM patient and controlsand controls in laser Doppler flowmetry. The erythrocyte

concentration was higher in the skin above all measured Tender point Controls FM Significance
tender points in FM patients than in the healthy con-

Trapezius 58.9± 3.3 36.8± 2.7 P< 0.0001trols. A significant increase in concentration of 33% was
Erector trunci 41.7± 1.9 25.2± 1.8 P< 0.0001found at the lateral epicondyle (121.8 AU for FM
Greater trochanter 34.0± 2.9 21.2± 1.9 P< 0.0001

patients vs 91.2 AU for controls; P= 0.0032) and of Lateral epicondyle 26.4± 1.7 22.0± 1.4 P= 0.0212
56% at the knees (92.8 vs 59.4 AU, P= 0.0002) (Table Knees 17.8± 0.7 14.4± 1.1 P= 0.0002
1). Erythrocyte speed was lower in the skin above all

T 1. Relative erythrocyte concentration (AU; mean± ...) in T 4. Skin temperature (°C; mean± ...) above tender points
in FM patients and controlsthe skin above tender points in FM patients and controls

Tender point Controls FM SignificanceTender point Controls FM Significance

Trapezius 34.8± 0.1 33.8± 0.2 P< 0.0001Trapezius 129.6± 6.7 147.0± 14.2 P= 0.8625
Erector trunci 126.4± 14.4 138.9± 13.5 P= 0.3287 Erector trunci 34.7± 0.1 34.1± 0.2 P= 0.0195

Greater trochanter 32.9± 0.2 32.4± 0.2 P= 0.0857Greater trochanter 117.9± 8.8 126.8± 8.2 P= 0.2385
Lateral epicondyle 91.2± 5.8 121.8± 9.4 P= 0.0032 Lateral epicondyle 33.4± 0.1 32.2± 0.2 P< 0.0001

Knees 31.4± 0.2 31.7± 0.2 P= 0.4791Knees 59.4± 2.8 92.8± 8.2 P= 0.0002
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T 5. Algometry (kP/1.47 cm2; mean± ...) at tender points in (Mehrdraht Dortmund Oberfläche) oxygen electrode. It
FM patients (FM) and controls was placed on the surfaces of the trapezius and the

brachioradialis muscles. Abnormally low oxygen tensionTender point Controls FM Significance
was found in all FM patients [8].

Trapezius 5.5± 0.4 2.1± 0.1 P< 0.0001 Our results are also in accordance with the findings
Erector trunci 7.1± 0.3 1.9± 0.1 P< 0.0001 of other investigators: in chronic trapezius myalgia,
Greater trochanter 7.1± 0.3 2.3± 0.1 P< 0.0001 Larsson et al. [20] found a correlation between painLateral epicondyle 4.9± 0.3 1.7± 0.1 P< 0.0001

and reduced blood flow, supporting the hypothesis thatKnees 7.0± 0.3 1.6± 0.1 P< 0.0001
local muscle pain is related to local temporary hypoxia.
In a group of patients with FM, Vaeroy et al. [21]
recorded low levels of blood flow in the skin. Reducedgnosis of FM. One reason is that the cause and patho-

genesis of FM are as yet unknown. blood flow in FM has also been recorded by Bennett
et al. [22] and Bäckman et al. [23].Studies of the pathogenesis of FM have been concen-

trated mainly in six areas: (i) muscular and microcircula- Correlation of muscle blood flow with decreased levels
of ATP, ADP and PC and an increase in creatinine hastory changes; (ii) changes in serotonin metabolism; (iii)

neuroendocrinological changes; (iv) changes in function been shown in other diseases, including rheumatoid
arthritis (RA). Oka et al. [24] recorded reduced muscleof the autonomic nervous system; (v) sleep disturbances;

and (vi) psychological and psychiatric aberrations [18]. blood flow in RA patients. Nordemar et al. [25] found
decreased levels of ATP, ADP and PC and increasedOur hypothesis is that FM originates in muscular and

microcirculatory disturbances. The aim of this study creatinine levels in RA patients.
What is the reason for this reduced blood flow?was to provide evidence for changes in skin blood flow

above defined tender points. Our study showed a higher Frödin et al. [26 ] examined nail-fold capillary morpho-
logy and blood flow in FM patients and found onlyerythrocyte concentration, decreased erythrocyte speed

and decreased flux of erythrocytes in the skin and lower slight morphological abnormalities. This suggests that
capillary abnormalities are not a prominent feature inskin temperature above the tender points in FM patients

than in healthy controls. The pain at the tender points FM. The disturbed microcirculation in FM may be due
to abnormal regulation of capillary blood flow ratherin FM patients correlated with the measured reduction in

local blood flow. We conclude that blood flow is than morphological changes in the capillaries [26 ].
Another reason could be vasoconstriction of unknowndisturbed, i.e. reduced, in the skin above the tender

points we examined in the muscle of FM patients. This pathophysiology. The regulation of the microcirculation
is controlled by local metabolic factors, by sympatheticmay result in an imbalance between oxygen supply and

demand. Local hypoxia and a decrease in the concentra- nervous activity and by hormonal factors [27].
The importance of sympathetic nervous activity intion of high-energy phosphate occur, and morphological

changes will result, as described by the following patients with FM is illustrated by the findings of the
following authors: Bäckman et al. [23] found a lowerauthors: Fassbender and Wegner [7] examined muscle

biopsies from FM patients and reported step-wise hand-grip strength in FM patients than in controls
before and after sympathetic blockade. A lower muscledestruction of myofilaments and swollen endothelial

cells. These changes are probably associated with the relaxation rate was found in FM patients. The relaxation
rate increased in patients during the sympathetic block-relative hypoxia of the muscle cells in FM patients. It

is not known whether the swollen endothelial cells are ade. The efficiency of stellate ganglion blockade was
evaluated by measuring skin blood flow, skin temper-causative or symptomatic of hypoxia. Bengtsson et al.

[10] found ‘moth-eaten’ fibres in biopsies taken from ature and skin conductance responses. Bengtsson and
Bengtsson [28] concluded that the reduction of painthe trapezius muscle and suggested that hypoxia may

have been the cause of this morphological finding. The and tender points by sympathetic blockade may have
been due to an improvement in microcirculation.change was not caused by a decrease in capillary density,

because the number of capillaries was the same in FM Furthermore, they hypothesized that sympathetic activ-
ity contributes to the pathogenesis of FM [28]. Bennettpatients and controls. The same investigators found

decreased levels of adenosine triphosphate (ATP), aden- et al. [22] found an increased density of a2 receptors in
FM patients, which predisposes them to cold and emo-osine diphosphate (ADP) and phosphoryl creatinine

(PC), together with increased levels of adenosine mono- tion-induced vasospasm. In the same study they
recorded decreased blood flow before the beginning ofphosphate and creatine. They described discrete changes

in muscle morphology and concluded that there were the test. Coffman and Cohen [29] reported that a2
receptors are predominant in the control of sympathetictwo possible explanations for these findings: (i) the

chemical changes were secondary to hypoxia; (ii) there vasoconstriction.
If the secretion of noradrenaline is stimulated maxim-is a metabolic change that leads either to a defect in the

synthesis of energy-rich phosphates or to increased ally, the blood flow through the muscle can decrease to
about 25% of the normal rate [28]. One reason for thisdegradation of these substances [9, 19]. Lund et al. [8]

found evidence of pathological distribution of muscle could be increased sympathetic nervous activity. It has
been shown that sympathetic nervous activity issurface oxygenation. The measurements of tissue oxy-

gen pressure fields were performed with an MDO increased during static muscle contraction [30].
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Vaeroy et al. [21] observed that the vasoconstrictor nervous system in the pathogenesis of pain in FM should
be considered.response to the cold pressure test in FM patients was

significantly lower than in controls. The possibility that
the basal sympathetic tone may be increased in the FM Acknowledgements
patients could not be excluded.
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REDUCED HIGH-ENERGY PHOSPHATE LEVELS IN 
THE PAINFUL MUSCLES OF PATIENTS WITH 

PRIMARY FIBROMYALGIA 

ANN BENGTSSON, K. G. HENRIKSSON, and JORGEN LARSSON 

Muscle energy metabolism was studied by chem- 
ical analysis of biopsy samples from: 1) trigger points in 
the trapezius muscle from 15 patients with primary 
fibromyalgia (PF), 2) nonpainful, anterior tibia1 muscle 
from 6 patients with PF, and 3) the trapezius muscle 
from 8 healthy controls. We found a decrease in the 
levels of adenosine triphosphate, adenosine diphos- 
phate, and phosphoryl creatine, and an increase in the 
levels of adenosine monophosphate and creatine, in the 
trapezius muscles from the patients. These findings 
support the notion that the pain in patients with PF is of 
muscular origin. 

Primary fibromyalgia (PF) is a nonarticular 
rheumatic disease that is characterized by chronic pain 
and stiffness in the skeletal muscles and in the joints, 
but without arthritic manifestations. The painful “trig- 
ger points” in muscles and tendon insertions are a 
typical feature (1 ) .  The cause of muscle pain and 
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fatigue in these patients has remained unknown. Sev- 
eral factors are thought to interact to produce the PF 
syndrome, e.g., muscle overload, disturbed sleep, and 
psychogenic factors, all of which cause muscle tension 
or spasm (2). 

In 1973, Fassbender and Wegner (3) published a 
morphologic study of PF. Electron microscopic exam- 
ination of the trapezius muscle had revealed swollen 
capillary endothelial cells, and the investigators hy- 
pothesized that local hypoxia caused degenerative 
changes in the muscles and was a predominant factor 
in the development of symptoms of the disease. Mea- 
surement of oxygenation in the muscles of PF patients, 
with a multipoint oxygen electrode placed on the mus- 
cle surface, has given further evidence for the exist- 
ence of abnormal oxygenation in these patients (4). 

Earlier studies of muscle energy metabolism 
have shown that there are significant metabolic 
changes in human muscles during ischemia (5-7): 
these include a decrease in adenosine triphosphate 
(ATP) and phosphoryl creatine (PC) and an increase in 
adenosine monophosphate (AMP) and creatine. If 
muscle hypoxia is an important factor in PF, similar 
changes in intermediary energy metabolism could occur. 

The aim of this study was to investigate energy 
metabolism by chemical analysis of muscle biopsy 
specimens taken from trigger points within the 
trapezius muscle of PF patients and to compare these 
findings with those of the same tests done on samples 
of PF patients’ muscles having no trigger points, 

Artliritis and Rheumatism, Vol. 29, No. 7 (July 1986) 

817 



BENGTSSON ET AL 

anterior tibial muscles, and trapezius muscles from 
heallthy volunteers. 

PATIENTS AND METHODS 
The study subjects were assigned into 3 groups. In 

group 1 ,  there were 15 patients (14 women, 1 man). Their 
mean age was 46 years (range 25-63). Their mean duration of 
PF symptoms was 6 years (range 1-12 years). These were 
the patients whose trapezius muscles were analyzed. Group 
2 included 6 women with PF. Their mean age was 45 years 
(range 31-53), and their mean duration of symptoms was 6.5 
years (range 3-12 years). We analyzed the anterior tibial 
muscles from this group. All patients had symptoms at the 
time of the study. All fulfilled the diagnostic criteria for PF as 
proposed by Yunus et a1 (1). 

Muscle biopsies were also taken from 8 healthy 
volunteers, who served as controls. There were 7 women 
and 1 man. Their median age was 40 years (range 2643).  

Blood samples were taken from all patients and were 
analyzed for erythrocyte sedimentation rate, blood cell 
counts, electrolyte levels, creatinine level, alanine amino- 
transferase value, aspartate aminotransferase value, creatine 
kinase level, thyroid function (thyroxine, triiodothyronine, 
T3 uptake, and thyroid stimulating hormone), and for the 
presence of rheumatoid factor (by latex fixation and Rose- 
Wader tests). 

Among the 15 patients in group 1, 5 were taking no 
medications and 10 patients were taking a nonsteroidal 
antiinflammatory drug (NSAID) (in most cases aspirin) or 
mild tramquilizers. Of the 6 patients in group 2, 5 were taking 
an NSAID. 

The biopsy samples from group 1 patients were taken 
from a trigger point area in the upper part of the trapezius 
muscle. Two of the patients were biopsied twice; 1 sample 
was from the trigger point area, and 1 was from an area 
outside that of the trigger point. For ethical reasons, only 1 
specimen was taken from each of the other patients. 

The muscle biopsy samples from group 2 patients 
were taken from the anterior tibial muscle. These patients 
had no itrigger points in the anterior tibial muscle, but had 
trigger points in other muscles. Biopsy specimens from the 
controls were taken from the same portion of the trapezius 
muscle its those obtained from the patients in group 1 .  

Biopsies were performed using an open surgical 
technique and were carried out under the same conditions 
both in ]patients and in controls. The samples were taken 
with the subjects resting on their side. Mepivacaine hydro- 
chloride (Carbocaine; 1%) was used for local anesthesia. No 
sedatives were given prior to the biopsy procedure. 

The muscle samples were immediately frozen in 
liquid nitrogen and were kept frozen until freeze-drying. The 
samples were powdered, the connective tissue, fat, and 
blood we re removed, and the remaining tissue was extracted 
as described elsewhere (8). The samples were analyzed for 
levels of ATP, adenosine diphosphate (ADP), AMP, PC, 
creatine, ]lactate, pyruvate, and glycogen. The energy charge 
potential (ECP) was calculated from the formula (9): 

l(ADP + ZATP) 
2(ATP + ADP + AMP) 

ECP = 

The total adenine nucleotide pool (TA) was calculated as 
ATP + ADP + AMP. The total creatine value (PC + 
creatine) has been shown to be resistant to change and was 
used as a reference for the intracellular substances ATP, PC, 
and glycogen (10). All trapezius specimens were analyzed in 
1 session, and all anterior tibial muscle specimens were 
analyzed in 1 session. Chemical analyses of all samples were 
performed within a timespan of 10 days. 

The muscle samples were examined according to 
routine histopathologic and histochemical methods. For 
fibertyping, the trapezius samples were stained for 
myofibrillar ATPase by preincubation at pH 9.4 and at pH 
4.6, and the proportions of type I and type 11 fibers were 
determined. Type I fibers were those which stained light for 
ATPase at pH 9.4; type I1 fibers stained dark for ATPase at 
pH 9.4. Staining for myoadenylate deaminase was per- 
formed on the trapezius biopsy specimens according to a 
modification of the method described by Fishbein et a1 (1 1). 

For the statistical analyses, the differences between 
means were tested for significance by Student’s unpaired 
2-tailed t-test. A value of P < 0.05 was considered significant. 

RESULTS 

The results of laboratory tests on the blood 
samples were normal in all subjects. Results of the 
chemical analyses of the muscle samples are presented 
in Table 1. The values obtained on samples from the 
healthy controls were similar to those previously re- 
ported for human quadriceps muscle at rest (8), except 
for the levels of glycogen, which tended to be lower in 
the trapezius muscle. 

Levels of ATP and ADP were significantly 
lower in the trapezius muscles of the PF patients 
compared with the controls ( P  < 0.001 for ATP and P 
< 0.05 for ADP), whereas the AMP values were 
increased in the PF patients ( P  < 0.005). The TA value 
was lower (P < 0.001) in the trapezius muscles of the 
patients. There was also a significant decrease in the 
ECP values. A significantly lower ( P  < 0.001) level of 
PC and a higher (P  < 0.001) level of creatine was found 
in the trapezius muscles of the patients with PF as 
compared with the normal subjects. There was a 
significantly higher (P < 0.005) total creatine value in 
the PF patients’ trapezius muscles. The changes in 
ratios of ATP:total creatine and PC:total creatine were 
even more pronounced (Figure 1). 

There were no differences in the lactate and 
pyruvate contents of the PF trapezius muscles com- 
pared with those of the controls. There were no 
significant differences in chemical content between the 
PF patients’ anterior tibial muscles and the muscle 
samples from the healthy controls, except for the 
levels of ADP and AMP. In the PF patients’ trapezius 
muscles, there was a mean (+SD) of 64.5 k 8.3% type 
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Table 1. Levels of selected chemical components of muscle in patients with primary fibromyalgia and in control subjects* 

Controls Group 1 Group 2 
Variable? (n = 8) (n = 15) PS (n = 6) PS - 

ATP 23.9 f 1.0 19.9 f 2.2 <O.OOl 22.3 f 2.0 NS 
ADP 3.3 f 0.30 3.0 f 0.30 <0.05 2.9 f 0.28 <0.05 
AMP 0.12 f 0.03 0.22 f 0.08 <0.005 0.17 f 0.02 <0.01 
TA 27.3 f 1.16 23.4 f 2.49 <O.OOI 25.4 f 2.08 NS 
ECP 0.935 f 0.0045 0.925 f 0.0113 <0.02 0.936 f 0.0062 NS 
PC 69.5 2 3.9 54.6 f 7.5 <O.OOl 68.4 f 9.8 NS 
Creatine 50.4 r+_ 4.2 18.4 2 12.5 <0.001 47.2 2 4.1 NS 
Total creatine 119.9 f 5.3 133.0 f 10.8 <0.005 115.7 t 13.6 NS 
Lacta’te 5.0 f 1.7 4.2 f 1.7 NS 3.5 2 2.1 NS 
Pyruvate 0.46 t 0.14 0.54 f 0.17 NS 0.42 f 0.16 NS 

NS Glycogen 277 f 39 267 f 46 NS 247 f 58 

* The trapezius muscle was sampled in the control subjects. In group 1 patients, the samples were taken from trigger point areas of the trapezius 
muscle. In group 2 patients, samples were taken of the anterior tibial muscle. See Patients and Methods for details. 
tATP = adenosine triphosphate; ADP = adenosine diphosphate; AMP = adenosine monophosphate; TA = total adenine nucleotide pool: ECP 
= energy charge potential: PC = phosphoryl creatine. All values are given in mmoles/kg of dry muscle, except for glycogen for which the value 
is in nimoles of glycosyl units/kg of dry muscle. 
$Versus controls, by Student’s unpaired 2-tailed t-test. NS = not significant. 

I fibers. In the healthy controls the value was 57.0 * 
8.2%. The difference was not significant. No increase 
in endomysial or perimysial tissue was seen in the 
patients compared with the controls. Staining for 
myoadenylate deaminase was normal in all PF pa- 
tients’ trapezius muscle samples and in all but I of the 
controls. 

Table 2 shows the results of the analyses of the 
trapezius muscle specimens taken from the 2 patients 
who had 2 biopsies, 1 from the trigger point and 1 from 
outside the trigger point area. 

DISCUSSION 
PF is a disease which predominantly affects 

females and is a disorder that is commonly encoun- 
tered in rheumatology practice (12). It is a disease that 
has ]long been recognized ( 1  3), but there has been some 
confimion because of a lack of uniform diagnostic 
criteria and a lack of knowledge of the pathogenic 
mechanisms involved. In 1981, Yunus et a1 suggested 
criteria for the diagnosis of PF (1). All our patients 
fulfilled these criteria, and all had at least 10 trigger 
points ( 1 ) .  

The pathogenic mechanisms of PF are not 
clearly known, but there are many hypotheses. Many 
authors have postulated that the muscle pain is caused 
by inflammation and swelling of the muscle, but be- 
causie this theory could not be confirmed by light 
micrloscope examinations, a psychosomatic cause for 
PF was proposed (for review, see refs. 14 and 15). 
Moldofsky et a1 (16) found a disturbed non-REM 
(rapid eye movement) sleep pattern in PF patients and 
thought this to be an important factor. Another hy- 

pothesis is that muscle tension, due to poor posture, 
anxiety, muscle overload, etc., gives rise to hypoxia in 
the muscle and leads to degenerative changes in the 
muscle cell (3). It should be noted, however, that at 
present there is no real evidence of a more or less 
continuous muscle contraction of the painful muscle. 

240 
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Figure 1. Ratios of adenosine triphosphate (ATP)/total creatine 
(TCr), phosphcryl creatine (PC)/TCr, and glycogen/TCr in the tra- 
pezius muscles of 8 controls, the anterior tibial muscles of 6 patients 
with primary fibromyalgia (PF), and the trigger point areas of the 
trapezius muscles of 15 P F  patients. Values are mean t SD. *Sr* 
= P < 0.001 versus controls, by Student’s unpaired 2-tailed t-test. 
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Table 2. Levels of selected chemical components of trapezius 
muscle in 2 patients with primary fibromyalgia, from whom 2 
biopsy samples were obtained* - 

ATP ADP AMP PC Creatine 

Patient 1 
Trigger point 17.7 3.0 0.22 58.8 93.4 
Outside trigger point 20.4 3.2 0.33 61.3 75.0 

Trigger point 17.0 3.0 0.38 42.7 97.1 
Outs,ide trigger point 19.2 3.3 0.10 51.5 99.4 

Patient 2 

* Values are given in mmoles/kg of dry muscle. See footnotes to 
Table I for abbreviations. 

As mentioned above, there is evidence for 
pathologic distribution of muscle surface oxygenation 
in muscle from PF patients (4). Measurements were 
made in vivo with an oxygen electrode placed on the 
muscle surface over trigger points of the trapezius and 
the brachioradial muscles. Abnormal muscle oxygen 
tension, which indicates an uneven capillary perfu- 
sion, was found in all PF patients, compared with 
results of the same tests on healthy controls. The 
cause of this relative hypoxia, however, is unknown. 

In this study, a decrease in levels of ATP, ADP, 
and PC, and an increase in levels of AMP and creatine, 
were found in the painful muscles of the PF patients. All 
trapezius biopsy materials (Table 1) were taken from 
trigger points. In 2 patients, samples were also taken 
from nontender parts of the same muscle for compari- 
son, Values for ATP and PC in this nontender area were 
also low compared with those of the controls, which 
might indicate that the changes found are not restricted 
to the trigger point area, although no definite conclusion 
can be made from only 2 observations. 

There were no significant differences in the 
chemical values found in patients’ nontender muscles 
compared with those in the specimens from healthy 
controls, except for the levels of ADP and AMP. 
However, the slight differences are probably related to 
the total creatine value. In this study, the biopsy 
specimens of nontender and tender muscles were 
taken from different muscles. This should be of only 
minor importance since variations in the high-energy 
phosphate contents between muscles are small (17). It 
can thus be concluded that pronounced changes of 
high-energy phosphate levels are found only in mus- 
cles with pain and trigger points. 

There are 2 possible explanations for the 
present findings. One explanation is that the chemical 
changes are secondary to hypoxia. The second is that 
there is a metabolic change which leads either to a 
defective synthesis of energy-rich phosphates or to an 
increased degradation of these substances. Our results 
do not allow a definite conclusion; however, the 

results do confirm that there are real metabolic 
changes in painful muscles in PF patients. 

Earlier studies have shown that there are sig- 
nificant metabolic changes in human muscle energy 
metabolism during ischemia. Harris et a1 (5) found a 
significant decrease in PC within 4 minutes of total 
circulatory occlusion of the quadriceps muscle. The 
changes in the levels of ATP were minor, and other 
studies (18) have shown that there is no significant 
decrease in the ATP content until 2 hours after induc- 
tion of total ischemia. Tissue ADP and AMP levels 
increase during the first hour of ischemia (3, whereas 
prolonged ischemia results in a decrease in these levels 
because of a loss of adenine nucleotides from the cell 

Bergstrom et a1 (7) studied energy-rich phos- 
phates in muscle biopsy material from severely ill 
patients. In the acutely ill patients with circulatory or 
respiratory insufficiency, those investigators found a 
decrease in the levels of ATP, PC, and TA. The 
changes in the adenylate pool were even more pro- 
nounced in patients with prolonged disease. In those 
patients, the ATP content was only 50% of normal. 
The reason for the changes was thought to be hypoxia 
in combination with a decreased rate of purine synthe- 
sis in the liver and/or a decreased capacity for “purine 
salvage” in the muscle. 

One possible mechanism for the occurrence of 
hypoxia in PF patients is an uneven capillary perfu- 
sion. Fassbender and Wegner (3) examined muscle 
biopsy specimens from PF patients and found swollen 
endothelial cells. Such a condition could cause an 
intravascular obstruction and could sustain hypoxia. It 
is not known whether the swollen endothelial cells are 
the cause of, or whether they are caused by, the 
hypoxia. Gidlof et a1 (19) also found swollen capillary 
endothelial cells in muscle samples taken from the 
quadriceps muscle after 150 minutes of induced 
ischemia. 

Muscle pain and fatigue are common symptoms 
in patients with rheumatoid arthritis (RA); therefore it 
is of interest that similar changes in energy metabolism 
have been found in RA patients. Muscle blood flow 
has been shown to be reduced in RA patients (20). 
Muscle energy metabolism in RA patients was studied 
by Nordemar et a1 (21), who found a decrease in levels 
of ATP, ADP, and PC and an increase in creatine in 
the RA patients they evaluated. We found that the 
change in the content of these high-energy phosphates 
in our PF patients was of the same magnitude. 

In other studies, lactate and pyruvate levels in 
muscle were found to be elevated in patients with 
ischemia (6,7).  There was no increase in the lactate 

(18). 
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content of muscle in our patients. This probably 
indicai-es that, despite a probable hypoxic situation, 
the circulation is good enough to clear the lactate that 
is produced. It has also been found that there is no 
increase in the lactate content of muscles from RA 
patients (21). 

The decrease in ECP found in our patients is 
noteworthy; it indicates a decreased capacity for 
biosyrithetic reactions. The ECP is a constant factor, 
with a normal value of 0.94-0.95 in humans. The ECP 
level seems to be independent of pH and of variations 
in the size of the adenine nucleotide pool. Low energy 
charge has previously been found in severely ill pa- 
tients and in patients with untreated malnutrition (7). 

Because histochemical staining for myoadenyl- 
ate de,aminase gave normal results in all patients, it is 
unlikely that a deficiency of this enzyme is the cause of 
any of the changes we observed. 

There was no significant difference between 
patients and controls regarding the proportions of type 
I and type I1 fibers. Thus, differences in the adenine 
nucleotide content between the different fiber types 
could not explain the present findings. 

