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RESUMEN TESIS DOCTORAL  

INTRODUCCIÓN 

La fragilidad se define como un síndrome clínico de mayor vulnerabilidad a factores externos 

que pueden desencadenar efectos adversos para la salud y llevar a la muerte. Este síndrome se 

caracteriza por una disminución acelerada de las reservas funcionales, donde los pacientes son 

susceptibles a eventos aparentemente menores (por ejemplo, una infección o un nuevo 

medicamento) que pueden provocar un empeoramiento grave de la salud con períodos 

prolongados de recuperación y repercusiones en el nivel general de funcionamiento. Los efectos 

adversos asociados con la fragilidad incluyen caídas, discapacidad, hospitalización y mortalidad. 

La prevalencia estimada de personas frágiles mayores de 65 años en los países europeos oscila 

entre el 5,8 % y el 27,3 %. 

La fragilidad es prevenible y parcialmente reversible si se diagnostica a tiempo, por lo que existe 

un especial interés en desarrollar biomarcadores para la identificación de personas en riesgo e  

implementar intervenciones oportunas con el fin de reducir los eventos adversos. En este 

sentido, el desarrollo de biomarcadores cuantitativos para el diagnóstico de fragilidad es de 

suma importancia. 

El diagnóstico clínico de fragilidad se basa en la definición operativa de Fried basada en cinco 

criterios y es el método más utilizado para identificar a las personas frágiles y prefrágiles en el 

entorno clínico. Aunque es una herramienta ampliamente validada, tiene algunas limitaciones 

en la práctica clínica. Por ejemplo, tiene una capacidad limitada para predecir la progresión de 

un estado robusto o prefrágil a uno frágil. Además, algunos de los criterios de fragilidad son 

subjetivos y pueden dificultar la evaluación en varios escenarios clínicos (por ejemplo, en 

pacientes con deterioro cognitivo o depresión). 

Hasta la fecha, no existe un biomarcador cuantitativo específico para el diagnóstico de 

fragilidad, aunque se están investigando muchos marcadores circulantes y de imagen. Un buen 

biomarcador debe ser accesible, rentable, preciso y fiable. En los últimos años, el concepto de 

paneles de biomarcadores en lugar de biomarcadores individuales está ganando más 

importancia. 

Aunque se están investigando varios parámetros ecográficos, no está claro si los parámetros de 

tamaño muscular o de calidad muscular o una combinación de ambos muestran un mejor 

rendimiento en el diagnóstico de pacientes frágiles. Además, la falta de protocolos 
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estandarizados para realizar ecografías musculares en pacientes ancianos con sarcopenia puede 

disminuir la fiabilidad y la reproducibilidad de los resultados y presenta una importante 

limitación para la implementación clínica. 

No hay estudios que hayan investigado la combinación de marcadores circulantes y de 

parámetros de imagen ecográfica para el diagnóstico de fragilidad. Esto es importante ya que los 

hallazgos de imagen deben respaldarse con datos biológicos para comprender los perfiles 

histológicos y moleculares de los parámetros visuales. 

Aunque la ecografía muscular no forma parte de los protocolos actuales para el diagnóstico de 

sarcopenia, esta técnica podría ser útil en el ámbito clínico, ya que puede medir cambios en el 

volumen, la composición y la arquitectura del músculo.  

Por lo tanto, asumimos que las imágenes ecográficas se pueden usar de manera fiable para 

evaluar la sarcopenia siempre que se haya aplicado el protocolo apropiado y el operador esté 

capacitado para realizar el examen. Asimismo, postulamos que el protocolo con una 

combinación de parámetros ecográficos que evalúen tanto la masa como la calidad muscular 

pueda distinguir a los individuos en riesgo de fragilidad entre los pacientes ambulatorios. 

Además, planteamos la hipótesis de que la combinación de parámetros ecográficos y circulantes 

sería una buena herramienta cuantitativa para diagnosticar pacientes con riesgo de fragilidad en 

el entorno clínico. 

METODOLOGÍA 

Este fue un estudio experimental realizado en un entorno clínico ambulatorio. La parte 

experimental del estudio incluyó ecografía muscular y análisis de sangre. El estudio se realizó en 

humanos tras obtener la aprobación del comité de ética del CHGUV.  

Los criterios de inclusión para el grupo experimental: 

- 60 años o más, 

- capacidad para caminar de forma independiente (incluso con la ayuda de un bastón/andador), 

- acceso a la historia clínica. 

Los criterios de exclusión: 
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- trastornos neuromusculares o enfermedades agudas o crónicas que alterarían la arquitectura 

muscular o interferirían con la medición de la fuerza de prensión usando un dinamómetro 

manual, 

- pacientes oncológicos en tratamiento (quimio o radioterapia), 

- pacientes institucionalizados o pacientes que no pueden llegar al centro de investigación 

utilizando sus propios medios de transporte, 

- demencia grave que influiría en la capacidad del paciente para comprender el consentimiento 

informado y el cuestionario. 

Se invitó a participar como grupo de control a sujetos sanos entre 20 y 59 años. 

Ecografía muscular 

Se escanearon las cuatro cabezas del músculo cuádriceps femoral. El primer conjunto de 

imágenes se tomó en el punto medio entre la espina ilíaca anterosuperior y el cóndilo femoral 

lateral en planos transversal y longitudinal y se utilizó para evaluar las cabezas de los músculos 

recto femoral y vasto intermedio. Luego, con la sonda sostenida en posición longitudinal, se le 

pidió al paciente que contrajera el músculo cuádriceps y se tomaron las imágenes en 

contracción. Desde este punto, la sonda se colocó lateralmente al mismo nivel para incluir la 

cabeza del músculo vasto lateral. Las imágenes se tomaron en planos transversal y longitudinal, 

en reposo y en contracción. Finalmente, la sonda se colocó en posición medial y ligeramente 

distal y se exploró la cabeza del vasto medial en ambos planos (longitudinal y transversal) en 

reposo y durante la contracción. 

Las imágenes se procesaron con ImageJ software. La ecointensidad (EI) y el grosor muscular 

(MT) se midieron a partir de las imágenes tomadas en el plano transversal y se utilizó el valor 

medio de las tres medidas para el análisis estadístico. Para la ecointensidad se trazó un ROI 

manual incluyendo la mayor parte del músculo visible en la imagen y evitando la aponeurosis y 

el hueso. El grosor muscular se midió a partir de imágenes transversales como la distancia 

máxima entre las dos aponeurosis, utilizando la herramienta de regla y se utilizó el valor medio 

para el análisis. Los ángulos penados (PA) se midieron a partir de imágenes longitudinales en 

reposo y en contracción utilizando la herramienta de ángulo. Se eligió un fascículo claramente 

visible y se trazó el ángulo entre el fascículo y su inserción en la aponeurosis profunda. 

Finalmente, el área del recto femoral se midió a partir de las imágenes tomadas con el 

transductor convexo utilizando ROI manual.  
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La fuerza de prensión de la mano dominante se midió utilizando un dinamómetro de mano. 

Medición de la velocidad de la marcha se midió con la aplicación de cronómetro del teléfono 

Android.  

Cuestionario – se registraron los datos epidemiológicos y antropométricos, comorbilidades y 

factores de riesgo.  

Se utilizaron los criterios de fragilidad propuestos por Fried y colegas para determinar el 

fenotipo de fragilidad. Estos criterios evalúan la pérdida de peso no intencionada, el 

agotamiento, la baja actividad física, la marcha lenta y la debilidad muscular.  

Cada criterio positivo se puntuó con un punto. La puntuación final fue la suma de los cinco 

criterios. Según el número de puntos, los pacientes se clasificaron en: 

Robusto – 0 puntos, 

Pre-frágil – 1 o 2 puntos, 

Frágil – 3-5 puntos. 

Análisis bioquímicos 

Se extrajo sangre después de al menos 8 horas de ayuno. Se analizaron los siguientes analitos: 

leucocitos con fórmula leucocitaria, hematíes, hemoglobina, hematocrito, plaquetas, proteínas, 

proteína C reactiva, albúmina, glucosa basal, urea, creatinina, filtrado glomerular, calcio, fósforo, 

transaminasas, cloro, potasio, sodio, colesterol total, triglicéridos, colesterol HDL y LDL, 

creatinfosfoquinasa, homocisteína, ferritina, hierro, índice de saturación de transferrina, 

vitamina D, cortisol, insulina, parathormona (PTH), tirotropina (TSH) y factor de crecimiento 

insulínico tipo 1 (IGF-1). 

La muestra de plasma se utilizó para la determinación de malondialdehído (MDA) y 

carbonilación de proteínas como marcadores de estrés oxidativo. 

Las citoquinas pro y antiinflamatorias se evaluaron en muestras de plasma. Se utilizó un kit de 

ensayo Luminex comercial para la detección y cuantificación de las siguientes citoquinas: ITAC, 

Fractalkine, IFN-γ, IL-10, MIP-3α, IL-12p70, IL-13, IL- 17a, IL-1β, IL-2, IL-4, IL-23, IL-6, IL-7, IL-8, 

TNF-α. 
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Análisis estadístico 

El análisis estadístico se realizó utilizando el software SPSS, versión 22.0 para Windows (IBM, 

SPSS Inc.). Todas las variables continuas se presentaron como medias ± desviaciones estándar, 

mientras que las variables ordinales se presentaron como cantidad y porcentajes. La distribución 

de las variables continuas se evaluó con la prueba de normalidad de Kolmogorov-Smirnov. Para 

evaluar las diferencias entre sexos se utilizó la prueba t-student para las variables con 

distribución normal (variables paramétricas) y la prueba de Mann-Whitney para las variables no 

paramétricas. Las diferencias de las variables de estudio según el fenotipo de fragilidad se 

evaluaron mediante la prueba ANOVA para variables paramétricas seguida de la prueba post-

hoc de Bonferroni, mientras que para las variables no paramétricas se utilizó la prueba de 

Kruskal-Wallis. 

Se realizó un análisis de correlación para evaluar las relaciones entre las características físicas, 

ecográficas y los parámetros bioquímicos. La fuerza de la correlación se dividió arbitrariamente 

en tres categorías: débil, moderada y fuerte, y se interpretó como débil para valores r<0,399, 

moderada para valores r de 0,400 a 0,699 y fuerte para valores r>0,700. 

La precisión de los parámetros ecográficos se evaluó utilizando áreas bajo la curva ROC (por sus 

siglas en inglés Receiver Operating Characteristic). La precisión de la técnica de medición se 

evaluó utilizando los coeficientes de correlación intraclase (ICC) y los límites de concordancia de 

Bland-Altman.  

Se realizó un análisis de regresión logística con parámetros ecográficos y bioquímicos ajustados 

con características físicas para determinar los mejores modelos predictivos de fragilidad. El 

fenotipo de fragilidad se utilizó como variable dependiente, creando dos grupos: no frágiles y de 

riesgo. Los pacientes robustos y los controles jóvenes se asignaron al grupo no frágil, y los 

pacientes frágiles y prefrágiles se asignaron al grupo de riesgo. El nivel de influencia de las 

variables independientes sobre la fragilidad se expresó mediante razones de probabilidad.  

La significación estadística se definió como p<0,05. 

RESULTADOS 

La muestra consistió en 128 pacientes, de los cuales 66 fueron mujeres (51%) y 62 hombres 

(49%). La muestra fue homogénea entre sexos en cuanto a edad, índice de masa corporal (IMC), 

velocidad de la marcha y actividad física. Hubo diferencias significativas entre sexos en peso, 

talla, fuerza muscular, actividad física intensa y moderada y tiempo sentado durante el día. 
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Hubo 36 controles (28%), 22 robustos (17%), 53 prefrágiles (41%) y 17 pacientes frágiles (13%). 

Hubo diferencias significativas entre los grupos en edad, talla, IMC, fuerza muscular, velocidad 

de la marcha, actividad física intensa y marcha. No hubo diferencias significativas en peso, 

actividad física moderada y tiempo sentado. Finalmente, la muestra se distribuyó 

homogéneamente entre los grupos en cuanto al sexo.  

En cuanto a los parámetros ecográficos, hubo diferencias significativas entre sexos en casi todos 

los parámetros, excepto en los ángulos penados del recto femoral, vasto intermedio y vasto 

lateral, así como del grosor muscular del vasto lateral. 

Los parámetros ecográficos según el fenotipo de fragilidad mostraron los siguientes hallazgos: 

hubo diferencias significativas entre los grupos para todos los parámetros del recto femoral. El 

grosor muscular de todas las cabezas del cuádriceps femoral mostró diferencias significativas 

entre los grupos. En cuanto a la ecointensidad, hubo diferencias significativas entre los grupos 

para el recto femoral, mientras que el vasto intermedio, vasto medial y vasto lateral no 

mostraron diferencias entre los grupos. Los ángulos penados en reposo y en contracción 

mostraron diferencias significativas entre los grupos para todas las cabezas del cuádriceps 

excepto el vasto medial en reposo. 

Se analizaron un total de 61 muestras de sangre. Había 34 mujeres (56%) y 27 hombres (44%) 

individuos. Hubo 18 (29%) sujetos asignados al grupo control y 8 (13%) pacientes robustos, 26 

(43%) prefrágiles y 9 (15%) pacientes frágiles. Se realizó analítica general de sangre y estado 

hormonal. Además, se evaluaron los parámetros de estrés oxidativo. 

Se realizó un análisis de correlación de todas las variables del estudio con el fin de evaluar las 

posibles relaciones entre los parámetros ecográficos, físicos y bioquímicos. Luego, estos 

parámetros se seleccionaron y utilizaron en el análisis de regresión para determinar su valor 

predictivo de fragilidad. 

Las correlaciones del fenotipo de fragilidad con la ecografía y los parámetros funcionales: hubo 

una correlación inversa moderada entre el fenotipo de fragilidad y el área del recto femoral (r = -

0,612). El fenotipo de fragilidad mostró una correlación negativa moderada con el grosor 

muscular del recto femoral, vasto interno y el vasto lateral (r = -0,563, -0,483 y -0,403 

respectivamente). Por otro lado, se mostraron correlaciones positivas moderadas entre la fuerza 

muscular y el área del recto femoral, así como el grosor muscular del vasto medial (r=0,425 y 

0,474 respectivamente). Inversamente, hubo correlaciones negativas entre la fuerza muscular y 

la ecointensidad, moderadas para el recto femoral (r=-0,451) y débiles para el vasto medial y el 



19 
 

vasto lateral (r=-0,380 y –0,382 respectivamente). Se encontraron correlaciones inversas débiles 

entre la velocidad de la marcha y el grosor muscular del recto femoral, vasto medial y vasto 

lateral (r=-0,260, -0,280 y -0,323), área del recto femoral (r=- 0.334), así como con ángulo 

penado en contracción del recto femoral y vasto intermedio y ángulo pennado del vasto lateral 

en reposo y contraído. No hubo correlaciones entre la velocidad de la marcha y la ecointensidad 

de ninguna de las cabezas del cuádriceps femoral. 

Se detectaron correlaciones negativas débiles entre las caídas y el área del recto femoral, el 

grosor muscular del recto femoral, vasto medial y lateral, así como el ángulo penado en la 

contracción del recto femoral y el vasto medial. Además, hubo correlaciones positivas débiles 

entre la obesidad y la ecointensidad de todas las cabezas de los cuádriceps, así como el grosor 

de la grasa superficial. 

El factor de crecimiento insulínico tipo 1 tuvo una correlación positiva moderada con el área del 

recto femoral y el fenotipo de fragilidad (r=0,510 y 0,582 respectivamente), y una débil 

correlación negativa con la ecointensidad del recto femoral, r=-0,378. También hubo 

correlaciones positivas débiles con el grosor muscular del recto femoral y del vasto medial 

(r=0,374 y 0,356 respectivamente), así como con el ángulo penado en la contracción del vasto 

intermedio, r=0,352. La parathormona mostró una correlación positiva débil con el fenotipo de 

fragilidad, r=0,352 y una correlación negativa débil con el ángulo penado del vasto lateral, r=-

0,302. El cortisol, la insulina y la hormona estimulante de la tiroides en su mayoría no tuvieron 

correlaciones significativas con los parámetros ecográficos. 

Con el fin de evaluar el rendimiento de los parámetros ecográficos como biomarcadores de 

imagen y su utilidad clínica, los analizamos para determinar su exactitud y precisión. 

Para determinar la exactitud o el poder discriminativo de los parámetros ecográficos, se 

analizaron las áreas bajo la curva ROC. El área del recto femoral y el grosor muscular del recto 

femoral mostraron un poder de discriminación excelente (AUC = 0,838) y aceptable (AUC = 

0,793), respectivamente. El área del recto femoral mostró el poder discriminativo mejor que la 

fuerza muscular. El resto de los parámetros se comportaron de pobre a aceptable. 

Para valorar la precisión de los parámetros ecográficos se evaluaron los coeficientes de 

correlación intraclase (ICC) y los límites de concordancia de Bland-Altman. Comparamos 

mediciones repetidas para cada uno de los parámetros ecográficos obteniendo un ICC excelente 

para la mayoría de ellos, excepto el ángulo pennado de los músculos vasto intermedio y vasto 
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lateral, que mostró un buen ICC. La mayoría de los parámetros tenían alta repetibilidad (o bajo 

error de medición).  

Modelos de fragilidad con análisis de regresión logística 

Se realizó un análisis de regresión logística utilizando parámetros ecográficos y bioquímicos y 

características físicas para estimar su poder diagnóstico de fragilidad. Se desarrollaron múltiples 

modelos predictivos utilizando diferentes parámetros ecográficos (grosor muscular, 

ecointensidad, ángulos penados y área del recto femoral) ajustados con parámetros bioquímicos 

(parámetros bioquímicos generales, panel de citoquinas y hormonas) y con las características 

físicas (velocidad de la marcha, fuerza muscular, sexo, IMC). 

1) Parámetros ecográficos y características físicas 

El modelo de análisis de regresión logística BEST US fue estadísticamente significativo en el 

primer paso (χ2 (5) = 64.447, p<0.001). El modelo explicó el 54,2% de la varianza del fenotipo de 

fragilidad y clasificó correctamente el 79% de los casos. Cuando se ajustó por características 

físicas, el bloque y el modelo fueron estadísticamente significativos (p<0,001). El modelo explicó 

el 74,5% de la varianza del fenotipo de fragilidad y clasificó correctamente el 91,9% de los casos. 

Área de recto femoral (p<0,001), grosor muscular de vasto medial (p=0,05), ángulo pennado en 

contracción de vasto medial (p=0,036), IMC (p=0,027), sexo (p=0,014) y fuerza muscular 

(p<0,001) contribuyeron significativamente al modelo final. El grosor muscular del vasto lateral 

fue significativo solo en el primer paso, mientras que el grosor de la grasa superficial del recto 

femoral y la ecointensidad del vasto lateral no influyeron significativamente en la fragilidad. El 

aumento de un centímetro cuadrado del área del recto femoral, y manteniendo el resto de 

variables constantes, disminuye la probabilidad de fragilidad 1,95 veces. El aumento de un 

centímetro de grosor muscular del vasto medial disminuye las probabilidades de fragilidad 4,18 

veces. El aumento de un grado del ángulo penado en contracción del vasto medial aumenta las 

probabilidades de fragilidad 1,16 veces. El aumento de un kg de fuerza muscular disminuye las 

probabilidades de fragilidad 1,27 veces y el aumento de una unidad de IMC aumenta las 

probabilidades de fragilidad 1,22 veces. Finalmente, las probabilidades de fragilidad fueron 

14,08 veces mayores en mujeres que en hombres. 

2) Parámetros ecográficos y bioquímicos con características físicas 

Se construyeron los modelos utilizando el área del recto femoral o el grosor del recto femoral 

(como los parámetros con el AUC más alto). Se evaluaron diferentes parámetros bioquímicos, en 

concreto, los que mostraron diferencias significativas entre los grupos de fragilidad. Las 
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citoquinas y hormonas que mostraron correlaciones con el fenotipo de fragilidad también se 

eligieron para este análisis. 

El modelo de análisis de regresión logística BIO 1 utiliza el grosor muscular del recto femoral 

combinado con los mejores parámetros bioquímicos generales. El modelo fue significativo en el 

primer paso (p<0,001), explicó el 47% de la varianza del fenotipo de fragilidad prediciendo 

correctamente el 75,8% de los casos. Al ajustar con parámetros bioquímicos, el bloque y el 

modelo permanecieron significativos (p<0,001), el modelo explicó el 69,4% de la varianza y la 

predicción correcta fue del 87,1%. Finalmente, al ajustar con las características físicas, el bloque 

y el modelo resultaron significativos (p<0,001), el modelo explicó el 83,8% de la varianza y 

predijo correctamente el 93,5% de los casos. El grosor muscular del recto femoral (p=0,035), las 

proteínas (p=0,022), la velocidad de la marcha (p=0,047) y la fuerza muscular (p=0,046) 

contribuyeron significativamente al modelo final. La glucosa fue significativa en el segundo paso 

(p=0,016) y no alcanzó significación estadística en el paso final. El aumento de un centímetro de 

grosor muscular del recto femoral y el mantenimiento de todas las demás variables constantes, 

disminuye 333 veces las probabilidades de fragilidad. El aumento de una unidad de proteínas 

disminuye las probabilidades de fragilidad 143 veces. El aumento de un segundo del tiempo de 

marcha (disminución de la velocidad de la marcha) aumenta las probabilidades de fragilidad 

8,87 veces. El aumento de un kg de fuerza muscular disminuye las probabilidades de fragilidad 

1,26 veces. 

Para el modelo BIO 2 los parámetros utilizados fueron MIP-3a e IL-1β. Ambos parámetros 

mostraron correlaciones con el área del recto femoral así como con el fenotipo de fragilidad. El 

modelo fue significativo en los tres pasos (p<0,001). Cuando se ajustó con parámetros 

bioquímicos y características físicas, el modelo explicó el 87,2% de la varianza y predijo 

correctamente el 95,1% de los casos. Por cada centímetro cuadrado de aumento del área del 

recto femoral y manteniendo constantes el resto de variables, la probabilidad de fragilidad 

disminuye 2,69 veces. El aumento de una unidad de MIP-3a reduce las probabilidades de 

fragilidad 1,17 veces. El aumento de una unidad de IL-1β disminuye las probabilidades de 

fragilidad 12,34 veces. El aumento de una unidad de IMC aumenta las probabilidades de 

fragilidad 1,67 veces. El aumento de un kilogramo de fuerza muscular disminuye las 

probabilidades de fragilidad 1,6 veces. Las probabilidades de fragilidad eran 5000 veces mayores 

en las mujeres. 

El modelo BIO 3, utiliza IGF-1 e IFN-γ, ambos parámetros tuvieron una correlación significativa 

con el fenotipo de fragilidad. El modelo fue significativo en los tres pasos (p<0,001). En el paso 
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final, cuando se ajustó con los parámetros bioquímicos y las características físicas, el modelo 

explicó el 80,1% de la varianza y predijo correctamente el 93,3% de los casos. El grosor muscular 

del recto femoral (p=0,030), el IFN-γ (p=0,016) y la fuerza muscular (p=0,029) contribuyeron 

significativamente al modelo final. IGF-1 fue significativo en el segundo paso (p=0,037), y cuando 

se ajustó con características físicas, no alcanzó significación estadística (p=0,08). La disminución 

de un centímetro de grosor muscular del recto femoral aumenta las probabilidades de fragilidad 

58,8 veces. El aumento de una unidad de IFN-γ reduce las probabilidades de fragilidad 1,12 

veces. El aumento de un kg de fuerza muscular disminuye las probabilidades de fragilidad 1,18 

veces. 

DISCUSIÓN 

Los resultados de este estudio confirman que la ecografía muscular podría utilizarse en 

pacientes ambulatorios como método de cribado y es posible diagnosticar sujetos en riesgo de 

fragilidad con una precisión de hasta el 95 % utilizando modelos de fragilidad que combinan 

parámetros ecográficos y bioquímicos. Varios hallazgos importantes respaldan este resultado: 

1. La ecografía muscular es una herramienta útil para evaluar el volumen y la arquitectura 

muscular en el contexto del síndrome de fragilidad, con alta precisión y exactitud y podría 

considerarse como una alternativa válida a los métodos estándar para la evaluación de masa 

muscular en un entorno clínico. Los parámetros de ecografía muscular por sí solos, como el área 

del recto femoral y el grosor del músculo recto femoral, fueron capaces de identificar un tamaño 

muscular bajo y tuvieron un buen poder de discriminación para la fragilidad con AUC de 0,84 y 

0,79 respectivamente y fueron comparables con la fuerza muscular, AUC= 0,80 (IC 95% 0,73-

0,88) y la velocidad de la marcha, AUC=0,74 (IC 95% 0,67-0,83). La sensibilidad para detectar 

fragilidad fue del 87% y 86% para el grosor muscular y el área del recto femoral respectivamente 

(con valores de corte de 1,72 cm para el grosor muscular y 6,72 cm2 para el área del recto 

femoral). 

2. Los modelos de análisis de regresión logística demostraron que la tasa de predicción de 

fragilidad de los parámetros de la arquitectura muscular por sí solos osciló entre el 76,5 % y el 

82,5 %, y cuando se ajustaron con las características físicas, los modelos clasificaron 

correctamente hasta el 91,9 % de los casos. 

3. La combinación de parámetros de arquitectura muscular y parámetros bioquímicos ajustados 

con características físicas mostró buenos resultados y predijo fragilidad hasta en el 95% de los 

casos. Tanto la disminución del grosor muscular como del área del recto femoral aumentaron la 
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probabilidad de fragilidad en todos los modelos mostrados. Varios parámetros bioquímicos, 

citocinas y hormonas mostraron correlaciones significativas con el fenotipo de fragilidad y se 

utilizaron para el análisis de regresión. 

4. El tamaño muscular tuvo correlaciones positivas tanto con la fuerza muscular como con la 

velocidad de la marcha, mientras que la calidad muscular se asoció con la fuerza muscular pero 

no con la velocidad de la marcha.  

5. Varios analitos bioquímicos mostraron correlaciones con los parámetros ecográficos, así como 

con el fenotipo de fragilidad. Hubo correlaciones positivas entre el tamaño muscular y los 

niveles de hemoglobina. Los niveles altos de glucosa basal se correlacionaron con un bajo grosor 

y área del recto femoral, así como con el fenotipo de fragilidad. IGF-1 mostró una correlación 

positiva con el tamaño del músculo y una correlación negativa con el fenotipo de fragilidad. 

Uno de los componentes clave de la fragilidad es la sarcopenia, una condición caracterizada por 

la pérdida de masa y función del músculo esquelético. La posibilidad de evaluar la masa 

muscular en atención primaria o al pie de la cama en un entorno hospitalario fue la idea 

principal detrás de este estudio. Las pautas actuales para el diagnóstico de sarcopenia del Grupo 

de trabajo europeo revisado sobre sarcopenia en personas mayores (EWGSOP2) recomiendan 

DXA y BIA para evaluar la masa muscular. Sin embargo, la disminución de la masa muscular y la 

fuerza no se produce al mismo ritmo. Goodpaster y colaboradores demostraron que en los 

ancianos que viven en la comunidad existe una mayor pérdida de fuerza muscular que de masa 

muscular. 

Se cree que los cambios relacionados con la edad se deben a la arquitectura y composición 

muscular, y no solo al tamaño muscular, y pueden explicar la pérdida de fuerza muscular en esta 

población. DXA y BIA no pueden evaluar la composición muscular. La RM y la TC se consideran 

como pruebas de referencia. Sin embargo, estas técnicas no son prácticas para uso clínico 

debido a los precios elevados, la accesibilidad, la portabilidad y la radiación ionizante. 

La ecografía puede superar estas limitaciones ya que puede evaluar no solo el tamaño sino 

también la composición muscular. Los cambios en la composición muscular se pueden observar 

como un aumento de la ecointensidad debido a la acumulación de tejido adiposo y fibroso 

intramuscular. Además, el cuádriceps femoral es un músculo penado, donde las fibras 

musculares se unen en ángulo a su tendón. Este ángulo se puede medir por ecografía y está 

disminuido en los músculos sarcopénicos. 
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Los parámetros que tienen un buen rendimiento técnico (precisión y exactitud) y clínico 

(sensibilidad y especificidad) son biomarcadores de imagen adecuados para uso clínico. Estos 

podrían tener una ventaja importante sobre la evaluación clásica del fenotipo de fragilidad que 

incluye parámetros subjetivos como la sensación de agotamiento. De hecho, se encontró que el 

efecto pronóstico independiente de cada criterio de fragilidad mostró diferencias importantes 

en la predicción de discapacidad crónica, hospitalización y muerte. Aquí es donde la ecografía 

muscular podría tener un mayor impacto clínico. Los parámetros ecográficos se pueden medir 

objetivamente en pacientes ambulatorios asintomáticos, así como en pacientes hospitalizados, y 

los valores se pueden comparar a lo largo del tiempo. De esta forma se puede evaluar 

cuantitativamente la presencia de fragilidad, la evolución en el tiempo o la efectividad de una 

potencial intervención terapéutica. La implementación de ecografía muscular podría facilitar las 

decisiones clínicas y el manejo de pacientes frágiles en la práctica diaria. 

Mostramos que los parámetros ecográficos evaluados en nuestro estudio tenían un buen 

desempeño como biomarcadores de imagen. Primero, los valores medidos son similares a otros 

estudios y por lo tanto parecen ser válidos. A continuación, los parámetros mostraron una alta 

precisión con un error de medición relativamente bajo. Además, varios parámetros también 

mostraron una buena precisión en el entorno clínico y se comportaron igual o mejor que la 

fuerza muscular y la velocidad de la marcha. 

El grosor muscular, el área y la ecointensidad tuvieron una alta precisión. Los ángulos penados 

mostraron una menor precisión con hasta un 21 % de imágenes excluidas (no cumplían con los 

criterios de calidad de imagen). Otros estudios informaron una alta precisión para las 

mediciones del grosor y el área muscular en adultos mayores con menor precisión para las 

mediciones de ecointensidad y ángulo penado. Encontramos los errores estándar de medición 

de 0,04 a 0,1 cm para espesores musculares, 0,3 cm² para el área, 1,5 a 1,9 A.U para 

ecointensidad y 0,9 a 1,6° para ángulos penados. Por lo tanto, estos parámetros son sensibles a 

cambios en el grosor y el área del músculo tan pequeños como 1 mm y 3 mm2 respectivamente. 

Los ángulos penados en contracción fueron generalmente más altos que los ángulos en reposo y 

hubo diferencias significativas entre los grupos. Sin embargo, nótese que hubo mayores 

diferencias entre los ángulos en reposo y en contracción para el grupo control de individuos 

jóvenes mientras que para otros grupos esta diferencia fue mucho menor. Si consideramos que 

el error estándar de medición para el recto femoral fue de 0,9° y 1,1° en reposo y en contracción 

respectivamente, resulta obvio que cuanto menor es el ángulo, más difícil es medir cambios 

reales entre ángulos en reposo y en contracción. Además, este parámetro requería la 
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contracción voluntaria del cuádriceps y una parte importante de los pacientes no pudo 

mantener la contracción máxima durante el tiempo suficiente o presentó fasciculaciones que 

disminuyeron la calidad de la imagen. Consideramos que la utilidad de este parámetro es 

bastante limitada en pacientes frágiles. 

Se encontraron correlaciones significativas entre la fuerza y el grosor muscular de todas las 

cabezas del cuádriceps, con la correlación más fuerte para el vasto medial. La ecointensidad 

mostró una correlación negativa con la fuerza muscular.  

En cuanto a la velocidad de la marcha, hubo correlaciones con el tamaño muscular (correlación 

más fuerte con el área del recto femoral, sin embargo, no hubo correlaciones significativas con 

la ecointensidad de ninguna de las cabezas del cuádriceps.  

Curiosamente, hubo pocas o ninguna correlación entre los parámetros ecográficos y los 

parámetros de actividad física obtenidos con el cuestionario. Estos parámetros demostraron ser 

poco fiables. Esto nuevamente cuestiona la importancia que se debe dar a todos los parámetros 

subjetivos al diagnosticar a una persona como 'frágil' o 'no frágil'. 

Nuestro estudio confirma que los parámetros ecográficos que evalúan el cuádriceps femoral son 

útiles en la detección de pacientes frágiles, con valores de AUC para el área del recto femoral y 

grosor muscular. Además, mostramos correlaciones de múltiples parámetros ecográficos con el 

fenotipo de fragilidad. Los parámetros que denotaban sarcopenia - grosor muscular bajo, área 

baja y ángulos penados bajos, así como ecointensidad alta, se correlacionaron con la fragilidad. 

La correlación más fuerte se encontró para el área del recto femoral. 

Se encontraron correlaciones débiles pero significativas entre los parámetros ecográficos y 

varias comorbilidades con la mayoría de los parámetros ecográficos (>10) correlacionados con 

osteoartritis, fracturas/osteoporosis, pérdida visual, hipertensión y obesidad, y menos 

parámetros (5-10) correlacionados con diabetes mellitus, neoplasia maligna previa, 

hiperlipidemia, EPOC, hipoacusia y depresión. Se cree que la sarcopenia y estas enfermedades 

comparten factores de riesgo comunes en las personas mayores: inactividad física, inflamación y 

desnutrición/obesidad; de hecho, se encontró que la sarcopenia es muy prevalente en pacientes 

con enfermedades cardiovasculares, demencia, diabetes mellitus y problemas respiratorios. 

Otros estudios relacionan la sarcopenia con un mayor riesgo de caídas. Encontramos una 

correlación inversa entre el área del recto femoral y el número de caídas en los últimos seis 

meses. Parece que la baja masa muscular, añadida al deterioro sensorial, pone a estos 

individuos en un mayor riesgo de caídas, lo que a su vez conduce a una actividad física limitada y 
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una disminución funcional y, en última instancia, aumenta el riesgo de institucionalización, 

morbilidad y mortalidad. Este fue el único resultado (outcome) que estudiamos. 

El concepto de validación biológica de las características de imagen se está convirtiendo en una 

parte esencial de la traducción de los parámetros radiológicos a la práctica clínica. Seguimos 

esta idea con el objetivo de explorar el sustrato biológico de nuestros parámetros ecográficos.  

Los niveles de creatinina se correlacionaron positivamente con el grosor del vasto medial. Los 

niveles de creatinina en suero son proporcionales a la masa muscular lo que explicaría este 

hallazgo. Sin embargo, no encontramos correlaciones significativas entre los niveles de 

creatinina y el grosor muscular de otras cabezas de cuádriceps ni con el fenotipo de fragilidad. 

Aparte de la masa muscular, existen varios factores que influyen en los niveles de creatinina 

(como la función renal y la ingesta) que podrían explicar la falta de esta correlación. 

Aunque los niveles de albúmina por sí solos no mostraron ninguna correlación con la masa 

muscular ni con la fragilidad, los niveles de proteínas séricas mostraron una correlación positiva 

con el área del recto femoral y una correlación negativa con el fenotipo de fragilidad. Otros 

estudios informaron una asociación entre las concentraciones bajas de albúmina y la sarcopenia 

y encontraron que la albúmina baja puede aumentar el riesgo de desarrollar sarcopenia. 

Encontramos que los niveles más altos de glucosa basal se correlacionaron con un bajo grosor 

muscular y un área baja del recto femoral. Además, la glucosa tuvo una correlación positiva con 

el fenotipo de fragilidad. Una revisión sistemática de 2020 informó que los pacientes con 

diabetes mellitus tipo 2 (DM2) tenían un mayor riesgo de sarcopenia. Varios estudios 

encontraron una correlación positiva entre la resistencia a la insulina y la fragilidad. Se 

propusieron varios mecanismos fisiopatológicos para explicar esta correlación. La insulina tiene 

efectos anabólicos sobre el músculo esquelético, regulando la síntesis de proteínas y el 

transporte de glucosa y mejorando el metabolismo muscular. Estas funciones se ven alteradas 

por la resistencia a la insulina presente en pacientes con DM2. La resistencia a la insulina 

disminuye la síntesis de proteínas y promueve la degradación de proteínas.  

Los niveles de hemoglobina tuvieron una correlación positiva con el grosor muscular del vasto 

medial y una correlación negativa con la ecointensidad del recto femoral y el grosor de la grasa 

superficial. Un estudio del 2015 mostró una correlación entre la baja masa muscular medida con 

DXA y la anemia en hombres coreanos de edad avanzada. El estudio InCHIANTI también informó 

una asociación entre niveles bajos de hemoglobina con menor densidad muscular y masa 

muscular medida por TC. La razón de esta asociación podría ser la menor oxigenación del 
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músculo esquelético en la anemia. Además, como los pacientes anémicos pueden experimentar 

más fatiga, a menudo tienden a tener un estilo de vida más sedentario con menos actividad 

física y, por lo tanto, tienen menos masa muscular y una acumulación de grasa subcutánea, 

aunque no encontramos una relación directa  entre la masa muscular y la actividad física 

autoinformada en nuestra población de estudio. 