In conclusion, this study has shown that there is 
a marked change in muscle energy metabolism in pain- 
ful miiscles that have trigger points in PF patients, com- 
paredl with normal controls. This change was shown by 
a decrease in levels of ATP, ADP, and PC and an 
incre,ase in levels of AMP and creatine. The reason for 
this change is unknown. Hypoxia is probably present in 
the p,ainful muscle, and might at least contribute to the 
deficiency of energy-rich compounds. 
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Scand J Rheumatology 15: 165-173, 1986 

Muscle Tissue Oxygen Pressure in Primary Fibromyalgia 

N. LUND,’ A. BENGTSSON’ and P. THORBORG’ 
‘Department of Anesthesiology and 2Departrnent of Internal Medicine, Division of Rheumatology, 
University Hospital, S-58185 Linkoping, Sweden 

Lund, N., Bengtsson, A. and Thorborg, P. Muscle tissue oxygen pressure in primary 
fibromyalgia. (Submitted June 14 and accepted October 10, 1985.) Scand J Rheumatology 

Trigger points in painful muscle are a characteristic sign in patients with primary fibro- 
myalgia. The MDO oxygen electrode was used to evaluate oxygenation in the subcutane- 
ous tissue and in trigger points in the trapezius and brachioradial muscles. Ten patients and 
8 normal controls were studied. The results in the patients were abnormal, with scattered . 
or slalom-slope histograms, indicating low tissue oxygenation. The controls were normal, 
except in one case. The conclusion is that in patients with primary fibromyalgia, the 
muscle oxygenation is abnormal or low, at least in the trigger point area of the muscles. 

Ann Bengtsson, Division of Rheumatology, Dept. of Internal Medicine, University Hospi- 
tal, S-58185 Linkoping, Sweden. 

15:  165-173, 1986. 

Primary fibromyalgia (PF) is a non-articular rheumatic disease, also known as ‘fibrositis’, 
‘myofascial syndrome’ and ‘muscle rheumatism’. It is predominantly a female disease 
characterized by chronic pain and stiffness in skeletal muscles and joints, but without 
arthritic manifestations. A typical feature is the painful trigger-points in muscles and 
tendon insertions (29). 

In 1973 Fassbender & Wegner published a morphologic study on the pathogenesis of PF 
(3). Biopsies from the trapezius muscle were studied with light- and electronmicroscopy. 
Among their findings were swollen endothelid cells of the muscle capillaries. They 
hypothesized that local hypoxia was a possible cause of the development and symptoms of 
the disease. However, there is, no published investigation which has actually proved the 
existence of muscle hypoxia in PF. 

In 1966 Lubbers & Kessler described a multipoint oxygen electrode (the MDO elec- 
trode, Mehrdraht Dortmund Oberflache) for measuring oxygen pressure fields on organ 
surfaces (6). This MDO oxygen electrode has been used extensively in physiological 
research (15, 20, 23). Since the development of a disinfection technique (16), the MDO 
electrode has also been used in human studies (17, 18, 24). A complete system for 
computerized on-line measurements of tissue surface oxygen pressures was later de- 
scribed (30). 

The purpose of the present study was to elucidate whether or not muscle hypoxia exists 
in PF-patients, and to compare the findings in these patients with the results from a group 
of healthy volunteers. 

MATERIAL AND METHODS 
Ten patients and 8 healthy volunteers were studied. All patients fulfilled the diagnostic criteria of 
Yunus et al. (Table I) (29). In the patient group, 9 were female and 1 male, with a mean age of43 years 
(range 22-58). On average the patients had had symptoms of PF for 3 years (range 2-10). There were 
no symptoms or signs of any other rheumatological or neuromuscular disease that could explain the 
symptoms of the patients and no patient had clinical hypoxia (for example from chronic obstructive 
lung disease). Arterial blood samples for gas analysis were not taken. The volunteer group consisted 
of healthy females only, with a mean age of 36 years (range 2643).  
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- 1  
-2 
-3 
-4 

-5 

-6 

-7 

Fig. 1 .  The MDO oxygen electrode. 1 ,  Rubber ring to hold 
the Teflon membrane. 2, Teflon membrane. 3, Lucite ring to 
hold the cellophane membrane. 4,  Cellophane membrane. 5 ,  
Ag/AgCI-anode. 6, Electrolyte solution (0.2 M KCI). 7, Glass 
nucleus. 8, Eight platinum wires. Reproduced with kind per- 
mission of Acta Anaesth Scand. 

Routine laboratory tests including erythrocyte sedimentation rate, hematology count, electrolytes, 
creatinine, creatine phosphokinase, thyroid function, rheumatoid factor and antinuclear antibody 
were normal in all patients. 

A trigger point was defined as a localized area of intense pain on compression of the muscle, often 
with radiation of pain, and often so painful that the patient jumped on palpation. Trigger points are 
often found in the trapezius muscle, which was therefore the initial choice for oxygen measurements 
(29). Later in the study both the trapezius and the brachioradial muscles were studied. The reasons for 
this were our initial findings in the trapezius muscle and the fact that the only normal material 

Table I. Diagnostic criteria of primary jlbromyalgia (Yunus, 1 981)a 

1. Obligatory criteria: 
(a )  Presence of generalized aches and pains or prominent stiffness, involving at least three anatomic 

sites for at least 3 months. 
(b) Absence of secondary causes, e.g. traumatic, other rheumatologic, infective, endocrine or 

malignant. 

2. Major criteria: 
Presence of at least 5 typical and consistent tender points. 

3. Minor criteria: 
(a) modulation of symptoms by physical activity; (b) modulation of symptoms by weather factors; (c) 

aggravations of symptoms by anxiety or stress; (4 poor sleep; ( e )  general fatigue or tiredness; v) 
anxiety; (g)  chronic headache; (h) irritable bowel syndrome; ( i )  subjective swelling; 0) numbness. 

PF-patients must satisfy the two obligatory criteria, by definition, as well as the major criterion plus 
at least three minor criteria. If the patient has only 3 or 4 tender points, five minor criteria are 
suggested. 
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available for comparison was a group studied in 1980 by Lund and co-workers, who used the 
brachioradial muscle (17). 

Measurements of tissue surface oxygen pressure fields were performed with the MDO oxygen 
electrode (Fig. 1) (6, 20, 30). This electrode is constructed according to the Clark principle and has 
eight separate and individually registering measurement points (1). Under surgically aseptic condi- 
tions and under subcutaneous local anesthesia (10 ml 0.25% bupivacaine per measurement site) an 
incision was made through the skin over a trigger point located in the trapezius and the brachioradialis 
muscles, respectively. Tissue p 0 2  (p,Oz) was also measured in the subcutaneous tissue in some of the 
subjects. Thus, a disinfected oxygen electrode was initially placed on the subcutaneous tissue for 
measurements (for a full description of methodology and equipment, see Lund, 1979) (16, 14). After 
the subcutaneous measurements, the fascia was opened and the muscle surface was freed with the 
utmost care to avoid trauma to the muscle surface (12, 15). 

To obtain a sufficient number of observations (n>80) for statistical evaluation and to enable 
construction of the tissue oxygen pressure field histograms, eight oxygen pressure values (one from 
each measuring point) were collected every 15 sec (20). Usually 120 single oxygen pressures were 
collected for a histogram, i.e. the total sampling time for one histogram was 210 sec. The oxygen 
pressure values were then fed into an ABC 800 computer (Luxor AB, Motala, Sweden) and corrected 
for electrode drift, local tissue temperature and air pressure. Histograms were obtained during 
spontaneous breathing of ambient air. 

A normal histogram is Gaussian in shape with a mean usually between 1.3 kPa (10 mmHg) and 4.7 
kPa (35 mmHg) when measured on skeletal muscle (9, 17.20). Abnormal histograms are of two types: 
one looks like a slalom slope and usually begins at the origin. In the other the registered values are 
widely scattered, though a scattered histogram may have the same mean p,Oz-value as a normal 
histogram. The slalom slope type indicates impaired tissue oxygenation, whereas the exact meaning 
of the scattered type is still under discussion (18, 20). 

Statistical methods 
Comparisons between pOz group means were made using paired t-test (13). A parametric test, e.g. 
Student’s t-test, can be applied to oxygen pressure histograms only when all histograms included are 
of the normal type. Statistically significant differences were determined at the levels indicated in text. 
All mean values are given f standard deviation (SD). 

A histogram is described by its mean, standard deviation, skewness, kurtosis and distribution type. 
A statistical method for testing one histogram against another must be independent of the mean 
values, as the mean does not necessarily change from one measuring situation to another, even 
though a definite biological change may have taken place (20). Changes in distribution types were 
tested with the non-parametric two-sample Kolmogorov-Smirnov test (13) as modified by Odman & 
Lund (30). which provides an analysis independent of the mean and enables one to calculate the 
significance level at which the hypothesis of equal distributions can be rejected. 

RESULTS 

Measurements in the subcutaneous (fat) tissue superficial to the trapezius muscle were 
made in 7 patients and 6 control subjects. The results are given in Table 11. One patient 
histogram and one control histogram are shown in Fig. 2. The total mean tissue pO2 in the 
patients (6.0 kPa = 45 mmHg) was significantly lower than that in the controls (8.7 kPa = 
65 mmHg), with p<O.Ol. Most of the histograms in this tissue were of the normal type, 
with only one clearly abnormal histogram among the patients. 

The trapezius muscle oxygen pressure results are given in Table 111. Scattered histo- 
grams, one example shown in Fig. 3, were obtained in all patients except one who had a 
slalom slope histogram. In the control group, standard deviations were small and all 
histograms were normally bell-shaped; one example is shown in Fig. 3. 

Brachioradial muscle oxygen pressures were measured in 4 patients and 5 controls; the 
results are presented in Table IV. A typical histogram is shown in Fig. 4. The findings in 
this muscle paralleled those in the trapezius, i.e. in the patient group 3 out of 4 histograms 
were abnormal, while in the control group only 1 of 5 was abnormal. One histogram in the 
patient group was of an intermediate type close to normal, and one histogram in the 
control group was frankly scattered. 
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PATIENT n o 8  CONTROL n o 8  i 

p0"2 
k Pa 

10 20 30 40 50 60 70 S O  mmHg 

Fig. 2. Histograms registered in the subcutaneous tissue. The histogram from the control is normal, 
the histogram from the patient begins to scatter. Abbreviations: N, number of observations; pro2, 
tissue oxygen pressure. The arrow at the abscissa indicates the mean tissue oxygen pressure. 

Table 11. Subcutaneous tissue oxygen pressure in kPa 

Case 
Subjects no. plOza SD S K HDT 

PF patients 1 4.3 (32)b 0.36 0.17 -1.12 N 
3 8.5 (64) 0.62 -0.04 - 1.38 N 
5 8.9 (67) 0.25 -0.04 -0.56 N 
6 6.1 (46) 0.37 -0.59 -0.09 N 
7 5.5 (41) 0.99 -0.26 - 1.29 s c  
8 4.2 (31) 0.56 -0.14 -1.47 N/Sc 
9 4.6 (35) 0.48 -0.57 - 1.26 N 

Mean 

Controls 

6.0 (45) 1.97 

1 8.3 (62) 0.32 0.03 -0.50 N 
2 7.7 (58) 0.85 0.38 -0.54 N 
4 9.5 (71) 0.80 -0.22 -1.41 NISc 
5 9.8 (74) 0.39 -0.02 -0.56 N 
7 8.8 (66) 0.52 -0.09 -0.90 N 
8 8.5 (64) 0.42 0.69 0.43 N 

Mean 8.7 (65) 0.78 

Abbreviations: plOz, mean tissue oxygen pressure; SD, standard deviation; S, skewness; K, 
kurtosis; HDT, histogram distribution type (N = normal, L = low ski-slope, Sc = scattered). - 

Values in parentheses are mmHg. 
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PO 30 40 rnrnHg 90 30 40 60 (10 70 SO mrnHg 

Fig. 3. Histograms registered in the trapezius muscle. The histogram distribution types are statistical- 
ly different, with p<O.OOI. Abbreviations: see Fig. 2. 

Table 111. Trapezius muscle oxygen pressure in kPa 
Abbreviations: see Table 11. Values in parentheses are mmHg. The total mean is not given, since the 
PF-patients and the controls have different HDT. See further under Methods 

Case 
Subjects no. P,02 SD S K HDT 

PF patients 1 5.9 (44) 
2 1.4 (11) 
3 1.5 (11) 

4 3.8 (29) 
5 7.2 (54) 
6 3.7 (28) 
7 2.3 (17) 
8 2.0 (15) 
9 5.5 (41) 

10 6.3 (47) 

Controls 1 7.1 (53) 
2 3.0 (23) 
3 5.5 (41) 
4 5.3 (40) 
5 9.4 (71) 
6 3.2 (24) 
7 3.4 (26) 
8 6.7 (50) 

0.89 
0.37 
1.29 
1.04 
2.25 
1.23 
0.95 
1.80 
1.62 
2.34 

0.65 
0.91 
0.69 
0.56 
0.78 
0.53 
0.53 
0.41 

0.07 

0.75 
0.16 
0.84 

-0.57 

-0.97 
-0.65 

0.57 
1.03 

-0.05 

-0.02 
0.71 

-0.34 
-0.29 

0.84 
-0.10 

0.34 
-0.76 

-0.61 
-0.45 
-0.66 
-1.20 
-0.72 

0.55 
-0.67 
- 1.54 
-0.20 
-1.24 

-0.48 
0.46 
0.03 

V. 76 
-0.54 

0.64 
-0.16 

1.09 
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N CONTROL n o  7 N PATIENT n o 9  

30 

e0 

1 0  

30 

PO 

10 

0 

o 1 0  PO 30 40 mmHg 10 PO 30 40 mmHp 

Fig. 4. Histograms registered in the brachioradial muscle. The histogram distribution types are 
statistically different, with p~0 .001 .  Abbreviations: see Fig. 2. 

Statistical testing of the subcutaneous tissue histogram distribution types showed no 
differences between patients and the control group. However, testing of histogram distri- 
bution types in the trapezius and the brachioradial muscles, respectively, showed statisti- 
cal significance ranging from p<O.O5 to p<0.001. 

DISCUSSION 

Several factors are thought to interact to produce the PF-syndrome, e.g. overload, 
disturbed sleep and psychogenic factors, all possibly causing muscle tension or spasm (27). 

Table 1V. Brachioradial muscle oxygen pressure in kPa 
Abbreviations: see Table 11. Values in parentheses are mmHg. The total mean is not given, since the 
PF-patients and the controls have different HDT. See further under Methods 

Case 
Subjects no. P,02 SD S K HDT 

PF patients 7 3.7 (28) 0.87 
8 6.9 (52) 1.16 
9 2.3 (17) 1.82 

10 8.7 (66) 0.90 

Controls 4 6.3 (47) 0.56 
5 10.5 (79) 0.53 
6 3.7 (28) 1.13 
7 3.9 (29) 0.49 
8 2.7 (20) 0.64 

0.76 
-0.22 

0.25 
-0.05 

0.33 
0.21 

-0.28 
0.82 

-0.20 

-0.93 
-0.68 
- 1.67 
- 1.29 

2.06 
-0.63 
-1.41 

-0.65 
1.23 
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In addition to these factors, Fassbender & Wegner hypothesized that hypoxia was an 
essential and causative factor in the PF-syndrome (3). 

With the development of the MDO-electrode it has become possible to measure tissue 
oxygen pressures with a high degree of accuracy (6, 14, 20). Studies performed with 
needle-type electrodes had drawbacks: the needle compressed the tissue, the relation of 
the needle to the vascular bed was unknown (19, 25, 28). In order to avoid these 
drawbacks, Lubbers & Kessler developed an electrode (MDO) with eight individually 
registering points, to be used on tissue surface (6, 8). This technique is non-traumatic to 
the tissue and the weight of the electrode so light that pressure ischemia is not induced (7, 
30). Measuring at 8 points simultaneously avoids the problem of the relationship of the 
electrode to the vascular bed (20). Tissue oxygenation is constantly varying with changes 
in local capillary blood flow, hemoglobin oxygen affinity and metabolism (4, 21, 23). The 
sum of these variations is thus registered with the electrode, and in order to describe the 
dynamically varying oxygen pressure field, at least 80 individual oxygen pressures must be 
registered (14, 20). The catchment zone of each measuring point is hemispherical and 
reaches approximately 20 pm into the tissue (24). Studies initially performed in different 
animals (8, 15, 26) and later in humans (2, 5, 14, 17, 24) have led to the recognition of three 
basic types of oxygen pressure histogram; the normal Gaussian-shaped type, and 2 
abnormal types. One consists of only low values (the slalom slope type) close to the origin, 
clearly indicating tissue hypoxia. The other type shows a scattering of oxygen values along 
the x-axis (Fig. 3). The meaning of a scattered histogram has, as yet, not been finally 
defined, though maldistribution of capillary blood flow has been hypothesized. However, 
neither the slalom slope type nor scattered histograms have been found in any normal 
situation (2, 5, 9, 15, 17, 18, 20, 23, 24). In hypoxemia or hyperoxemia, histograms either 
change immediately to the slalom slope type or first to the scattered type and then to the 
slalom slope type (2, 5, 17, 18). 

To minimize trauma to the patient, no arterial blood samples were taken for blood gas 
analysis, though no signs of clinical hypoxemia (cyanosis, dyspnea, tachycardia, etc.) 
were seen. Had the subjects been hypoxic (or even hyperoxic, e.g. through an increase of 
the inspired oxygen fraction), this would have led to either type of abnormal histogram. 

Local anesthetics are myotoxic agents. Great care was therefore taken to inject the 
anesthetic only into the superficial subcutaneous tissue. That bupivacaine injected in this 
way does not influence microcirculatory flow in the underlying muscle has previously been 
shown (15). Thus the local anesthetic should not have affected the muscle measurements. 
Whether it had any effect on the subcutaneous measurements is impossible to ascertain, 
though in the present study the findings showed a consistently normal pattern. Thus, 
addition of the histograms and testing of mean values with the t-test was permitted. The 
histograms obtained in the patient group were centered around lower mean values, SO 

much so that the two groups were differed statistically with pcO.01. Subcutaneous tissue 
pO2 has never before been studied with the MDO-electrode, but studies with implanted 
Silastic catheters and subcutaneous gas pockets have shown oxygen pressures at the same 
level as those obtained in the controls in this study (1 1 ,  22). The results from the trapezius 
muscle and the brachioradial muscle parallel one another in that we almost exclusively 
found abnormal histograms in the patients and normal in the controls. 

Oxygen pressure fields in the trapezius muscle have never been studied before. Howev- 
er, there are a few published studies on humans utilizing the brachioradial muscle (17, 18). 
A comparison of the results of the measurements in the brachioradial muscle in the 
controls of the present study, versus those obtained by Lund et al. in healthy volunteers 
revealed no statistically significant differences (17). Furthermore, the results from the 
trapezius muscle measurements in the control group in this study did not differ from either 
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the brachioradial controls or the earlier brachioradial group studied by Lund et al. (17). 
Thus the findings in the trapezius and the brachioradial muscles of the PF-patients indicate 
an abnormal oxygenation, possibly due to morphological or functional changes affecting 
the microvessels in the trigger points. The significantly lower total mean oxygen pressure 
in the subcutaneous tissue of the patients, although not hypoxic, might indicate that PF 
also affects tissues other than skeletal muscle. 

Among other factors, the tissue oxygen pressure depends on capillary blood flow and 
metabolism (4, 21). Blood flow in fibromyotic muscles was studied by Klemp et al. (10). 
They injected '33Xenon, 0.1 ml, into trigger points in the trapezius muscle. They found no 
significant changes in local blood flow in the fibromyotic group compared with a normal 
group. However, the results from the '33Xenon-clearance technique and the MDO elec- 
trode cannot be compared. Lund et al. also tried to relate the capillary flow changes 
(measured with '33Xenon and "Cr-EDTA) induced by changes in arterial PO* to changes 
in tissue oxygen pressure fields (17, 18). No correlations were found, since the MDO- 
electrode measurement volume is extremely small, and even the small volume of tracers 
used (0.03 ml) was approximately lo6 times greater than the electrode catchment volume 
(17). Thus, tissue pOz measurements have a much higher power of resolution than 
'33Xenon-clearance and therefore these two methods need not correlate. Furthermore, 
with the greater tissue volume measured with the '33Xenon technique, local maldistribu- 
tion of flow may remain undetected, whereas it can be seen in the abnormal oxygen 
histograms. 

TO conclude, we have found evidence of abnormal tissue oxygenation in muscle with 
trigger points in patients with PF as measured with the MDO oxygen electrode. Studies 
employing modern techniques elucidating the tissue metabolic state of the trigger points 
may confirm these findings. 
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Clinical Symptoms in Fibromyalgia Are Better Associated
to Lipid Peroxidation Levels in Blood Mononuclear Cells
Rather than in Plasma
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Abstract

Background: We examined lipid peroxidation (LPO) in blood mononuclear cells (BMCs) and plasma, as a marker of oxidative
damage, and its association to clinical symptoms in Fibromyalgia (FM) patients.

Methods: We conducted a case–control and correlational study comparing 65 patients and 45 healthy controls. Clinical
parameters were evaluated using the Fibromyalgia Impact Questionnaire (FIQ), visual analogues scales (VAS), and the Beck
Depression Inventory (BDI). Oxidative stress was determined by measuring LPO in BMCs and plasma.

Results: We found increased LPO levels in BMCs and plasma from FM patients as compared to normal control (P,0.001). A
significant correlation between LPO in BMCs and clinical parameters was observed (r = 0.584, P,0.001 for VAS; r = 0.823,
P,0.001 for FIQ total score; and r = 0.875, P,0.01 for depression in the BDI). We also found a positive correlation between
LPO in plasma and clinical symptoms (r = 0.452, P,0.001 for VAS; r = 0.578, P,0.001 for FIQ total score; and r = 0.579,
P,0.001 for depression in the BDI). Partial correlation analysis controlling for age and BMI, and sex, showed that both LPO in
cells and plasma were independently associated to clinical symptoms. However, LPO in cells, but not LPO in plasma, was
independently associated to clinical symptoms when controlling for depression (BDI scores).

Discussion: The results of this study suggest a role for oxidative stress in the pathophysiology of fibromyalgia and that LPO
in BMCs rather than LPO in plasma is better associated to clinical symptoms in FM.
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Introduction

Fibromyalgia (FM) is a common chronic pain syndrome with an

unknown etiology, which has been associated to a wide spectrum of

symptoms like allodynia, debilitating fatigue, joint stiffness and

depression. It is diagnosed according to the classification criteria

established by the American College of Rheumatology (ACR) [1].

Despite being a common disorder that affects at least 5 million

individuals in the United States [2], its pathogenic mechanism

remains elusive. Recently, oxidative stress has been proposed as a

relevant event in the pathogenesis of this disorder [3–6]. Previously,

our group has detected decreased coenzyme Q10 (CoQ10) levels and

increased mitochondrial reactive oxygen species (ROS) production

in blood mononuclear cells (BMCs) from FM patients [7,8]. In

addition, we have observed that CoQ10 and a-tocopherol, two

lipophilic antioxidants, induced a significant reduction of ROS in

BMCs from FM patients. Taken together, these results suggest that

ROS are produced in the lipophilic environment of mitochondrial

membranes and that CoQ10 deficiency may be involved in oxidative

stress in FM [7]. One of the consequences of ROS overproduction is

lipid peroxidation (LPO) leading to oxidative destruction of

polyunsaturated fatty acids constitutive of cellular membranes and

the production of toxic and reactive aldehyde metabolites such as

malondialdehyde (MDA) and 4-hydroxynonenal (HNE) [9,10].

These highly cytotoxic metabolites, produced in relatively large

amounts, can diffuse from their site of origin to attack distant targets

and form covalent bonds with various molecules [11–13].

Therefore, recognition of lipid peroxidation is of interest, as the

deleterious effects of this process might be prevented by adminis-

tration of scavenging systems or antioxidants. MDA assay is one of

the most popular methods for assaying LPO in plasma, serum or cell

lysates.
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Interestingly, there are discrepancies about the correlation

between symptoms and LPO and oxidative stress in FM.

Significant correlation has been observed between antioxidants

levels in plasma and serum, visual analogue scale (VAS) of pain,

and morning stiffness [3,6]. However, Bagis et al. found no

correlation between VAS of pain and LPO or superoxide

dismutase (SOD) in serum [4]. On the other hand, Ozgocmen

et al. found a significant correlation between depression and LPO

in serum but not between the biochemical parameters and clinical

measures of pain and fatigue [14]. We propose that this

controversy could be ascribed to a methodological problem

because LPO levels may show higher levels and reflect better

the degree of oxidative stress if LPO measurement is performed in

cells rather than in plasma or serum. This hypothesis is supported

by previous investigations suggesting that mitochondria were the

source of ROS in FM [15,16], and therefore, LPO levels in cells

can show better the severity of oxidative stress. Furthermore LPO

levels in plasma can be affected by the rate of detoxification by

others tissues. Consequently, important information may lack

when MDA is measured only in plasma or serum. Therefore we

examined the hypothesis that LPO levels in BMCs may be a better

oxidative marker than LPO levels in plasma to correlate more

significantly and independently with the clinical symptoms in FM

patients.

Methods

Ethics Statement
Informed consent written and the approval of the ethical

committee of University Pablo de Olavide and Universitary

Hospital Virgen Macarena from Seville were obtained.

Patients
In brief, 100 patients from the register of the Sevillian

Fibromyalgia Association (AFIBROSE) and 45 healthy matched

controls were enrolled into our study. Informed consent and the

approval of the local ethical committee were obtained. The

inclusion criterion during this study was: Patients diagnosed of FM

in the last 2–3 years, based on the current ACR diagnostic criteria

[1]. Exclusion criteria were acute infectious diseases in the

previous 3 weeks; past or present neurological, psychiatric,

metabolic, autoimmune, allergy-related, dermal or chronic

inflammatory disease; undesired habits (e.g., smoking, alcohol,

etc.); medical conditions that required glucocorticoid treatment,

use of analgesics, antidepressants drugs; past or current substance

abuse or dependence; and pregnancy or current breastfeeding.

Sixty-five potential participants met the inclusion criteria and were

enrolled into the study (males/5, females/60), and 35 patients

were excluded: 15 were smoker, 13 were using antidepressant

treatment, 5 had rheumatoid arthritis, and 2 had hepatitis c.