No hubo correlaciones significativas entre el volumen muscular y la tasa de filtración glomerular 

(TFG). Sin embargo, hubo correlaciones con los parámetros de la arquitectura muscular. Los 

ángulos penados del vasto externo en reposo y en así como el recto femoral en contracción 

mostraron correlaciones positivas con la TFG. Hubo una correlación negativa entre la TFG y el 

fenotipo de fragilidad. Un estudio coreano de 2020 informó la relación entre la obesidad 

sarcopénica y la disminución de la TFG en mujeres posmenopáusicas. La sarcopenia se 

encuentra con frecuencia en pacientes con enfermedad renal crónica y se debe al balance 

proteico negativo causado por múltiples factores que promueven el catabolismo proteico y 

disminuyen la síntesis de proteínas. 

No encontramos correlaciones significativas entre la vitamina D y el volumen muscular ni con el 

fenotipo de fragilidad para nuestra población de estudio. Los niveles bajos de vitamina D están 

asociados con la osteoporosis y la sarcopenia entre los adultos mayores, lo que a su vez 

aumenta el riesgo de caídas. Esta asociación puede deberse a los efectos sobre el metabolismo 

de la célula muscular. Los resultados del estudio Newcastle 85+ informaron asociaciones entre 

niveles bajos de vitamina D y poca fuerza muscular en personas mayores. Otro estudio encontró 

una asociación entre los niveles bajos de vitamina D y la fragilidad incidente en una cohorte 

prospectiva de mujeres mayores; sin embargo, esta asociación dejó de ser significativa después 

de ajustar por enfermedades cardiometabólicas. En cuanto a nuestros resultados, creemos que 

diferentes poblaciones de estudio, la cantidad de exposición al sol y las variaciones estacionales 

en los niveles de vitamina D podrían haber contribuido a nuestros hallazgos. Además, no 

preguntamos sobre la ingesta de suplementos vitamínicos, lo que también podría haber 

interferido con los resultados.  

Hubo una correlación positiva entre los niveles de IGF-1 y el volumen muscular, medido como el 

área del recto femoral y el grosor muscular del recto femoral. Estos hallazgos pueden explicarse 

por el papel que juega IGF-1 en la homeostasis muscular. Tiene un efecto anabólico sobre el 

tejido muscular, es decir, estimula la producción muscular y activa la hipertrofia celular, e inhibe 

la degradación de proteínas musculares. Por otro lado, la ecointensidad del recto femoral tuvo 

una correlación negativa con los niveles de IGF-1. La ecointensidad es una medida ecográfica de 



28 
 

la calidad muscular; los niveles más altos indican infiltración de grasa intramuscular y están 

asociados con la pérdida de masa muscular funcional, lo que podría explicar este hallazgo. 

Además, los niveles plasmáticos de IGF-1 fueron significativamente más bajos en el grupo frágil 

en comparación con los controles. Varios estudios relacionan los niveles bajos de IGF-1 con el 

rendimiento físico, la sarcopenia y la fragilidad. También encontramos una correlación negativa 

entre los niveles circulantes de IGF-1 y el fenotipo de fragilidad. 

Con respecto a los marcadores inflamatorios, hubo correlaciones significativas de varias 

citoquinas con parámetros ecográficos, así como con fragilidad, pero la dirección de esas 

correlaciones fue generalmente opuesta a la de la literatura publicada. Es decir, encontramos 

correlaciones positivas entre el grosor del músculo vasto intermedio y lateral con los niveles 

circulantes de IL-6. No hubo correlaciones entre los parámetros ecográficos musculares y el TNF-

α. En la literatura, las concentraciones más altas de IL-6 y TNF-α se asociaron con baja masa 

muscular y fuerza en personas mayores sanas. Por otro lado, los estudios también han mostrado 

concentraciones más altas de citoquinas proinflamatorias IL-6, TNF-α y CRP en pacientes 

frágiles. No encontramos esta correlación con el fenotipo de fragilidad en nuestro grupo de 

estudio. Estas moléculas de señalización también juegan un papel en otros procesos y esta 

puede ser la razón por la que no hemos encontrado resultados similares. En cuanto a las otras 

citoquinas proinflamatorias, la tendencia general fue similar.  

La interpretación de estos hallazgos resulta ser compleja. La literatura publicada se centra 

principalmente en IL-6, TNF-α y CRP como marcadores de inflamación y concluye que la 

inflamación juega un papel importante en la patogénesis de la fragilidad. Cabe mencionar que 

además de ser una citoquina proinflamatoria, la IL-6 también se conoce como mioquina, ya que 

es producida por los miocitos durante el ejercicio y un aumento transitorio de sus niveles 

promueve la hipertrofia muscular. Contrariamente a esto, en el Framingham Heart Study, un 

aumento en los niveles de IL-6 predijo sarcopenia de dos años en mujeres mayores. Creemos 

que las características particulares de nuestra población de estudio, así como el pequeño 

tamaño de la muestra, podrían ser los principales contribuyentes para nuestros hallazgos. Por lo 

tanto, aunque varias citoquinas mostraron correlaciones con la masa muscular y el fenotipo de 

fragilidad, debido a la dirección de estas correlaciones, no confiamos en extraer conclusiones 

definitivas sobre su papel en la sarcopenia, ni recomendarlas como biomarcadores 

independientes para el diagnóstico de fragilidad. 
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Modelos de fragilidad. 

En primer lugar, valoramos la influencia de la masa y calidad muscular evaluada por ecografía 

sobre la fragilidad en nuestra población de estudio. Para ello, exploramos combinaciones de 

parámetros ecográficos ajustados con parámetros funcionales y características físicas, 

mostrando el mejor modelo de análisis de regresión una tasa de predicción del 91,9%. El tamaño 

muscular (medido como grosor y área), así como la fuerza muscular, tuvieron la mayor 

influencia en la fragilidad dentro de este modelo, mientras que los parámetros de la 

arquitectura muscular tuvieron una contribución menor en el diagnóstico de la fragilidad. Este 

hallazgo es interesante ya que se cree que los cambios en la arquitectura muscular ocurren 

antes que la pérdida de volumen muscular en la evolución de la sarcopenia, y siguiendo esta 

idea, se esperaba que los ángulos penados y la ecointensidad mostraran una mayor influencia 

en la fragilidad dentro de los modelos. Creemos que la técnica y la adquisición de parámetros 

ecográficos podrían ser parcialmente responsables de esto. El grosor y el área muscular parecen 

ser parámetros más robustos con menor error de medición, al menos para el cuádriceps 

femoral. Sería interesante explorar la contribución de otros grupos musculares (la pierna o cara 

posterior del muslo) utilizando el mismo protocolo ecográfico para confirmar este hallazgo. Otro 

hallazgo curioso es que los modelos de fragilidad no dependían de la velocidad de la marcha 

sino de la masa y la fuerza muscular. Otros estudios encontraron que la marcha lenta era un 

fuerte predictor de discapacidad y caídas. En proyectos futuros, se podrían valorar otros 

parámetros funcionales (Timed up and go, Short Physical Performance Battery, etc.) y 

compararlos con los parámetros ecográficos.  

Aunque muchos pacientes frágiles presentan sarcopenia, el síndrome de fragilidad debe 

entenderse como una entidad multidimensional que implica disfunción musculoesquelética 

combinada con senescencia endocrina e inflamación crónica que vuelve a la persona vulnerable 

a factores estresantes externos. Por lo tanto, consideramos que no existe un parámetro 'mejor' 

que lo describa, más bien, podría haber varias combinaciones de parámetros que pueden 

identificar a pacientes frágiles e individuos en riesgo de desarrollar fragilidad. Exploramos las 

asociaciones de los parámetros sanguíneos con la masa muscular y la fragilidad y utilizamos el 

concepto de combinaciones de parámetros bioquímicos para desarrollar modelos integrados. 

Estos modelos tienen en cuenta la presencia de baja masa muscular medida por el grosor 

muscular o área del recto femoral (mejores parámetros ecográficos), el bajo rendimiento físico 

medido por la fuerza muscular y la velocidad de la marcha, así como el desequilibrio de varios 

factores bioquímicos, hormonas y citoquinas inflamatorias. 
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Varios modelos mostraron índices de predicción >90 %, lo que demuestra que, incluso con un 

número limitado de parámetros, se pueden construir modelos precisos y eficientes para 

diagnosticar la fragilidad. En todos los modelos, el aumento de la masa muscular (grosor 

muscular y área del recto femoral) disminuyó las probabilidades de fragilidad de 2,5 a más de 

300 veces. Este hallazgo respalda la idea de que la actividad física es un componente importante 

en la prevención de la fragilidad. Otros estudios han demostrado un aumento del área muscular 

medida por TC después de una intervención de ejercicio en pacientes frágiles, así como un 

aumento de la fuerza muscular. Además, todos los modelos que incluyeron el sexo como 

variable mostraron que las mujeres tenían mayores probabilidades de fragilidad, lo que también 

se informa en otros estudios. Este es un hallazgo esperado, ya que las mujeres en promedio 

tienen menos masa muscular que los hombres a cualquier edad, por lo tanto, la sarcopenia las 

pone en mayor riesgo de cruzar el umbral de masa muscular crítica necesaria para la movilidad y 

la vida independiente. Esto, junto con una mayor longevidad en comparación con los hombres, 

explica por qué es más probable que las mujeres necesiten institucionalización en sus últimos 

años de vida. 

Buscamos modelos que usaran parámetros bioquímicos generales preferiblemente sobre 

citocinas, ya que creemos que es más probable que se acepten para un uso clínico generalizado. 

El modelo que utiliza el grosor muscular del recto femoral en combinación con los niveles 

basales de glucosa y las proteínas séricas podría ser un candidato aceptable para uso clínico.  

Hasta donde sabemos, este es el primer estudio que vincula diferentes parámetros de imagen, 

bioquímicos y físicos para obtener herramientas cuantitativas que podrían usarse para la 

detección y, potencialmente, para el seguimiento de pacientes con síndrome de fragilidad. Sin 

embargo, se necesitan estudios longitudinales en una población más amplia para validar la 

eficacia de estos modelos en la predicción de resultados adversos como hospitalización, 

discapacidad y mortalidad.  

Habiendo explorado todas las cabezas del cuádriceps, consideramos que el recto femoral podría 

ser el mejor candidato para evaluar la sarcopenia en el contexto del síndrome de fragilidad.  

CONCLUSIONES 

En base a los resultados obtenidos, hemos llegado a las siguientes conclusiones: 

1. La ecografía muscular es útil para evaluar el tamaño y la arquitectura muscular en el contexto 

del síndrome de fragilidad, con varios parámetros que muestran una alta precisión y exactitud 

con un bajo margen de error. 
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2. Entre todas las cabezas del músculo cuádriceps, el recto femoral es el mejor sitio para la 

evaluación ecográfica de la sarcopenia. 

3. El área y el grosor del recto femoral tienen un buen poder de discriminación para la fragilidad 

y son comparables con parámetros funcionales como la fuerza muscular y la velocidad de la 

marcha. 

4. La ecografía muscular es factible en la práctica clínica diaria, ya que supone la medición de 

solo uno o dos parámetros, lo que requiere tiempo y entrenamiento mínimo. 

5. Los parámetros de ultrasonido muscular no tienen asociación con los parámetros de actividad 

física autoinformados 

6. Los parámetros de imagen por ecografía muestran correlaciones con varios parámetros 

bioquímicos que se alteran en pacientes frágiles, como la creatinina, las proteínas séricas, la 

glucosa, la hemoglobina, la tasa de filtración glomerular y el IGF-1. 

7. Los modelos de fragilidad que combinan ecografía muscular y parámetros bioquímicos tienen 

un buen rendimiento diagnóstico en la identificación de individuos en riesgo de fragilidad con 

hasta un 95% de precisión. La disminución del tamaño muscular aumenta las probabilidades de 

fragilidad en todos los modelos 

8. El modelo de fragilidad que aplica el grosor muscular del recto femoral, los niveles basales de 

glucosa y las proteínas séricas podría usarse en la práctica clínica debido a la simplicidad de la 

medición ecográfica y la disponibilidad de parámetros bioquímicos de una analítica rutinaria 
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INTRODUCTION 

1.1 Ageing. 

Ageing is a normal physiological process that consists of increased catabolism with the 

degeneration of organs and their function. Successful ageing means the ability to live 

independently, move without the support of others and preserve intellectual capacity for daily 

living (Sieber et al, 2017). 

The number of old people is rising around the world, both in developed and developing regions 

(UN Dept. of Economic and Social Affairs, World population prospects, 2022). According to the 

World Health Organisation, in 2020 the world’s population of people aged 60 and older was one 

billion and by 2050 this number will double (2.1 billion). This shift in the demographic profile is 

due to a steady increase in life expectancy over the last fifty years (figure 1.1).   

 

Figure 1.1 Life expectancy in Spain (1900-2019), a) at birth and b) at 65 years. Source: Fedea 2021, 

(https://documentos.fedea.net/pubs/eee/eee2021-07.pdf) 

However, there is little evidence that this increased longevity is paired with an extended period 

of good health (Beard et al, 2016). In fact, there is an increase in comorbidities and disabilities 

associated with old age, which raises demands for long-term assistance and support 

(Congressional Budget Office, 2013) and increases the overall costs of health care. Modern 

healthcare systems are faced with the challenge to provide diagnosis and adequate 

management for this rising number of old people in order to improve their quality of life and 
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extend the disability-free period during old age. In this regard, frailty syndrome has special 

importance. 

 

1.2 Frailty. 

Frailty is defined as a clinical syndrome of increased vulnerability to outside stressors which can 

lead to adverse health outcomes and death (Morley et al, 2013). This syndrome is characterized 

by an accelerated decline in functional reserves, where patients are susceptible to seemingly 

minor events (for example an infection or new medication) which can result in serious 

worsening of health with extended periods of recovery and repercussions on the overall level of 

function. The adverse outcomes associated with frailty include falls, disability, hospitalisation, 

and mortality (Fried et al, 2001). The estimated prevalence of frail individuals older than 65 

years in European countries ranges from 5.8% to 27.3% (Santos-Eggimann et al, 2009).  

It is important to note that frailty is not a definitive state but rather a spectrum, where 

individuals may present a pre-frail phase where they function well but are at higher risk of 

developing severe frailty. Likewise, it was demonstrated that frailty can be partly reversible with 

adequate intervention programs (Cameron et al, 2013, Ng et al, 2015). Therefore, it is important 

to diagnose frail and non-disabled individuals and treat them to prevent dependency (Morley et 

al, 2013).  

- Frailty phenotype 

Initial efforts towards recognising frailty as an independent clinical entity were performed by 

Fried and colleagues (2001), who suggested that frailty is related to but different from disability 

and comorbidity. They developed a ´frailty phenotype´ evaluation for identifying frailty in 

community-dwelling older adults which includes assessment of five criteria: unintentional 

weight loss, feeling of exhaustion, weakness, slow walking speed, and low physical activity. 

Individuals presenting three or more criteria are diagnosed as frail, and people presenting one 

or two criteria are considered at risk of frailty.  
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Table 1.1 Frailty criteria developed by Fried et al. (2001) 

 

The most common positive criteria were found to be weakness (54%) and slow gait speed (43%) 

(Rothman et al, 2008). Both these parameters are associated with accelerated muscle decline in 

old age.  

 

1.3 Sarcopenia.  

Sarcopenia is a term that refers to muscle wasting, and it is defined as age-related loss of 

skeletal muscle mass and strength which increases the risk of disability, poor quality of life, 

dependency, and death (Cruz-Jentoft et al, 2010). The updated European consensus on the 

definition of sarcopenia from 2019 (Cruz-Jentoft et al, 2019) proposes the use of the SARC-F 

questionnaire and low muscle strength as parameters for identifying sarcopenia, following the 

diagnostic confirmation by the existence of low muscle quantity or quality and use of physical 

performance tests for quantifying the severity of sarcopenia. The proposed cut-off points for 

diagnosis of sarcopenia are appendicular muscle mass (ASM, kg) per height (m2) <7 kg/m2 for 

men and <5.5 kg/m2 for women; grip strength of <27 kg for men and <16 kg for women and gait 

speed ≤0.8 m/s (Cruz-Jentoft et al 2019). 

The skeletal muscle is involved in locomotion and is the second largest store of energy in our 

body. It enables standing up from the chair, reaching for objects, preparing food, and 

performing personal hygiene. These simple tasks are those that ensure independence for daily 

living and when a frail person experiences a stressor event, the ability to perform these tasks is 

reduced. Additionally, during these events body mobilizes muscle proteins that are used for 

energy, synthesis of acute phase proteins, and the immune response (Attaix et al, 2005). This 
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leads to muscle wasting and further depletion of protein depots which impairs the aging 

organism to recover from stress, and ultimately increases the risk of immobility and falls.    

Muscle homeostasis is regulated by the neuroendocrine and immune systems and the overall 

muscle mass depends on the balance between protein synthesis and breakdown. This balance is 

also affected by physical activity and nutritional status. Muscle wasting is a multi-factorial 

process that results from decreased protein synthesis, increased proteolysis, or both processes 

(Attaix et al, 2005). In sarcopenia, there is atrophy of type 2 muscle fibers, a decrease in the 

number of motor units as well as a decline in the number of α-motoneurons (Muscaritoli et al, 

2010). Multiple endogenous and exogenous factors are believed to contribute to its 

development (figure 1.2). 

 

Figure 1.2 Factors potentially leading to sarcopenia. 

 

1.3.1 The role of muscle architecture in sarcopenia 

The definition of sarcopenia includes both muscle mass and strength since the relationship 

between them is not linear. There seems to be a faster decline in muscle strength than muscle 

mass in the community-dwelling old population (Goodpaster et al, 2006). Additionally, there are 

regional differences in the rate of muscle decline, with the loss of muscle mass in lower limbs 

more than twice the rate of loss in upper limbs (Janssen et al, 2000). This may be due to 

decreased use (less walking) as well as greater loss of motor units in the legs than in the arms 

(Narici and Maffulli, 2010). 