Forty-five healthy volunteers (males/5, females/40) were included

in the study matching the age range, gender, ethnicity, and

demographics (completion of at least 9 years of education and part

of the middle socioeconomic class) of the recruited female FM

subjects. Healthy controls had no signs or symptoms of FM and

were free of any medication for at least 3 weeks before the study

began. All patients and controls had not taken any drug or

vitamin/nutritional supplement during a 3 weeks period before the

collection of the blood samples. All patients and controls reported

followed a standard balanced diet (carbohydrate 50–60%, protein

10–20% and fat 20–30%) that was established by a diet program

during 3 weeks before blood collection. The diagnosis of FM was

established by an experienced rheumatologist according to ACR

criteria [1]. Clinical data were obtained from physical examina-

tion, and they were evaluated using the Fibromyalgia Impact

Questionnaire (FIQ) including visual analogues scales, and

depression with the Beck Depression Inventory (BDI). Tender

points were identified by digit pressure of the 18 locations

recommended by ACR which included a minimum of 11 out of

18. Heparinized and coagulated blood samples were collected

after 12-hours fasting from patients and controls, centrifuged at

3800 g for 5 min, and plasma and serum were stored at 280uC
until testing. Serum biochemical parameters were assayed by

routine analytical methods. Clinical data and blood samples were

collected in a time-frame of 2 months (September and October,

2009).

Isolation of BMCs
BMCs were purified from heparinized blood by isopycnic

centrifugation using Histopaque-1119 and Histopaque-1077

(Sigma Chemical Co., St. Louis, MO, USA).

Lipid peroxidation
Thiobarbituric acid reactive substances (TBARS) levels in

plasma and cells were determined by a method based on the

reaction with thiobarbituric acid (TBA) at 90–100uC using a

commercial kit from Cayman Chemical Company (Ann Arbor,

MI). TBARS are expressed in terms of malondialdehyde (MDA)

levels. In these assays, a MDA standard is used to construct a

standard curve against which unknown samples can be plotted.

Statistical analysis
All results are expressed as means 6SD unless stated otherwise.

The unpaired Student’s t test was used to evaluate the significance

of differences between groups. For correlation between LPO levels

in BMCs or plasma with clinical parameters, Pearsonn correlation

coefficient (r) was performed. Partial correlations for controlling

for confounders (BDI, age and BMI, and sex) were also performed.

The level of significance was set at p,0,05. As an indicator of

internal consistency reliability of the clinical questionnaires, we

calculated Cronbachs alpha values (achievable values range from

0, indicating no internal consistency, to 1, indicating identical

results). Cronbach’s alpha coefficient was 0.795 for FIQ and 0.812

for BDI. Cronbachs alpha values of more than 0.7 are commonly

considered markers of a high degree of reliability.

Results

Mean age in the FM group was 45.8611 years and in the

control group was 44.3612. Patient routine laboratory tests yield

normal results for glucose 90.05615.16 mg/dL (normal values,

n.v. 76–110) , urea 31.02611.35 mg/dL (n.v. 10–45), uric acid

4.0561.51 mg/dL (n.v.2.5–7.5), total protein 7.0260.90 g/dL

(n.v. 6.6–8.7), creatinine 0.8761.11 mg/dL (n.v. 0.5–1.1), aspar-

tate aminotransferase 23.5465.03 mU/mL (n.v. 10–40), alanine

aminotransferase 22.21610.33 mU/mL (n.v. 10–40), cholesterol

217636.17 mg/dL (n.v.,220), and triglycerides 99.13643.5 mg/

dL (n.v. 150–200).

We determined LPO, as a marker of oxidative stress-induced

membrane damage by mitochondrial ROS, in BMCs and plasma

from controls and FM patients. On average, FM patients showed

higher levels of LPO both in BMCs and plasma respect to controls

(p,0.001) (Figure 1A and 1B). Interestingly, LPO levels were

strikingly higher in cells (24.2 nmol/million cells = 48.4 nmol/ml

of cells lysate) than in plasma (14.17 nmol/ml of plasma) in FM

patients (p,0.001). Moreover, both parameters LPO levels in

BMCs and LPO levels in plasma were significantly associated.

(r = 0.618, P,0.001).

Lipid Peroxidation and Fibromyalgia
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Table 1 shows the clinical characteristics of patients and

controls. The mean duration of symptoms in the FM group was

10.466.4 years. The mean tender points in the FM group were

15.462.8 points (Table 1). The most prominent features of FM

patients were pain, fatigue, morning tiredness, and depression

(Table 1). As expected, FM patients had markedly higher levels of

pain (VAS, 5.961.8), depression (BDI, 18.568.5), and high

overall impact of FM (FIQ, 54.5616) than in normal controls

(P,0.001).

To study the association between LPO levels in BMCs or

plasma and clinical symptoms Pearsons correlation coefficient (r)

was performed. Table 2 shows a significant correlation between

LPO levels in BMCs and clinical parameters (r = 0.584, P,0.01

for VAS; r = 0.823, P,0.01 for FIQ total score; r = 0.564, P,0.01

for pain; r = 0.617, P,0.01 for fatigue; r = 0.574, P,0. 01 for

morning tiredness; r = 0.669, P,0.01 for stiffness; r = 0.591,

P,0.01 for anxiety; r = 0.632, P,0.01 for depression in the

FIQ; r = 0.875, P,0.01 for depression in the BDI).

LPO levels in plasma were also significantly associated to

clinical parameters (r = 0.452, P,0.01 for VAS; r = 0.578, P,0.01

for FIQ total score; r = 0.410, P,0.01 for pain; r = 0.311, P,0.05

for fatigue; r = 0.397, P,0.01 for morning tiredness; r = 0.402,

P,0.01 for stiffness; r = 0.433, P,0.01 for anxiety; r = 0.561,

P,0. 01 for depression in the FIQ; r = 0.579, P,0.01 for

depression in the BDI).

Interestingly, correlations were higher for both LPO levels in

BMCs and plasma with depression than with other clinical

parameters.

Next, partial correlation analysis was used to determine the

strength of the association of LPO levels in cells or plasma with

clinical symptoms, after controlling for depression (BDI), age and

BMI, and sex, respectively (Table 3). Partial correlation analysis

showed that LPO levels in cells were independently correlated

with clinical symptoms, indicating that this significant association

was not mediated by depression, age and BMI or sex (Table 3).

However, it is remarkable that this association was reduced when

Figure 1. Lipid peroxidation (MDA levels) in BMCs (Panel A) and plasma (Panel B) from controls and FM patients was determined as
described in Material and Methods. Data represent the mean6SD of three separate experiments. *P,0,001 between control and FM patients.
doi:10.1371/journal.pone.0026915.g001
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controlling for depression (Table 2 and 3). LPO levels in plasma

were also independently associated to clinical parameter when

controlling for age and BMI and sex. However, the association of

LPO levels in plasma and clinical symptoms was eliminated when

depression was controlled.

Discussion

The essential findings of this study are that FM patients have

significantly elevated levels of LPO in BMCs and plasma (MDA

measured as TBARS). Moreover our results show that LPO levels

in BMCs are more strongly and independently associated than

LPO levels in plasma with FM symptoms. The results presented

suggest the involvement of oxidative stress as part of the

pathophysiology of FM.

A large number of studies have shown high levels of oxidative

stress markers, such as LPO levels, in FM patients, suggesting that

this process may have a role in the pathophysiology of this disease.

Additionally, we have also shown that BMCs can be an excellent

model to study the relation between oxidative stress and FM.

[8,15].

Our results show that FM patients present increased LPO levels

in both BMCs and plasma compared to healthy controls, a finding

in line with studies by other groups investigating oxidative stress

markers in FM [4,15]. Furthermore, the patients show high levels

of pain, fatigue, stiffness, depression, and a high overall impact of

FM.

But, what is the relationship between LPO and FM symptoms?

It is known that LPO, as a consequence of oxidative stress,

indirectly reflects intracellular ROS generation, and ROS are

known to be implicated in the etiology of pain, one of the most

prominent symptoms in FM, by inducing peripheral and central

hyperalgesia [17]. Superoxide plays a major role in the

development of pain through direct peripheral sensitization, the

release of various cytokines (for example, TNF-a, IL-1b, and IL-6),

the formation of peroxynitrite (ONOO-), and poly (ADP-ribose)

polymerase activation (PARP) [17]. Although, the mechanisms by

which increased oxidative stress can affect specifically muscle

sensitivity remain to be established, it may be that oxidative

damage in muscles results in threshold lowering of nociceptors

locally, thus producing and altered nociception [18].

Furthermore, increased LPO has been described in patients

suffering from depression and fatigue, two typical symptoms found

in FM patients [19,20]. Studies on depression have elucidated a

possible link between depression and LPO [21], and the

peroxidation-reducing effect of different selective serotonin

reuptake inhibitors in major depression has been demonstrated

by Bilici et al. [19]. It has been suggested that alterations in

phospholipids which are structural components of cell membrane

in the brain, may induce changes in membrane microviscosity

and, consequently, in various neurotransmitter systems, which are

thought be related to the pathology of depression, e.g., serotonin

(5-HT), and noradrenaline [22,23]. LPO of cell membranes can

modify receptor accessibility, dynamics, ligand binding and action,

and therefore altering neurotransmitter functions [24]. Oxidative

stress may also affect the expression of membrane functional

proteins and receptors, by interfering with intracellular signalling

and receptors turnover, including serotonergic receptors [25].

The fact that depression was associated to both LPO in BMCs

and plasma can be ascribed to the fact that neuron membranes

can be more vulnerable to oxidative stress due to its high content

in polyunsaturated fatty acids [23], and consequently neurotrans-

mitters pathways involved in depression may be more easily

affected.

Furthermore, this association was higher with LPO in BMCs

than in plasma in all the clinical parameters analyzed. These

findings could be ascribed to the presence of higher levels of LPO

in BMCs than in plasma that can reflect better the severity of

oxidative stress, and thus, showing a better association to clinical

symptoms in FM. MDA is a end-product of LPO, and its cellular

accumulation indicates oxidative damage in the cells. However,

plasma MDA levels depend on the balance between MDA

formation and its detoxification and can be affected for many

factors, such as the dilutional effect of plasma, and the renal and/

or tissue clearance. The fact that severity of FM symptoms

apparently correspond better with BMCs MDA values than

plasma MDA values, might be also speculated as a predominant

contribution of the inflammatory cells in the severity of FM

symptoms.

Furthermore, depression per se is accompanied by an induction

of inflammatory and oxidative and nitrosative stress pathways,

Table 1. Characteristic findings of the FM patients and
control group.

Patients Control

Age (years) 45.8 611 44.3 612

Tender points 15.4 62.8 ?

Duration of disease (years) 10.4 66.4 ?

Sex (male/female) 5/60 5/40

BMI (Kg/m2) 27.4 6 4.2 23.3 6 0.9

VAS Total score 5.9 61.8* 0.5 6 0.8

FIQ Total score, range 0 80 54.5 616.* 3 61.6

Pain 7.3 62.2* 0.7 60.3

Fatigue 7.6 6 1.9* 1.2 6 0.9

Morning tiredness 6.7 62.2* 1.1 61.0

Stiffness 5.9 62.3* 0.6 60.1

Anxiety 5.8 62.7* 1 60.9

Depression 5.2 62.7* 1.2 60.8

Beck Depression Inventory 18.5 68.6* 4 6 1.9

Values are means 6SD.
*P,0.001.
doi:10.1371/journal.pone.0026915.t001

Table 2. Correlation between lipid peroxidation (LP) and
clinical findings in FM patients.

Patients
r

Control
r

VAS Total score 0.584** 0.452**

FIQ Total score 0.823** 0578**

Pain 0.564** 0.410**

Fatigue 0.617** 0.311*

Morning tiredness 0.574** 0.397**

Stiffness 0.669** 0.402**

Anxiety 0.591** 0.433**

Depression 0.632** 0.561**

Beck Depression Inventory 0.875** 0.579**

*P,0.05.
**P,0.01; r, Pearson’s Correlation Coefficient.
doi:10.1371/journal.pone.0026915.t002
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altered cytokine activity [26], increased LPO levels and a lowered

antioxidant status [27–29]. All these alterations, which may

reinforce themselves through a feedback mechanism (depression

induces LPO and LPO induces depression), make a significant a

much stronger case for the association between LPO levels in cells

or plasma and depression in FM patients.

The inflammation, oxidative and nitrosative stress theory of

depression offers an explanation why depression may be caused by

psychological stressors and the presence of (auto)immune disorders

[28]. The latter is indeed accompanied by inflammatory responses

that may induce oxidative and nitrosative stress whereby NO and

peroxynitrite are formed by for example activated neutrophils and

monocytes, which in turn may cause oxidation and nitration of

fatty acids, proteins and DNA. Psychological stressors may

generate oxidative stress and even cause damage to fatty acids

and DNA. Firstly, emotional stressors induce inflammatory

reactions with an increased production of pro-inflammatory

cytokines [30], which cause ROS and reactive nitrogen species

(RNS). Secondly, psychological stressors induce a pro-oxidant state

and LPO [31,32]. Therefore, the high comorbidity between FM

and depression may be explained because both share overlapping

pathophysiological processes [33,34].

Furthermore, we examined the independence of LPO levels and

clinical parameters association in FM and the modulating role of

depression (BDI) and others confounders (age and BMI, and sex).

Partial correlation analysis showed that LPO levels in BMCs

correlated with clinical symptoms independently of depression, age

and BMI, and sex in FM patients. Interestingly, this association

was reduced when controlling for depression, suggesting that in

some extend depression is modulating LPO levels in BMCs. On

the contrary, LPO levels in plasma were not associated with

clinical parameters when controlling for depression, suggesting

that depression has a confounding effect on LPO levels in plasma

in FM patients.

In conclusion, our study confirms the presence of LPO in BMCs

and plasma in FM patients. LPO levels in BMCs are better

associated than LPO levels in plasma to clinical symptoms in FM.

Furthermore, this association, although significantly independent,

is modulated by depression. Finally, the results of this study

indicate that oxidative stress could be implicated in the severity of

the clinical symptoms in FM and suggest that antioxidant therapy

needs to be examined as a treatment in FM. Recently, The role of

oxidative stress in peripheral neuropathic pain was recently tested

by assessing the effects of antioxidants (acetyl-L-carnitine, alpha-

lipoic acid, and vitamin C) on pain behavior in a rat model of

neuropathic pain [32]. Our results might also be relevant for the

clinical management of FM patients since the effectiveness of

treatment could be additionally tested by serial BMCs LPO

determinations during the course of the treatment.
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Research articleMitochondrial dysfunction and mitophagy 
activation in blood mononuclear cells of 
fibromyalgia patients: implications in the 
pathogenesis of the disease
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Abstract
Introduction: Fibromyalgia is a chronic pain syndrome with unknown etiology. Recent studies have shown some 
evidence demonstrating that oxidative stress may have a role in the pathophysiology of fibromyalgia. However, it is still 
not clear whether oxidative stress is the cause or the effect of the abnormalities documented in fibromyalgia. 
Furthermore, the role of mitochondria in the redox imbalance reported in fibromyalgia also is controversial. We 
undertook this study to investigate the role of mitochondrial dysfunction, oxidative stress, and mitophagy in 
fibromyalgia.

Methods: We studied 20 patients (2 male, 18 female patients) from the database of the Sevillian Fibromyalgia 
Association and 10 healthy controls. We evaluated mitochondrial function in blood mononuclear cells from 
fibromyalgia patients measuring, coenzyme Q10 levels with high-performance liquid chromatography (HPLC), and 
mitochondrial membrane potential with flow cytometry. Oxidative stress was determined by measuring mitochondrial 
superoxide production with MitoSOX™ and lipid peroxidation in blood mononuclear cells and plasma from 
fibromyalgia patients. Autophagy activation was evaluated by quantifying the fluorescence intensity of LysoTracker™ 
Red staining of blood mononuclear cells. Mitophagy was confirmed by measuring citrate synthase activity and 
electron microscopy examination of blood mononuclear cells.

Results: We found reduced levels of coenzyme Q10, decreased mitochondrial membrane potential, increased levels of 
mitochondrial superoxide in blood mononuclear cells, and increased levels of lipid peroxidation in both blood 
mononuclear cells and plasma from fibromyalgia patients. Mitochondrial dysfunction was also associated with 
increased expression of autophagic genes and the elimination of dysfunctional mitochondria with mitophagy.

Conclusions: These findings may support the role of oxidative stress and mitophagy in the pathophysiology of 
fibromyalgia.

Introduction
Fibromyalgia (FM) is a common chronic pain syndrome
accompanied by other symptoms such as fatigue, headache,
sleep disturbances, and depression. It is diagnosed accord-

ing to the classification criteria established by the American
College of Rheumatology (ACR) [1]. Despite being a com-
mon disorder that affects at least 5 million individuals in the
United States [2], its pathogenic mechanism remains elu-
sive. Recently oxidative stress markers were proposed as a
relevant event in the pathogenesis of this disorder [3,4].

Previously, we detected decreased coenzyme Q10 (CoQ10)
levels and increased reactive oxygen species (ROS) produc-
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tion in blood mononuclear cells of FM patients, providing
direct evidence of increased oxidative stress at the cellular
level [5]. CoQ10 plays a crucial role in cellular metabolism,
acting as an electron carrier between complexes I and II and
complex III of the mitochondrial respiratory chain. CoQ10
also has been reported to play an important role in the regu-
lation of uncoupling proteins, mitochondrial permeability
transition pore, β-oxidation of fatty acids, and the nucle-
otide-biosynthesis pathway [6]. Moreover, CoQ10 levels
have been suggested to be useful as a mitochondrial-dys-
function marker [7]. CoQ10 deficiency induces decreased
activities of complex II + III, complex III and complex IV,
reduced expression of mitochondrial proteins involved in
oxidative phosphorylation, decreased mitochondrial mem-
brane potential, increased production of reactive oxygen
species (ROS), activation of mitochondrial permeability
transition (MPT), mitophagy of dysfunctional mitochon-
dria, and reduced growth rates [8,9].

The purpose of the present work was to assess the mito-
chondrial dysfunction in blood mononuclear cells of FM
patients and to elucidate whether mitochondrial disturbance
was involved in the pathophysiology of oxidative stress
present in FM.

Materials and methods
Patients and controls
The study was performed with the informed consent of all
participants and the approval of the local ethical committee.
We studied 20 patients (two male and 18 female patients)
recruited from the database of the Sevillian Fibromyalgia
Association (AFIBROSE) and 10 healthy controls (two
male and eight female patients). The diagnosis of FM was
established by an experienced rheumatologist according to
ACR criteria [1]. All patients and controls had not taken
any drug or vitamin/nutritional supplement during a 15-day
period before the collection of the blood samples.

Blood mononuclear cells cultures
Peripheral blood mononuclear cells (BMCs) were purified
from heparinized blood with isopycnic centrifugation by
using Histopaque-1119 and Histopaque-1077 (Sigma
Chemical Co., St. Louis, MO, USA). BMCs were cultured
at 37°C in a 5% CO2 atmosphere in RPMI-1640 medium
supplemented with L-glutamine, an antibiotic/antimycotic
solution (Sigma Chemical Co.), and 10% fetal bovine
serum.

Measurement of CoQ10 levels

CoQ10 contents in BMCs were analysed with HPLC (Beck-
man Coulter, Brea, CA, USA; 166-126 HPLC) with ultravi-
olet detection (275 nm), according to the method of
Montero and colleagues

Mitochondrial membrane potential (ΔΨm)
BMCs were cultured in six-well plates (35-mm diameter
well) until confluence. Mitotracker Red CMXRos (Invitro-
gen/Molecular Probes, Eugene, OR, USA) 100 nmol/L was
added and incubated for 30 min. Then cells were washed
and analyzed with flow cytometry.

Mitochondrial ROS production
Mitochondrial ROS generation in BMCs was assessed with
MitoSOX™ (Invitrogen/Molecular Probes, Eugene, OR,
USA) incubated with 1 μmol/L MitoSox for 30 min at 37°C
and washed twice with PBS. Cells were analyzed with flow
cytometry. To assay ROS production with antioxidants,
mononuclear cells were incubated 24 h with 10 μmol/L
CoQ10, 30 μmol/L α-tocopherol (α-toc), and 10 mmol/L N-
acetylcisteine (N-Acet; Sigma Chemical Co.).

Lipid peroxidation
TBARS (thiobarbituric acid reactive substances) levels in
plasma were determined by a method based on the reaction
with thiobarbituric acid at 90-100°C. Lipid peroxidation in
cells was determined by analyzing the accumulation of
lipoperoxides with a commercial kit from Cayman Chemi-
cal (Ann Arbor, Michigan, USA). TBARS are expressed in
terms of malondialdehyde (MDA) levels. In these assays,
an MDA standard is used to construct a standard curve
against which unknown samples can be plotted.
Loading of Lysotracker Red
BMCs were cultured in RPMI-1640 medium.
LysoTracker™ red (Invitrogen/Molecular Probes) (100
nmol/L), a cell-permeant fluorophore that typically concen-
trate in acidic vacuoles, was added to isolated BMCs from
control and FM patients. After 30 min, cells were washed,
and the red fluorescence of LysoTracker was quantified
with flow cytometry.
Real-time PCR
The expression of both MAP-LC3 and BECLIN 1 genes in
BMCs was analyzed with SYBR Green quantitative PCR
by using mRNA extracts and primers. Real-time BECLIN 1
primers 5'-GGA TGG ATG TGG AGA AAG GCA AG-3'
(forward primer) and 5'-TGA GGA CAC CCA AGC AAG
ACC-3' (reverse primer) amplify a sequence of 152 nucle-
otides. Human MAP-LC3 primers 5'-GCC TTC TTC CTG
CTG GTG AAC-3' (forward primer) and 5'-AGC CGT
CCT CGT CTT TCT CC-3' (reverse primer) amplify a
sequence of 91 nucleotides. Actin was used as a housekeep-
ing control gene.

Measurement of citrate synthase activity
The specific activity of citrate synthase in whole-cell
extracts prepared from BMCs was measured at 412 nm
minus 360 nm (13.6 mmol/L/cm) by using 5,5-dithio-bis(2-
nitrobenzoic acid) to detect free sulfhydryl groups in coen-
zyme A, as described previously [11].
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Electron microscopy
BMCs were fixed for 15 min with 2% glutaraldehyde in
culture medium and then for 30 min in 2% glutaraldehyde-
0.1 mol/L NaCacodylate/HCl, pH 7.4. Samples were pro-
cessed as described previously [9]. Observations were per-
formed on a Philips CM-10 transmission electron
microscope.

Statistical analysis
All results are expressed as mean ± SD, unless stated other-
wise. The unpaired Student's t test was used to evaluate the
significance of differences between groups. Statistical anal-
yses included Pearson's correlations between CoQ10 levels
and autophagic gene expression levels. The P values less
than 0.05 were considered significant.

Results
Mitochondrial dysfunction in FM
The mean age of patients was 50.8 ± 8.6 years for the FM
group and 49.1 ± 9.8 years for the control group. The mean
duration of symptoms in the FM group was 13.65 ± 9.19
years. The mean tender points in the FM group were 14.9 ±
3.1 points. The most prominent features of these FM
patients were pain and stiffness. They were sedentary peo-
ple. Routine laboratory tests yielded normal results for glu-
cose, urea, uric acid, total protein, creatinine, aspartate
aminotransferase, alanine aminotransferase, cholesterol,
and triglycerides (data not shown).

CoQ10 levels, determined in BMCs isolated from 20 FM
patients, were found to be about 40% lower than those in
control cells (Figure 1a). To examine further the mitochon-
drial dysfunction in BMCs from FM patients, we deter-
mined the mitochondrial membrane potential (ΔΨm) with
flow cytometry. Mitochondrial membrane potential was
significantly reduced by about 36% in BMCs from FM
patients (Figure 1b).

Oxidative stress in FM
Oxidative stress has been proposed as a relevant event in
the pathogenesis of FM [3,12]. In a previous work, we
showed the presence of high levels of ROS production in
the BMCs of FM patients [5]. To assess the mitochondrial
origin of ROS production, BMCs from FM patients and
controls were exposed to MitoSOX™, a red mitochondrial
superoxide indicator. Quantification of ROS production
with flow-cytometry analysis demonstrated a significant
increase in ROS production in mitochondria of BMCs from
FM patients with respect to control (Figure 2a). Addition-
ally, we determined lipid peroxidation as a marker of oxida-
tive stress-induced membrane damage by mitochondrial
ROS in BMCs and plasma from FM patients. On average,
FM patients showed a higher level of lipid peroxidation in
both cells and plasma with respect to control subjects (Fig-
ure 2b and 2c).

Further to examine the role of ROS generation in FM,
BMCs of one representative patient were incubated with
three antioxidants, CoQ10, α-toc, and N-Acet, and mito-
chondrial ROS production was examined (Figure 3). Only
lipophilic antioxidants, CoQ10 and α-toc, significantly
attenuated ROS production.

Autophagy in BMC from FM patients
Recently, it was demonstrated that CoQ10-deficient fibro-
blasts exhibit increased levels of lysosomal markers (β-
galactosidase, cathepsin, LC3, and Lyso Tracker) and
enhanced expression of autophagic genes at both transcrip-
tional and translational levels, indicating the presence of
autophagy [9]. To verify that CoQ10 deficiency also induces
activation of autophagy in BMCs from FM patients, we
first quantified levels of acidic vacuoles in BMCs by using
Lysotracker fluorescence and flow-cytometry analysis.
Acidic vacuoles were significantly increased in patient
BMCs with respect to controls (Figure 4a). To elucidate
whether autophagy in CoQ10-deficient BMCs could be mit-
igated by restoring mitochondrial functionality by CoQ10
supplementation, we cultured both control and patient
BMCs in the presence of CoQ10 (100 μmol/L) for 24 hours
and analyzed them by Lysotracker fluorescence. As is
shown in Figure 4b, CoQ10 supplementation drastically
reduced the intensity of Lysotracker fluorescence, indicat-
ing a reduction in lysosomal activity after CoQ10 treatment.

In addition, we analyzed the expression of genes involved
in autophagic processes, such as BECLIN 1 and MAP-LC3.
Figure 5a and 5b show that autophagic genes were overex-
pressed in BMCs of five of the eight patients tested as com-
pared with controls. FM patients with increased expression
of autophagic genes were those with a most pronounced
CoQ10 deficiency (P3, P5, P6, P7, P8). A negative correla-
tion was seen between the expression of autophagic genes
and CoQ10 levels (r = -0.80, P < 0.01 for BECLIN 1, and r =
-0.76, P < 0.001 for MAP-LC3) (Figure 5c).

To determine whether autophagy was specific for mito-
chondria, we first examined mitochondrial mass in BMCs
derived from FM patients. BMC extracts were prepared
from control and FM patients and analyzed for citrate syn-
thase activity. Citrate synthase is a mitochondrial matrix
protein whose activity has been shown to correlate well
with mitochondrial mass [13]. Figure 6a shows a statisti-
cally significant decrease in citrate synthase activity in
BMCs from FM patients compared with controls. The
reproducible reduction in citrate synthase activity indicates
a decrease in mitochondrial mass and suggests selective
degradation of mitochondria. To confirm the presence of
mitochondrial degradation or mitophagy in BMCs, we then
performed electron microscopy on control and patient
BMCs (Figure 6b and 6c. Figure 6c clearly shows the pres-
ence of autophagosomes in BMCs from a representative
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Figure 1 Coenzyme Q10 levels and mitochondrial membrane potential (ΔΨm) in blood mononuclear cells (BMCs) from fibromyalgia (FM) 
patients and healthy control subjects. (a) CoQ10 levels were measured with high-performance liquid chromatography, as described in Materials 
and Methods. Data represent the mean ± SD of three separate experiments. (b) Mitochondrial membrane potential was analyzed in BMCs from con-
trol subjects and FM patients with flow cytometry, as described in Materials and Methods. Data represent the mean ± SD of three separate experiments. 
*P < 0.001 between controls and FM patients.
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Figure 2 Reactive oxygen species (ROS) production and lipid peroxidation in fibromyalgia (FM) patients. (a) ROS production was analyzed in 
BMCs from control subjects and FM patients with flow cytometry, as described in Materials and Methods. Lipid peroxidation (MDA levels) in blood 
mononuclear cells (BMCs) (b) and plasma (c) from control subjects and FM patients were determined as described in Materials and Methods. Data 
represent the mean ± SD of three separate experiments. *P < 0.001 between controls and FM patients.
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FM patient (P6), indicating extensive autophagy of mito-
chondria. In early autophagosomes, it can clearly be
observed that mitochondria are being degraded.

Discussion
Mitochondria generate energy primarily in the form of the
electrochemical proton gradient, which fuels ATP produc-
tion, ion transport, and metabolism. Mitochondria are also
the major source of ROS. Both complexes I and III, along
with CoQ10, leak electrons to oxygen [14-17].
CoQ10deficiency has been associated with a variety of
human disorders, some of them caused by a direct defect of
CoQ10 biosynthesis genes or as a secondary consequence of
other diseases [18,19]. Recent findings show that CoQ10
deficiency alters mitochondrial function and mitochondrial
respiratory complex organization, leading to increased ROS
generation, activation of MPT, and increased autophagy of
dysfunctional mitochondria by mitophagy [8,9]. In the pres-
ent study, we found that CoQ10-deficient BMCs in FM
patients showed high levels of ROS production in mito-
chondria and increased levels of lipid peroxidation in both
cells and plasma. In this respect, high levels of lipid peroxi-
dation and protein carbonyls [20,21] and disturbances in the
homeostasis of platelet ATP have been observed in FM
patients [22]. The fact that CoQ10 and α-toc, two lipophilic
antioxidants, significantly reduced mitochondrial ROS pro-
duction, also suggests that ROS are produced in the lipo-
philic environment of mitochondrial membranes and that
CoQ10 deficiency may be involved in oxidative stress in
FM.

If oxidative damage plays a role in FM through the acti-
vation of MPT and mitophagy, then therapeutic strategies
that reduce ROS may ameliorate the pathologic process.
What is the relation between oxidative stress and FM symp-
toms? Recent studies showed that oxidative stress can cause
peripheral and central sensitization and alter nociception
[23], resulting in hyperalgesia mediated by both local and
spinal oxidant mechanisms. Furthermore, oxidative stress is
increased in patients with chronic-fatigue syndrome
[24,25]. Superoxide plays a major role in the development
of pain through direct peripheral sensitization, the release
of various cytokines (for example, TNF-α, IL-1β, and IL-
6), the formation of peroxynitrite (ONOO-), and PARP acti-
vation [23]. In addition, studies on depression, a typical
symptom in FM patients, have elucidated the possible link
between depression and lipid peroxidation [26]. Lipid per-
oxidation may play an important role in depression, and the
peroxidation-reducing effect of different selective serotonin
reuptake inhibitors in major depression was demonstrated
by Bilici and associates [27].

In addition, and supporting the role of mitochondrial dys-
function, BMCs of FM patients showed a decrease of 36%
of mitochondrial membrane potential (ΔΨm), possibly
reflecting a reduced electron flow and proton pumping
caused by CoQ deficiency. Interestingly, a positive correla-
tion between the content of CoQ10 in BMCs and skeletal
muscle [28,29] was demonstrated; therefore, CoQ10 defi-
ciency and mitochondrial dysfunction can also be present in
other cells and tissues in FM patients. Furthermore, changes
in the morphology and number of mitochondria have been

Figure 3 Effect of antioxidants on reactive oxygen species (ROS) generation. Blood mononuclear cells (BMCs) of representative fibromyalgia 
(FM) patients were treated with 10 μmol/L CoQ10, 30 μmol/L α-tocopherol (α-toc), and 10 μmol/L N-acetylcysteine (N-Acet) for 24 h. Data represent 
the mean ± SD of three separate experiments. *P < 0.001 between controls and FM patients; **P < 0.005 between the absence or presence of CoQ10 

and α-toc treatment.
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shown in skeletal muscle from FM patients [30-32], sug-
gesting the role of mitochondrial dysfunction in this disor-
der. CoQ deficiency, mitochondrial dysfunction, and cell
bioenergetics alteration could also explain the low muscular
and aerobic capacity observed in some groups of FM
patients [33,34].

It has been proposed that ROS damage can induce MPT
by opening of permeability transition pores in the mito-
chondrial inner membrane [35-37]. This, in turn, leads to a
simultaneous collapse of mitochondrial membrane potential
and the elimination of dysfunctional mitochondria by
mitophagy. Our results support this hypothesis, showing the
presence of mitophagy in BMCs of FM patients.

Autophagy is a regulated lysosomal pathway involved in
the degradation and recycling of cytoplasmic materials [38-
42]. During autophagy, cytoplasmic materials are seques-
tered into double-membraned vesicles, 'autophagosomes',
which then fuse with lysosomes to form autolysosomes, in
which degradation of cellular structures occurs. Many cel-
lular stresses can cause induction of autophagy, such as
endoplasmic reticulum stress, mitochondrial dysfunction,
or oxidative stress [42-44]. 'Mitophagy' was coined to
describe the selective removal of mitochondria by
autophagy during development and under pathologic condi-
tions [36,45]. In our work, biochemical analysis of citrate
synthase indicated a depletion of mitochondrial mass, sug-

Figure 4 Autophagic markers in blood mononuclear cells (BMCs) from fibromyalgia (FM) patients. (a) Quantification of acidic vacuoles in con-
trol and patient BMCs by LysoTracker fluorescence and flow-cytometry analysis. (b) Reduction of LysoTracker fluorescence in BMCs from FM patients 
under CoQ10 supplementation (100 μmol/L) for 24 h. Data represent the mean ± SD of three separate experiments. *P < 0.001 between controls and 
FM patients.
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Figure 5 Autophagic genes expression. Expression levels of BECLIN 1 (a) and MAP-LC3 (b) transcripts in blood mononuclear cells (BMCs) from con-
trol and fibromyalgia (FM) patients were assessed with real-time polymerase chain reaction (PCR), as described in Materials and Methods. Data repre-
sent the mean ± SD of three separate experiments. *P < 0.001 between controls and FM patients. (c) Correlation of CoQ10 levels and BECLIN 1 and MAP-

LC3 expression levels in BMCs from FM patients.
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Figure 6 Mitophagy in fibromylagia (FM) patients. (a) Decreased mitochondrial mass in blood mononuclear cells (BMCs) from FM patients. Citrate 
synthase specific activity in BMCs from control and FM patients was performed, as described in Materials and Methods. Data represent the mean ± SD 
of three separate experiments. *P < 0.001 between control and FM patients. (b) Ultrastructure of BMCs from FM patients. The control BMCs show mi-
tochondria with a typical ultrastructure. Autophagosomes with mitochondria (arrows) were present in BMCs from a representative FM patient (P6); 
Bar = 1 μm.
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gesting selective mitochondrial degradation by mitophagy
in BMCs from FM patients. These results were confirmed
with electron microscopy that clearly shows autophago-
somes where mitochondria are being degraded. Autophagy
can be beneficial for the cells by eliminating dysfunctional
mitochondria, but massive autophagy can promote cell
injury [41] and may contribute to the pathophysiology of
FM.

Conclusions
Our study supports the hypothesis that CoQ10 deficiency,
oxidative stress, and extensive mitophagy can contribute to
cell-bioenergetics imbalance, compromising cell function-
ality. Abnormal BMC performance can promote oxidative
stress and may contribute to altered nociception in FM.
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Can Coenzyme Q10 Improve Clinical and Molecular
Parameters in Fibromyalgia?
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José Miguel Alvarez-Suarez,4 Pedro Bullón,5 Maurizio Battino,4 Ana Fernández-Rodrı́guez,1
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Abstract

Fibromyalgia (FM) is a complex disorder that affects up to 5% of the general population worldwide. Its patho-
physiological mechanisms are difficult to identify and current drug therapies demonstrate limited effectiveness. Both
mitochondrial dysfunction and coenzyme Q10 (CoQ10) deficiency have been implicated in FM pathophysiology. We
have investigated the effect of CoQ10 supplementation. We carried out a randomized, double-blind, placebo-
controlled trial to evaluate clinical and gene expression effects of forty days of CoQ10 supplementation (300 mg/day)
on 20 FM patients. This study was registered with controlled-trials.com (ISRCTN 21164124). An important clinical
improvement was evident after CoQ10 versus placebo treatment showing a reduction of FIQ ( p < 0.001), and a most
prominent reduction in pain ( p < 0.001), fatigue, and morning tiredness (p < 0.01) subscales from FIQ. Furthermore,
we observed an important reduction in the pain visual scale ( p < 0.01) and a reduction in tender points ( p < 0.01),
including recovery of inflammation, antioxidant enzymes, mitochondrial biogenesis, and AMPK gene expression
levels, associated with phosphorylation of the AMPK activity. These results lead to the hypothesis that CoQ10 have a
potential therapeutic effect in FM, and indicate new potential molecular targets for the therapy of this disease. AMPK
could be implicated in the pathophysiology of FM. Antioxid. Redox Signal. 00, 000–000.

Introduction

Fibromyalgia (FM) is a common chronic pain syndrome
accompanied by other symptoms such as fatigue, headache,

sleep disturbances, and depression. Despite the fact that it af-
fects up to 5% of the general population worldwide, its patho-
genic mechanism remains elusive. Recently, the hypothesis that
oxidative stress and mitochondrial dysfunction are important
events in the pathogenesis of FM (4, 5) was proposed. In this
respect, mitochondrial mass and cell bioenergetics (4), as well as
antioxidant proteins such as catalase and superoxide dismutase
(SOD) (4) were found to be reduced in FM.

In eukaryotic cells, mitochondrial biogenesis is triggered
through modulation of the ATP/ADP ratio, activation of

AMP-activated protein kinase (AMPK), and consequent ex-
pression of PGC-1a and NRF1 transcriptional factors (6). The
AMPK cascade is one of the systems that evolved to ensure
that energy homoeostasis is maintained (6). AMPK, through
the increased expression levels of antioxidant enzymes such
as MnSOD and catalase, has also been involved in the cel-
lular response against mitochondrial reactive oxygen species
(ROS)-induced stress damage (3).

Coenzyme Q10 (CoQ10) deficiency has been described in
FM patients (4, 5). CoQ10 plays a critical role in mitochon-
drial ATP production and cellular metabolism. It also
regulates mitochondrial uncoupling proteins, mitochon-
drial permeability transition pore, and ROS production (5).
Preliminary data have shown that patients with CoQ10
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deficiency have shown a remarkable clinical improvement
after initiating oral CoQ10 supplementation (5). Preliminary
recent data have also shown an interesting improvement in FM
patients after oral supplementation with CoQ10 (5, 8). The
current study was a placebo-controlled, double-blinded trial, to
evaluate the effect of CoQ10 in clinical symptoms and expres-
sion levels of genes associated with inflammation, antioxidant
enzymes, and mitochondrial biogenesis in FM patients and the
implication of AMPK in FM pathophysiology.

Results

Participants

A total of 40 women were potential participants. The ma-
jority were excluded because of being smokers, having rheu-
matoid arthritis and/or hepatitis c (Fig. 1). Twenty women
were eligible for the study, all signed consent forms to partici-
pate, and were randomized to the CoQ10 or placebo conditions.
Anthropometric, body composition and biochemical parame-
ters are provided in Supplementary Table S1.

Effect of CoQ10 in clinical symptoms of FM patients

Compared to the placebo group, an improvement in clini-
cal symptoms was observed in the CoQ10 group, showing a
reduction of about 52% compared to pretreatment in the fi-
bromyalgia impact questionnaire (FIQ) (p < 0.001), and a most
prominent reduction in pain (52%) (p < 0.001), fatigue (47%),
and morning tiredness (44%) (p < 0.01) subscales from FIQ
(Fig. 2A, B). Furthermore, we observed an important reduc-
tion in the pain visual scale in the CoQ10 group over the
placebo group (56%) (p < 0.01) and a reduction in tender
points (44%) (p < 0.01) (Fig. 2C, D). However, we did not
observe significant changes in sleep quality, evaluated by
PSQI (Fig. 2E). No adverse effects were observed or reported
by patients.

FIG. 1. Flow diagram
showing the distribution of
the study subjects from ini-
tial assessment to analysis of
study data. Details given ac-
cording to the Consolidated
Standards of Reporting Trials
(CONSORT) statement for
reporting randomized con-
trolled trials.

Innovation

Pathophysiological mechanisms of fibromyalgia (FM) are
difficult to identify and current drug therapies demonstrate
limited effectiveness, so drugs used to treat FM have been
focused on the management of single symptoms. According
to this study, coenzyme Q10 (CoQ10) could be a new thera-
peutic approach for FM. Furthermore, CoQ10 induce an
activation of AMPK, which show an interesting role in the
pathophysiology of this disease. The results described in
this article may serve as a new way for designing experi-
ments to better understand the influence of AMPK in FM
alterations and nominate some potential (diagnostic) bio-
markers and therapeutic target.
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Effect of CoQ10 in gene expression of FM patients

To clarify the possible mechanisms of CoQ10 in the patho-
physiology of FM, we performed expression analysis for genes
related with mitochondrial biogenesis, and antioxidant de-
fense and inflammation response in blood mononuclear cells
(BMCs). BMCs from FM patients showed upregulation of
several inflammation-related genes (IL-6, IL-8, and TNF-a,
p < 0.001) (Fig. 3A), whereas genes linked to mitochondrial
biogenesis (PGC-1a, TFAM, NRF1) and antioxidant response
(CuZnSOD and MnSOD) were downregulated, ( p < 0.001)
(Fig. 3B). Furthermore, AMPK gene expression was down-
regulated in FM BMCs compared with control BMCs (Fig. 3C).
Interestingly, CoQ10 supplementation induced upregulation
of mitochondrial biogenesis, antioxidant and AMPK tran-
scripts, whereas expression of genes linked to inflammation
were downregulated (Fig. 3A–C).

CoQ10 induces AMPK phosphorylation

AMPK, the master regulator of cell energy levels, is acti-
vated by low ATP levels, and increases glucose transport,

fatty acid oxidation, and mitochondrial biogenesis (6). Since
AMPK induces PGC-1a phosphorylation and mitochondrial
biogenesis, we analyzed phosphorylated AMPK protein ex-
pression levels and PGC-1a in FM BMCs after treatment.
Results showed active phosphorylated AMPK and PGC-1a
after CoQ10 (Fig. 4).

Discussion and Future Directions

According to these data, COQ10 supplementation improves
the clinical symptoms of FM and we can hypothesize a pivotal
role of AMPK in the pathophysiology of this disease.

During the last few years, several pathophysiological pro-
cesses of importance for FM pathophysiology have been
described. Oxidative stress, mitochondrial dysfunction, bio-
energetic alteration, and inflammation processes, all seem to
play important roles (1, 4, 5). AMPK is reported to play a
master regulatory role in these processes as described in several
other diseases (6). In this article, we report for the first time a
downregulation of AMPK in FM patients. Our results link the
nonphosphorylation of AMPK with the inflammatory,

FIG. 2. CoQ10 improves clin-
ical symptoms in FM patients.
n = 10 and 10 for CoQ10 and
placebo groups, respectively.
The clinical response of the pa-
tients after CoQ10 determined
by FIQ total score puntuation
(A), several subitems from FIQ
as pain, fatigue, morning tired-
ness, stiffness, and depression
(B), VAS about pain (C), tender
points (D), and sleep quality
(E). Data represent the mean –
SD. *p < 0.001 between before
and after CoQ10 supplementa-
tion FM patients. **p < 0.01 be-
tween before and after CoQ10
supplementation FM patients.
CoQ10, coenzyme Q10; FIQ, fi-
bromyalgia impact question-
naire; FM, fibromyalgia; VAS,
visual analogue scale.

FIG. 3. CoQ10 restored alterated
gene expression in FM patients.
n = 10 and 10 for CoQ10 and pla-
cebo groups, respectively. Re-
lative gene expressions of
inflammation (A), antioxidants
(CZnSOD and MnSOD) and mi-
tocondrial biogenesis (B), and
AMPK (C) (means – SE) deter-
mined by quantitative PCR in
BMCs before and after placebo
and CoQ10 supplementation.
*p < 0.01 between before and after
CoQ10 supplementation FM pa-
tients. ap < 0.01; aap < 0.05 between
FM patients and healthy controls.
AMPK, AMP-activated protein
kinase; BMCs, blood mononuclear
cells; SOD, superoxide dismutase.
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oxidative, and bioenergetic states of FM patients. Based on the
results of this study, we propose AMPK as a new way to un-
derstand the FM.

AMPK downregulation could represent a valuable new
therapeutic target (strategy). Accordingly, we have shown by
means of this clinical trial that CoQ10 induces AMPK activa-
tion. CoQ10 has been previously observed to induce activation
of AMPK in in vitro assays (7, 9) and our data indicated that
AMPK activation may play an essential role in the ability of
CoQ10 to improve clinical symptoms in FM patients. Fur-
thermore, this study has pointed a new path toward under-
standing of FM.

Further analysis involving more patients in doubled-blind
placebo-controlled clinical trials are required to confirm these
observations. Indeed, our research group is currently working
in this direction, on the basis of the conclusions of the ex-
ploratory work discussed in this article.

Notes

The study protocol was registered (ISRCTN 21164124),
reviewed, and approved by the Ethics Committee of the
University of Sevilla. All the participants to the study gave
their written informed consent before initiating the study.
This study was carried out in compliance with the Declaration

of Helsinki, and all the International Conferences on Har-
monisation and Good Clinical Practice Guidelines.

Clinical study design

Eligible patients were 18 years of age or older and fulfilled
the American College of Rheumatology 1990 diagnostic cri-
teria for FM. These criteria included a history of widespread
musculoskeletal pain on the right and left sides of the body as
well as above and below the waist, with a minimum duration
of 3 months, and tenderness on pressure at 11 or more of 18
specific sites (tender points), with moderate or more severe
tenderness reported on digital palpation. Exclusion criteria
were acute infectious diseases in the previous 3 weeks; past or
present neurological, psychiatric, metabolic, autoimmune,
allergy-related, chronic fatigue syndrome, dermal, or chronic
inflammatory diseases; undesired habits (e.g., smoking, alco-
hol,); oral diseases (e.g., periodontitis); medical conditions that
required glucocorticoid treatment, statins or antidepressant
drugs; past or current substance abuse or dependence as well
as pregnancy or current breastfeeding. All patients had a
sedentary life style.

Treatment with simple analgesics (nonsteroidal anti-
inflammatory drugs, aspirin, cyclooxygenase 2 inhibitors)
were permitted during the study.

FIG. 4. CoQ10 increased protein expres-
sion levels. The levels of phosphorylated
AMPK-a (Thr172) and PGC-a in BMCs
from FM patients after placebo and CoQ10

supplementation were determined by us-
ing Western blotting (representative subset
is shown). Values are means – SE.
*p < 0.001 between placebo and CoQ10

treatment for p-AMPK-a; ap < 0.001 be-
tween placebo and CoQ10 treatment for
PGC-1a.
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Intervention

Twenty patients were diagnosed with FM by exclusion of
other diseases and syndromes, and in accordance with the
American College of Rheumatology criteria. Subjects were
randomized in a double-blind fashion, according to a 1:1
ratio, to CoQ10 or placebo. Population characteristics for
placebo and Q10 groups are shown in Supplementary Table
S1. Ten subjects received CoQ10 (Pharma Nord) in soft gel
capsules for forty days (300 mg/day CoQ10 divided into
three daily doses), while a group of another 10 subjects re-
ceived a matching placebo.

Outcome measurements

The primary outcome measurement was the change in
the FIQ score from baseline to the end of the intervention.
The FIQ is a well validated, multidimensional measure-
ment of the overall severity of FM as rated by patients.
Categories included the intensity of pain, physical func-
tioning, fatigue, morning tiredness, stiffness, depression,
anxiety, job difficulty, and overall well-being. The total
score ranged from 0 to 100, with higher scores indicating
more severe symptoms. Secondary efficacy measurements
included reduction in the number of positive tender points,
a visual-analogue scale (range, 0 to 10, with higher scores
indicating greater pain), and Pittsburgh Sleep Quality
Index (PSQI) (range, 0 to 21, with higher scores indicating
worse sleep quality).

Body composition

Several parameters related to body composition (weight,
body mass index, body fat, muscle mass, bone mass, and
visceral fat) were determined using the TANITA BC-601
machine (TANITA).

Biochemical assays

Blood samples were collected after and before treatment for
immediate biochemical analysis and BMCs were isolated.
Samples from 20 healthy women were used to compare bio-
chemical and molecular parameters.

Gene profile

The expression of SOD1, SOD2, IL-6, IL-8, Tnf-Alpha,
PGC1-alpha, TFAM, NRF1, and AMPK gene were analyzed
by SYBR Green quantitative PCR using mRNA extracts of
BMCs from patients and controls. Primer sequences are
available in Supplementary Table S2.

Cytokine levels

Cytokine levels in serum from controls and patients were
assayed in duplicates by commercial ELISA kits (ELISA;
Biosource).

Lipid peroxidation

Lipid peroxidation in cells was determined by analyzing
the accumulation of lipoperoxides using a commercial kit
from Cayman Chemical. TBARS are expressed in terms of
malondialdehyde levels.

Western blotting

Whole cellular lysate from fibroblasts was prepared by gentle
shaking with a buffer containing 0.9% NaCl, 20 mM Tris-ClH,
pH 7.6, 0.1% triton X-100, 1 mM phenylmethylsulfonylfluoride,
and 0.01% leupeptine. Electrophoresis was carried out in a 10%–
15% acrylamide SDS/PAGE. Proteins were transferred to Im-
mobilon membranes (Amersham Pharmacia). AMPK, AMPK-P
from Cell Signaling, and PGC-1-a-P from Abcam, antibodies
were used to detect proteins by Western blotting. Proteins were
electrophoresed, transferred to nitrocellulose membranes and,
after blocking over night at 4�C, incubated with the respective
antibody solution, diluted at 1:1000. Membranes were then
probed with their respective secondary antibody (1:2500). Im-
munolabeled proteins were detected by using a chemilumi-
nescence method (Immun Star HRP substrate kit; Bio-Rad
Laboratories, Inc.). The protein was determined by the Bradford
method (2). A cocktail of protease inhibitors (complete cocktail)
was purchased from Boehringer Mannheim.

Quantitative real-time RT-PCR

Total cellular RNA was purified from the cultured cells
using the Trisure method (Bioline), according to the manufac-
turer’s instructions. The RNA concentration was determined
spectrophotometrically. To avoid genomic DNA contamina-
tion, 1 lg of total RNA from each sample was incubated in the
gDNA wipeout buffer (Quantitect Reverse Transcription Kit;
Qiagen) at 42�C for 5 min. RNA samples were subsequently
retrotranscribed to cDNA using the QuantiTect Reverse Tran-
scription Kit (Qiagen). Quantitative RT-PCRs were performed
in a miniopticon unit (Bio-Rad) making use of the SensiMix
One-Step qRT-PCR Kit, in accordance to the comparative 2–
DDCT method described by Livak and Schmittgen (2001). The
thermal cycling conditions used were denaturation at 95�C for
20 s, alignment at 54�C for 20 s, and elongation at 72�C for 20 s,
for 40 cycles. Beta-actin was used as an internal control in each
reaction. Primers utilized are listed in Supplementary Table S2.
All reactions were performed in duplicate. Reaction mixtures,
without RNA, were used as negative controls in each run.

Statistical analysis

Data in figures are given as mean – SD. Data between dif-
ferent groups were analyzed statistically by using ANOVA on
Ranks with Sigma Plot and Sigma Stat statistical software
(SPSS for Windows, 19, 2010, SPSS, Inc.). A value of p < 0.05
was considered significant. To compare the trial results from
patients treated with CoQ10 or placebo a two-way variance
(ANOVA) analysis was used.
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Impaired AMPK is associated with a wide spectrum of clinical and pathological conditions, ranging from obesity,
altered responses to exercise or metabolic syndrome, to inflammation, disturbed mitochondrial biogenesis and
defective response to energy stress. Fibromyalgia (FM) is a world-wide diffused musculoskeletal chronic pain
condition that affects up to 5% of the general population and comprises all the abovementioned pathophysiolog-
ical states. Here, we tested the involvement of AMPK activation in fibroblasts derived from FM patients. AMPK
was not phosphorylated in fibroblasts from FM patients and was associated with decreased mitochondrial
biogenesis, reduced oxygen consumption, decreased antioxidant enzymes expression levels and mitochondrial
dysfunction. However, mtDNA sequencing analysis did not show any important alterations which could justify
the mitochondrial defects. AMPK activation in FM fibroblast was impaired in response to moderate oxidative
stress. In contrast, AMPK activation by metformin or incubation with serum from caloric restricted mice
improved the response to moderate oxidative stress and mitochondrial metabolism in FM fibroblasts. These re-
sults suggest that AMPKplays an essential role in FMpathophysiology and could represent the basis for a valuable
new therapeutic target/strategy. Furthermore, both metformin and caloric restriction could be an interesting
therapeutic approach in FM.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Mitochondria are essential organelles present in virtually all eukary-
otic cells. One of the primary functions of mitochondria is ATP produc-
tion via the oxidative phosphorylation (OXPHOS) pathway. Moreover,
they play crucial roles inmany othermetabolic, regulatory and develop-
mental processes [1]. The involvement of mitochondria in a variety of
pathological mechanisms has been partially ascribed to their central
role in reactive oxygen species (ROS) production and to the damaging

effect mediated by ROS themselves on the same organelles [2]. In eu-
karyotic cells, mitochondrial biogenesis is triggered through modula-
tion of the ATP/ADP ratio, activation of adenosine monophosphate
activated protein kinase (AMPK) and the subsequent expression of per-
oxisomal proliferator activator receptorγ co-activator 1α (PGC-1α) and
nuclear respiratory factor-1 (NRF1) transcription factors. The AMPK cas-
cade is one of the intracellular pathways that have evolved to ensure
that energy homoeostasis is maintained even under pathological condi-
tions or stress [3]. AMPK has also been involved in the cellular defense
against oxidative stress damage induced bymitochondrial ROS through
the increase of MnSOD and catalase expression levels [4].