This disparity between muscle mass and strength can be attributed to muscle architecture 

changes and not only a reduction in muscle volume (Narici and Maffulli, 2010). Muscle 
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architecture refers to the spatial arrangement of the muscle fibres and it determines its force 

and excursion capability (Mitchell et al, 2012). Most locomotor muscles are pennate muscles, 

where fibres are oriented at an angle to the tendon. This is an evolutionary adaptation for 

muscles that require the generation of large forces since it allows the packing of as much 

contractile tissue as possible along the tendon aponeuroses (figure 1.3). Muscle architecture is 

responsible for the force-generating potential. Muscle force depends on the number of 

sarcomeres in parallel, i.e., on muscle cross-sectional area, while shortening capability (velocity) 

depends on the number of sarcomeres in series, i.e., on fibre length. Due to the architecture of 

pennate muscles, anatomical cross-sectional area (ACSA) underrepresents the true muscle 

volume; therefore, the physiological cross-sectional area (PCSA) is calculated taking into account 

fibre angles. For fusiform muscles, due to the parallel orientation of the fibres (and angles at 0°), 

ACSA and PCSA are the same. Fusiform muscles have higher contractile velocity while pennate 

muscles produce higher force for the same muscle length.  

 

 

Figure 1.3 Illustrations of fusiform and pennate muscles. In fusiform muscles, muscle fibres run parallel to 

the muscle´s force-generating axis. In pennate muscles, muscle fibres run at a fixed angle relative to the 

force-generating axis. PCSA-physiological cross-sectional area, MFL-muscle fascicle length, ML-muscle 

length 

Muscle architecture is dynamic and can change with training or immobility. Changes in muscle 

architecture with ageing include a decrease in pennate angles and cross-sectional area as a 

reflection of a loss of sarcomeres in parallel and consequent loss of muscle force-generating 

potential (Narici and Maffulli, 2010).  
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This loss of muscle tissue is frequently accompanied by intramuscular fat infiltration, known as 

myosteatosis (Taaffe et al, 2009). There is an association between greater fat infiltration 

assessed by computed tomography and lower muscle strength (Goodpaster et al, 2001). 

Moreover, it was found that greater fat infiltration was a predictor of mobility limitations (Visser 

et al, 2005). Sarcopenic obesity is a condition where age-dependent muscle loss and obesity 

appear together. It was shown that functional impairment is higher in sarcopenic obesity than in 

either sarcopenia or obesity alone (Rolland et al, 2009). 

 

1.3.2. Sarcopenia and frailty phenotype – are they the same? 

The relationship between frailty and sarcopenia is not yet fully defined. Indeed, frailty 

phenotype (Fried et al, 2001) and sarcopenia show overlap in diagnostic criteria (grip strength, 

gait speed) as well as treatment options (protein intake, supplementation of vitamin D, physical 

exercise) (Cruz-Jentoft et al, 2019). Additionally, both frailty and sarcopenia share clinical 

outcomes and some authors consider sarcopenia as a physical manifestation of frailty (Cesari et 

al, 2014, Landi et al, 2015). This makes sense since muscle decline is at the root of many of the 

negative health outcomes of frailty; in fact, physical function impairment is a common factor in 

both conditions (Cesari et al, 2014). Some authors propose the recognition of physical frailty and 

sarcopenia as a distinct entity (Cesari et al, 2017). Nevertheless, other authors consider that 

frailty syndrome is a much broader concept that includes a decline in multiple physiological 

systems that result in consequences not only on physical but on cognitive and social levels as 

well (Cruz-Jentoft et al, 2019). We are inclined to agree with the latter opinion – although 

sarcopenia is an important component of frailty syndrome; we consider these entities as 

different from each other.  

 

1.4 Pathophysiology of frailty. 

An understanding of the underlying processes that lead to frailty is needed for identifying 

possible biomarkers for its diagnosis and eventually, for developing treatment options. The 

pathophysiology of frailty is complex and multifactorial, it is hypothesized that molecular 

pathways governed by cellular senescence with DNA damage, oxidative stress, and 

mitochondrial decline lead to neuroendocrine dysregulation and chronic inflammation (Walston 

et al, 2006). These endocrine and inflammatory factors affect muscle metabolism and contribute 
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to the development of sarcopenia, as well as a decline in immune and cognitive functions and 

energy metabolism.  

 

- Hormone dysregulation 

Multiple hormonal dysregulations are evident in the ageing process. Hypothalamic-

pituitary axis is the main regulator of the ageing process and frailty. Deficits in the 

regulation of glucocorticoid secretion, insulin-like growth factor (IGF) signalling, and 

androgen production have been associated with ageing and frailty. The effects of these 

hormonal changes on frailty may be due to muscle decline, appetite changes, or 

activation of inflammatory pathways (Walston et al, 2006). Additionally, vitamin D and 

insulin resistance might also play role in the pathogenesis of frailty (Clegg and Hassan-

Smith, 2018).  

 

- Chronic low-grade inflammation 

Chronic inflammation seems to be connected both with frailty and sarcopenia. 

Immunosenescence denotes immune dysregulation that accompanies ageing and is 

characterised by an increase of pro-inflammatory cytokines and a reduction of anti-

inflammatory cytokines which results in chronic low-grade inflammation (Michaud et al, 

2013). This is different from acute inflammation which is beneficial to the host since it 

helps in pathogen removal and tissue repair (Furman et al, 2019). Chronic inflammation 

in old people is thought to be caused by cellular senescence and the development of 

senescence-associated secretory phenotype (SASP), where cells secrete pro-

inflammatory cytokines, chemokines, and other pro-inflammatory molecules (Zhu et al, 

2014). These factors can promote frailty through the effect on the musculoskeletal and 

endocrine systems, anaemia, cardiovascular diseases, and nutritional dysregulation. 

Elevated inflammatory mediators have inverse associations with haemoglobin 

concentration, IGF-1, and albumin levels as well as levels of micronutrients and vitamins 

(Chen et al, 2014). 

 

This pro-inflammatory state is characterized by the increase in pro-inflammatory 

cytokines such as interleukin-6 (IL-6), IL-1β and tumour necrosis factor-α (TNF-α) as well 

as C-reactive protein (CRP) and a decrease in anti-inflammatory cytokines such as IL-10 

(Wilson et al, 2017). Interleukin-6 is involved in various somatic functions and has been 

identified as a regulating factor of the SASP (Zhu et al, 2014). Various studies report that 



39 
 

increased IL-6 levels correlate with frailty (table 1.2). TNF-α is another cytokine that is 

responsible for multiple pathways in the body and its increased expression is also 

associated with SASP (Kim et al, 2018). Studies show both positive and negative 

correlations with frailty (table 1.2). The list of most investigated cytokines in the frailty 

context is presented in table 1.2. 

 

Table 1.2 circulating cytokines and their relationship with frailty according to published literature 

  

1.5 Biomarkers of frailty. 

The clinical diagnosis of frailty relies on Fried´s operational definition based on five criteria (table 

1.1) and it is the most commonly used method for identifying prefrail and frail individuals in the 

clinical setting (Buta et al, 2015). Although it is an extensively validated and useful tool up to 

date, it has some limitations in clinical practice. For example, it has a limited ability to predict 
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progression from a robust or prefrail to a frail state (Saedi et al, 2019). Additionally, some of the 

frailty criteria are self-reported and can hinder the assessment in various clinical scenarios (for 

example, in patients with cognitive impairment or depression). The overview of different frailty 

assessment tools is available in table 1.3. 

 

Table 1.3 Overview of selected tools for assessing frailty. Adapted from Andrade et al., 2021 

 

It is worth noting that frailty is often accompanied by various comorbidities that contribute to 

increased mortality. In fact, in some individuals, the development of frailty may be determined 

by multimorbidity rather than ageing itself. This contributes further to the phenotypic 

heterogeneity of this syndrome and hinders the development of clinical interventions for its 

treatment. 
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Therefore, there is great interest in developing objectively measured biomarkers for the 

identification of individuals at risk of frailty. This has proven to be a challenging task, largely due 

to multisystem involvement, complex pathophysiology, and overlap with different 

comorbidities. 

There is a wide array of potential biomarkers being investigated:  

1.5.1. Circulating markers   

- Serum markers (haemoglobin, albumin, creatinine, glomerular filtration rate) and 

hormonal changes (DHEA, testosterone, vitamin D, IGF-1). These markers are generally 

associated with age-related decline and were studied in a frailty context. For example, various 

studies report correlations between lower haemoglobin levels and frailty in old people 

(Steinmeyer et al, 2020, Pires Corona et al, 2015, Lee et al, 2021). Furthermore, low albumin 

levels are an independent risk factor for frailty in type 2 diabetes mellitus patients (Yanagita et 

al, 2020). Likewise, low vitamin D levels are associated with an increased risk of frailty (Ju et al, 

2018), and low levels of IGF-1 are associated with sarcopenia and frailty (Payette et al 2003, Doi 

et al 2018). 

- Inflammatory markers – most studies have investigated CRP, IL-6, and TNF-α reporting 

positive and negative associations (summarized in table 1.2), however, there is interest in 

including more cytokines in biomarker panels (Cardoso et al, 2018). 

- Products of oxidative damage - protein carbonyls were reported to be a predictor of 

walking disability (Semba et al, 2007). 

However, these circulating markers can assess only individual features of the syndrome. 

Additionally, most of these biomarkers are weak predictors of disease progression (from prefrail 

to frail) or do not show an association with the outcomes (Saedi et al, 2019). 

It is becoming clear that the search for a single best biomarker may not be an appropriate 

strategy and instead, a multidimensional approach could render better tools for detecting 

subclinical cases, diagnosing clinically manifested frailty, monitoring the evolution and response 

to eventual therapeutic interventions (Calvani et al, 2015). Recent studies are moving in this 

direction and investigating the multi-marker approach using blood-based biomarkers (Cardoso 

et al, 2018, Wennberg et al, 2021) or blood and muscle mass (measured by Dual-energy X-ray 

absorptiometry) parameters (Calvani et al 2021). 
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1.5.2. The current method for assessing sarcopenia 

European Working Group on Sarcopenia (Cruz-Jentoft et al, 2019) proposes the use of the 

following techniques for assessing sarcopenia: 

- Muscle strength – measured by a hand-held dynamometer. There is a moderate correlation 

between grip strength and strength in other muscle groups so a hand dynamometer can be 

used instead of more complex techniques for reliable assessment of muscle strength in 

clinical practice. 

- Muscle mass – Dual-energy X-ray absorptiometry (DXA) is the standard method of assessing 

muscle mass; it can provide total body lean mass as well as appendicular muscle mass 

measurements. Bioelectrical impedance (BIA) is another method of estimating skeletal 

muscle mass based on whole-body electrical conductivity. The equipment is portable and 

affordable but lacks standardisation for different populations. Both methods can be 

influenced by hydration status. 

- Physical performance – measured by gait speed, the Short Physical Performance Battery 

(SPPB), and Timed-Up and Go test (TUG). Gait speed is recommended for clinical practice as 

a quick and reliable method of assessing sarcopenia. 

1.5.3. Imaging markers 

Low muscle strength is predictive of immobilisation, physical disability, and increased mortality 

(Newman et al, 2006). However, active muscle strength and performance testing in elderly 

patients in clinical practice is often limited by several factors, for example, immobilisation of the 

patient, pain, acute illness, surgical interventions, or cognitive impairments. This prompted 

interest in the evaluation of quantifiable features from medical images and the development of 

imaging biomarkers that correlate with muscle strength. Quantitative imaging biomarker (QIB) 

is an objectively measured characteristic derived from in vivo images as an indicator of normal 

biological processes, pathogenic processes, or response to a therapeutic intervention (Sullivan 

et al, 2015). In other words, a biomarker should be able to diagnose, and track changes over 

time and help the clinical and therapeutic decision-making process (Cesari et al, 2012). 

Several criteria need to be met to consider a QIB candidate for clinical use. On one hand, QIBs 

need to show good technical performance - good precision with a low margin of error as well as 

concordance with the reference value. Table 1.4 summarises these concepts. On the other hand, 

clinical validation should be determined – clinical usefulness (benefit to a subject in terms of 

outcomes) and clinical performance (sensitivity and specificity) (Sullivan et al, 2015).  



43 
 

 

Table 1.4 Technical and clinical performance of quantitative imaging biomarkers 

 

1.6 Imaging of sarcopenia – the role of ultrasound. 

The earliest notions of muscle architecture and arrangement come from cadaveric studies. The 

obvious shortcoming of these studies is the inability to correlate anatomy with functional 

properties and muscle strength. Advancement in imaging techniques has allowed this 

assessment in vivo. MRI and CT are considered ´gold standard´ imaging techniques for muscle 

assessment, however, due to elevated cost, lack of availability and portability as well as ionising 

radiation (CT) use in primary care is limited.   

MRI as well as ultrasound can measure both muscle volume and its architectural properties. 

There is high concordance between ultrasound and MRI for assessing muscle mass in healthy 

individuals (Worsley et al, 2014) (figure 1.4). MRI has a larger field of view but ultrasound can 

scan muscle in real-time and record dynamic changes during contraction (Franchi et al, 2018).  

B-Mode ultrasound analyses echo waves that penetrate the body and reflect from structures 

with different acoustic impedance (lowest for air and highest for bone). The reflection 

coefficient depends on the acoustic impedances at the interface between two tissues and the 

angle at which an echo wave hits the structure of interest (Franchi et al, 2018). Skeletal muscle is 

hypoechoic (dark) on ultrasound due to high water content. The perimysial connective tissue 

appears brighter (hyperechoic) and gives muscles a characteristic dotted appearance in the 
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transverse plane (also referred to as starry sky appearance). Figure 1.4 shows MRI and 

ultrasound images of the thigh, rectus femoris, and vastus intermedius are seen as dark dotted 

areas on ultrasound. On the longitudinal plane, this perimysial connective tissue corresponds to 

white lines that are oriented at an angle to the muscle aponeurosis and give it a striated 

appearance (figure 1.5). This allows direct assessment of architecture by measuring muscle 

fascicles and the angle of insertion onto the aponeurosis (pennate angle). This architecture can 

be assessed at rest and during dynamic contraction, where muscle area and pennate angles 

increase (figure 1.6). Additionally, the presence of intramuscular fat infiltration is seen as 

hyperechoic or brighter than normal muscle (figure 1.7) 

 

 

Figure 1.4 On the left, axial T1-weighted MRI image of the right mid-thigh and on the right, an ultrasound 

image of a section of anterior thigh (bordered in yellow), centred over rectus femoris and vastus 

intermedius muscles, shows comparability between the two imaging techniques. Arrows and dotted lines 

indicate the same anatomical features (orange arrow-central tendón of rectus femoris, blue arrow 

aponeurosis of vastus intermedius, dotted line-femur) 
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Figure 1.5 On the left, sagittal T1-weighted MRI image of the right mid-thigh. On the right, the ultrasound 

image shows the section (bordered in yellow) of the rectus femoris and vastus intermedius muscles in the 

longitudinal plane. Note pennate architecture is clearly visible in ultrasound with fascicles attaching at an 

angle to the aponeurosis 

 

 

Figure 1.6 Longitudinal images of rectus femoris and vastus intermedius muscles at rest (A) and during 

dynamic contraction (B). Note that muscle thickness and pennate angles increase in image B. 
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Figure 1.7 Transverse images of rectus femoris (yellow oval) of two different individuals showing normal 

muscle (A) and severe fat infiltration (B) 

In order to assess sarcopenia by ultrasound in a clinical setting, some considerations should be 

taken into account: 

1 The anatomic site of measurement 

As stated before, with age there is greater muscle loss for the lower than upper limbs. This 

means that the same patient may have some muscles affected by sarcopenia and others 

not (Abe et al, 2011). Studies of Japanese people from 20 to 95 years old showed that there 

is a faster decline in muscle thickness of the anterior than the posterior compartment of the 

thigh (Abe et al, 2011). Given that sarcopenia in lower limb muscles should have a greater 

impact on mobility, muscle thickness of quadriceps femoris could be an early biomarker of 

sarcopenia. However, a link between muscle thickness of quadriceps femoris and gait speed 

could not be established (Abe et al, 2012), rather the authors found a correlation with a 

zigzag walk, which is not a standardised measurement of physical performance. 

Additionally, the local architecture of the quadriceps heads is different, and some muscle 

heads are better predictors of knee extension force than other heads (Ando et al, 2015). 
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This could mean that architectural changes in some quadriceps heads may have a greater 

impact on functional outcomes in sarcopenic patients. 

 

2 Scanning technique 

In order to obtain standardised and comparable measurements in the clinical setting, apart 

from fixing anatomical landmarks, care should be taken in performing the ultrasound 

technique regarding probe orientation relative to the body surface and level of pressure 

exerted since this can alter tissue dimensions and echointensity (Harris-Love et al, 2014).  

Studies report comparable results using both linear and curved array probes for measuring 

the cross-sectional area of the muscle (Warner et al, 2008, Mandal et al, 2016).  

 

3 Ultrasound parameters 

Five different parameters can be obtained by ultrasound for the assessment of sarcopenia. 

Most studies report the measurement of muscle thickness and cross-sectional area for 

assessing muscle quantity. Muscle thickness is measured as the perpendicular line that joins 

the superficial and deep aponeurosis of the muscle. The measurement ought to be 

performed on the thickest portion of the muscle in order to obtain comparable values. 

Likewise, the cross-sectional area is the area of the muscle traced at its thickest portion.  

 

On the other hand, echointensity, pennate angle, and fascicle length are used for assessing 

muscle quality. Echointensity (EI) refers to the mean pixel intensity in a defined region of 

interest. These values are expressed in arbitrary units with a range from 0 (the darkest) to 

255 (the brightest). The overall value is the sum of contractile and non-contractile tissue 

(fat and fibrous tissue) within the said region. Lower EI indicates superior muscle quality 

(figure 1.7) (Young et al, 2016). Pennate angle (PA) is the angle of insertion of muscle 

fascicle to its aponeurosis (figure 1.6). This angle varies along the muscle length and is 

dependent on joint position and the degree of muscle contraction. Fascicle length can be 

traced from insertions on superficial and deep aponeuroses. For quadriceps muscle, fascicle 

length is greater than the field of view of standard probes which requires using specialized 

probes with a larger field of view or applying trigonometric equations to calculate this value 

(Miron Mombiela et al, 2020). 

The use of contrast-enhanced ultrasound for the assessment of muscle vascularization and 

elastography is in the initial phase of the investigation and seems to have limited 

applicability in clinical practice (Mirón Mombiela et al, 2020). The strengths and limitations 

of each parameter are summarised in table 1.5. 
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Table 1.5 Ultrasound parameters for assessing sarcopenia. Table adapted from Miron Mombiela et al, 

2020 

 

Additionally, some studies reported measurements of muscle activity with ultrasound, where 

pennate angles increased during isometric contraction for various muscle groups of the upper 

and lower limb as well as oblique abdominal muscles (Hodges et al, 2003). 

1.7 The challenge. 

In frail individuals, the ageing process is accelerated which leads to disability, increased 

morbidity, and eventually death. Frailty is preventable and partially reversible if diagnosed early 

enough (Puts et al, 2017), therefore, there is special interest in developing biomarkers for the 

identification of individuals at risk of frailty in order to implement timely interventions and 
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reduce poor outcomes. In this regard, the development of quantitative biomarkers for the 

diagnosis of frailty is of paramount importance. 

Up to date, there is no specific quantitative biomarker for diagnosis of frailty although many 

circulating and imaging parameters are being investigated. A good biomarker needs to be 

accessible, cost-effective as well as precise, and reliable. Over the last few years, the concept of 

biomarker panels rather than single biomarkers is gaining more momentum (Cardoso et al, 

2018; Wennberg et al, 2021; Calvani et al, 2021). 

Although various ultrasound parameters are being investigated, there is no clear evidence 

whether muscle size or muscle quality parameters or a combination of both show better 

performance in diagnosing frail patients. Additionally, the lack of standardised protocols for 

performing muscle ultrasound in elderly patients with sarcopenia can decrease the reliability 

and reproducibility of the results and showed to be a significant limitation for the clinical 

implementation. There are no clear guidelines for the muscle group that should be studied, for 

scanning technique (patient position and probe placement) nor parameters acquired (Ticinesi et 

al, 2017).  

Moreover, no studies investigated the combination of circulating and imaging parameters for 

diagnosing frailty. This is important since imaging findings should be backed with biological data 

in order to understand histologic and molecular profiles of the visual parameters (Tomaszewski 

and Gillies, 2021). 

Although muscle ultrasound does not form part of current protocols for diagnosing sarcopenia, 

this technique could be useful in the clinical setting as it can measure changes in muscle volume, 

composition, and architecture (Ticinesi et al, 2017). In fact, ultrasound is already used in clinical 

practice for other muscle-related pathologies such as neuromuscular disorders (Pillen and van 

Alfen, 2011). Additionally, the European Geriatric Medicine Society recently proposed a 

consensus protocol for using ultrasound for muscle mass assessments (Perkisas et al, 2021). 

Therefore, we assumed that ultrasound imaging can be used reliably for assessing sarcopenia 

provided that appropriate protocol was applied, the operator was trained in performing the 

exam, and that the protocol with a combination of ultrasound parameters that assess both 

muscle mass and quality could distinguish community-dwelling individuals at risk of frailty. 

Additionally, we hypothesized that the combination of ultrasound and circulating parameters 

would render a good quantitative tool for diagnosing patients at risk of frailty in the clinical 

setting. 



50 
 

 

OBJECTIVES AND HYPOTHESIS 

Work hypothesis: a combination of muscle ultrasound and biochemical parameters offers good 

diagnostic performance in detecting patients at risk of frailty  

General objective – identify the best imaging and biochemical biomarkers for diagnosing 

subjects at risk of frailty. 

Specific objectives: 

- Assess the properties of muscle ultrasound parameters (accuracy and precision) as 

potential clinical biomarkers in opportunistic screening and baseline evaluation of frailty 

patients. 

- Evaluate the feasibility of using muscle size and architecture parameters obtained by 

ultrasound in a clinical setting. 

- Correlate muscle ultrasound parameters with physical parameters (physical activity, gait 

speed, and muscle strength measured with a hand dynamometer) as well as biochemical 

parameters. 

- Assess the diagnostic performance of muscle ultrasound and biochemical parameters in 

distinguishing subjects at risk of frailty from non-frail individuals and determine the best 

frailty models. 
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MATERIALS AND METHODS 

3.1 Materials. 

The present study was carried out in the Radiology and Clinical Analysis departments of the 

General University Hospital of Valencia (CHGUV) and the Physiology department of the 

University of Valencia.  

For the ultrasound exams and functional measurements: 

- Ultrasound machine (Model Acuson S2000, Siemens, Munich, Germany) 

- Electronic programs for the citation, image archiving (Impax, Agfa HealthCare, Belgium), 

and patient control (Connect Hall, Connectall Systems S.L, Spain) 

- Handheld digital dynamometer (Trailite Steiner, TL-LSC100 Coesfeld, Germany) 

- Digital balance (SECA model 803, 150kg capacity) 

- Chronometer (Samsung Galaxy Smartphone). 

For the laboratory analysis: 

- Clinical chemistry analyser (AU 5400, Beckman Coulter, USA) 

- Immunoassay analyser ( UniCel DxI 800 Access, Beckman Coulter, USA) 

- Flow cytometry analyser (xMAP Luminex 100, Luminex Corporation, USA) 

- High-performance liquid chromatography (HPLC) system (Dionex Ultimate 3000,    

Thermo Fisher Scientific, USA) 

 

Figure 3.1 HPLC equipment for the determination of MDA levels 
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3.2 Study Design and Setting. 

This was a prospective experimental study performed in an outpatient clinical setting. The 

project was a collaboration between the Radiology and Clinical Analysis departments of CHGUV 

and the Physiology department of the University of Valencia. 

The experimental part of the study included muscle ultrasound and blood tests. The ultrasounds 

were performed at the Radiology Department of CHGUV. After the image acquisition, a muscle 

strength measurement was performed. Then the patient was instructed to walk at a normal 

pace the distance of 4.6 metres previously marked on the floor in the hall outside the ultrasound 

booth, and the walking time was recorded. We proceeded to the height and weight 

measurements and study questionnaires (available in the Annex as STUDY QUESTIONNAIRE). 

This data was used to determine frailty phenotype (Fried et al, 2001) as a reference method. 

Frailty phenotype was chosen for comparability with other studies since it is the most widely 

used technique for assessing frail patients in the clinical setting (Buta et al, 2015). Medical 

histories were acquired retrospectively from electronic history viewer (PANGEA, Grupo de 

Informática Medica BET, UPV). 

For the patients who accepted the blood test the electronic appointment for blood extraction 

was issued on the day of the ultrasound exam. Blood extraction was carried out at the Clinical 

Analysis Department of CHGUV after 8 hours of fasting, per usual protocol. Blood samples were 

processed as soon as possible, always within the hour of the extraction. The biochemical 

analysis was carried out on the same day. Additionally, 4 vials of plasma and serum per patient 

were stored at -80°C at the Biobank of CHGUV for the oxidative stress, hormone, and cytokine 

analysis. The extraction protocol is available in the Annex. Once all the patients were examined, 

these samples were sent for the respective analyses – oxidative stress analysis was carried out 

at the University of Valencia, and hormone and cytokine panels were performed at the Clinical 

Analysis department of CHGUV.   

 

3.3 Study Subjects. 

The study was conducted on humans after obtaining the approval of the ethics committee of the 

CHGUV. Each patient gave written informed consent for ultrasound or ultrasound and blood test 

before entering the study (available in the Annex as INFORMED CONSENT). 

The inclusion criteria for the experimental group were: 
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- age 60 and above, 

- ability to walk independently (including with the help of a cane/walker), 

- access to the medical history. 

The exclusion criteria: 

- neuromuscular disorders or acute or chronic diseases that would alter the muscle 

architecture or interfere with measuring grip strength using a hand dynamometer, 

- oncologic patients undergoing chemo or radiotherapy (oncologic patients in remission 

were included in the study), 

- institutionalised patients or patients unable to get to the research centre using their 

means of transportation, 

- severe dementia that would influence the patient’s ability to understand the informed 

consent and the study questionnaire.  

Healthy subjects between 20 and 59 years were invited to participate as the control group since 

there is a peak in muscle thickness measured by ultrasound between these ages (Arts et al, 

2007). 

Patients were referred from primary care (Centro de Salud Fuensanta) and recruited from the 

ultrasound exams for unrelated pathologies (ex. abdominal and thyroid exams) carried out by 

the main researcher from June to October of 2017.  

For calculating the sample size an online calculator was used (https://riskcalc.org/samplesize/). 

We used data from our previous study due to similarities in socio-demographic characteristics - 

the prevalence of frailty was 29% among patients older than 60 years (Mirón Mombiela et al, 

2017). With a type I error rate (α) of 0.05 and an absolute error of precision (d) of 10%, the 

study sample was calculated for n=80. 

A total of 163 patients were invited to the study, of which 140 accepted to participate (figure 

3.2). Muscle ultrasounds were performed on 140 individuals. At the time of the ultrasound 

exam, the main researcher was blinded for medical histories and frailty parameters of the 

participants. This way the selection bias was reduced and random sampling of the general 

geriatric population of the area was possible. Of 140 ultrasounds performed 128 subjects met 

the inclusion and exclusion criteria and were included in the study. Of all the enrolled patients 

72 accepted to donate blood for the testing. There were a total of 62 samples processed. 



54 
 

  

Figure 3.2 Flow chart of study participants 

 

3.4 Methods of Measurement. 

3.4.1 Muscle ultrasound 

A small pilot study was conducted in order to calibrate the ultrasound machine and verify the 

protocol. Test ultrasounds were performed on 5 healthy young subjects in order to determine 

the anatomical site (the anterior compartment of the thigh was chosen over other areas due to 

size and accessibility), view planes (axial/sagittal views), and possible parameters (from our 

previous work and available literature we planned to measure muscle thickness and 

echointensity. We tested if it was possible to capture images for assessing pennate angles at rest 

and in contraction, more specifically, whether the subjects could perform the maximum 

contraction of the quadriceps at the request and maintain the contraction steady long enough 

to obtain three images for the analysis, figure 3.3). Additionally, the optimal settings of gain and 

focus were tested, and a musculoskeletal pre-set was chosen to provide the best contrast 

resolution between muscle and connective tissue and ensure comparability between images. 

Total exam time was also estimated at this point in order to schedule the patients more 

efficiently.  
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Figure 3.3 Test ultrasound of rectus femoris muscle at rest (image on the left) and in contraction (image on 

the right). Note the increase of the angle between the deep aponeurosis and muscle fibers. RF – rectus 

femoris, VI – vastus intermedius, F – femur, PA – pennate angle, PAC – pennate angle in contraction 

 

The tissues of the anterior compartment of the right thigh were scanned using ultrasound in B 

mode with a 4-9 MHz linear transducer in musculoskeletal pre-set. The patients were placed in 

the supine position and the images were taken applying an abundant quantity of contact gel and 

with minimal pressure with the probe during the exam in order to avoid tissue distortion.  

All four heads of the quadriceps femoris muscle were scanned (Blazevich et al, 2006; Ando et al, 

2016). The first set of images was taken at the midpoint between the anterior superior iliac 

spine and the lateral femoral condyle in transverse and longitudinal planes and was used to 

assess rectus femoris and vastus intermedius muscle heads (Figure 3.4 A – anterior view).  Then, 

with the probe held in a longitudinal position, the patient was instructed to contract the 

quadriceps muscle and hold steady for a few moments and the images in contraction were 

taken. From this point, the probe was positioned laterally at the same level (Figure 3.4 B – 

lateral view) in order to include the vastus lateralis muscle head. The scans were also performed 

in transverse and longitudinal planes at rest following imaging in contraction. Finally, the probe 

was positioned medially and slightly distally (Figure 3.4 C – medial view) and the vastus medialis 

head was scanned in both planes (longitudinal and transversal) at rest and during contraction.  
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Figure 3.4 Probe placement – A) anterior view (rectus femoris and vastus intermedius 

heads), B) lateral view (vastus lateralis head) and C) medial view (vastus medialis head) 

Finally, a convex transducer was used to obtain a sufficient field of view and include the cross-

sectional image of the rectus femoris muscle head in order to trace the total area at its widest 

point (Narici, 1989). For this, images were taken in the anterior view (Figure 3.4 A). Figures 3.5 

and 3.6 show examples of ultrasound images in transverse and longitudinal planes.  

 

Figure 3.5 Ultrasound probe placement – the transverse plane of rectus femoris muscle, examples of 

measurements of echointensity (selected area in the middle image) and muscle thickness (distance at the 

widest portion of muscle belly, image on the right) 
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Figure 3.6 Ultrasound probe placement – the longitudinal plane of rectus femoris muscle, examples of 

measurements of pennate angles at rest (middle image) and in contraction (image on the right) 

 

Each image was acquired three times for statistical analysis. A total of 30 images per patient 

were stored in the Picture Archiving and Communication System (PACS) of the hospital; there 

were nine images per each view – anterior view in the transverse plane (3 images), the 

longitudinal plane at rest (3 images), the longitudinal plane in contraction (3 images); lateral 

view in the transverse plane, the longitudinal plane at rest and in contraction (total of 9 images, 

3 per plane), as well as medial view (9 images). Finally, there were 3 images in the anterior 

transverse view with the convex transducer.  

After each exam, a radiological report was written and saved in medical history. A template was 

used for efficiency (available in the Annex as RADIOLOGY REPORT).  

The images were processed using ImageJ for Windows, 64-bit version (National Institute of 

Health, USA), free software available at https://imagej.nih.gov/ij/download.html. Each image 

was calibrated (Set Scale tool) before measuring. Echointensity (EI) and muscle thickness (MT) 

were measured from the images taken in the transverse plane and the mean value of the three 

measurements (one measurement per image) was used for the statistical analysis. For the 

echointensity, a manual ROI (Caresio et al, 2015) was traced including most of the muscle visible 

in the image and avoiding aponeurosis and bone. Additionally, for comparison reasons, 

echointensity was measured in the longitudinal plane applying the same manual ROI method. 

Muscle thickness was measured from transverse images as the maximum distance between the 

two aponeuroses, using a ruler tool, and the mean value was used for the analysis. Examples of 
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EI and MT measurements are shown in figure 3.7. Pennate angles (PA) were measured from 

longitudinal images at rest and in contraction using an angle tool. Clearly visible fascicle was 

chosen and the angle was traced between the fascicle and its insertion in the deep aponeurosis 

(figure 3.8). Images from patients who did not comply with the contraction request (unable to 

contract the muscle at the request or maintain the contraction/presented muscle fasciculations 

etc.) were annotated at the time of the imaging and were not taken into account for the results. 

Additionally, the superficial fat thickness was measured from all the images in the transverse 

plane (fat distribution differs among the scanning landmarks) as the distance between the skin 

and the superficial aponeurosis. Finally, the rectus femoris cross-sectional area was measured 

from the images taken with the convex transducer (Hammond et al, 2014) using manual ROI. 

Parameters were measured once from each of the three respective images whenever possible. 

In cases where one of the images was suboptimal (partially blurry, no visible attachment of the 

fascicle to the aponeurosis, etc), the measurement was taken twice from the optimal image of 

the same view. 

 

Figure 3.7 contains images in the transverse plane of all four quadriceps heads and shows examples of 

echointensity (EI) and muscle thickness (MT) measurements. Note that rectus femoris and vastus 

intermedius are measured from the same image. 
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Figure 3.8 Example of measurements of echointensity (EI) and pennate angles at rest (PA) and in 

contraction (PAC) of vastus lateralis muscle. Images are taken in lateral view, longitudinal plane at rest, 

and contraction. Note that the pennate angle increases with contraction. 

 

3.4.2. Muscle strength measurement 

The grip strength of the dominant hand was measured using a digital hand dynamometer 

(Tralite, TL-LSC100). Patients were seated and held the dynamometer with the elbow flexed at a 

90° angle and the wrist in a neutral position (figure 3.9). Previously it was explained that the test 

consisted of making as much pressure as possible (as opposed to holding for the longest time). 

Patients had three attempts for maximal pressure for 5 seconds with 30 seconds of rest 

between them. During the test, patients were encouraged to try their best. Values were 

expressed in kg. The mean of the three measurements was used for the analysis. 
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Figure 3.9. Illustration of muscle strength measurement with a hand dynamometer. Image downloaded 

from wikihow.com 

3.4.3. Walking speed measurement 

A distance of 4.6-meter was marked on the floor of the corridor outside the ultrasound booth. 

Patients were instructed to walk at a normal pace without rushing, as would they normally walk 

on the street, and were allowed to use their usual walking aids (cane, walker). The starting point 

was located 0.5 m away from the start line in order to avoid reaction time biases and the patient 

was encouraged to walk until fully crossing the end mark. Walking time was measured with a 

Smartphone chronometer application. 

 

3.4.4. Study questionnaire 

 

- Epidemiological and anthropometric data 

This section included general epidemiological data (date of birth, sex, age) and height and 

weight measurements. A measuring tape was placed on the wall of the ultrasound booth, 

subjects were instructed to stand barefoot straight against the wall with their feet together. A 

ruler was placed at the top of the patient's head and the measurement was read from the tape. 

The value was expressed in metres. The weight was determined afterward, instructing patients 

to step barefoot on the scale. The scale was calibrated before each ultrasound session. The 

value was expressed in kilograms. Body mass index was calculated for each patient using the 

formula: BMI = weight (kg)/height (m)2. 
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- Medical history and risk factors 

Medical histories were reviewed to determine the presence of associated diseases 

(hypertension, hyperlipidemia, diabetes mellitus, chronic obstructive pulmonary disease (COPD), 

hearing and visual impairment, previous stroke/transitory ischaemic attack (TIA), congestive 

heart failure, heart disease, myocardial infarction, renal disease, osteoarthritis, 

anxiety/depression, osteoporotic fractures, hepatopathy, dementia, connective tissue disease, 

previous malignancy with proven remission, peripheral vascular disease, and peptic ulcer. 

Additionally, patients were screened for Parkinson's disease, hemiplegia, and active malignancy 

and excluded from the study if positive due to association with secondary sarcopenia (exclusion 

criteria): three patients had active malignancy at the time of the ultrasound, two had 

Parkinson's disease and none had hemiplegia.  

Risk factors (smoking, alcohol abuse, and obesity) were recorded. Patients were asked about the 

number of falls in the last 6 months. (Landi et al, 2012). Additionally, a number of primary care 

visits, emergency room visits, and hospitalizations in the last 6 months were also recorded 

(Beaudart et al, 2017). 

3.4.5. Frailty phenotype 

Frailty criteria proposed by Fried and colleagues (Fried et al, 2001) were used for determining 

frailty phenotype. These criteria assess unintentional weight loss, exhaustion, low physical 

activity, slow walking speed, and muscle weakness. The Frailty criteria chart is available in the 

Annex as FRIED'S FRAILTY CRITERIA CHART. 