Fibromyalgia (FM) is a common chronic pain syndrome accompa-
nied by other symptoms such as fatigue, headache, sleep disturbances,
and depression. Despite the fact that it affects up to 5% of the general
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population worldwide, its pathogenic mechanism remains elusive.
Because not all FM patients have a mitochondrial dysfunction, it has
recently been hypothesized that oxidative stress and mitochondrial
dysfunction may be important events in pathogenesis of a subgroup of
FM patients [5–9]. There is evidence supporting this hypothesis, and
thus, reduced mitochondrial mass and impaired bioenergetics have
been described in blood cells derived from FM patients [8–10]. Further-
more, different antioxidant enzymes have been observed to be drasti-
cally reduced in FM patients [5–7,9,11]. Recently, we have also found
reduced AMPK gene expression levels in blood mononuclear cells
(BMCs) from FM patients [9].

As AMPK has a central regulatory role in cell metabolism, mitochon-
drial biogenesis and oxidative stress response, we evaluate if AMPK
down-regulation could be at least in part responsible for the impaired
oxidative stress response and mitochondrial dysfunction observed in
FM. Here, we assessed this hypothesis in cultured skin fibroblasts from
patients enrolled in a trial concerning the study of inflammation and
mitochondrial dysfunction in BMCs (all patients had mitochondrial
dysfunction in BMCs) [8].

2. Material and methods

2.1. Ethical statements

The approval of the ethical committee of the University of Seville
was obtained, according to the principles of the Declaration of Helsinki
and all the International Conferences on Harmonization and Good
Clinical Practice Guidelines. All participants in the study gave their
written informed consent before initiating it.

2.2. Patients

The inclusion criterionwas Fibromyalgia, based on current ACR diag-
nostic criteria [9], and diagnosed 2 to 3 years previously. The clinical
characteristics of each group are shown in Supplementary Table 1.
Exclusion criteria were: acute infectious disease within the previous
3 weeks; past or present neurological, psychiatric, metabolic, autoim-
mune, allergy-related, dermal or chronic inflammatory disease; unde-
sired habits (e.g., smoking and alcohol); medical conditions that
required glucocorticoid treatment, analgesics or antidepressant drugs;
past or current substance abuse or dependence; pregnancy or current
breastfeeding. Three FM female patients and two healthy female volun-
teers matched for age range, gender, ethnicity and demographic
features (completion of at least 9 years of education and member of
the middle socioeconomic class), were included in the study. Healthy
controls had no signs or symptoms of FM and had not taken any medi-
cation for at least 3 weeks prior to commencing the study. None of the
patients or controls had taken any drug or vitamin/nutritional supple-
ments during the 3 weeks prior to blood sample collection. All patients
and controls followed a standard balanced diet (carbohydrate 50–60%,
protein 10–20% and fat 20–30%) for 3 weeks prior to blood collection,
as established by a diet program. Clinical data were obtained from a
physical examination and subjects were evaluated using the Fibromyal-
gia Impact Questionnaire (FIQ), the visual analogues scale (VAS) and
depression with the Beck Depression Inventory (BDI). Tender points
were identified by digital pressure at the 18 locations recommended
by ACR which included a minimum of 11 out of 18. Coagulated blood
samples were collected from patients and controls after 12 h fasting,
centrifuged at 3800 ×g for 5 min, and the serum was stored at −80 °C
until testing. Serum biochemical parameters were assayed by routine
analytical methods. Routine laboratory test yielded normal results
for glucose, uric acid, creatine kinase, aspartate aminotransferase, ala-
nine aminotransferase, cholesterol, and triglycerides (Supplementary
Table 2).

2.3. Reagents

Trypsin and metformin were purchased from Sigma Chemical Co.,
(St. Louis, Missouri). Monoclonal Antibodies specific for mitochondrial
respiratory chain complex subunits [Anti-human Complex I (39 kDa
subunit), Complex II (30 kDa subunit I), Complex III (Core 1 subunit)
and Complex IV (COX II)], MitosoxTM, PicoGreen, and Hoechst 3342,
were purchased from Invitrogen/Molecular Probes (Eugene, Oregon).
Anti-cytochrome c antibodies were purchased from PharMingen (BD
Bioscience, San Jose, California). Anti-GAPDH monoclonal antibody,
clone 6C5, was purchased from Research Diagnostic, Inc., (Flanders,
New Jersey). Complex I 8 kDa subunit and Complex II 70 kDa subunit,
anti-PGC1-alpha and OGG-1 antibodies were from Abcam (Cambridge,
UK); anti-AMPK-p antibodies were from Santa Cruz Biotechnology
(Santa Cruz, CA, USA); and MnSOD antibody was purchased from
Santa Cruz Biotechnology (Santa Cruz, CA). A cocktail of protease inhib-
itors (complete cocktail) was purchased from Boehringer Mannheim
(Indianapolis, IN). The ImmunStar HRP substrate kit was from Bio-Rad
Laboratories Inc. (Hercules, CA).

2.4. Caloric restriction assay

For all experiments, onlymalemicewere used. Eight-week-oldmale
C57/BL6/J mice weighing 25–30 g were maintained on a 12 h light/dark
cycle. All studies were performed in accordance with the European
Union guidelines (86/609/EU) and Spanish regulations for the use of
laboratory animals in chronic experiments (BOE 67/8509-12, 1988).
All experiments were approved by the local institutional animal care
committee. Calorie restriction (CR) regimen was progressively imple-
mented: it was initiated with 10% restriction diet during the first
week, followed by 20 and 30% during the second and third weeks,
respectively, and maintained at 30% until the end of treatment. After
testing, mice were sacrificed by decapitation. Blood samples were
collected frozen at −80 °C. In several experiments, fibroblasts were
cultured using 10% mice serum fed ad libitum (AL) or CR. Cells were
incubated at 37 °C in a 5% CO2 atmosphere. Serum was heat activated
for 30 min at 55 °C.

2.5. Behavioral assays

Behavioral analyseswere performed in a testing roomwith homoge-
neous noise and light levels. The testing apparatus was cleaned with
70% ethanol (Panreac Química S.A.U.) between trials to eliminate any
influence of animal odor on the exploratory behavior.

2.6. Pain assay

For the hot-plate test, a glass cylinder (16 cm high, 16 cm in diame-
ter) was used to constrain the mice to the heated surface of the plate.
The plate surface was maintained at 50–55 ± 0.5 °C and the latency to
paw-licking was measured, with a cut-off of 30 s.

2.7. Fibroblast cultures

Control fibroblasts were human primary fibroblasts from healthy
volunteers. Samples from patients and controls were obtained accord-
ing to the Helsinki Declarations of 1964, as revised in 2001. Fibroblasts
were cultured in DMEM media (4500 mg/L glucose, L-glutamine,
piruvate), (Gibco, Invitrogen, Eugene, OR, USA) supplemented with
10% fetal bovine serum (FBS) (Gibco, Invitrogen, Eugene, OR, USA)
and antibiotics (Sigma Chemical Co., St. Louis, MO, USA). Cells were
incubated at 37 °C in a 5% CO2 atmosphere.
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2.8. Treatment

2 mM metformin (Sigma Aldrich) and/or 100 μM of H2O2 at 48 h
were used for in vitro experiments.

2.9. Mitochondrial respiratory chain enzyme activities

Activities of NADH:coenzyme Q1 oxidoreductase (complex I),
succinate deshydrogenase (complex II), ubiquinol:cytochrome c oxidore-
ductase (complex III), cytochrome c oxidase (complex IV), NADH: cyto-
chrome c reductase (complex I + III), succinate:cytochrome c reductase
(complex II + complex III) and citrate synthase (CS) were determined
in sonicated-permeabilized fibroblasts using spectrophotometric
methods. Results are expressed as Units/CS (mean ± SD). Proteins of
fibroblast homogenates were analyzed by the Lowry procedure.

2.10. Western blotting

Whole cellular lysate from fibroblasts was prepared by gentle shak-
ing with a buffer containing 0.9% NaCl, 20 mMTris-ClH, pH 7.6, 0.1% tri-
ton X-100, 1 mM phenylmethylsulfonylfluoride and 0.01% leupeptine.
Electrophoresis was carried out in a 10–15% acrylamide SDS/PAGE.
Proteins were transferred to Immobilon membranes (Amersham
Pharmacia, Piscataway, NJ). Mouse anti-Complex I (8 and 39 kDa sub-
unit), mouse anti-complex II (30 kDa subunit I), mouse anti-Complex
III (Core 1 subunit), mouse anti-complex IV (COX II), AMPK-P, PGC-1
α, MnSOD, catalase and DNA repair enzyme 8-oxoguanine DNA
glycolase-1 (OGG-1) antibodies were used to detect proteins by West-
ern blotting. Proteins were electrophoresed, transferred to nitrocellu-
lose membranes and, after blocking over night at 4 °C, incubated with
the respective antibody solution, diluted at 1:1000. Membranes were
then probed with their respective secondary antibody (1:2500).
Immunolabeled proteins were detected by using a chemiluminescence
method (Immun Star HRP substrate kit, Bio-Rad Laboratories Inc.,
Hercules, CA). Protein was determined by the Bradford method.

2.11. Measurement of CoQ levels

CoQ levels in cultured fibroblasts were performed using a method
previously described by our group [8].

2.12. Antioxidant enzyme activity

Catalase activity was determined in cellular lysate by monitoring
H2O2 decomposition at 240 nm [12]. SOD activity was determined on
the basis of the inhibition of the formation of NADH—phenazine
methosulfate-nitroblue tetrazolium formazan [13].

2.13. Quantification of mtDNA

Nucleic acids were extracted from fibroblasts by standard cellular
lysis. The primers used were: mtF3212 (5′-CACCCAAGAACAGGGTTT
GT-3′) and mtR3319 (5′-TGGCCATGGGTATGTTGTTAA-3′) for mtDNA,
and, 18S rRNA gene 18S1546F (5′-TAGAGGGACAAGTGGCGTTC-3′)
and 18S1650R (5′-CGCTGAGCCAGTCAGTGT3′) for nDNA for loading
normalization. Arbitrary units were computed as the ratio between
the optical density band corresponding to the mtDNA studied in the
20–30th cycle and that of the nDNA in the 15th amplification cycle.
One unit was considered to be the ratio corresponding to the control pa-
tient. For imaging of mtDNA in living cells, control and FM fibroblasts
cells were cultured in dishes with a glass bottom (MatTek Corporation,
Ashland, MA) and stained with PicoGreen (3 μL/mL) for 1 h at 37 °C.
TMRM (100 nM) staining was used to visualize mitochondria.

2.14. Mitochondrial ROS production

Mitochondrial ROS generation in BMCs and fibroblasts were
assessed by MitoSOX™ Red, a red mitochondrial superoxide indicator.
MitoSOX Red is a novel fluorogenic dye recently developed and validat-
ed for highly selective detection of superoxide in the mitochondria of
live cells. MitoSOX™ Red reagent is live-cell permeant and is rapidly
and selectively targeted to the mitochondria. Once in themitochondria,
MitoSOX™ Red reagent is oxidized by superoxide and exhibits red
fluorescence.

2.14.1. Fluorescence microscopy
Cells grown onmicroscope slides in 6-well plates for 24 hwere incu-

bated with MitoSOX™ Red for 30 min at 37 °C, washed twice in PBS,
fixed with 4% paraformaldehyde in PBS for 0.5–1 h at room tempera-
ture, and washed twice with PBS. After that, cells were incubated for
10min at 37 °Cwith anti-cytochrome c antibody (Invitrogen, Barcelona,
Spain) to label mitochondria. Slides were analyzed by immunofluores-
cence microscopy.

2.14.2. Flow cytometry
Approximately 1 × 106 cells were incubated with 1 μM MitoSOXTM

Red for 30 min at 37 °C, washed twice with PBS, resuspended in
500 μL of PBS and analyzed by flow cytometry in an Epics XL cytometer,
Beckman Coultier, Brea, California, USA (excitation at 510 nm and fluo-
rescence detection at 580 nm).

2.15. Oxygen consumption rate (OCR)

The oxygen consumption rate (OCR)was assessed in real-time using
the 24 well Extracellular Flux Analyzer XF-24 (Seahorse Bioscience,
North Billerica, MA, USA) according to the manufacturer's protocol,
which allows measuring OCR changes after up to four sequential addi-
tions of compounds. Cells (5 × 104/well) were seeded for 16 h in the
XF-24 plate before the experiment in a DMEM/10% serum medium
and then incubated for 24 h with the different compounds studied.
Before starting measurements, cells were placed in a running DMEM
medium (supplemented with 25 mM glucose, 2 mM glutamine, 1 mM
sodium Pyruvate, and without serum) and pre-incubated for 20 min
at 37 °C in the absence of CO2 in the XF Prep Station incubator (Seahorse
Bioscience, BillericaMA, USA). Cells were transferred to an XF-24 Extra-
cellular Flux Analyzer and after an OCR baseline measurement a profil-
ing of mitochondrial function was performed by sequential injection
of four compounds that affect bioenergetics, as follows: 55 μL of
oligomycin (final concentration 2.5 μg/mL) at injection in port A, 61 μL
of 2,4-dinitrophenol (2,4-DNP) (final concentration 1 mM) at injection
in port B, and 68 μL of antimycin/rotenone (final concentration 10 μM/
1 μM) at injection in port C. A minimum of five wells was utilized per
condition in any given experiment. Data are expressed as pMol of O2 con-
sumed per minute normalized to 1000 cells (pMol O2/1000 cells/min).

2.16. Lipid peroxidation

Fibroblasts were cultured on coverslips and incubated with 1 μM
C11-Bodipy (BODIPY® 581/591 C11) for 30 min at 37 °C. Coverslips
were then rinsed with PBS and mounted onto slides as described
above for analysis with a fluorescencemicroscope. Fluorescent intensity
wasmeasured using the Image J software (National Institutes of Health,
Bethesda, Maryland, USA).

Lipid peroxidation in serum from mice was detected by measuring
the concentration of TBARS influorescence at 532nm(F7000,HITACHI),
using a TBARS detection kit according to the manufacturer's instruc-
tions. Absorbance of samples was measured at 535 nm. TBARS concen-
trations of the samples were calculated using the extinction co-efficient
of 156,000 M−1 cm−1.
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2.17. PCR Amplification and mtDNA sequencing

The completemtDNAwas amplified from total DNA in 24 overlapping
800–1000-bp-long PCR fragments. Primerswere carefully designed using
the revised human mtDNA Cambridge reference sequence (www.
mitomap.org/mitoseq.html).

The PCR fragments were sequenced in both strands in an
ABI 3730 (Applied Biosystems; www.appliedbiosystems.com;
Foster City, CA) sequencer using a BigDye v3.1 sequencing kit
(Applied Biosystems; www.appliedbiosystems.com; Foster City,
CA). Assembly and identification of variations in the mtDNA were

carried out using the Staden package. For this purpose the revised
human mtDNA Cambridge reference sequence (www.mitomap.org/
mitoseq.html) was used. The whole process was carried out at
Secugen (Madrid, Spain).

2.18. Analysis of apoptosis and viable cells

Viable cells were determined from their normal cell and nuclear
morphology and exclusion of propidium iodide. In each case 10 random
fields and more than 500 cells were counted.
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2.19. Statistical analysis

Data infigures is given asmean±SD.Data between different groups
were analyzed statistically by using ANOVA on Ranks with Sigma Plot
and Sigma Stat statistical software (SPSS for Windows, 19, 2010, SPSS
Inc. Chicago, IL, USA). For cell-culture studies, Student's t test was used
for data analyses. A value of P b 0.05 was considered significant.

3. Results

3.1. Mitochondrial metabolism

AsAMPK signaling has beenpreviously reported to be altered in BMCs
from FM patients [9], we have next studied the role of AMPK in FM path-
ophysiology using isolated fibroblasts from three representative FM
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patients. FM fibroblasts displayed a significant reduction in the activities
of mitochondrial respiratory enzymes compared to control fibroblasts
(Fig. 1A). Mitochondrial protein expression levels correlatedwith the de-
pressed activities found in respiratory enzymes (Fig. 1B). Next, we inves-
tigated mitochondrial function by measuring the OCR values in control
and FM fibroblasts, exposed sequentially to each of four modulators of
oxidative phosphorylation (OXPHOS): oligomycin (an inhibitor of F1Fo-
ATPase or complex V), 2,4-DNP (uncoupling of the OXPHOS electron
transport chain) and antimycin/rotenone (complex I and III inhibitors re-
spectively) (Fig. 2A). The basal OCR was markedly affected in fibroblasts
from FM patients compared to controls (Fig. 2B). The spare respiratory
capacity (SRC) of cells was obtained by calculating the mean of OCR
values after injection of 2,4-DNP minus the basal respiration and could
be used as an indicator of how close a cell is operating to its bioenergetic
limit. Fibroblasts from FM patients showed a significant decrease of SRC
compared to control cells (Fig. 2C). Furthermore, similarly to what was
previously found in BMCs [8], FM fibroblasts also showed decreased
CoQ10 levelswhen compared to controls (Fig. 2D). CoQ10 content offibro-
blasts frompatient 1was reduced by 70%, frompatient 2 by 78% and from
patient 3 by 82%. FM fibroblasts also had a smaller number of mitochon-
dria; we measured mtDNA content and compared it with control values.
Results showed that mtDNA content was 30–50% lower in fibroblasts
from FM (Fig. 2E). This finding was further confirmed by visualizing the
number of mtDNA nucleoids per cell using PicoGreen staining and fluo-
rescencemicroscopy.Mitochondrial nucleoidswere significantly reduced
in FM fibroblasts (Figs. 2F and G).

Since mitochondrial respiratory chain defects are usually associated
with mtDNA mutations or deletions, we next sequenced the complete
mtDNA from FM patients. Sequence analysis did not show any impor-
tant alterations as mutations or deletions which could justify the mito-
chondrial defects. We only found mitochondrial polymorphisms which
are also observed in control fibroblasts (Table S1).

3.2. AMPK is implicated in oxidative stress response in FM

Mitochondrial superoxide production was significantly increased in
FM fibroblasts compared to controls (P b 0.001), accompanied by high
levels of lipid peroxidation (Figs. 3A, B, D and E). To confirm these
results, the expression of an additional oxidative stress marker such as
8-oxoguanine glycosylase (OGG1) was also determined. FM fibroblasts
showed high levels of OGG1 (Fig. 3C).

As AMPK induces PGC-1α phosphorylationwhich leads to increased
antioxidant enzymes expression levels and mitochondrial biogenesis,
we analyzed AMPK protein expression levels and activation in FM
fibroblasts. Results showed low expression levels of active phosphory-
lated AMPK, PGC-1α and MnSOD (Fig. 4A), suggesting that AMPK-
dependent activation of PGC-1αwas indeed impaired in FM fibroblasts.
As reduced antioxidant enzyme levels have been previously described
in FM [5,6,11], we next investigated the response tomoderate oxidative
stress induced by exogenous addition of H2O2 in FM fibroblasts. Incuba-
tion of FM fibroblasts with H2O2 failed to activate AMPK and PGC-1α
and to increase MnSOD expression levels (Fig. 4A). As a consequence
of an impaired defensive response to oxidative stress, cell death
increased in FM fibroblasts treated with H2O2 (Fig. 4B).

Under oxidative stress condition, AMPK was found to lead to an
increase in the NADPH generation [14]. However, as FM fibroblasts
had reduced activity of phosphorylated AMPK, we found low levels of
NADPH. Interestingly, metformin, an AMP mimetic that directly acti-
vates AMPK, induced an increase of NADPH levels and the activity of
SOD and catalase (Figs. 5A–C).

FM fibroblasts under moderate oxidative stress conditionsmediated
by H2O2 treatment or induction of AMPK by metformin showed PGC-
1alpha activation (Fig. 5D) which increased protection against H2O2

exposure and reduced cell death (Fig. 5E). These results suggest that
the induction of AMPK phosphorylation could to be an interesting
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therapeutic approach in FM. Given that it has been speculated that the
beneficial effects of caloric restriction (CR) could be mediated by
AMPK [3], CR could be a promising method to alleviate oxidative dam-
age in FM. Taken into account the possible role of AMPK in FM patho-
physiology and the results with metformin treatment, we next studied
the implication of AMPK in the protective effect of CR on FM fibroblasts.

Thus, we performed an experiment with a mouse model of CR. Sev-
eral mice were fed with a normal diet and with CR for onemonth. Mice
submitted to the CR diet for one month developed a marked analgesia

when compared with ad libitum (AL) fed mice (Fig. 6A) accompanied
by AMPK phosphorylation (Fig. 6B) and reduced levels of serum oxida-
tive stress (Fig. 6C). To determine the potential effect of improvement of
AMPK by CR, fibroblasts from FM patients were cultured with serum
from AL and CR mice, and cell growth, ATP and mitochondrial mass
were assessed. Serum from CR mice improved cell growth in controls
and FM fibroblasts (Fig. 6D), accompanied by an increase in ATP levels
and mitochondrial mass (determined by increased citrate synthase
activity) and cell morphology normalization (Figs. 6E–G).
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4. Discussion

Despite decades of intense research, the basic pathophysiological
mechanisms of FM still remain elusive. Several important pathophysio-
logical processes in FM onset and development have been described:
oxidative stress, mitochondrial dysfunction, bioenergetic alterations
and inflammation processes are only someof themost importantmech-
anisms that have been postulated [5–11]. AMPK has been reported to
play a master regulatory role in all these cellular processes and its dys-
regulation has been described in several other diseases [15]. Recently,
we have reported alterations in AMPK signaling in BMCs from FM pa-
tients. However, the role of AMPK in FM remains unknown. In this
study, we found a marked mitochondrial dysfunction in fibroblasts de-
rived from 3 FM patients. It is interesting to remark that until now, all
the studies in FM have explored the pathophysiological processes only
in biological samples isolated directly from patients, e.g. BMCs, platelets,
serum, plasma, saliva,muscle. In this workwe have used human dermal
fibroblasts that have a long track record of utility in mitochondrial

disease biochemistry and molecular studies [1]. Skin fibroblasts repre-
sent a useful biological model in which defined mutations and the
cumulative cellular damage can be examined. We found reduced mito-
chondrial chain enzimatic activities and proteins, CoQ10 levels, mito-
chondrial mass and ATP levels, accompanied by increased oxidative
damage.We found no specific mutation aftermtDNA sequencing; how-
ever, we cannot rule out the presence ofmutations in nDNA or potential
mtDNA mutations in other patients not included in this study.

Moreover, we observed reduced levels of phosphorylated PGC-1α
accompanied by low levels of antioxidant MnSOD and impaired oxida-
tive stress response which are protective mechanisms controlled by
AMPK. Furthermore, reduced levels of active phosphorylated AMPK
were observed in FM fibroblasts. These data are interesting because
AMPK has been involved in the control of peripheral sensitization of
nociceptors, providing evidence of AMPK activation as a novel treat-
ment avenue for acute and chronic pain states [16]. In addition, the
exposition of fibroblasts to moderate oxidative stress, as induced by
exogenously added H2O2, fails to up-regulate AMPK, PGC-1α and
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antioxidant enzymes. Concerning this, AMPK has been deeply involved
in the regulation of oxidative stress and mitochondrial dysfunction
[17–19]. In this sense, AMPK phosphorylation by metformin treatment
induced activation of PGC-1α accompanied by increased antioxidant
enzyme activities and, as a consequence, protection of FM fibroblasts
against stress exposure. PGC-1α is a key player in the ROS-induced mi-
tochondrial biogenesis, along with the NRF-1 and the mitochondrial
transcription factor Tfam [20]. According to our data, metformin could
induce PGC-1α activation by AMPK phosphorylation. Furthermore,
PGC-1α has a key role in the antioxidant enzymes biosynthesis, and
its genetic deletion has shown an inhibitory effect in SOD2 and catalase
expression levels [4,20]. Furthermore, it has been shown that PGC-1α
induction by phosphorylation of AMPK increases SOD2 and catalase
expression levels [21]. Our data show that PGC-1α activation bymetfor-
min induces increased mitochondrial biogenesis and antioxidant en-
zymes expression levels, and, as a consequence, a more physiological
response to oxidative stress. A chronic exposure to oxidative stress
and dysregulation of the stress response are accepted causative factors
involved in the pathophysiology of FM [11,22–24]. Our results could
represent the basis for a valuable new therapeutic target/strategy. We
found in FM fibroblasts: (i) a lack of AMPK phosphorylation and (ii) res-
toration of its phosphorylation by AMPK activators, such as metformin.
These findings suggest that AMPK plays a central role in FM pathophys-
iology and stress response. Identification of AMPK as a regulating factor
in FMwould have implications for patient management and treatment.
We can hypothesize that the loss of sensitivity of AMPK activation is re-
sponsible for increased oxidative stress and impaired bioenergetics in
FM patients. Furthermore, other metabolic events have been related
with AMPK down-regulation. Reduced AMPK activity has been found
in obesity or metabolic syndrome [3], both reported to be implicated
in FM [25,26]. AMPK dysfunction seems to explain many of the patho-
physiological alterations found in FM. In this sense, activation of AMPK
with other activators having similar effects to metformin must induce
similar beneficial effects. To investigatewhether AMPK could be respon-
sible for the ability of CR to improve the cells of FM patients, we used an
in vitro cell culturemodel that recapitulates key in vivo proliferative and
phenotypic features of CR [27]. In this model, cells from patients were
cultured in the presence of serum from caloric restricted mice resulting
in an important improvement in FM fibroblasts alterations. Future re-
search should be focused on studying the significance of AMPK in FM
etiology and as a therapeutic target. Furthermore, an important chal-
lenge in FM is themoderate effectiveness of pharmacological therapies;
in this sense, AMPK activators, such as AICAR,metformin, CoQ10, resver-
atrol, CR or physical activity, can provide new therapeutic opportunities
[3]. As not all patients have a mitochondrial dysfunction, our results
could help to characterize a subgroup of patients inwhichmitochondri-
al target treatment could be themost appropriate strategy. In this sense,
mitochondrial protector drugs or mitochondrial biogenesis activators
may also be considered as new possible therapeutic approach in FM.
Nevertheless, more research is needed in order to establish a possible
primary causation link between AMPK and FM.