Appetite and weight loss – this information was obtained by asking the following question: did 

you lose more than 4.5 kg unintentionally in the last year? 

Exhaustion – a positive answer to one or both statements – I feel that everything I did in the last 

3-4 days was a great effort/I feel the lack of energy to do the things I normally like doing.  

Low physical activity – walking less than 2.30h/week for men or less than 2h/week for women. 

Slow walking speed – speed lower than predetermined values according to sex and height of the 

subject. 

Muscle weakness – values lower than predetermined according to BMI and sex of the subject. 

Each positive criterion was scored with one point. The final score was a sum of the five criteria. 

According to the number of points, the subjects were classified to: 
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Robust – 0 points, 

Pre-frail – 1 or 2 points,  

Frail – 3-5 points.  

3.4.6. IPAQ 

This section was based on the International Physical Activity Questionnaire (IPAQ) (2016). 

(Retrieved from https://sites.google.com/site/ theipaq/ in May of 2017). Patients were asked to 

recall and quantify their physical activities in the last seven days. The questions included 

vigorous and moderate physical activities, walking, and time spent sitting (Figure 3.10). This 

questionnaire was chosen in order to have standardised and comparable data with other 

international studies (Craig et al., 2003). 

 

Figure 3.10 International Physical Activity Questionnaire in Spanish. 

 

3.4.7. Biochemical analysis 

General biochemical and immunochemical analysis 

Blood was drawn after at least 8 hours of fasting. The extraction was carried out in a tube with 

EDTA anticoagulant for the complete blood count and in a tube without additives for the rest of 

the parameters. After extracting the sample without additives, the clot was retracted and the 

tube was centrifuged at 2000 g for 10 minutes at room temperature. The list of the analytes and 

corresponding procedures is detailed in table 3.1. 
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Table 3.1 General biochemical and immunochemical analysis 

Oxidative stress analysis 

Plasma sample was used for the determination of Malondialdehyde (MDA) and protein 

carbonylation. 
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a) Oxidative stress in lipids 

Malondialdehyde (MDA) is a result of the lipid peroxidation of polyunsaturated fatty acids, 

mainly from the cell membranes, which are degraded by reactive O2 species. High-performance 

liquid chromatography (HPLC) was used for this determination. Chromatography is a physical 

separation method in which the components that need to be separated are distributed between 

two phases, the stationary phase (column of silica or alumina particles) and the mobile phase, 

which in this case is liquid and acts as a sample carrier. The chromatographic separation in HPLC 

is the result of the specific interactions of the sample molecules in both phases. MDA [CH2 

(CHO)2] is a very reactive compound, its molecule is small (molecular weight of 72.0636 g/mol) 

and it is volatile, all of which makes its measurement very difficult. Therefore, before 

measurement sample derivatization needed to be performed using thiobarbituric acid (TBA). 

The method described by Wong and colleagues was used (Wong et al, 1987), in which a 

molecule of MDA reacts with 2 molecules of thiobarbituric acid (TBA) producing an adduct that 

is a pink chromogen with an absorption maximum between λ= 532-535 nm. The results obtained 

were expressed in micromolarity (µM) equivalent to nanomoles/mL (nm/mL). The procedure 

description is available in Annex as DETERMINATION OF MDA IN PLASMA. 

b) Oxidative stress in proteins 

The Protein Assay Kit based on the Lowry method (Lowry et al, 1951) was used for this analysis, 

which is a colorimetric method for the quantitative assessment of proteins in plasma. Lowry's 

reagent, included in the kit, contains sodium dodecyl sulfate (SDS), which facilitates the 

dissolution of partially insoluble proteins, and alkaline cupric tartrate, which binds proteins. 

Folin's reagent, also included in the kit, contains phenol, which interacts with tartrate and gives 

rise to a blue-colored compound (heteropolymolybdenum Blue). The colour intensity of this 

compound is proportional to the protein concentration, according to the Lambert-Beer law. The 

concentration of the unknown sample was determined graphically by plotting the absorbance 

against known concentrations of our internal standard, bovine serum albumin (BSA). This 

procedure is detailed in Annex as DETERMINATION OF PLASMA PROTEINS BY LOWRY. 

For the determination of carbonylated proteins, the Western blotting or immunoblotting 

method was applied, using the OxyBlot protein oxidation detection Kit. Electrophoresis was 

carried out in gels with a polyacrylamide matrix (PAGE), under denaturing conditions, in order to 

separate proteins by their molecular weight. For this, the combination of a denaturing detergent 

(SDS) and a reducing agent (β-mercaptoethanol) was used. The densitometry of the bands was 

determined using the ImageJ software (NIH, USA). As a loading control, membranes were 
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stained with Ponceau red. The densitometry of the membrane was calculated as a ratio: 

densitometry of protein carbonylation/densitometry of the membrane stained with Ponceau 

red, expressing the result as arbitrary units of oxidised proteins. The procedure is available in 

Annex as PROTEIN CARBONYLATION. 

      

Cytokine analysis 

Pro and anti-inflammatory cytokines were assessed in plasma samples using xMAP Luminex 

technology. A commercial Luminex assay kit (MILLIPLEX MAP HSTCMAG-28SK-16plex) was used 

for detection and quantification of following cytokines: ITAC, Fractalkine, IFN-γ, IL-10, MIP-3α, 

IL-12p70, IL-13, IL-17a, IL-1β, IL-2, IL-4, IL-23, IL-6, IL-7, IL- 8, TNF-α. 

This technology is a bead-based immunoassay, colour coded beads are dyed with a graded 

mixture of two fluorophores (red and infrared) in different concentrations in order to create up 

to 100 different regions on the fluorescent spectrum enabling measurement of up to 100 

analytes in one sample.  

 

The technique is based on the ELISA sandwich test and consists of the following steps: 

1. Each bead is precoated with a cytokine-specific antibody (capture antibody). The sample 

is added to the mixture of beads and the antibodies bind to the cytokines of interest. 

2. The specific biotinylated antibody is added (detection antibody), and it forms an 

antibody-antigen sandwich with the cytokine. 

3. Phycoerythrin (PE)-conjugated streptavidin is added (reporter dye). It binds to 

biotinylated antibodies. This provides the bead with an additional fluorescent emission 

signature when it binds to the cytokine of interest. 

4. Beads are read on a dual-laser flow-based detection instrument. Red laser (635 nm) 

excites both the red and infrared dyes and enables detection of the type of bead 

(identifies the cytokine of interest). Green laser (525 nm) excites the reporter dye bound 

to the antigen-antibody complex (quantifies the amount of cytokine bound to the bead). 
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Figure 3.11. Luminex assay principle: a.b. there are up to 100 different regions based on different 

proportions of red and infrared fluorophores. c. cytokine binds to capture antibody; biotinylated 

(detection) antibody is added, and it forms a sandwich with the cytokine; PE-conjugated streptavidin 

(reporter dye) is added, and it binds to detection antibody. Image downloaded from https://www.bio-

rad.com/es-es/applications-technologies/multiplex-immunoassays 

The samples were processed on a 96-well plate. Reagents for standards and quality controls 

were provided in the kit and prepared as instructed in technical guidelines. The overnight 

protocol was used following the instructions detailed in the guidelines and the plate was read on 

a flow cytometry instrument (protocol available in Annex as LUMINEX PROTOCOL). A report for 

each analyte was created including standard curves, mean fluorescence of the beads vs 

background, bead count, recovery percentages, and concentrations of the analytes. Data were 

acquired and analysed using xPonent 3.1 software. 

 

3.4.8. Statistical analysis 

Statistical analysis was performed using SPSS software, version 22.0 for Windows (IBM, SPSS 

Inc.). All continuous variables were presented as means ± standard deviations while ordinal 

variables were presented as quantity and percentages. The distribution of the continuous 

variables was assessed with the Kolmogorov-Smirnov normality test. For assessing differences 

between sexes t-student test was used for the variables with a normal distribution (parametric 

variables) and the Mann-Whitney test for non-parametric variables. The differences of study 

variables according to frailty phenotype were evaluated using the ANOVA test for parametric 

variables followed by the Bonferroni post-hoc test, whereas the Kruskal-Wallis test was used for 

non-parametric variables.  

Correlation analysis was performed to assess the relationships among physical characteristics, 

ultrasound, and biochemical parameters. Spearman's coefficient (rho) was used for continuous 
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variables and Kendall´s tau was used for ordinal variables. The strength of correlation was 

arbitrarily divided into three categories – weak, moderate and strong, and interpreted as weak 

for values r<0.399, moderate for values r from 0.400 to 0.699, and strong for values r>0.700.   

The accuracy of ultrasound parameters was tested using areas under the receiver operating 

characteristic (ROC) curve. Frailty phenotype was divided into the non-frail group (controls and 

robust group) and at-risk group (pre-frail and frail) based on the different behaviour of these 

two populations observed in our previous work (Mirón Mombiela et al, 2021). The values were 

classified as poor for ≤0.70, acceptable for 0.71-0.80, excellent for 0.81-0.90, and outstanding 

for 0.91-1.00 (Hosmer and Lemeshow, 2000). The precision of the measurement technique was 

also tested using the intraclass correlation coefficients (ICC) and Bland-Altman Limits of 

Agreement. The ICC values were classified as poor for values ≤0.50, moderate for 0.51-0.75, 

good for 0.75-0.90, and excellent for 0.91-1.00 (Koo and Li, 2016). 

Stepwise logistic regression analysis was performed with ultrasound and biochemical 

parameters adjusted with physical characteristics to determine the best predictive models for 

frailty. The frailty phenotype was used as a dependent variable, creating two groups: non-frail 

and at-risk groups. Robust patients and young controls were assigned to the non-frail group, and 

pre-frail and frail patients were assigned to the at-risk group. In order to avoid using 

independent variables with high correlation among them, which would introduce errors in the 

regression models (inflation of variance and changes in the signs and confidence intervals (Ryan, 

2009)) a test for multicollinearity was performed using the Variance Inflation Factor (VIF). 

Generally, VIF >5 or >10 suggests multicollinearity (Chatterjee and Simonoff, 2013), whereas VIF 

= 1 indicates a complete absence of multicollinearity. The independent variables selected for 

each model had VIF <2.5. The level of influence of the independent variables on frailty was 

expressed by odds ratios. Values >1 increase the odds while values between 0 and 1 decrease 

the odds of frailty. In order to compare these ratios, the values <1 were converted using the 

formula 1/OR. 

Due to multiple tests performed on our data, there is an increased rate of false positive results. 

For all the data analysed we obtained 1901 p values. Benjamini and Hochberg's formula was 

used to assess false discovery rates (FDR) and provide reasonable estimates for truly significant 

data. The p values were ranked in ascending order and then adjusted p-values (or q-values) 

were calculated using the formula FDR = PvalCount * Pval / PvalRank. For the selected q-value of 

0.05, we should expect to have 10 false positives out of 206 positive results. 

Statistical significance was defined as p<0.05. 
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RESULTS 

4.1 Baseline characteristics. 

The sample consisted of 128 patients, of which 66 were females (51%) and 62 males (49%). 

Table 4.1 shows physical characteristics (age, weight, height, BMI, muscle strength, and gait 

speed) and physical activity questionnaire parameters (IPAQ) according to sex. The sample was 

homogeneous regarding age, BMI, gait speed, physical activity, and walking. There were 

significant differences between sexes in weight, height, muscle strength, intense and moderate 

physical activity, and time spent seated during the day. 

 

Table 4.1 Baseline characteristics according to sex 

There were 36 controls (28%), 22 robust (17%), 53 prefrail (41%), and 17 frail patients (13%). 

Physical characteristics (age, weight, height, BMI, muscle strength, and gait speed) and IPAQ 

parameters that included weekly physical activity, daily intense and moderate physical activity, 

daily walking, and seated time according to frailty phenotype are represented in table 4.2. There 

were significant differences between groups in age, height, BMI, muscle strength, gait speed, 

physical activity, intense physical activity, and walking. There were no significant differences in 

weight, moderate physical activity, and time spent seated. Finally, the sample was 

homogeneously distributed among groups regarding sex. The table includes the number of 
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positive frailty criteria, based on which the patients were assigned to a corresponding group. 

Frailty criteria were also applied in the control group for comparison. 

 

Table 4.2 Baseline characteristics according to frailty phenotype 

4.2 Comorbidities. 

Comorbidities were assessed according to sex and frailty phenotype. 

Table 4.3 shows the distribution of comorbidities, risk factors, and use of the healthcare system 

according to sex. Most of the parameters were homogeneous except for COPD and alcohol 

abuse which were more frequent in men, and anxiety/depression and osteoporotic fractures 

which were more common in women. 
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Table 4.3 Comorbidities and risk factors according to sex 

The distribution of comorbidities, risk factors, and healthcare system use according to frailty 

phenotype is represented in table 4.4, showing significant differences between groups for 

hypertension, hyperlipidemia, diabetes mellitus, hearing and visual impairment, congestive 

heart failure and heart disease, osteoarthritis, anxiety/depression, osteoporotic fractures, 

dementia, previous malignancy, falls and primary care visits. 
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Table 4.4 Comorbidities and risk factors according to frailty phenotype 

4.3 Ultrasound parameters. 

Table 4.5 summarizes ultrasound parameters for all heads of the quadriceps femoris muscle 

according to sex. There were significant differences between sexes in almost all parameters 

except pennate angles for rectus femoris, vastus intermedius, and vastus lateralis heads as well 

as muscle thickness of vastus lateralis head. 
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Table 4.5 Ultrasound parameters according to sex 

Ultrasound parameters according to frailty phenotype are summarized in table 4.6. There were 

significant differences between groups for all the parameters of the rectus femoris muscle. 

Muscle thickness of all quadriceps heads showed significant differences between groups. As for 

the echointensity, there were significant differences between groups for the rectus femoris 

head, whereas vastus intermedius, vastus medialis, and vastus lateralis heads did not show 

differences between groups. Pennate angles at rest and in contraction showed significant 

differences between groups for all muscle heads except vastus medialis at rest.  
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Table 4.6 Ultrasound parameters according to frailty phenotype 

Post-hoc analysis of statistically significant variables with normal distribution showed the 

following (table 4.6): 

- There were differences in muscle thickness of rectus femoris and vastus lateralis as well 

as the pennate angle in the contraction of vastus intermedius between controls and all 

three experimental groups. No differences in these parameters were noted between 

robust, prefrail, and frail individuals. 

- Echointesity of rectus femoris measured in the longitudinal plane was different between 

the control and prefrail group as well as the control and frail group. No differences were 

found between the robust and prefrail nor the robust and frail group. 

- The pennate angle of the rectus femoris was different between the control and prefrail 

groups. There were no differences between the rest of the groups. 
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- There was a significant difference in pennate angle in the contraction of vastus medialis 

between groups, but in post hoc analysis there was no significant difference (p=0.058 

for control and robust group) 

- The echointensity of vastus lateralis in the longitudinal plane was different between the 

control and frail group. No differences were found between the rest of the groups. 

- There were significant differences in pennate angle in the contraction of vastus lateralis 

between the control and prefrail group, but no differences were shown between the 

robust and prefrail nor the robust and frail group. 

 

Table 4.6A Post-hoc analysis of ultrasound parameters according to frailty phenotype 
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4.4 Biochemical analyses. 

A total of 61 blood samples were analysed. There were 34 female (56%) and 27 male (44%) 

individuals. There were 18 (29%) subjects assigned to the control group and 8 (13%) robust, 26 

(43%) prefrail, and 9 (15%) frail patients. General blood analysis was performed as well as 

hormone status. Additionally, oxidative stress parameters were assessed.  

Table 4.7 shows biochemical parameters (hemogram, proteins, glucose metabolism, renal and 

liver function, bone metabolism, ions, lipid metabolism, cardiovascular risk parameters, iron 

metabolism) and hormones (TSH, PTH, cortisol, insulin, IGF-1) according to sex.  

There were differences between sexes in red blood cell parameters (RBC count, haemoglobin, 

haematocrit, MCH, MCHC), platelets, creatinine, phosphorus, total cholesterol, HDL, LDL, 

ferritin, and TS. Groups were homogeneous according to hormone levels. 
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Table 4.7 Biochemical parameters and hormones according to sex 

Table 4.8 summarizes biochemical parameters and hormones according to frailty phenotype.  
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There were significant differences between groups in MCV and MCH levels, proteins, glucose, 

urea, glomerular filtration rate, potassium, sodium, homocysteine, albumin, PTH, and IGF-1. 

Table 4.8 Biochemical parameters and hormones according to frailty phenotype 
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Table 4.9 shows cytokines (ITAC, fractalkine, IFN-γ, IL-10, MIP-3a, IL-12p70, IL-13, IL-17a, IL-1b, 

IL-2, IL-4, IL-23, IL-6, IL-7, IL-8, and TNF-α) and oxidative stress parameters (MDA and oxidized 

proteins) according to sex.  

Both sexes were homogeneous for all the parameters except for MIP-3a. 

As to oxidative stress parameters, there were significant differences in levels of oxidized 

proteins.  

 

Table 4.9 Cytokines and oxidative stress parameters according to sex 

Cytokines according to frailty phenotype are summarized in table 4.10.   

Significant differences between groups were found for the levels of IFN-γ, MIP-3a, IL-12p70, IL-

13, IL-17a, IL-1b, IL-2, IL-4, IL-7, and IL-8. There were no differences in levels of ITAC, fractalkine, 

IL-10, IL-23, IL-6, and TNF-α. 

Note that there were no differences between groups in oxidative stress parameters. 
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Table 4.10 Cytokines and oxidative stress parameters according to frailty phenotype 

4.5 Correlations. 

Correlation analysis of all the variables of the study was performed in order to assess possible 

relationships among ultrasound, physical and biochemical parameters. These parameters were 

then selected and used in the regression analysis in order to determine their predictive value for 

frailty. 

4.5.1. Frailty phenotype and baseline characteristics 

Table 4.11 shows correlations between frailty phenotype and baseline characteristics. 

Statistically significant correlations are in yellow for p values <0.01 and in green for p<0.05. Cells 

in white represent non-significant correlation coefficients.  Frailty phenotype showed a strong 

positive correlation with age (r=0.760), and a moderate positive correlation with gait speed and 

primary care visits (r=0.624 and 0.410 respectively). There was a moderate negative correlation 

between frailty phenotype and muscle strength (r=-0.614) and intense physical activity (r=-

0.472) while there was a weak negative correlation for physical activity and walking (r= -0.229 

and -0.252 respectively). A strong positive correlation was found between height and muscle 
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strength (r=0.704) and there was a moderate positive correlation between sex and muscle 

strength (r=0.678). The rest of the correlations are shown in table 4.11. 

 

Table 4.11 Correlations of frailty phenotype and baseline characteristics 

4.5.2. Ultrasound and functional parameters 

The correlations of frailty phenotype with ultrasound and functional parameters are shown in 

table 4.12. There was a moderate inverse correlation between frailty phenotype and the area of 

the rectus femoris muscle head (r=-0.612). Frailty phenotype showed a moderate negative 

correlation with muscle thickness of rectus femoris, vastus medialis, and vastus lateralis heads 

(r=-0.563, -0.483, and -0.403 respectively), and weak negative correlation with vastus 

intermedius head (r=-0.292). There was also a moderate negative correlation between frailty 

phenotype and the pennate angle of vastus intermedius in contraction (r=-0.476), as well as a 

weak negative correlation with the pennate angle of rectus femoris and vastus lateralis muscle 

heads at rest and in contraction. A weak positive correlation was found for frailty phenotype and 

echointensity of rectus femoris and vastus lateralis muscles (data shown in the table for 

echointensity measured both in transverse and longitudinal planes). 

On the other hand, moderate positive correlations were shown between muscle strength and 

area of rectus femoris, as well as muscle thickness of vastus medialis head (r=0.425 and 0.474 

respectively). Other quadriceps heads showed a weak positive correlation with muscle strength 
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(for rectus femoris r=0.378, vastus intermedius r=0.299, and for vastus lateralis r=0.339). 

Inversely, there were negative correlations between muscle strength and echointensity, 

moderate for rectus femoris (r=-0.451) and weak for vastus medialis and vastus lateralis heads 

(r=-0.380 and – 0.382 respectively). 

Weak inverse correlations were found between gait speed (represented as walking time in 

seconds) and muscle thickness of rectus femoris, vastus medialis, and vastus lateralis heads (r=-

0.260, -0.280, and -0.323), area of rectus femoris (r=-0.334), as well as with pennate angle in the 

contraction of rectus femoris and vastus intermedius heads and pennate angles of vastus 

lateralis at rest and contracted. There were no correlations between gait speed and 

echointensity of any quadriceps heads.  

Note the poor to no correlation between ultrasound parameters and self-reported physical 

activity parameters. 
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Table 4.12 Correlations of frailty phenotype with functional and ultrasound parameters 

4.5.3. Comorbidities and ultrasound parameters 

Correlations of comorbidities with ultrasound parameters were assessed, showing generally 

weak or no significant correlation. Comorbidities that showed correlation to 10 or more of 24 

ultrasound parameters are represented in table 4.13: hypertension (10/24), visual loss (11/24), 

osteoarthritis (14/24), fractures/osteoporosis (14/24), falls (10/24) and obesity (11/24). 

Hypertension showed weak negative correlations to the area of the rectus femoris and pennate 

angle of vastus lateralis, r=-0.340 and -0.329 respectively as well as the pennate angle in 

contraction (r=-0.308) and muscle thickness of rectus femoris (r=-0.303). There were weak 

positive correlations between fractures/osteoporosis and obesity and superficial fat thickness of 

rectus femoris, r=0.302 and 0.306 respectively, as well as the superficial fat thickness of vastus 

medialis, r=0.311 and 0.302 respectively. The rest of the correlations are shown in table 4.13. 
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Diabetes mellitus and previous malignancy correlated to 7/24 and 6/24 parameters respectively. 

Hyperlipidemia, COPD, hearing loss, and anxiety/depression all had significant correlations to 5 

of 24 parameters. Previous stroke, congestive heart failure, myocardial infarction, dementia, 

and alcohol abuse showed weak correlations to 4 of 24 ultrasound parameters. Connective 

tissue disease and peptic ulcer showed a correlation to 2/24 ultrasound parameters. Heart 

disease and peripheral vascular disease had a weak correlation to 1 of 24 ultrasound 

parameters. Finally, renal disease, hepatopathy, and smoking did not show a correlation to any 

of the ultrasound parameters assessed (0/24). A full table of comorbidities is available in annex 

table 4A. Note weak negative correlations between falls and the area of rectus femoris, muscle 

thickness of rectus femoris, vastus medialis y lateralis as well as the pennate angle in the 

contraction of rectus femoris and vastus medialis. Also, there were weak positive correlations 

between obesity and echointensity of all quadriceps heads as well as superficial fat thickness. 

 

Table 4.13 Correlations of comorbidities with ultrasound parameters 
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4.5.4. Ultrasound and biochemical parameters 

Correlations between ultrasound and biochemical parameters (table 4.14), hormone levels 

(table 4.15), cytokines, and oxidative stress (table 4.16) were assessed. Correlations with frailty 

phenotype were added for each table. 

Muscle thickness of all quadriceps heads as well as pennate angles of vastus intermedius and 

lateralis showed significant correlations with biochemical parameters and cytokine levels, while 

echointensity showed mostly no correlation with either of the blood parameters assessed. 

Pennate angles of rectus femoris and vastus medialis heads also did not have significant 

correlations with blood parameters. 

For visibility purposes, ultrasound and biochemical parameters with the largest number of 

significant correlations per row/column were selected and shown in table 4.14. A full table of 

biochemical and ultrasound parameters is available in annex table 4B. 

Moderate negative correlations were found between the superficial fat thickness of vastus 

lateralis and hemoglobin, ferritin, and creatinine levels (r=-0.467, -0.468, and -0.414 

respectively). There was a moderate negative correlation between the area of the rectus femoris 

and MCV and MCH (r=-0.450 and -0.402 respectively). There was a moderate negative 

correlation between MCHC level and superficial fat thickness of rectus femoris and vastus 

medialis, r=-0.425 and -0.441 respectively. A moderate positive correlation was found between 

muscle thickness of vastus medialis and creatinine levels (r=0.439). There was a moderate 

positive correlation between the echointensity of vastus lateralis and total and LDL cholesterol 

levels, r=0.410 and 0.416 respectively. Finally, MCV and glucose showed a moderate positive 

correlation with frailty phenotype, r=0.428 and 0.564 respectively (data available in annex table 

4B). 

The rest of the correlations between ultrasound and biochemical parameters are shown in table 

4.14. 
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Table 4.14 Correlations of ultrasound and biochemical parameters 

 

Table 4.15 summarizes correlations between ultrasound parameters and hormone levels. A full 

table of these parameters is available in annex table 4C. 

Insulin-like growth factor 1 had a positive moderate correlation with the area of rectus femoris 

and frailty phenotype (r=0.510 and 0.582 respectively), and a weak negative correlation with 

echointensity of rectus femoris, r=-0.378. There were also weak positive correlations with 

muscle thickness of rectus femoris and vastus medialis heads (r=0.374 and 0.356 respectively), 

as well as with pennate angle in the contraction of vastus intermedius, r=0.352. Parathormone 

showed a weak positive correlation with frailty phenotype, r=0.352, and a weak negative 

correlation with the pennate angle of vastus lateralis, r=-0.302. Cortisol, insulin, and thyroid 

stimulating hormone mostly had no significant correlations with ultrasound parameters. 
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Table 4.15 Correlations of ultrasound parameters and hormones 

 

Table 4.16 shows correlations between ultrasound parameters and cytokine and oxidative stress 

levels.  

IL-8 had a moderate inverse correlation with the pennate angle of vastus intermedius at rest and 

in contraction (r=-0.470 and -0.425 respectively), as well as weak negative correlations with 

muscle thickness of rectus femoris, vastus intermedius, and vastus lateralis and pennate angle of 

vastus lateralis at rest and in contraction, data are shown in the table 4.16. 

There were moderate to weak positive correlations between muscle thickness of various 

quadriceps heads and pennate angles of vastus lateralis and intermedius with fractalkine, IFN-γ, 

IL-10, MIP-3a, IL-12p70, IL-13, IL-17a, IL-1β, IL-2, IL-4, IL-6 and IL-7, values shown in the table 

4.16.  

ITAC, IL-23, and TNF-α as well as oxidative stress parameters mostly had no significant 

correlations with ultrasound parameters.  

IL-12p70 and IL-1β had a moderate negative correlation with frailty phenotype, r= -0.418 and -

0.410 respectively. IFN-γ, MIP-3a, IL-17a, IL-2, IL-4, and IL-7 all showed weak negative 

correlations with frailty phenotype, values shown in table 4.16.  Note that neither IL-6 nor TNF-α 

had a significant correlation with frailty in our study. 

A full table of these parameters is available in annex table 4D. 
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Table 4.16 Correlations of ultrasound parameters and cytokines and oxidative stress parameters 

4.6 Performance of ultrasound parameters as potential imaging 

biomarkers.  

In order to assess the performance of the ultrasound parameters as imaging biomarkers and 

their clinical usefulness we tested them for accuracy and precision. 

4.6.1 Accuracy of the ultrasound parameters 

To determine the accuracy or discriminative power of the ultrasound parameters, areas 

under the receiver operating characteristic (ROC) curve were analysed. Frailty phenotype 

was divided into non-frail (controls and robust group) and at-risk group (prefrail and frail 

groups). Physical characteristics parameters (muscle strength, gait speed, and physical 

activity) were added for comparison. 
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Table 4.17 AUC of ultrasound and functional parameters 

Table 4.17 shows areas under the curve with confidence intervals and sensitivities and 

specificities for the selected cut-off values. When selecting cut-off values, higher sensitivity 

was prioritized since the test is meant to be diagnostic (screening for frailty), although it 

might include more false positive cases (lower specificity). The area of the rectus femoris 

and muscle thickness of the rectus femoris showed excellent (AUC=0.838) and acceptable 

(AUC =0.793) discriminative power respectively. The area of the rectus femoris performed 

better than muscle strength. The rest of the parameters performed poorly to acceptably.  
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Figure 4.1 shows ROC curves for the area and muscle thickness of the rectus femoris. For the cut-off value 

of 6.72 cm
2
 of the area of rectus femoris, there is 86% sensitivity and 74% specificity for detecting frailty. 

For the cut-off value of 1.72 cm of the muscle thickness of the rectus femoris, there is 87% sensitivity and 

62% specificity for detecting frailty. 

4.6.2. The precision of the ultrasound parameters 

We tested the precision of our measurement technique by assessing the intraclass correlation 

coefficients (ICC) and Bland-Altman Limits of Agreement.  

 

Table 4.18 Intraclass correlation coefficients (ICC) of the ultrasound parameters 

 



90 
 

We compared repeated measurements for each of the ultrasound parameters obtaining 

excellent ICC for most of them, except the pennate angle of vastus intermedius and vastus 

lateralis muscles, which showed good ICC (table 4.18). Note that the pennate angles for all 

muscle heads had slightly worse coefficients than the rest of the parameters, and had also an 

elevated number of missing data (values could not be measured). 

Most of the parameters had high repeatability (or low error of measurement), as shown in table 

4.19, cells in white. Additionally, we compared echointensities in transverse and longitudinal 

planes for all the muscle heads. The data showed the presence of systematic bias (cells marked 

green) for all these measurements. Systematic bias was also found for muscle thickness, 

echointensity measured in the longitudinal plane and pennate angle of rectus femoris, pennate 

angles of vastus intermedius, and echointensity in the transverse plane of vastus medialis. On 

the other hand, the pennate angle in the contraction of vastus intermedius and the pennate 

angle of vastus medialis showed proportional bias (cells marked orange). 
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Table 4.19 Bland-Altman limits of agreement of ultrasound parameters 

 

4.7 Frailty models with logistic regression analysis. 

Stepwise logistic regression analysis was performed using ultrasound and biochemical 

parameters and physical characteristics to estimate their diagnostic power for frailty. Multiple 

predictive models were developed using different ultrasound parameters (muscle thickness, 

echointensity, pennate angles, and area of the rectus femoris) adjusted with biochemical 

parameters (general biochemical parameters, panel of cytokines and hormones) and with the 

physical characteristics (gait speed, muscle strength, sex, BMI).  
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4.7.1. Ultrasound parameters and physical characteristics 

Different ultrasound parameters were tested in order to establish the best predictive models. 

We assumed that the parameters with the highest AUC (AUC>0.7, table 4.17), muscle 

thicknesses as well as the parameters measured for rectus femoris (parameters that showed 

significant differences between groups, table 4.6) would perform superiorly over echointensity 

and pennate angles or over other quadriceps heads (table 4.6). These models showed 

predictions from 76 to 82.5% and when adjusted with physical characteristics, the predictions 

scored up to 89%. However, the only ultrasound parameter that influenced significantly the 

dependent variable was the area of rectus femoris (models shown in annex tables 4E, 4F, and 

4G). 

We also tested various combinations of ultrasound parameters, the correct predictions ranged 

from 62.5 to 79%. When adjusted with physical characteristics, the correct prediction of the 

overall models ranged from 80.8 to 91.9%. The best model is represented in table 4.20. 

The tables include the dependent variable (frailty phenotype), the independent variables used in 

different steps (represented with a different colour), and their respective statistics - Wald test 

with statistical significance and odds ratios). If the value p is <0.05, the variable contributes 

significantly to the model. Odds ratios (OR) are standardized values that make it possible to 

compare the level of influence of the independent variables on frailty (dependent variable) 

within the model. The tables include the statistical significance (p) of the blocks and the model 

(χ2 tests), Nagelkerke's R2 test that represents the variance (the variation of the dependent 

variable that can be explained with the model) as well as the percentage of correctly classified 

cases (correct prediction). 
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Table 4.20 Logistic regression analysis model BEST US 

The logistic regression analysis model BEST US (table 4.20) was statistically significant in the first 

step (χ2 (5) = 64.447, p<0.001). The model explained 54.2% of the variance of frailty phenotype 

and classified correctly 79% of the cases. When adjusted for physical characteristics, the block 

and model were statistically significant (p<0.001). The model explained 74.5% of the variance of 

frailty phenotype and classified correctly 91.9% of the cases. Area of rectus femoris (p<0.001), 

muscle thickness of vastus medialis (p=0.05), pennate angle in the contraction of vastus medialis 

(p=0.036), BMI (p=0.027), sex (p=0.014) and muscle strength (p<0.001) contributed significantly 

to the final model. Muscle thickness of vastus lateralis was significant only in the first step 

whereas the superficial fat thickness of rectus femoris and echointensity of vastus lateralis did 

not influence significantly frailty (the dependent variable). An increase in one square centimetre 

of the area of rectus femoris, and maintaining all the rest of the variables constant, decreases 

the odds of frailty 1.95 times. An increase in one centimetre of muscle thickness of vastus 

medialis decreases the odds of frailty 4.18 times. An increase in one degree of pennate angle in 

the contraction of vastus medialis increases the odds of frailty 1.16 times. An increase in one kg 

of muscle strength decreases the odds of frailty 1.27 times and an increase in one unit of BMI 

increases the odds of frailty 1.22 times. Finally, the odds of frailty were 14.08 times greater in 

women than in men. 
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4.7.2. Ultrasound and biochemical parameters with physical characteristics 

The models using the area of rectus femoris or muscle thickness of rectus femoris (as the 

parameters with the highest AUC, table 4.17) were constructed. Different biochemical 

parameters were tested, namely the ones that showed significant differences among frailty 

groups (table 4.8). The parameters that had p<0.01 tended to perform better in the predictive 

models. Cytokines and hormones that showed correlations with frailty phenotype were also 

chosen for the analysis (tables 4.15 and 4.16). 

These parameters were then adjusted with physical characteristics (BMI, sex, gait speed, and 

muscle strength). Since the sample size for this analysis was n=61, we decided to use up to 6 

variables for each model. The best models are displayed in tables 4.21, 4.22, and 4.23. 

Logistic regression model BIO 1 

 

Table 4.21 Logistic regression analysis model BIO 1 

Logistic regression analysis model BIO 1 (table 4.21) features muscle thickness of rectus femoris 

combined with the best general biochemical parameters. The model was significant in the first 

step (p<0.001), it explained 47% of the variance of frailty phenotype predicting correctly 75.8% 

of the cases. When adjusted with biochemical parameters, the block and the model remained 

significant (p<0.001), the model explained 69.4% of the variance and the correct prediction was 

87.1%. Finally, when adjusted with physical characteristics, the block and the model were 

significant (p<0.001), the model explained 83.8% of the variance and correctly predicted 93.5% 

of the cases. Muscle thickness of rectus femoris (p=0.035), proteins (p=0.022), gait speed 

(p=0.047), and muscle strength (p=0.046) contributed significantly to the final model. Glucose 

was significant in the second step (p=0.016) and did not reach statistical significance in the final 



95 
 

step. An increase in one centimetre of muscle thickness of the rectus femoris and maintaining all 

the rest of the variables constant decreases the odds of frailty 333 times. An increase in one unit 

of proteins decreases the odds of frailty 143 times. An increase in one second of walking time 

(decrease in gait speed) increases the odds of frailty 8.87 times. An increase in one kg of muscle 

strength decreases the odds of frailty 1.26 times.  

Logistic regression model BIO 2 

 

Table 4.22 Logistic regression analysis model BIO 2 

For the model BIO 2 (table 4.22) the parameters chosen were MIP-3a and IL-1β. Both 

parameters showed correlations with the area of rectus femoris as well as with the frailty 

phenotype (table 4.16). The model was significant in all three steps (p<0.001). The first step 

explained 46.6% of the variance predicting correctly 80.3% of the cases. When adjusted with 

biochemical parameters and physical characteristics, the model explained 87.2% of the variance 

and predicted correctly 95.1% of the cases. For each square centimetre increase of the area of 

rectus femoris and maintaining all the rest of the variables constant, the odds of frailty decrease 

2.69 times. An increase in one unit of MIP-3a decreases the odds of frailty 1.17 times. An 

increase in one unit of IL-1β decreases the odds of frailty 12.34 times. An increase in one unit of 

BMI increases the odds of frailty 1.67 times. An increase in one kilogram of muscle strength 

decreases the odds of frailty 1.6 times. The odds of frailty were 5000 times higher in women. 
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Logistic regression model BIO 3 

 

Table 4.23 Logistic regression analysis model BIO 3 

 

The model BIO 3, shown in table 4.23, displays IGF-1 and IFN-γ, both parameters had a 

significant correlation with frailty phenotype (tables 4.15 and 4.16). The model was significant in 

all three steps (p<0.001). The first step explained 45.3% of the variance predicting correctly 75% 

of the cases. When adjusted with biochemical parameters, the model explained 67.1% of the 

variance and predicted correctly 83.3% of the cases. In the final step, when adjusted with 

physical characteristics, the model explained 80.1% of the variance and predicted correctly 

93.3% of the cases. Muscle thickness of rectus femoris (p=0.030), IFN-γ (p=0.016) and muscle 

strength (p=0.029) contributed significantly to the final model. IGF-1 was significant in second 

step (p=0.037), and when adjusted with physical characteristics, it did not reach statistical 

significance (p=0.08). A decrease in one centimetre of muscle thickness of the rectus femoris 

increases the odds of frailty 58.8 times. An increase in one unit of IFN-γ decreases the odds of 

frailty 1.12 times. An increase in one kg of muscle strength decreases the odds of frailty 1.18 

times.  