The results described in this article could serve as a new way of
designing experiments to better understand the influence of oxidative
stress on the development of FMandgenerate new therapeutic strategies.
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Abstract

Background

Fibromyalgia Syndrome (FMS) is a persistent and debilitating disorder estimated to impair

the quality of life of 2–4% of the population, with 9:1 female-to-male incidence ratio. FMS is

an important representative example of central nervous system sensitization and is associ-

ated with abnormal brain activity. Key symptoms include chronic widespread pain, allodynia

and diffuse tenderness, along with fatigue and sleep disturbance. The syndrome is still elu-

sive and refractory. The goal of this study was to evaluate the effect of hyperbaric oxygen

therapy (HBOT) on symptoms and brain activity in FMS.

Methods and Findings

A prospective, active control, crossover clinical trial. Patients were randomly assigned to

treated and crossover groups: The treated group patients were evaluated at baseline and

after HBOT. Patients in the crossover-control group were evaluated three times: baseline,

after a control period of no treatment, and after HBOT. Evaluations consisted of physical ex-

amination, including tender point count and pain threshold, extensive evaluation of quality

of life, and single photon emission computed tomography (SPECT) imaging for evaluation

of brain activity. The HBOT protocol comprised 40 sessions, 5 days/week, 90 minutes,

100% oxygen at 2ATA. Sixty female patients were included, aged 21–67 years and diag-

nosed with FMS at least 2 years earlier. HBOT in both groups led to significant amelioration

of all FMS symptoms, with significant improvement in life quality. Analysis of SPECT
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imaging revealed rectification of the abnormal brain activity: decrease of the hyperactivity

mainly in the posterior region and elevation of the reduced activity mainly in frontal areas.

No improvement in any of the parameters was observed following the control period.

Conclusions

The study provides evidence that HBOT can improve the symptoms and life quality of FMS

patients. Moreover, it shows that HBOT can induce neuroplasticity and significantly rectify

abnormal brain activity in pain related areas of FMS patients.

Trial Registration

ClinicalTrials.gov NCT01827683

Introduction
Fibromyalgia Syndrome (FMS) is a persistent and debilitating disorder estimated to impair the
quality of life of 2–4% of the population, with 9:1 female-to-male incidence ratio. FMS is the
second most common disorder, after osteoarthritis, observed by rheumatologists [1]. The de-
fining symptoms of FMS include chronic widespread pain, intense pain in response to tactile
pressure (allodynia), prolonged muscle spasms, weakness in the limbs, nerve pain, muscle
twitching, palpitations and diffuse tenderness, along with fatigue, sleep disturbance and cogni-
tive impairments. These impairments include problems with short- and long- term memory,
short-term memory consolidation, impaired speed of information processing, reduced atten-
tion span and limited multi-tasking performance. FMS is a persistent disorder with symptoms
that have a devastating effect on people's lives, including limited ability to engage in everyday
activities, limited ability to maintain outside work and difficulties to maintain normal relation-
ships with family, friends and employers [2]. These limitations can lead to the occurrence of
anxiety and depression in many FMS patients.

Challenging syndrome
FMS is not completely understood, in part because there is no evidence of a single event that
“causes” fibromyalgia. Rather, many physical and/or emotional stressors may trigger or aggra-
vate symptoms. Those have included certain infections, such as a viral illness or Lyme disease,
as well as emotional or physical trauma [3, 4]

Establishing proper diagnostic criteria is also a challenge [5, 6]. The American College of
Rheumatology (ACR) introduced the first fibromyalgia classification in 1990 [7]. Over time,
those criteria invoked both conceptual and practical objections [6]. For example, many physi-
cians did not know how to evaluate the tender points [6]. Another reservation had to do with
the fact that important features such as fatigue and cognitive symptoms were not included in
the 1990 criteria. Some questioned the validity of defining fibromyalgia as a unique syndrome
because of the overlap between its symptoms and those of other conditions such as chronic fa-
tigue syndrome [8]. To resolve the difficulties associated with the classification and diagnosis
of FMS, Wolfe et al. [6] proposed new, simple practical criteria that do not require tender point
examination and still classify correctly almost 90% of the cases diagnosed by the 1990 ACR
classification criteria.
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As with many other syndromes, there is no efficient cure for FMS and no agreed upon
treatment – the suggested treatment depends on the classification of choice. Those who regard
FMS as a neurological disorder advocate pharmacotherapy. All current treatments, such as pre-
scribed medications, aerobic exercises and cognitive behavioral therapies, consist of symptom
management [1, 9, 10]. Integrated programs based on these treatments have been shown to al-
leviate pain and some other symptoms but with limited effectiveness [10].

Association with changes in brain activity
The level of pain sensation is determined by the relevant sensors recording at the location of
the pain and by the processing of that information in the brain. Comparison between SPECT
imaging of FMS patients and healthy subjects revealed elevated activity in the somatosensory
cortex and reduced activity in the frontal, cingulate, medial temporal and cerebellar cortices
[11, 12]. These results are in agreement with earlier studies based on fMRI imaging [13]. Other
fMRI studies found that depressive symptoms were associated with the pain response in areas
of the brain that participate in interpretation and assignment of the pain sensation, but not in
areas involved in sensory processing of the input signal [14]. These findings might indicate
that the amplified pain sensation in FMS patients is largely associated with higher level process-
ing of information in the brain. However, there is an ongoing controversy, in which many
rheumatologists take the opposite stand on this issue. As we explain in the discussion, our find-
ings—that the pain amelioration in those patients who responded to the HBOT treatments
goes hand-in-hand with changes in brain activity—provide important validation to the idea
that in many of FMS patients the syndrome is associated with abnormal pain processing in the
brain. This is opposed to the stand shared by other rheumatologists, according to which FMS is
a sort of peripheral small fiber inflammation [15]. It is likely that the latter is the cause of FMS
in some patients. However, a claim that it is the only cause stands in contradiction to a wide
body of literature. For example, it fails to explain why FMS appears in many patients following
a traumatic brain injury.

Studies of brain metabolism using single-voxel magnetic resonance spectroscopy (1H-MRS)
found abnormalities within the hippocampal complex in patients with fibromyalgia [16, 17].
Since the hippocampus plays crucial roles in maintenance of cognitive functions, sleep regula-
tion and pain perception, it was suggested to associate the hippocampal metabolic dysfunction
with these symptoms in FMS patients.

The evidence suggests that the pain in fibromyalgia results primarily from abnormalities in
pain processing pathways, which may be described as the “volume” of the neurons set too high,
and these hyper-excitability of pain processing pathways and under-activity of inhibitory pain
pathways in the brain result in pain experience in the affected individual. Since some of the
neuro-chemical abnormalities that occur in fibromyalgia can also regulate mood, sleep and en-
ergy, it might explain why mood, sleep and fatigue problems are commonly co-morbid with
fibromyalgia.

Looking for a solution – Hyperbaric oxygen therapy (HBOT)
Clearly, new methods should be examined in order to provide sustained relief to FMS patients.
Our study was motivated by the idea that hyperbaric oxygen therapy (HBOT) can rectify ab-
normal brain function underlying the symptoms of FMS patients. The hypothesis is based on
new trials demonstrating that HBOT can induce neuroplasticity that leads to repair of chroni-
cally impaired brain functions and improved quality of life in post-stroke patients and mild
Traumatic Brain Injury (mTBI) patients with prolonged post concussion syndrome (PCS),
even years after the brain insult [18–20] (see Discussion section for more details). As explained
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in the discussion it is plausible that increasing oxygen concentration by HBOT can change the
brain metabolism and glial function to rectify the FMS-associated brain abnormal activity. It
has already been demonstrated that exposure to hyperbaric oxygen induces significant anti-in-
flammatory effect in different conditions and pathologies [21–24]. As such, it was also demon-
strated that repetitive HBOT may attenuate pain by reducing production of glial cells
inflammatory mediators [25, 26].

About a decade ago, Yildiz et al. (2004) [27] found a significant reduction in the number
and threshold of tender points following HBOT. The effect of HBOT was not restricted to
FMS. Similar improvements following HBOT were reported in complex regional pain syn-
drome [28–30], idiopathic trigeminal neuralgia [31], migraines [32], cluster headaches [33],
and other pain conditions[34, 35]. Studies with animal models also demonstrated that HBOT
can relieve pain in chronic pain condition [36, 37].

The crossover approach
There is a persisting dilemma regarding the adequate sham control for testing the effects of
HBOT. The standard requirement for proper sham control is: “Medically ineffectual treatment
for medical conditions intended to deceive the recipient from knowing which treatment is given.”
Naively, one could assume that placing the patients in the HBO2 chamber at normal air (21%
oxygen) and normal pressure (1.0Atm) can serve as proper control. However, in order to have
them sense elevated pressure, as required by sham control, the chamber pressure must be in-
creased to 1.3 Atm or higher. The problem is that breathing normal air at 1.3 Atm can elevate
the dissolved tissue oxygen by 50% or more, leading to significant physiological effects. Hence,
room air at 1.3 Atm is not “ineffectual treatment” and cannot serve as proper sham control as
required by the placebo definition. We decided to adopt the crossover approach which we had
successfully used to test the effect of HBOT in post-stroke patients and in victims of mTBI at
late chronic stage [18, 19]. In this approach, the participants are randomly divided into two
groups. One, the trial group, receives two months of daily HBO2 treatments while the other,
the control group, goes without treatments during that time. The latter is then given the same
treatments two months later. The study endpoints include, in addition to the physiological
evaluations, also blinded detailed computerized clinical evaluations with SPECT scans that
were blindly compared for all patients. The advantage of the crossover approach [18, 19] is
three-fold, as it allows comparison between treatments of two groups, between treatment and
no treatment of the same group, and between treatment and no treatment in different groups.
This is further reflected upon in the discussion section.

The goal of our current study was to provide firm evaluation of the HBOT effect on brain
activity and well-being of FMS patients and to look for correspondence between changes in
brain activity as assessed by SPECT imaging and improvements in the FMS symptoms.

Methods
The protocol for this trial and supporting CONSORT checklist are available as supporting in-
formation; see Clinical study S1 Protocol, S1 Consent Form, S1 CONSORT Checklist. The
study was performed as a prospective clinical trial conducted at the hyperbaric institute and
the research unit of Assaf-Harofeh Medical Center, Israel. Enrolment of patients started in
May 2010 and ended in December 2012. The protocol was approved by Assaf-Harofeh institu-
tional review board. All patients signed written informed consent.
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Participants
Inclusion. The sixty participants were patients between the ages of 21–67, diagnosed with

fibromyalgia at least 2 years prior to the inclusion. The fibromyalgia diagnosis was based on
two criteria: (1) Symptoms of widespread pain occurring both above and below the waist and
affecting both the right and left sides of the body; (2) Physical finding of at least 11 of 18 tender
points.

Exclusions. Exclusions were due to chest pathology incompatible with HBOT, inner ear
disease, claustrophobia and inability to sign informed consent. Smoking was not allowed dur-
ing the study.

Protocol and End Points
After signing an informed consent form, the patients were invited for baseline evaluation. In-
cluded patients were randomly assigned to two groups (1:1 randomization): a treated group
and a crossover group. Study endpoints included assessments of tender point count, pain
threshold, functional impairment (Fibromyalgia Impact Questionnaire—FIQ)[38], symptom
severity (SCL-90 questionnaire)[39] and Quality of life (SF-36 questionnaire)[40, 41]. In addi-
tion, the study endpoints included assessment of brain activity according to SPECT imaging.
Evaluations were made by medical and neuropsychological practitioners who were blinded to
patients' inclusion in the control-crossover or in the treated groups.

Patients in the treated group were evaluated twice – at baseline and after 2 months of
HBOT. Patients in the crossover group were evaluated three times: baseline, after 2 months
control period (no treatment), and after subsequent 2 months of HBOT (Fig 1). The post-
HBOT evaluations as well as the SPECT scans were done more than 1 week (1–4 weeks) after
the end of the HBOT protocol. The following HBOT protocol was practiced: 40 daily sessions,
5 days/week, 90 minutes each, 100% oxygen with air breaks at 2.0ATA.

Patients were not involved in any other rehabilitation or pain intervention as part of the
study protocol. The detailed clinical study protocol, copy of the informed consent, and the
CONSORT 2010 checklist of information are attached as supporting information 1, 2 and 3
(S1 Protocol, S1 Consent Form, S1 CONSORT Checklist). We note that information regarding
sample size, detectable change and power calculation parameters is included and addressed in
the "statistical considerations" section in the S1.

Evaluation of the syndrome state
Tender point count and pain threshold evaluations. Pain response level was quantita-

tively evaluated in terms of tender point assessment by a rheumatologist, who was blinded to
group assignment. Tenderness was assessed manually and quantified using a dolorimeter. A
count of 18 tender points at nine symmetrical sites was performed by thumb palpation. The
amount of manual pressure applied to a tender point was about 4 kg/cm2 (tested with a dolori-
meter). Thirteen point sites (nine tender point sites and four control sites) were further studied
using a dolorimeter. The threshold of tenderness was measured with a Chatillon dolorimeter,
model 719–20, which has a maximum scale of 9 kg, with a neoprene stopper footplate with a
diameter of 1.4 cm (Pain Diagnostics & Thermography Inc.,New York, USA)[41]. All dolori-
meter measurements of the 13 point sites, as well as a total point count, were done by one rheu-
matologist (D.B), who was blinded to patient group.

Functional impairment. A validated Hebrew version of the Fibromyalgia Impact Ques-
tionnaire (FIQ)38 was used to evaluate the level of functional impairment. The first part of the
FIQ focuses on the patient’s ability to perform daily tasks (i.e. driving, cleaning, etc.) and con-
tains 10 items with responses ranked 0 to 3, where 0 = “always able”, and 3 = “never able”. The
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item scores were normalized to range from 0 to 10 for uniformity, with 10 representing worst
physical function. The mean of the items yields a single physical function score. Internal con-
sistency of the FIQ questionnaire was computed using internal consistency Cronbach alpha
measure. The reliability was α = 0.844 on the first time-point of data collection, and α = 0.907
on the second time point of data collection.

Psychological distress. The Symptom Check List (SCL-90)[39] was used to examine the
level of psychological distress. This questionnaire consists of 90 items measuring 9 clinical sub-
scales: somatisation, obsession-compulsion, interpersonal sensitivity, depression and anxiety,
hostility, phobic anxiety, paranoid ideation and psychoticism. Each subscale is assigned a
5-point Likert scale from 0 to 4 with a higher score corresponding to higher distress. Internal
consistency of the SCL-90 questionnaire was computed using internal consistency Cronbach
alpha measure. We found a very high reliability with α>0.95.

Quality of life evaluation
Quality of life (QoL) was evaluated by the questionnaire SF-36 [40, 41]. This health-related
QoL measure contains 36 items, and health status is assessed across three domains: functional
status, well-being and overall evaluation of health. The Hebrew translation of the SF-36 was
validated in an adult general population, and our group has further evaluated the Hebrew ver-
sion on patients with widespread pain, both associated and not-associated with FMS[42]. The
SF-36 contains eight subscales: physical functioning, social functioning, and role limitations at-
tributable to physical and emotional problems, mental health, vitality, bodily pain and general
health. Each scale generates a score from 0 to 100, with a high score indicating better health

Fig 1. Flow chart of the patients in the study.

doi:10.1371/journal.pone.0127012.g001
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and less body pain. Internal consistency of the SF-36 questionnaire was computed using inter-
nal consistency Cronbach alpha measure. We found a very high reliability with α>0.85.

Brain Functional Imaging
Brain single photon emission computed tomography (SPECT) was conducted with 925–1,110
MBq (25–30 mCi) of technetium-99m-methyl-cysteinate-dimmer (Tc-99m-ECD) at 40–60
min post injection using a dual detector gamma camera (ECAM or Symbia T, Siemens Medical
Systems) equipped with high resolution collimators. Data was acquired in 3-degree steps and
reconstructed iteratively with Chang method (μ = 0.12/cm) attenuation correction [43].

Regional cerebral blood flow change analysis was conducted by fusing pre- and post-treat-
ment studies that were normalized to median brain activity. SPECT images were reoriented
into Talairach space using NeuroGam (Segami Corporation) for identification of Brodmann
cortical areas and in order to compute the mean perfusion in each Brodmann area (BA). All
SPECT analyses were done while blinded to the laboratory and clinical data.

Changes, average changes and normalized average changes. Changes in perfusion in all
Brodmann areas for each subject were determined by calculating the percentage difference be-
tween post-period and pre/baseline-period divided by the pre/baseline-period perfusion. The
relative change, Rchange(i,n) of Brodmann area (n) for patient (i), is defined as:

Rchange i; nð Þ ¼ ½PostAði; nÞ � PreAði; nÞ�
½PreAði; nÞ�

Where PostA(i,n) and PreA(i,n) represent the normalized activity of the nth Brodmann area
at the end point and start point of the assessment period (either treatment or control) respec-
tively. Note that when multiplied by 100, Rchange(i,n) is the percent difference.

An averaged relative change,

< Rchange > ðnÞ ¼< Rchangeði; nÞ > i

was calculated for each Brodmann area for each group according to study phase (control and
treatment periods of the crossover group and treatment period of the treated group).

Response group. To inspect the association between changes in the brain activity accord-
ing to SPECT imaging and changes in the syndrome severity, we divided the 48 patients into
two subgroups according to their response to the treatment. More specifically, we use the
changes in the number of tender points and the level of threshold pressure as classifiers. The 41
patients which exhibited improvements in these parameters were classified as responders
(physiologically improved), and were assigned to a response group. The other 7 patients were
classified as non responders and were assigned to a non response group.

Significance index
Brain activity is signified by variations between the different brain’s locations, and these varia-
tions change over time according to the tasks performed. These inherent spatiotemporal varia-
tions are reflected by high variance in the brain activity at each Brodmann area, as measured by
SPECT imaging. The statistical challenge imposed by the SPECT imaging is the low signal-to-
noise ratio: that the magnitude of the non arbitrary changes in the brain activity (following
treatment) in most of the Brodmann area are comparable to the magnitude of the arbitrary
change related to the inherent person-to-person and time variations that are not related to the
treatment.

To meet the challenge, we introduced a significance index Iσ(n) to substantiate the compari-
son between the changes in brain activity in the response group during treatment and those in
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the crossover group during the control period. We defined Iσ (n)as:

IsðnÞ ¼ fPCðnÞ�½1� PRðnÞ�g1=
2

where PC(n) is the p-value of the change in SPECT measurements (calculated in two-tailed t-
test) for the post control vs. pre control period of the patients in the crossover group. Similarly,
PR(n) is the p-value of the change in SPECT measurements for the post treatment vs. pre treat-
ment period of the patients in the response group (the responders). The rationale for the new
index is that lower values of PR(n), hence higher values of [1-PR(n)], correspond to higher sig-
nificance of the changes during treatment. On the other hand, higher values of PC(n) imply
that the changes during control are likely to vary arbitrarily prior to treatment. Hence, consis-
tent changes measured during treatment are more significant. The significance index is defined
such that both contributions are included. We tested other putative definitions of the signifi-
cance index—for example, {[PC(n)]/[PR(n)]}

1/2 that represents the ratio between the significance of the changes during treatment vs. the
changes during control—and obtained similar results.

Statistical Analysis
SPSS software (version 19, IBM Inc.) was used for the statistical analyses. Continuous data is
expressed as means ± standard deviations (STD). For each dependent measure, an analysis of
variance was performed according to the time-point of data collection (before vs. after HBOT)
and according to the associated group (treated vs. crossover) as independent measures. Addi-
tionally, repeated one-way analysis of variance was computed using the three time-points of
data collection for the crossover group. When relevant, post hoc comparisons were used as is
reported in the results section. Categorical data is expressed in numbers and percentages and
compared by chi-square test. With regards to dolorimeter thresholds analysis, an average of
thresholds was calculated for each patient, and this average was used in the ANOVAmodel.

Sample size was based on the assumption that exposure to the Dolorimeter evaluation (at
baseline) without any additional training might induce up to 8% (0.06 Dolorimeter change)
improvement in the second Dolorimeter evaluation (following HBOT), based on Yildiz et al.
[27]). A threshold of tender sites was selected as a criterion for sample size since this was the
smaller anticipant effect. The sample size was calculated to provide 80% power to show that
HBOT induces at least 87% improvement on Dolorimeter threshold of the tender sites. This
was based on a power analysis using the normal approximation for the binomial, with one-
sided Alpha = 0.05. Note that it is based on a cross over design without sequence effect.

Registration
The study was officially registered in ClinicalTrials.gov, Identifier: NCT01827683, after pa-
tients enrolment started due to technical delay. The authors confirm that all ongoing and relat-
ed trials for HBOT in fibromyalgia are registered.

Results
The study was conducted between May 2010 and December 2012. Sixty female patients signed
a written informed consent. Eight patients were excluded before the hyperbaric oxygen treat-
ment and additional four patients were excluded during treatment.
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Pre-study exclusions
Seven patients refused to enter the hyperbaric chamber before the beginning of the control/
treatment period (3 in the crossover group and 4 in the treated group). One patient was exclud-
ed in the crossover group during the control period.

In-study exclusions. Four patients decided to drop out during the treatment protocol due
to dizziness, claustrophobia and inability to adjust by “ear pumping” to the hyperbaric condi-
tion (2 in the crossover group and 2 in the treated group).

Accordingly, 48 patients (24 in the treated group and 24 in crossover group) were included
in the final analysis (Fig 1). All patients were females of ages 21–67, and the time elapsed from
the FMS diagnosis to the study recruitment was 2–22 years with mean of 6.5 years.

Baseline characteristics. Patients’ characteristics are summarized in Table 1. As seen from
this table, there was no significant difference in the included measures between the two groups.

The Effect on Pain
Tender point evaluation. The effect of the hyperbaric oxygen treatment on the patients’

pain, as assessed by the change in the dolorimeter threshold of the tender points (see Methods)
is summarized in Fig 2 and in Table 2. Fig 2A shows the treatment effect on the dolorimeter
thresholds and Fig 2B shows the effects on the number of tender points. It is transparent in the
figure that the two groups had very close mean scores at baseline for both measures (within the
standard error). It is also transparent that the HBOT treatments of both groups led to

Table 1. Demographic of patients' characteristics.

Treated Group Crossover Group p Value
(n = 24) (n = 26)

Age (years) 50.4±10.9 48.1±11.1 0.677

Years of education 17.1±3.5 14.8.±3.0 0.019

Duration of fibromyalgia (years) 6.75±5.9 6.2±5.1 0.735

Number of children 2.38±1.21 2.95±1.43 0.156

Marital status: Married 21 (87.5%) 18 (69.2%) 0.239

Single 1 (4.1%) 5 (19.2%)

Divorce 2 (8.3%) 1 (3.8%)

Widow 0 (0%) 1 (3.8%)

Life style: Secular 19 (79.2%) 17 (65.3%) 0.662

Traditional 4 (16.6%) 6 (23.1%)

Religious 1 (4.1%) 2 (7.6%)

Place of born: Israel 20 (83.3%) 18 (69.2%) 0.297

USSR 0 (0%) 2 (7.6%)

else 4 (8.3%) 6 (23%)

Economic status: Very bad 0 (0%) 1 (3.8%) 0.77

Bad 2 (8.3%) 2 (7.6%)

Medium 16 (66.7%) 18 (69.2%)

Very good 6 (25%) 5 (19.2%)

Work 16 (66.7%) 17 (77.3%) 0.425

Body Mass Index (kg/m2) 26.9±5.8 27.2±4.7 0.849

Diabetes Mellitus 1 (4.1%) 2 (7.6%) 0.55

Dyslipidemia 9 (37.5%) 10 (38.5%) 0.859

Hypertension 6 (25%) 5 (19.2%) 0.671

doi:10.1371/journal.pone.0127012.t001

Hyperbaric Oxygen Therapy Can Diminish Fibromyalgia Syndrome

PLOSONE | DOI:10.1371/journal.pone.0127012 May 26, 2015 9 / 25



statistically significant improvements in the mean scores of both the dolorimeter thresholds
and of the number of tender points.

As seen in Fig 2 and detailed in Table 2, the dolorimeter threshold score significantly im-
proved following HBOT in the treated group (mean change 1.11±0.79, p< 0.001) and in the
crossover group after HBOT (mean change 1.29±0.76, p< 0.001). Effect sizes were large: the
Cohen’s d measures were 1.3 and 1.68, respectively. The number of tender points was signifi-
cantly reduced following HBOT in the treated group (mean change 8.46±5.36, p< 0.001) and
in the crossover group after HBOT (mean change 11.54±4.93, p< 0.001). The effect sizes were
large: Cohen's D measures were 1.5 and 2.24, respectively.

As expected, no improvement was noticed in the crossover group following the control peri-
od, neither in the dolorimeter thresholds nor in the point count. It can be seen that the cross-
over group had the same general score at baseline and after the control period. This value
seems higher than the score of the treated group at baseline – 0.65 vs. 0.55, and the post-HBOT
dolorimeter thresholds score of the treated group seems lower than that of the crossover
group – 1.65 vs. 1.85

Examining the relative changes. There is a high patient-to-patient variability in the
dolorimeter thresholds. The magnitude of the change in a dolorimeter threshold has different
implications for patients at low or high base levels. Hence, we inspected the effect of the HBOT
on the relative change, i.e., the change relative to the base value. We calculated, for each person,
the relative change in the dolorimeter threshold for each period (control and HBOT for the
crossover group and HBOT for the treated group). In Fig 3A we show the mean relative
changes in dolorimeter threshold for the crossover group following the control period and fol-
lowing HBOT, and for the treated group following HBOT. We note that calculating the mean
of the relative changes is more informative than calculating the changes in the mean values, es-
pecially for small groups with high patient-to-patient variability. Looking at the relative
changes elucidates the improvements after the HBOT period vs. the control period of the cross-
over group and the baseline for the treated group. The same analysis was conducted for the
number of tender points. In Fig 3B we show the mean relative changes in the number of tender

Fig 2. The HBOT effects on tender points. A) The effect on dolorimeter threshold. For both groups, the threshold level tripled after treatment (about 1.5, red
bars, vs. about 0.5, blue bars). B) The effect on the number of tender points. The treatment led to significant reduction in the number of tender points in both
groups: by a factor of 2 in the treated group and by a factor of 3 in the crossover group.

doi:10.1371/journal.pone.0127012.g002

Hyperbaric Oxygen Therapy Can Diminish Fibromyalgia Syndrome

PLOSONE | DOI:10.1371/journal.pone.0127012 May 26, 2015 10 / 25



points for the crossover group following the control period and following HBOT, and for the
treated group following HBOT. For the control group, we also compared between the relative
changes during the control + treatment periods (the combined period) and during the treat-
ment period and found them statistically equal (S1 File).

Scatter plot analysis of the dolorimeter threshold. In Fig 4, we show a scatter plot of the
relative changes in dolorimeter threshold as a function of baseline. The results illustrate the dif-
ferences between the control period of the crossover group and the post HBOT of both groups.

Table 2. Summary of the results of the tender points evaluation, physical function assessment, symptoms and quality of life questionnaires.

Treated group Crossover group Between
Groups

Baseline Post
HBOT

P1 Baseline Control
period

Post
HBOT

P2 P3 P4

Tender point count (of 18) 17.33
±1.4

8.87±6.03 <0.001 17.71
±0.69

17.24±1.15 5.35±4.47 0.56 <0.001 <0.001

dolorimeter thresholds(kg) 0.55±1.7 1.65±0.81 <0.001 0.72±0.46 0.58±0.46 1.86±0.76 0.037 <0.001 <0.001

(9 tender sites)

Dolorimeter thresholds(kg) 2±0.75 3.24±1.05 <0.001 2.19±0.51 1±0.53 2.29±0.76 0.05 <0.001 <0.001

(4 control sites)

Physical Function Assessment (FIQ
score)

3.76
±0.73

2.51±1.14 <0.001 3.76±1.06 3.7±1.15 2.71±1.12 0.876 0.02 0.001

Symptom Check List 0.88
±0.47

0.66±0.4 0.004 1.23±0.64 1.08±0.62 0.71±0.27 0.296 0.009 0.009

(SCL-90 score)

Quality of life 3.15
±0.44

3.48±0.45 <0.001 2.89±0.47 3.03±0.38 3.32±0.36 0.1 0.01 <0.001

(SF-36 score)

P1- p values for comparison before and after HBOT in the treated group (paired t test).

P2- p values for comparison before and after the control period in the crossover group (paired t test).

P3- p values for comparison after the control period before and after HBOT in the crossover group (paired t test).

P4- p values for comparison of the treated group after HBOT and the crossover after the control period (independent sample t test).

* Data is presented as mean± standard deviation

doi:10.1371/journal.pone.0127012.t002

Fig 3. Assessments of the mean relative changes in the pain level. A) The mean relative change and standard errors in the dolorimeter thresholds for the
crossover group following the control period (green) and following HBOT (blue), and for the treated group following HBOT (red). B) The mean relative
changes and standard errors in the number of tender points for the crossover group following the control period (green) and following HBOT (blue), and for
the treated group following HBOT (red).

doi:10.1371/journal.pone.0127012.g003
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Notably, apart from 6 patients (3 from the crossover group and 3 from the treated group), all
others showed significant improvement following the treatment. Note that, in general, the
higher the baseline threshold the smaller the improvement.

The Effects on Physical Functions, Psychological Distress and Quality of
Life
The HBOT effects on the physical functions, the psychological distress and the quality of life
are detailed in Table 2.

Physical function assessments. The FIQ score significantly improved following HBOT in
the treated group (mean change 1.31±0.99, p< 0.001) and in the crossover group after HBOT
(mean change 1.02±0.92, p = 0.05). The effect sizes were large and medium: Cohen's D

Fig 4. Scatter plot of the individual relative changes in the dolorimeter threshold. The figure shows the
relative change in all patients (y-axis in unit change) as a function of the baseline value. For the treated group,
each patient is represented by a single red dot. The relative change is the change during HBOT and the
baseline value is the value before treatment. For the crossover group, each patient is represented by two
dots: a green dot represents the relative change during the control period, with the baseline being the value
before the control. A blue dot represents the relative change during treatment, with the baseline value being
the value before treatment (which is also the value at the end of the control period). The green line represents
the mean relative change in the crossover group following the control period and the green dashed lines
represent the ±1std from the mean.

doi:10.1371/journal.pone.0127012.g004
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measures were 1.29 and 0.64, respectively. As expected, there was no improvement in the FIQ
score in the crossover group following the control period.

Psychological distress. The SCL-90 score significantly improved following HBOT in the
treated group (mean change 1.10±0.79, p< 0.01) and in the crossover group after HBOT
(mean change 1.29±0.76, p = 0.05). The effect sizes were medium: Cohen's D measures were
0.66 and 0.60, respectively. As expected, there was no improvement in the SCL-90 score in the
crossover group following the control period.

Quality of life assessments. The SF-36 score significantly improved following HBOT in
the treated group (mean change 0.34±0.33, p< 0.01) and in the crossover group after HBOT
(mean change 0.23±0.39, p = 0.05). The effect sizes were large medium: Cohen's D measures
were 1.0 and 0.58, respectively. As expected, there was no improvement in the SF-36 score in
the crossover group following the control period.

Examining the relative changes. Similar to the pain related scores, there is also a high pa-
tient-to-patient variability in the FIQ, SCL-90 and the SF-36 scores. Hence, we also inspected
the effect of the HBOT on the relative changes in these scores. The results shown in Fig 5 reveal
significant improvements in all scores following treatment for both groups. In S1 File we show
a comparison between the relative changes in FIQ, SCL-90 and SF-36, during the combined
and the treatment periods for the patients in the crossover group (see definition in the effect on
pain section above).

SPECT assessments of changes in brain activity
Motivation. As mentioned in the introduction, earlier studies compared SPECT images of

FMS patients to those of healthy subjects. The studies revealed a notable difference in brain ac-
tivity between the two groups. In particular, they found that FMS is associated with elevated ac-
tivity in the somatosensory cortex and reduced activity in the frontal, cingulate, medial
temporal and cerebellar cortices [11, 12]. These results provide an excellent independent con-
trol reference to which changes in brain activity following HBOT should be compared to.

Within group and between groups comparison. The crossover affords two types of com-
parison: 1. within group—between the changes in FMS symptoms and in brain activity during
the control period and during the treatment period in the same patients (of the crossover
group). 2. between groups – between the changes during treatment in patients of the crossover
group vs. patients of the treated group. Even more persuasive was the correspondence we
found between the brain areas whose activity increased/decreased following the HBOT sessions

Fig 5. Assessments of the mean relative changes in the FIQ, SCL-90 and the SF-36 scores. The figures show the mean relative changes and standard
errors in the three measures for the crossover group following the control period (green) and following HBOT (blue), and for the treated group following HBOT
(red). A) Mean relative changes and standard errors in physical function assessed by the FIQ score. B) Mean relative changes in and standard errors in the
psychological distress assessed by the SCL-90 score. c) Mean relative changes and standard errors in the quality of life assessed by the SF-36 score.

doi:10.1371/journal.pone.0127012.g005
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and the brain areas that were shown in previous studies to have reduced/enhanced activity in
FMS patients relative to normal subjects. In order to attain greater validity, symptom assess-
ment and SPECT analysis were done by blinded evaluations and evaluators: the tests of the
FMS state were done by computerized validated methods and the SPECT analysis was blind to
patients' participation in treated/crossover group.

Association. Brain SPECT imaging was performed and evaluated for all patients. The pa-
tients in the treated group had two SPECT imagings (pre- and post-treatment) and the patients
in the control group had three SPECT imagings (pre- and post-control period, and post-treat-
ment). One patient from the control group missed the post-control SPECT imaging (hence we
have 23 results for SPECT assessed brain activity during the control period). In S2 File we pres-
ent detailed results of SPECT imaging for all Brodmann areas (BAs) of all the tested patients.
NeuroGam software, used to normalize and average the SPECT measurements into Brodmann
areas, excludes small volume BAs from the available data in order to avoid inconsistent results.
Therefore, the following BAs were not assessed in this study: Bilateral 1, 2, 3, 12, 26, 29, 30, 33,
34, 35, 41, 42, 43, 48, 52.

Association vs. correlation. We specifically use the term “association” rather than “corre-
lation” since direct mathematical correlations between the physiological changes and the
changes in brain activity are ill defined—there is no one-to-one correspondence between the
Brodmann areas and the physiological functions, as each physiological function can be per-
formed by locations spread over several Brodmann areas and vice versa. We would like to em-
phasize that even in the cases that correlation can be defined and computed, correlations do
not reveal causality. Moreover, from biological perspective, the changes in the brain activity are
expected to cause physiological changes that in turn can lead to additional changes in the brain
activity. Therefore, our aim was to show correspondence, rather than mathematical correla-
tions, between the changes in the brain activity and the physiological changes.

BA histogram of mean relative changes. To summarize and assess the results, we con-
structed histograms of the mean relative changes,<Rchange>(n), for each Brodmann area (n).
To construct the results shown in Fig 6, we calculated, for each patient (i), the relative change
in the SPECT measured brain activity, Rchange(i,n), during each phase of the trial (see Methods
section). Then we calculated the average changes,<Rchange>(n), for the 41 patients (out of 48)
from the treated group and the crossover group that showed significant improvement in the
FMS symptoms following HBOT (the response group mentioned in the method section) and
ordered the results from the most reduced to the most elevated activity. The changes in the
BAs of te response group following HBOT were compared with those of the patients in the
crossover group during the control period.

To quantify the results shown in Fig 6 and illustrate the statistical significance, we also cal-
culated the Pearson correlations for the following four combinations. 1. The correlations be-
tween the vectors of the mean relative changes for the response group and the vectors for the
crossover group during the control period. 2. The correlations between the mean relative
changes during treatment for the group of 41 responders and those for the group of 7 non re-
sponders. 3. The correlations between the mean relative changes during treatment for the
whole response group and those for the responders from the treated group. 4. The correlations
between the mean relative changes during treatment for the whole response group and those
for the responders from the crossover group. The correlations for the four combinations were
found to be -0.25, -0.05, 0.77 and 0.68, respectively.

Normalized BA histogram of mean relative changes. In Fig 7A we show a histogram
similar to the aforementioned one, but in which we normalized the mean relative changes of
each BA (n) by its corresponding significance index Iσ(n) as is defined and explained in the
Methods section. To better scrutinize the effect of the normalization, we constructed
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2-dimentional scatter plots of the significance index vs. the normalized relative changes. In Fig
7B we show the results for the patients in the response group following the HBOT period; in
Fig 7C we show the results for the patients in the crossover group following the control period.
Comparison between the two scatter plots reveals that, following treatment, the Brodmann
areas that show large changes in brain activity also have high significance factors (see Figs 6
and 7B). In contrast, comparing Fig 7C and 7A reveals that, following the control period, the
significance index is low for Brodmann areas that exhibit big changes in brain activity. The cor-
relations for the four combinations mentioned above, calculated for the normalized mean
changes, were found to be -0.28, -0.09, 0.66 and 0.61, respectively.

Assessment of the results
The results in Fig 7 reveal several distinct Brodmann areas with significant normalized changes
in the brain activity following the HBOT period. More specifically, in the response group, 10
BAs showed above +0.6 normalized mean changes (hyper-perfusion) and 5 BAs showed below
-0.6 normalized mean changes (hypo-perfusion) following the HBOT period. In contrast, the
normalized mean changes in brain activity for all BAs are scattered within the (-0.6— +0.6)
range following the control period of the patients in the crossover group. In addition, the scat-
ter of the normalized mean changes after HBOT fits a distinct funnel shape distribution (Fig
7B) that is significantly different from the distribution after the control period (Fig 7C). In Fig
8 we show a projection of the aforementioned findings on the brain maps. For clarification, we
used the same color code as in Fig 7.

The results revealed that following the HBOT period, improved patients (responders) ex-
hibit elevated activity of BAs in the frontal lobe (25L+R, 10L+R, 47R, 45R, 11R, 9R, 8R) and in
BA 38L, and reduced activity of BAs in the posterior brain (7L+R, 37L, 36L, 17L). As

Fig 6. BA histogram of mean relative changes. The figure shows the histogram as is explained in the text. The Y-axis shows the mean relative change
<Rchange>(n) for the Brodmann area indicated in the X-axis. The results for the patients of the response group after the HBOT period are colored from light
blue (BA with the strongest activity reduction) to light red (BA with the highest activity elevation). The green bars correspond to the mean relative changes in
the patients of the crossover group following the control period.

doi:10.1371/journal.pone.0127012.g006
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mentioned before, earlier studies showed that FMS patients have reduced brain activity in BAs
in the frontal cortex and elevated activity in the posterior brain 11, 12. We found that, after treat-
ment, BAs in the posterior brain show reduced activity and BAs in the frontal cortex show ele-
vated activity. Hence, our finding indicate that, in FMS patients, hyperbaric oxygen therapy

Fig 7. The effect of significance index normalization. A) Normalized BA histogram of mean relative changes. The figure is similar to Fig 6 but the Y-axis is
for the normalized values, that is for Iσ(n)* <Rchange>(n) and not for <Rchange>(n) that are used in Fig 6. The BAs within the rectangles are the ones with
normalized mean relative changes smaller than -0.6 or larger than +0.6. B) The two dimensional scatter plot Iσ(n) vs. Iσ(n)* <Rchange>(n) for the patients of the
response group following the HBOT period. C) Similar scatter plot for the patients in the crossover group following the control period. The color code in (B)
and (C) is the same as in (A). The funnel shaped black curve is a fit of the results in (B) to a reciprocal Lorentzian curve: f(x) = {Xmax- γ*[π*(γ

2+x2)]-1} with Xmax

= 0.95, γ = 0.335.

doi:10.1371/journal.pone.0127012.g007

Hyperbaric Oxygen Therapy Can Diminish Fibromyalgia Syndrome

PLOSONE | DOI:10.1371/journal.pone.0127012 May 26, 2015 16 / 25



leads to beneficial changes in the brain activity of specific BAs known to have abnormal activity
in these patients.

In the next section we mention that the amelioration consequent to HBOT led to a signifi-
cant decrease in the intake of pain medications by the patients. In principle, part of the ob-
served changes in the SPECT imaging may be associated with the changes in the intake of pain
medication. While this possibility cannot be ruled out, we deem it unlikely. First, we note that
the patients have been taking pain medication for a long time (years). The intake of the drugs
eased the pain but did not reverse the condition, while HBOT did reverse the condition. Also,
the changes in the brain activity as detected by the SPECT coincided with improvement of the
FMS symptoms, so much so that most of the patients could reduce or stop altogether the intake
of pain medications. In other words, the plausible causal chain is that the changes in brain ac-
tivity were induced by the HBOT, these changes alleviated the FMS symptoms and eased the
pain, leading to a diminished need for pain medication.

Fig 8. Projection of the significant changes on the brain maps. The figure shows the results of the normalized mean changes as projected on the brain
maps, left BAs (A) and right BAs (B). We colored the BAs that show significant changes in activity using the same color code as in Figs 6 and 7 - from light
blue (BA with the strongest activity reduction) to light red (BA with the highest activity elevation).

doi:10.1371/journal.pone.0127012.g008
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Changes in intake of pain related medications
The amelioration of pain consequent to HBOT led to a significant decrease in the level of anal-
gesic medications intake by the patients in both groups. More specifically, 9 patients from the
treated group were on chronic daily medication with analgesic drugs (5 were taking two differ-
ent drugs and 4 were taking one) before HBOT. After the HBOT, 3 patients got completely off
medication, 3 out of the 5 continued with two drugs, and 3 out of the 4 continued with one
drug, p = 0.02. In the crossover group, 12 patients were on chronic daily medication of analge-
sic drugs before HBOT (2 on two drugs and 10 on one drug). All of them continued taking the
medications during the control period. Consequent to the HBOT period, 5 patients stopped
taking drugs altogether and all other 7 patients took one drug, p = 0.02. With regard to chronic
use of antidepressants, in the treated group, the 7 patients that were chronically treated before
HBOT continued with their medications at the end of the treatment. In the crossover group, of
the 12 patients treated with antidepressants at baseline and during the control period, 8 contin-
ued with their medications after the HBOT treatments, p = 0.04.

Safety and side effects
Five patients decided to stop the HBOT due to dizziness, claustrophobia and inability to adjust
ear pressure by “ear pumping”. Thirteen patients had mild barotrauma that resolved spontane-
ously and did not prevent them from completing the treatment protocol.

Noticeably, 14 patients (29%) reported an increase in the pain/sensation during the first 10–
20 session. However, at the end of the HBOT period, all of these patients experience significant
amelioration of pain and improvements in the different evaluated parameters in this study as
compared to baseline.

Discussion
We presented a prospective active control, clinical trial of evaluating the effect of HBOT on fe-
male patients of ages 21–67 with chronic FMS. The time elapsed from FMS diagnosis to study
recruitment was 2–22 years (mean 6.5 years). A crossover approach was adopted in order to
overcome the HBOT inherent sham control problem (see discussion further below). The par-
ticipants were randomly divided into two groups. One, the treated group, received two months
of HBOT; the other, the control group, was not treated during those two months and received
treatment in the following two months. The advantage of the crossover approach is the option
for a triple comparison – between treatments in two groups, between treatment and no treat-
ment in the same group, and between treatment and no treatment in different groups.

The changes in all measures (pain threshold, number of tender points, FIQ, SCL-90 and SF-
36) were assessed by detailed computerized evaluations and were compared to changes in
brain activity obtained by SPECT imaging. The HBOT in both groups led to similar significant
improvements. No significant changes were detected during the non-treatment period in the
crossover group. These results are in agreement with earlier findings by Yildiz et al. [27]. Anal-
ysis of brain imaging showed significantly increased neuronal activity after a two-month period
of HBOT, compared to the control period.

Brain functionality
What makes the results particularly convincing is the good correspondence between the physi-
ological improvements and the changes in brain functionality as detected by the SPECT scans,
as well as the good agreement with the abnormal brain activity of FMS patients. As presented
in the introduction, comparison between brain activities of healthy subjects and FMS patients,
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assessed by SPECT imaging, revealed higher activity in the somatosensory cortex and reduced
activity in the frontal, cingulate, medial temporal and cerebellar cortices in FMS patients [11,
12]. We also mentioned that these results are in agreement with earlier studies based on fMRI
imaging [13]. The specially devised analyses of the HBOT imaging revealed that the improve-
ments in the syndrome status went hand-in-hand with changes in the patterns of brain activity
towards those of healthy subjects. More specifically, for the response patients, HBOT sessions
led to reduction in brain activity in the somatosensory cortex and enhancement of the brain ac-
tivity in the frontal, cingulate, medial temporal and cerebellar cortices.

HBOT can rectify abnormal brain activity
Levels of pain sensations are determined by the sensory recording and higher level information
processing (interpretation) in the brain. Evidence from previous studies suggests that the pain
in fibromyalgia results primarily from abnormality in the function of pain processing path-
ways. In simple terms, it may be described as hyper-excitability of pain processing pathways
and under-activity of inhibitory pain pathways in the brain, resulting in the affected individual
experiencing pain. In the present study we found that HBOT can rectify chronically abnormal
brain activity – decrease the activity of hyperactive regions (mainly posterior regions) and in-
crease the activity of underactive regions (mainly frontal areas), in good agreement with the
current knowledge regarding the brain’s response to pain.

More specifically, brain areas that are activated in response to pain are S1, S2 (BA 1, 2 and
3), insular cortex, anterior cingulate cortex (ACC), prefrontal cortex (PFC) and thalamus [44].
Anticipation of pain activates the anterior insula, ACC and PFC. It has also been shown that
rostral ACC is activated in analgesia [45]. The effect of the ACC on pain processing is unclear,
but one option that was suggested is that the release of the inhibitory neurotransmitter GABA
and/or opioids reduces the excitability of ACC neurons that send descending innervations di-
rectly or indirectly to rostral ventromedial medulla neurons [45]. Consequently, this might
cause less pain information to arrive from the spinal cord to the brain. Thus, the activation of
the ACC and other frontal areas can prevent pain information from the spinal cord from
reaching the brain and thus reduce activation in the rostral areas that receive this information.

A quest for new understanding
Previous studies provided convincing evidence that HBOT could induce neuroplasticity lead-
ing to repair of chronically impaired brain functions and improved quality of life in post stroke
patients and post mTBI patients with prolonged post concussion syndrome, even years after
the brain insult [18–20]. HBOT can entail repair of brain damage resulting from stroke and
TBI via an assortment of intricate mechanisms [18, 19, 46]. For example, it is known that
HBOT can initiate vascular repair mechanism and improve cerebral vascular flow, induce re-
generation of axonal white matter, stimulate axonal growth, promote blood-brain barrier integ-
rity, and reduce inflammatory reactions as well as brain edema [24, 46–52]. At the cellular
level, HBOT can improve cellular metabolism, reduce apoptosis, alleviate oxidative stress and
increase levels of neurotrophins and nitric oxide through enhancement of mitochondrial func-
tion both in neurons and glial cells, and may even promote neurogenesis of endogenous neural
stem cells [24, 46–52]. In FMS patients, glial cells might be hypothesized to play an integral
role in the pathogenesis of central sensitization and chronic pain [53, 54]. Therefore, it is plau-
sible that increasing oxygen concentration by HBOT can change the brain metabolism and
glial function to rectify the FMS associated brain abnormal activity. It has already been demon-
strated that exposure to hyperbaric oxygen induces a significant anti-inflammatory effect in
different conditions and pathologies [21–24]. As such, it was also demonstrated that repetitive
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HBOT may attenuate pain by reducing production of glial cell inflammatory mediators [25,
26]. It can be informative to include, in future studies, additional modalities of brain monitor-
ing such as EEG, fMRI and DTI, and to test the changes in brain response to pain stimulation
in addition to assessments of changes in the base activity, as was done in this “proof of concept”
study.

A supportive clinical observation for the notion that HBOT is indeed inducing neuroplastic-
ity and is not merely “pain killer therapy” is the fact that a significant number of patients re-
ported an increase or change in the pain sensation during the first 10–20 session. Consequent
to this period of changed/increased pain sensation, patients reported a more comprehensive
change beyond pain alleviation, including improvement in sleep characteristics and cognitive
functions, more energy for daily tasks and improvement in general wellbeing. The symptom
worsening during the first session might be related to HBOT-induced metabolic and circuitry
changes in brain areas associated with pain interpretation. There might be intermediate stages
in the HBOT-induced repair process of the abnormal metabolism and circuitry, during which
the pain sensation can be further amplified before reaching normal metabolism and circuitry.
However, currently this is only a plausible idea that calls for future studies. This intriguing phe-
nomenon was not anticipated when the study was designed so it was not objectively evaluated;
further studies are needed to investigate this newly discovered phenomenon.

Study limitations
The study is subject to some limitations:

I. Sample size. Clearly, larger scale clinical trials are required to corroborate the findings pre-
sented here. In addition to statistical discussion on the sample size consideration in the study
protocol (S1), another consideration for including sixty patients in a single clinical site, was our
attempt to optimize between two contradicting constrains: 1. The need for diverse population
treated in order to generalize the findings for a more heterogeneous group of patients. 2. The
need to perform physiological evaluations for each of the participating patients, including re-
peated metabolic brain imaging. Further studies are needed in multiple clinical centers in order
to evaluate the findings in larger heterogonous patient population.

II. Diagnostic criteria. As mentioned earlier, it is important to select proper diagnostic crite-
ria for FMS. While the study started in 2010, it’s design and application were done
earlier – well before the new criteria by Wolfe at al. [6] were proposed and accepted. Neverthe-
less, being aware of the limitations mentioned earlier that are associated with the 1990 ACR cri-
teria, we quantitatively assessed the tender points and included additional functional
impairment as well as psychological distress and quality of life evaluations. In retrospect, the
assessment we used can be view as a combination of the 1990 and 2010 criteria. Yet, future
studies might consider using the new, 2010 criteria.

III. No double blinding: While the division into two sub-groups was done randomly and so
were the physiological evaluations and the SPECT assessments, the patients were not blinded
because of the above mentioned placebo considerations. The non- blinded identity of the pa-
tients to the examiners may have an effect on the self assessment questionnaires (FIQ, SCL and
SF-36). The agreement between the improvements as reflected in self assessment question-
naires and in pain thresholds and brain SPECT analyses, which was done in a blinded fashion,
further substantiates the clinical findings. Moreover, the association between the anatomical lo-
cations of the changes in the brain metabolism, as demonstrated by the SPECT, and the clinical
findings provides important validation of the evaluation.

IV. Sham control. There is an inherent difficulty in handling sham control in HBOT trials,
as mentioned in the introduction and detailed below.
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V. Comparative studies. Future studies are needed in order to compare HBOT with other
therapeutic interventions used for FMS patients

The sham control dilemma
Hyperbaric oxygen therapy includes two active ingredients: pressure and oxygen [46, 55]. The
use of pressure is intended for increasing plasma oxygen, but pressure increase alone can have
significant effects on the cellular level, in particular in organs that are pressure auto-regulated,
such as the brain and kidneys [56–60]. More specifically, any increase in cranial pressure may
have a significant effect on neurons, glial cells and the function of endothelial cells [56, 57, 60].
Put together, ample observations indicate that small increases in pressure, with normal or even
reduced oxygen levels, cannot serve as placebo since they activates at least one of the two active
ingredients of HBO2 therapy – pressure and level of tissue oxygen.

To engender the sensation of pressure, the chamber pressure must be 1.3 Atm abs or higher.
This led several studies to mistakenly use HBO2 treatment at 1.3Atm with normal air as sham
control, overlooking the fact that under such conditions the tissue oxygen level can increase by
more than 50%, possibly resulting in significant physiological effects due to the elevated pres-
sure and the tissue oxygenation. Therefore, such doses should be regarded as a dose-compari-
son study and not as sham control, as was correctly done by Mukherjee et al. who
demonstrated that 1.3 Atm with normal air is effective in the treatment of children with CP
[61].

As mentioned in the introduction, to circumvent the inherent sham control problem, we
adopted the crossover approach that has already been successfully used to test the neurothera-
peutic effects of HBOT [18, 19, 55, 62]. Clearly, the “placebo effect” is not fully resolved by the
crossover approach, but what make the results sounder and suggest that the improvements are
not likely to be a placebo effect are the following: 1. Only the responders showed significant
changes in brain activity, and the changes rectified the known abnormality in brain activity of
FMS patients. 2. Unexpectedly, in many of the patients, the symptoms worsened during the
first 20 sessions.

Looking ahead
Follow-up studies are needed in order to investigate the durability of the HBOT effects on
FMS. It might be that some patients will need more HBOT sessions. The issue of how to opti-
mize patient-specific protocols is an important subject for future research. We foresee that
the future oxygen-pressure dose-response studies will have significant therapeutic implications.
In particular, based on previous studies in mTBI patients, it can be anticipated that, for some
patients, HBOT treatment at lower pressure and/or lower oxygen level can be effective. Our
findings of changes in brain activity in the responsive patients indicate that non invasive moni-
toring, e.g. by EEG and fMRI, can help assess the response of the patients to the treatment and
design person-specific dose-response adjustments.

In conclusion
This study provides evidence that HBOT can improve quality of life and wellbeing of many
FMS patients. It shows for the first time that HBOT can induce neuroplasticity and significant-
ly rectify brain activity in pain related areas of FMS patients. Additional, studies are required to
find the optimal dose-response curve and optimal time of treatment. The observation that pain
characteristics may fluctuate, and even get worse during the first 10–20 sessions, before its reso-
lution, deserves notice and future investigation. Since there is currently no solution for FMS pa-
tients, and since HBOT is obviously leading to significant improvement, it seems reasonable to
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let FMS patients benefit from HBOT, if possible, now rather than wait until future studies are
completed.
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RESUMEN 

En la Fibromialgia, el estrés oxidativo es relevante en su fisiopatología. La Medicina Hiperbárica  produce hiperoxia, 
disminuyendo las especies reactivas del oxígeno. Se realizó una investigación para evaluar  eficacia del  tratamiento con cámara 
hiperbárica en pacientes con  Fibromialgia, tipo  ensayo clínico piloto, utilizando  métodos clínicos y epidemiológicos,  corte 
longitudinal, tiempo prospectivo desde enero 2011a julio 2012. Se incluyeron  20 pacientes tratados con cámara hiperbárica en 
tres ciclos, de 10 sesiones, cada tres meses. Se evaluó  calidad mediante el test Fibromyalgia Impact Questionnaire y se buscó la 
aparición de eventos adversos.  

El grupo etario con mayor prevalencia de fibromialgia fue  40 - 49 años, relación  favorable al sexo femenino, predomino  estado 
civil divorciada, nivel escolar universitario y con vínculo laboral. El 90 % tuvo  respuesta satisfactoria al tratamiento. No se 
reportó  Toxicidad. 

Concluimos el estudio respalda  usar  cámara hiperbárica en el tratamiento de Fibromialgia. Estudios adicionales más amplios son 
requeridos. 
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INTRODUCCIÓN 

La fibromialgia (FM) es una enfermedad de etiología 
desconocida que se caracteriza por dolor crónico generalizado 
que el paciente localiza en el aparato locomotor. Además del 
dolor, otros síntomas, como fatiga intensa, alteraciones del 
sueño, parestesias en extremidades, depresión, ansiedad, 
rigidez articular, cefaleas y sensación de tumefacción en 
manos, se encuentran entre las manifestaciones clínicas más 
comunes. Se ha definido como la causa más común de dolor 
osteomuscular generalizado. 1 

Según los criterios de clasificación de la ACR establecidos en 
1990, 2 la FM se define por una historia de dolor generalizado 
de más de 3 meses de duración, de forma continua, en ambos 
lados del cuerpo, por encima y por debajo de la cintura, y dolor 
en el esqueleto axial, raquis cervical o tórax anterior. Además, 
debe producirse dolor a la palpación de al menos 11 de los 18 
puntos simétricos siguientes: occipital, cervical bajo, trapecio, 
supra espinoso, segundo espacio intercostal en la unión 
costocondral, epicóndilo, glúteo, trocánter mayor y rodilla.  

JUSTIFICACIÓN  

http://www.sld.cu/sitios/reumatologia/temas.php?idv=23736�
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En  estos momentos se considera un problema de salud pública 
de primera orden dada su alta prevalencia en la población 
adulta y la ausencia de tratamiento curativo entre otras razones. 

Relación de la Fibromialgia y  estrés oxidativo 

En los últimos años, el estrés oxidativo ha adquirido un 
relevante papel en la fisiopatología de la FM. Peroxidación 
lipídica (PL) y proteínas carboniladas, productos finales del 
daño en la membrana inducidos por las ROS, se han observado 
incrementados en el plasma de pacientes con FM. 3, 4 Por otro 
lado, la capacidad total antioxidante o enzimas antioxidantes 
como la superóxido dismutasa (SOD) o la catalasa se han 
podido observar disminuidas en el plasma de los pacientes con 
FM.  3,4,5,  Pero, desde un punto de vista fisiopatológico, ¿qué 
relación puede existir entre el estrés oxidativo y los síntomas 
de la FM? Es sabido que la PL refleja la producción 
intracelular de las ROS, y se sabe que las ROS están 
involucradas en la etiología de uno de los síntomas más 
importantes de la FM: el dolor. El radical superóxido juega un 
importante papel respecto del desarrollo del dolor; por un lado, 
mediante sensibilización periférica y central del sistema 
nervioso y por tanto induciendo una alteración de la 
nocicepción, y por otro lado, mediante la activación de varias 
citoquinas como TNF-α, IL-1β e IL-6. 6, 7, 8, 9.  

Relación de la Oxigenación Hiperbárica y la Fibromialgia 

La Medicina Hiperbárica y Subacuática (MHS) es una rama de 
la medicina de ambientes especiales siendo un método de 
tratamiento con oxígeno respirado a presiones superiores a la 
presión atmosférica, hasta 3 ATA. Y para ello es necesaria la 
utilización de las cámaras hiperbáricas, recipientes herméticos 
que permiten la compresión de los gases.  

La hiperoxia,  incrementa la formación de antioxidantes 
enzimáticos que intentan frenar el aumento de las especies 
reactivas del oxígeno (ERO). Si este mecanismo falla se 
produce el llamado estrés oxidativo. Utilizando las pautas de 
tratamiento establecidas, la MHS es una  modalidad segura y 
con un margen terapéutico muy amplio, las complicaciones, 
siempre que se cumpla lo establecido no son frecuentes; y las 
más comunes son el barotrauma de oído y la convulsión por 
intoxicación por oxígeno; las cuales son resueltas sin dejar 
secuelas. 

PROBLEMA CIENTÍFICO 

En la actualidad no existe ningún medicamento para el 
tratamiento de la FM aprobado por la Agencia Europea del 
Medicamento o la Food and Drug Administration 
estadounidense.  

OBJETIVOS 

General 

Evaluar eficacia  del  tratamiento con cámara hiperbárica a 
pacientes con diagnóstico de Fibromialgia 

Específicos 

1. Evaluar la eficacia del tratamiento con cámara hiperbárica 
en relación a calidad de vida. 

2. Explorar la hiperalgesia por  comportamiento de los 
puntos gatillos.  

3. Identificar efectos adversos del tratamiento 

DISEÑO METODOLÓGICO 

Se realizó una investigación-desarrollo, tipo  Ensayo Clínico 
Piloto utilizando los métodos clínico y epidemiológico, de 
corte Longitudinal  y tiempo prospectivo en el periodo de 
enero 2011a julio 2012. 

Los pacientes fueron captados de la consulta externa del 
Hospital Universitario Clínico Quirúrgico “Manuel Fajardo” y 
se seleccionaran acorde los criterios de inclusión y exclusión, 
se les explicará la importancia de su participación voluntaria en 
el estudio y de estar de acuerdo se le entregará acta de 
consentimiento informado para su firma. Se incluyeron los 
primeros 20 pacientes. 

Criterios de Inclusión 

1-Pacientes de ambos sexos con edad entre 20 y 60 años con 
diagnóstico de Fibromialgia según criterios del Colegio 
Americano de Reumatología de 1990. 

2-Que hubieran llevado tratamiento medicamentoso por más de 
tres meses sin mejoría clínica. 

3-Aquellos que consientan participar en el estudio y lo 
manifiesten por escrito. 

Criterios de Exclusión 

1- Diagnostico de otras enfermedades reumáticas. 

2- Epilepsia. 

3- Hipertensión arterial no controlada. 

4- Claustrofobia. 

5- No querer participar  en el estudio. 

Estas evaluaciones se realizarán en una consulta habilitada 
exclusivamente con este propósito y  dirigida por el 
investigador principal y que recibirá los pacientes en consulta 
externa, además se interrogara en busca de reacciones adversas 
al tratamiento con cámara hiperbárica en paciente con 
fibromialgia. 
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Los resultados se compararon  al inicio y final del tratamiento 
y se registraron los eventos adversos, comprendidos entre la 
primera administración de tratamiento  y 4  semanas después 
de terminar el mismo. 

Fuentes de Datos 

• Historia Clínica 

• Hiperalgesia: Se evalúa mediante el recuento de puntos 
dolorosos     establecidos por la ACR  

• Resultados del test: Fibromyalgia Impact Questionnaire 
(FIQ) instrumento validado internacionalmente, aplicados 
al inicio y al final del estudio. 

 La Adherencia y Cumplimiento del Tratamiento fueron 
Evaluados de manera Sistemática en Cada Consulta. 

Procedimiento: Se conformó un grupo de tratamiento con  20 
pacientes que cumplieron  los  criterios de selección. 

Se le realizó una evaluación antes de comenzar el tratamiento 
para la cual se confecciono una encuesta que incluía 
interrogatorio y examen físico,  y se le realizo el test FIQ para 
medir calidad de vida. 

Todos los pacientes también fueron evaluados antes de iniciar 
el tratamiento, por el grupo de médicos especialistas en el 
servicio de Medicina Hiperbárica para precisar si reúnen los 
requisitos que le otorgan el grado de aptitud para recibir dicho 
tratamiento y se le confecciona una historia clínica del  servicio 
de medicina hiperbárica, con datos de interés para este 
departamento. 

El tratamiento consistió  de 10 sesiones a 2 ATA,  con un 
nuevo ciclo a los 3 meses, por 3 veces consecutivas en el que 
se cierra el estudio y se le hace una evaluación final 
aplicándole nuevamente las evaluaciones del interrogatorio, 
examen físico y test de FIQ.. 

DESARROLLLO 

No contamos con datos de prevalencia en nuestro país.  En 
España presenta una  prevalencia del 2,4% de la población 
mayor de 20 años .En números absolutos, esto supone unos 
700.000 pacientes afectados por la FM en ese país 

En la tabla 1, en cuanto a la distribución en grupos de edad 
encontramos la mayor prevalencia en el grupo 40 y los 49 años 
lo que coincide con lo reportado en la literatura revisada 10 

Tabla 1 Datos socio-demográficos 

EDAD SEXO E.    CIVIL OCUPACION ESCOLARIDAD 

F M S C D SI NO P N/M U 

20-29 años 2 0 1 1 0 1 1 0 1 1 

30-39 años 3 0 0 2 1 3 0 0 3 0 

40-49 años 7 1 2 1 5 6 2 0 2 6 

50-59 años 7 0 2 2 3 4 3 0 2 5 

TOTAL 19 1 5 6 9 14 6             0     8 12 

Fuentes: Anexo2 

LEYENDA: S (Soltero), C (Casado), D (Divorciado), P (Nivel Educacional Primario), N/M (Nivel Educacional Medio), U 
(Universitario) 

En el análisis de los datos por sexo  observamos que  la 
relación femenina- masculino es favorable al primero en 
relación  de 19 a 1. La  literatura revisada recoge al respecto 
una relación mujer: varón de 21:1, en España 10. 

Resaltamos que predomino, en el estado civil, divorciada, y 
nivel escolar universitario y con vínculo laboral. Coincidiendo 
con los estudios  revisados sobre fibromialgia que reportan 
mayor frecuencia de aparición de esta enfermedad en sujetos 
que realizan actividad laboral y con alto nivel educacional. 

La Tabla No. 2  recoge el comportamiento de la variable a 
evaluar que seleccionamos, que fue calidad de vida, para lo que 
utilizamos un instrumento validado internacionalmente,  el 
Test de FIQ que utiliza una escala de 0 al 100, donde 0 
representa la mejor capacidad funcional y calidad de vida y 
100 el peor estado. 

n nuestro estudio se aplicó al inicio y final de la terapéutica 
obteniendo los siguientes resultados: El 90 % de los pacientes 
tuvieron una respuesta satisfactoria al tratamiento con cámara 
hiperbárica si bien es cierto que ninguno alcanzo la escala de 
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0-10 que es la de máxima mejoría, todos evolucionaron aunque 
en distinto grado favorablemente. 

 

 

 

Tabla 2 Evaluación de la Calidad de vida, según cuestionario 
FIQ  

Resultados FIQ Al inicio 
del Estudio 

Al final 
del estudio 

No % No % 

0-10 0 0 0 0 

11-20 0 0 2 10 

21-30  0 0 6 30 

31-40  0 0 8 40 

41-50  0 0 2 10 

51-60  1 5 1 5 

61-70 2 10 1 5 

 71-80 5 25 0 0 

81-90 8 40 0 0 

91-100 4 20 0 0 

TOTAL 20 100 20 100 

Fuente cuestionario FIQ 

Corrobora esta conclusión el hecho de que al inicio  todos 
estaban por encima de 50 percentil y al final quedaron solo 2. 

No se reporta ningún caso de toxicidad ni de abandono del 
tratamiento 

CONCLUSIONES 

1. En cuanto a la distribución en grupos de edad encontramos 
la mayor prevalencia en el grupo 40 - 49 años con una 
relación altamente favorable al sexo femenino lo que 
coincide con lo reportado en la literatura    

2. Resaltamos predominio de Estado Civil divorciada, Nivel 
Escolar universitario y con vínculo laboral. Coincidiendo 
con los estudios  revisados que reportan mayor frecuencia 
de aparición de esta enfermedad en sujetos que realizan 
actividad laboral y con alto nivel educacional. 

3. El 90 % de los pacientes tuvieron una respuesta 
satisfactoria al tratamiento con cámara  hiperbárica.  

4. Si bien es cierto que ninguno alcanzo la escala de 0-10 que 
es la de máxima mejoría, todos evolucionaron aunque en 
distinto grado favorablemente. Corrobora esta conclusión 
el hecho de que al inicio  todos estaban por encima de 50 
percentil y al final solo quedaron 2. 

5. No se reporta ningún caso de Toxicidad ni de Abandono 
del tratamiento 

RECOMENDACIONES 

1. Continuar estudios  con este tipo de tratamiento 

2. Realizar ensayos clínicos con productos antioxidantes 
dado que el estrés oxidativo ha adquirido un relevante 
papel en la fisiopatología de la Fibromialgia. 
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A New Treatment Modality for
Fibromyalgia Syndrome: Hyperbaric

Oxygen Therapy
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Fibromyalgia syndrome (FMS) is character-
ized by longstanding multifocal pain 
with generalized allodynia/hyperalgesia.
There are several treatment methods but
none has been specifically approved 
for this application. We conducted a
randomized controlled study to evaluate
the effect of hyperbaric oxygen (HBO)
therapy in FMS (HBO group: n = 26;
control group: n = 24). Tender points and
pain threshold were assessed before, and
after the first and fifteenth sessions of

therapy. Pain was also scored on a 
visual analogue scale (VAS). There was 
a significant reduction in tender points
and VAS scores and a significant increase
in pain threshold of the HBO group after
the first and fifteenth therapy sessions.
There was also a significant difference
between the HBO and control groups for
all parameters except the VAS scores after
the first session. We conclude that HBO
therapy has an important role in
managing FMS.

KEY WORDS: ALGOMETER; HYPERBARIC OXYGEN THERAPY; FIBROMYALGIA; PAIN THRESHOLD; 
VISUAL ANALOGUE SCALE

Introduction
Fibromyalgia syndrome (FMS) is a chronic
musculoskeletal disorder. It is characterized
by widespread pain, tenderness at specific
anatomical sites (i.e. tender points) and
clinical manifestations such as fatigue, sleep
disturbance and irritable bowel syndrome.1,2

Its prevalence is 1 – 3% and it occurs
predominantly in females, commonly
between the ages of 40 and 50 years.3

The most frequently reported musculo-
skeletal or fibrous connective tissue symptoms
are aches and pains, stiffness, swelling in soft
tissues, tender points and muscle spasms or

nodules.2 There is a global decrease in pressure
pain threshold rather than specific changes
limited to the tender points.4 The aetio-
pathology of FMS is still not known although
it is thought that the disease is caused by
several interacting factors such as muscle
overload, poor spinal posture, disturbed
sleep, psychogenic factors, local hypoxia5,6

and reduced concentrations of high-energy
phosphate. Fassbender and Wegner have
hypothesized that local hypoxia causes
degenerative changes in the muscles in FMS.5

There is no proven effective long-term
management programme for FMS.2 Hyper-
baric oxygen (HBO) therapy has been used



worldwide for the past 30 years to treat
many diseases, including conditions caused
by local hypoxia or ischaemia such as
diabetic wounds, chronic non-healing
wounds, compromised skin grafts and flaps,
and cerebral ischaemia.7 HBO therapy
involves breathing 100% oxygen via an
endotracheal tube, mask or hood in a
pressure chamber at pressures higher than 
1 atmosphere absolute (ATA). During HBO
therapy, the increased concentration and the
partial pressure of oxygen provide increased
oxygenation to the whole body. Oxygen
tension is raised to 10 – 13 times above its
normal level when a patient breathes 100%
oxygen at 2.8 ATA. 

When the circulation is compromised, the
resultant ischaemia lowers the concentration
of adenosine triphosphate (ATP) and
increases the concentration of lactic acid.
Increased oxygen delivery to the tissue with
HBO may prevent tissue damage in
ischaemic tissues by decreasing the tissue
lactic acid concentration and helping
maintain the ATP level.

The aim of HBO therapy in patients with
FMS is to reduce muscle hypoxia and
increase levels of high-energy phosphate.

Patients and methods
We carried out a randomized, double-blind
controlled study of HBO therapy in patients
with FMS.

PATIENTS
Patients with FMS (meeting the American
College of Rheumatology diagnostic
criteria8) who had persistent symptoms in
spite of medical and physical therapy were
included in the study. Patients were
randomized (alternately) to receive HBO
therapy (HBO group) or normal air (control
group). After randomization, patients were
evaluated for their suitability to receive HBO

therapy. Patients with contraindications
were excluded from the study by the
evaluating physician. The evaluating
physician did not know which therapy the
patient was to have received. The physician
administering therapy was the only one to
know which therapy the patients received.
This disclosure was necessary for evacuation
purposes in the event of an emergency
during a therapy session.

The HBO group underwent 15 90-min
sessions of HBO therapy at 2.4 ATA. There
was one session per day for 5 days of the
week. The control group breathed air at 
1 ATA for 90 min following the same
schedule as the HBO group. During the 
study period no other therapeutic modalities
were used.

All patients gave informed consent and
the GATA Military Medical Faculty Ethical
Committee approved the study.

ASSESSMENT PROCEDURE
The patients were examined just before and
after the first and fifteenth therapy sessions.
At each examination the number of tender
points was determined by palpation and the
number of tender points was noted. The pain
threshold was measured with an algometer
and pain evaluated using a visual analogue
scale (VAS).

To measure the pressure pain threshold
the top of the algometer was placed on the
tender point and the pressure was increased
until the patient confirmed that they felt
pain.9 The contact area was 1 cm2 and
covered with 2-mm thick rubber to minimize
irritation of the skin. The compression
pressure was increased gradually by
approximately 1 kg/s. The patient was asked
to say ‘yes’ when he or she began to feel pain
or any discomfort. A needle on the
manometer scale recorded the pressure pain
threshold in kilograms.
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STATISTICAL ANALYSIS
Numerical variables are presented as 
mean ± SD. The Wilcoxon test and Student’s
t-test were used for within group (HBO group
only) and between group comparisons. 
A P-value of < 0.05 was accepted as
statistically significant. SPSS version 11.0
software (SPSS Inc., Chicago, IL, USA) was
used for all statistical calculations.

Results
There were 26 patients (17 female, nine
male; mean age 40.46 ± 4.79 years) in 
the HBO group and 24 (18 female, six 
male; mean age 39.88 ± 4.71 years) in the
control group. The symptoms of FMS had
been present for an average of 4 ± 1.1 years
(range 1 – 30).

The number of tender points, pain
threshold (as measured by the algometer)
and the VAS pain scores for both groups
before and after treatment are given in 
Table 1.

In the HBO group there was a statistically
significant difference between the results of
all parameters after the first and fifteenth
sessions (P < 0.001). There was also a
significant difference between the HBO

group and control group for all parameters
(P < 0.001) except the VAS scores after the
first session.

Discussion
Fassbender and Wegner studied the clinical
features, symptoms and pathogenesis of
FMS, and postulated that local hypoxia has
an aetiological role in the development and
symptomatology of FMS.5 Recently published
reports on FMS are compatible with the
theory of chronic hypoxia. Relative hypoxia
has been demonstrated in patients with
FMS,5 and symptoms of FMS have improved
following aerobic conditioning. The oxygen
pressure in the tissues of tender muscles and
the total mean oxygen pressure in the
subcutaneous tissue of patients with FMS are
significantly lower than in normal
controls.10 This suggests that the hypoxic
condition is not limited to the tender
muscles. Jeschonneck et al.11 studied tender
points in patients with FMS and concluded
that vasoconstriction occurs in the skin
above the tender points. This supports the
hypothesis that FMS is related to local
hypoxia in the skin covering the tender
points. Bengtsson and Henriksson12 thought
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TABLE 1:
Mean ± SD of the number of tender points, pain threshold and visual analogue scale
(VAS) pain scores of patients with fibromyalgia syndrome in the group receiving
hyperbaric oxygen (HBO group) and control group

Before treatment After first session After 15 sessions

HBO Control HBO Control HBO Control
(n = 26) (n = 24) (n = 26) (n = 24) (n = 26) (n = 24)

No. of tender 
points 14.96 ± 1.50 15.25 ± 1.18 12.46 ± 1.10a,b 13.75 ± 1.07b 6.04 ± 1.18a 12.54 ± 1.10

Pain 
threshold 0.71 ± 0.09 0.75 ± 0.13 0.93 ± 0.09a,b 0.81 ± 0.12b 1.33 ± 0.12a 0.84 ± 0.12

VAS score 64.62 ± 10.28 68.33 ± 10.28 59.23 ± 8.44a 60.42 ± 8.58 31.54 ± 8.34a 55.42 ± 6.58
aStatistically significant difference between first and fifteenth sessions of HBO therapy (P < 0.001).
bStatistically significant difference between study and control group (P < 0.001).
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Ş Yildiz, MZ Kiralp, A Akin et al.
Hyperbaric oxygen therapy in fibromyalgia syndrome

(Jain KK, Neubauer R, Correa JG, Camporesi
EM, eds). Seattle-Toronto-Bern-Göttingen:
Hogrefe & Huber Publishers, 1996; pp11 – 26.

8 Wolfe F, Smythe HA, Yunus MB, Bennett RM,
Bombardier C, Goldenberg DL, et al: The
American College of Rheumatology 1990
criteria for the classification of fibromyalgia.
Report of the Multicenter Criteria Committee.
Arthritis Rheum 1990; 33: 160 – 172.

9 Lautenschläger J: Die Erfassung der Druckpunkte
bei generalisierter Tendomyopathie–GTM.
(Evaluation of tender points in fibromyalgia)
(in German). In: Generalisierte Tendomyopathie
(Fibromyalgie) (Müller W, ed). Darmstadt:
Steinkopff, 1991; pp95 – 104.

10 Bennett RM, Clark SR, Goldberg L, Nelson D,
Bonafede RP, Porter J, et al: Aerobic fitness in
patients with fibrositis. A controlled study of
respiratory gas exchange and 133xenon clearance
from exercising muscle. Arthritis Rheum 1989;
32: 454 – 460.

11 Jeschonneck M, Grohmann G, Hein G, Sprott H:
Abnormal microcirculation and temperature in
skin above tender points in patients with
fibromyalgia. Rheumatology (Oxford) 2000; 39:
917 – 921.

12 Bengtsson A, Henriksson KG: The muscle in
fibromyalgia – a review of Swedish studies. 
J Rheumatol 1989; 19 (Suppl): 144 – 149.

13 Lindh M, Johansson G, Hedberg M, Henning
GB, Grimby G: Muscle fiber characteristics,
capillaries and enzymes in patients with
fibromyalgia and controls. Scand J Rheumatol
1995; 24: 34 – 37.

14 Gidlöf A, Lewis DH, Hammarsen F: The effect of
prolonged ischemia of human skeletal muscle.
A morphometric analysis. Int J Microcirc Clin Exp
1987; 7: 67 – 86.

15 Lindman R, Hagberg M, Bengtsson A,
Henriksson KG, Thornell L-E: Capillary
structure and mitochondrial volume density in
the trapezius muscle of chronic trapezius
myalgia, fibromyalgia and healthy subjects. 
J Musculoskelatal Pain 1995; 3: 5 – 22.

16 Larson AA, Giovengo SL, Russell IJ, Michalek
JE: Changes in the concentrations of amino
acids in the cerebrospinal fluid that correlate
with pain in patients with fibromyalgia:
implications for nitric oxide pathways. Pain
2000; 87: 201 – 211.

17 Demchenko IT, Boso AE, Bennett PB, Whorton
AR, Piantadosi CA: Hyperbaric oxygen reduces
cerebral blood flow by inactivating nitric oxide.
Nitric Oxide 2000; 4: 597 – 608.

18 Sheik AY, Gibson JJ, Rollins MD, Hoph HW,
Hussain Z, Hunt TK: Effect of hyperoxia on
vascular endothelial growth factor levels in a
wound model. Arch Surg 2000; 135: 1293 – 1297.

Address for correspondence
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