Models BIO 4 (muscle thickness of rectus femoris, MCV, and proteins) and BIO 5 (area of rectus 

femoris, IL-12, and IL-17) are shown in annex tables 4H and 4I, with a correct prediction of 91.9% 

and 91.8% respectively. The rest of the models had an overall prediction below 90% and are not 

shown. 
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DISCUSSION 

     Muscle ultrasound exams were performed on a population of community-dwelling seniors. 

We then conducted a questionnaire and measured walking speed and hand grip strength to 

classify our subjects according to frailty phenotype criteria (Fried et al, 2001). Blood samples 

were drawn for general biochemical analysis, hormones, cytokines, and oxidative stress 

parameters. Ultrasound images were processed and twenty-four ultrasound-based parameters 

were extracted for further analysis. On one hand, we aimed to validate the ultrasound 

parameters for accuracy and precision as imaging biomarkers and evaluate their potential for 

clinical use, and on the other, to explore biological substrates for imaging findings. Furthermore, 

this wide array of parameters enabled us to create logistic regression models that combine 

different imaging, physical and biochemical parameters for quantitative diagnosis of frailty.  

Several methods have been used for measuring frailty based on clinical criteria, including frailty 

phenotype and the accumulated deficits approach. Although very useful, these techniques still 

rely on various subjective parameters and lack standardised evaluation in various clinical 

scenarios.  

Self-reported information confers important data for any medical assessment, however, in this 

setting, it might have low accuracy since many patients suffer from cognitive impairment. The 

development of quantitative tools for the assessment of frailty could be an important step 

toward improving the management of these patients as it would give the opportunity for 

universal administration, with more reliable identification of patients at risk, permitting timely 

interventions, and thus hopefully delaying adverse outcomes and death. Therefore, the search 

for objective screening tools is gaining more importance in recent years with an ongoing 

investigation into many circulating and imaging biomarkers that could be used for this purpose. 

However, there is a gap between investigation and translation to clinical practice. Many of the 

parameters are limited to the research setting, have low cost-efficiency that imparis the 

widespread administration, show insufficient discriminative power, or lack associations with 

relevant outcomes (Saedi et al, 2019). Clinicians seek for a brief, easy-to-administer screening 

tool with high sensitivity for detecting frailty (Huisingh-Scheetz et al, 2019). We consider that 

muscle ultrasound may be a step toward bridging this gap. 

The results of this study confirm that muscle ultrasound could be used in outpatients as a 

screening method and it is possible to diagnose subjects at risk of frailty with up to 95% accuracy 
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using frailty models that combine ultrasound and biochemical parameters. Several important 

findings support this result (mentioned in continuation and commented on later in the text): 

1.  We showed that muscle ultrasound can be a useful tool for assessing muscle volume 

and architecture in the context of frailty syndrome, with high precision and accuracy 

(tables 4.17 and 4.18) and could be considered as a valid alternative to current standard 

methods for evaluation of muscle mass in a clinical setting (Cruz-Jentoft et al, 2018). 

Muscle ultrasound parameters alone such as area of rectus femoris and muscle 

thickness of rectus femoris were able to identify low muscle size and had good 

discriminative power for frailty with AUC of 0.84 (95% CI 0.77-0.91) and 0.79 (95% CI 

0.71-0.87) respectively (table 4.17) and were comparable to muscle strength, AUC= 0.80 

(95% CI 0.73-0.88) and gait speed, AUC=0.74 (95% CI 0.67-0.83). The sensitivity for 

detecting frailty was 87% and 86% for the muscle thickness and area of the rectus 

femoris respectively (with cut-off values of 1.72 cm for muscle thickness and 6.72 cm2 

for the area of the rectus femoris).  

2. The logistic regression analysis models demonstrated that the frailty prediction rate of 

muscle architecture parameters alone ranged from 76.5% to 82.5%, and when adjusted 

with physical characteristics, the models classified correctly up to 91.9% of the cases 

(table 4.20). 

3. The combination of muscle architecture and biochemical parameters adjusted with 

physical characteristics showed very good performance and predicted frailty in up to 

95% of the cases (tables 4.21-4.23, annex tables 4H and 4I). Both decreases in muscle 

thickness and area of rectus femoris as hallmarks of sarcopenia increased the odds of 

frailty in all the models displayed. Various biochemical parameters, cytokines, and 

hormones showed significant correlations with frailty phenotype (tables 4.14 to 4.16) 

and were used for the regression analysis.  

4. Muscle size had positive correlations both with muscle strength and gait speed, while 

muscle quality was associated with muscle strength but not with gait speed. There were 

no correlations between ultrasound parameters and physical activity (self-reported). 

5. Various biochemical analytes showed correlations with ultrasound parameters as well as 

with frailty phenotype. There were positive correlations between muscle size and 

haemoglobin levels. Higher basal glucose levels correlated with low muscle thickness 

and area of rectus femoris as well as frailty phenotype. IGF-1 showed a positive 

correlation with muscle size and a negative correlation with frailty phenotype.  
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5.1 Why ultrasound? 

One of the key components of frailty is sarcopenia, a condition characterised by loss of skeletal 

muscle mass and function (Santilli et al, 2014). The possibility of assessing muscle mass in 

primary care or at the bedside in a hospital environment was the main idea behind this study. 

Current guidelines for the diagnosis of sarcopenia by the revised European Working Group on 

Sarcopenia in Older People (EWGSOP2) recommend DXA and BIA for assessing muscle mass 

(Cruz-Jentoft et al, 2018). However, the decline in muscle mass and strength does not occur at 

the same rate. Goodpaster and colleagues (2006) showed in community-dwelling old people 

that there is a greater loss of muscle strength than mass.  

It is believed that age-related changes in muscle architecture and composition rather than just 

muscle size can explain the loss of muscle strength in this population (Narici and Maffulli, 2010). 

DXA and BIA cannot assess muscle composition. MRI and CT are considered gold standards in 

this regard, where muscle attenuation by CT or various MRI sequences (diffusion tensor imaging, 

Dixon, spectroscopy, etc) can be used (Perkisas et al, 2018). Although superior, these techniques 

are not practical for clinical use due to costs, accessibility, portability, and ionising radiation.  

Ultrasound can overcome these limitations. Apart from reliably assessing muscle size by 

measuring muscle thickness and area (Nijholt et al, 2017), ultrasound can assess muscle 

composition as well. Changes in muscle composition can be observed as increased echointensity 

due to the accumulation of intramuscular adipose and fibrous tissue (Pillen et al, 2008). 

Additionally, the quadriceps femoris is a pennate muscle, where muscle fibres attach at an angle 

to its tendon, the degree of this angle reflects the sarcomeres in parallel and it is proportional to 

muscle force-generating potential. This angle can be measured by ultrasound, and it is 

decreased in sarcopenic muscles (Narici and Maffulli, 2010). 

We chose to work with community dwelling seniors (as opposed to hospitalised patients) in 

order to assess the feasibility of ultrasound in primary care. Since there was no recommended 

ultrasound protocol in this setting, we performed literature research on available techniques 

and parameters and developed our own protocol based on our previous experience (Miron 

Mombiela et al, 2020), managing technical challenges and cross-checking the intra- and inter-

rater reliabilities (unpublished data). We decided to perform the ultrasound on the anterior 

compartment of the thigh for two reasons. On one hand, the investigation showed that there is 

a greater loss of muscle mass in the lower than upper limbs and anterior than posterior thigh 

(Janssen et al, 2000; Abe et al, 2011). On the other hand, the quadriceps is a large muscle and it 

gives enough room to identify important morphological features, permitting the operator to 
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train the technique and measure parameters even in severely sarcopenic individuals that may be 

encountered in clinical practice. As for the parameters, apart from measuring muscle size 

(muscle thickness and area), we also aimed at assessing muscle architecture (echointensity and 

pennate angles). Note that the pennate angle is not a constant value, and it changes depending 

on joint angle and degree of muscle contraction. It was found that pennate angles of vastus 

lateralis increase during voluntary contraction in young healthy individuals (Oliveira et al, 2017). 

We wanted to explore if this measurement could be used in the clinical setting with frail patients 

and if it would reflect the contractile potential of sarcopenic muscle.  

Parameters that have good technical (precision and accuracy) and clinical performance 

(sensitivity and specificity) are suitable imaging biomarkers for clinical use (Sullivan et al. 2015). 

These could have an important advantage over classical frailty phenotype assessment which 

includes self-reported parameters such as the feeling of exhaustion. In fact, it was found that 

the independent prognostic effect of each frailty criterion showed important differences in 

predicting chronic disability, hospitalisation, and death (Rothman et al, 2008). This is where 

muscle ultrasound could have a greater clinical impact. Ultrasound parameters can be 

objectively measured in asymptomatic outpatients as well as in acute settings and values can be 

compared over time. This way the presence of frailty, evolution in time, or effectiveness of 

potential therapeutic intervention can be quantitatively assessed. The implementation of 

muscle ultrasound exams could facilitate clinical decisions and management of frail patients in 

day-to-day practice.   

5.2 Technical and clinical performance of ultrasound parameters. 

We showed that the ultrasound parameters assessed in our study had a good performance as 

imaging biomarkers. First, the values measured are like other studies and thus seem to be valid 

(Strasser et al, 2013, Chauhan et al, 2013, Alegre et al, 2006, Mirón Mombiela et al, 2017). Next, 

the parameters showed high precision with a relatively low error of measurement. Moreover, 

various parameters also showed good accuracy in the clinical setting and performed equal to or 

better than muscle strength and gait speed.  

There are several findings to support this: average muscle thickness of rectus femoris of 1.91 ± 

0.35 cm in healthy controls versus 1.27 ± 0.28 cm in frail patients (table 4.6) is comparable to 

the study of Strasser et al. (2013), who reported muscle thickness in young subjects to be 1.81 ± 

0.4 cm and in old subjects 1.35 ± 0.19 cm. Other quadriceps heads had similar thicknesses 

compared to this study (table 5.1). On the other hand, we measured pennate angles generally 

higher (18.2 ± 3.3° vs 14.7 ± 2.5° for vastus lateralis in healthy controls) and echointensities 
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lower (49 ± 18 A.U vs 101.9 ± 14 A.U for rectus femoris in healthy controls) compared to 

Strasser´s study. Other studies report the pennate angle of vastus lateralis in young healthy 

controls to be 15.1 ± 3.81° (Chauhan et al, 2013) and 16.2 ± 3.2° (Alegre et al.2006). Mirón 

Mombiela et al. (2017) show the echointensity of rectus femoris to be 60 ± 20 A.U. for healthy 

controls. We believe these variations are due to site measurement and probe orientation for 

pennate angles and different machines and gain settings for echointensity. 

 

Table 5.1 Examples of ultrasound parameter measurements in healthy controls 

Muscle thickness, cross-sectional area, and echointensity had high precision (ICC 0.97-0.99, table 

4.18). Pennate angles showed lower precision (ICC 0.76-0.90) with up to 21% of excluded images 

(did not meet image quality criteria). Other studies reported high precision for muscle thickness 

and area measurements in older adults (Strasser et al, 2013, Scanlon et al, 2014, Welch et al 

2018) with lower precision for echointensity and pennate angle measurements (Strasser et al, 

2013). We found systematic bias in measuring muscle thickness, echointensity, and pennate 

angle of rectus femoris as well as echointensity of vastus medialis and pennate angle of vastus 

intermedius (table 4.19). Probe placement and the amount of pressure applied as well as the 

interpretation of the images may have contributed to this finding (König et al, 2014). We found 

the standard errors of measurement from 0.04 to 0.1 cm for muscle thicknesses, 0.3 cm² for the 

area, 1.5 to 1.9 A.U for echointensity, and 0.9 to 1.6° for pennate angles (table 4.19). Therefore, 

all the changes greater than the limits of error can be interpreted as muscle architecture 

changes (Denegar et al 1993). In other words, these parameters are sensitive to changes in 

muscle thickness and area as small as 1 mm and 3 mm2 respectively. 

Echointensity showed lower accuracy in detecting frailty compared to muscle thickness and 

area, with AUC for rectus femoris and vastus lateralis ranging from 0.60 to 0.66 (95%CI 0.51-

0.76). Our previous cohort showed similar results, AUC 0.69 (95%CI 0.59-0.78) (Miron Mombiela 

et al, 2021). 

Pennate angles in contraction were generally higher than angles at rest, and there were 

significant differences among groups (table 4.6). However, notice there were greater differences 
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between angles at rest and in contraction for the control group of young individuals whereas for 

other groups this difference was much smaller, for example, the pennate angle of rectus femoris 

at rest in the prefrail group was 11.9 ± 2.9° and in contraction 12.2 ± 2.8°.  

If we consider that the standard error of measurement (table  4.19) for rectus femoris was 0.9° 

and 1.1° at rest and in contraction respectively, it becomes obvious that the smaller the angle is, 

the more difficult it gets to measure true changes between angles at rest and in contraction. 

Additionally, this parameter was not easily obtained as it required voluntary contraction of the 

quadriceps muscle and a significant portion of patients were not able to sustain maximal 

contraction long enough or presented fasciculations which decreased image quality and resulted 

in the exclusion of up to 21% of the images (table 4.18). We are uncertain if this finding is 

entirely due to architectural changes in sarcopenic muscle and the inability to recruit all existing 

fibres in an efficient contraction manner or if some patients had difficulty achieving contraction 

lying in a supine position and would maybe perform better sitting and extending the leg at 

request. We presented all data for this parameter, but we acknowledge that its usefulness is 

rather limited in frail patients and various technical improvements need to be implemented 

before considering its inclusion in clinical protocols.  

Various muscle architecture parameters have already been validated for accuracy compared to 

gold-standard imaging techniques, finding very good agreement between ultrasound and 

magnetic resonance for muscle thickness and subcutaneous fat thickness of the anterior thigh 

(Mechelli et al, 2019, Betz et al 2021) and average agreement for muscle cross-sectional area of 

vastus lateralis (Betz et al, 2021). There were strong correlations between intramuscular fat 

assessed by MRI and muscle echointensity (Young et al, 2015). Watanabe and colleagues (2018) 

reported moderate associations between echointensity and muscle attenuation assessed by CT. 

We did not perform validation tests with other imaging techniques which is one of the 

limitations of the present study. 

5.3 Ultrasound parameters and functional capacity. 

Muscle size and quality contribute to its functional capacity. We showed associations between 

muscle size and composition with muscle strength. There were significant correlations between 

muscle strength and muscle thicknesses of all quadriceps heads, with the strongest correlation 

for vastus medialis (r=0.474, p<0.01). Echointensity showed a negative correlation with muscle 

strength (for rectus femoris r=-0.451, p<0.05). Other studies also reported correlations between 

muscle strength and echointensity (Miron Mombiela et al, 2017, Watanabe et al, 2013, 

Fukumoto et al, 2012).  
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As for gait speed, there were correlations with muscle size (strongest correlation with the area 

of rectus femoris, r=-0.334, p<0.01), however, there were no significant correlations with 

echointensity of any of the quadriceps heads. Some studies reported correlations between the 

echointensity of rectus femoris and gait speed (Rech et al, 2014) while others found no 

correlation neither for limb or spine muscles (Yoshiko et al, 2018). The pennate angle of vastus 

lateralis showed a correlation with gait speed (r=-0.323, p<0.01). Correlations between gait 

speed and pennate angle of vastus lateralis (Aubertin-Leheudre et al, 2019) as well as 

gastrocnemius medialis (Zhu et al, 2019) were reported in previous studies.  

Interestingly, there were few to no correlations between ultrasound parameters and self-

reported physical activity parameters (table 4.12). These parameters proved to be highly 

unreliable. We believe that patients tended to overestimate the amount of daily physical activity 

and were not objective when reporting walking and rest times. This again raises concerns about 

the significance that should be given to all self-reported, subjective parameters when diagnosing 

a person as ´frail´ or ´non-frail´.   

5.4 Ultrasound parameters and frailty. 

Our study confirms that ultrasound parameters assessing quadriceps femoris muscle are 

clinically useful in detecting frail patients, with AUC values for the area of rectus femoris 0.84 

(0.77-0.91) and muscle thickness 0.79 (0.71-0.87). Moreover, we showed correlations of 

multiple ultrasound parameters with frailty phenotype (table 4.12). Parameters that denoted 

sarcopenia, namely low muscle thickness, low area, and low pennate angles as well as high 

echointensity were all correlated with frailty. The strongest correlation was found for the area of 

rectus femoris, r=-0.612, p<0.01.  

Frailty often overlaps with comorbidities in old patients; in fact, some studies showed that 82% 

of frail patients had comorbidities (Wong et al, 2010). We registered comorbidities as a part of 

the integral assessment of our study population and correlated this data with ultrasound 

parameters. There were generally weak but significant correlations between ultrasound 

parameters and various comorbidities with the most ultrasound parameters (>10) associated 

with osteoarthritis, fractures/osteoporosis, visual loss, hypertension, and obesity (table 4.13), 

and fewer parameters (5-10) associated with diabetes mellitus, previous malignancy, 

hyperlipidemia, COPD, hearing loss and depression (annex table 4A). It is believed that 

sarcopenia and these diseases share common risk factors in old people – physical inactivity, 

inflammation, and malnutrition/obesity, in fact, it was found that sarcopenia is highly prevalent 
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in patients with cardiovascular disease, dementia, diabetes mellitus, and respiratory disease 

(Pacifico et al, 2020). Other studies link sarcopenia with an increased risk of falls (Beaudart et al, 

2017). We found an inverse correlation between the area of the rectus femoris and the number 

of falls in the last six months (table 4.13). It seems that low muscle mass, probably aided by 

sensory impairment, puts these individuals at higher risk of falls which in turn leads to limited 

physical activity and functional decline and ultimately increases the risk of institutionalisation, 

morbidity, and mortality. This was the only outcome we studied.  

 

5.5 The biological meaning of imaging parameters. 

The concept of biological validation of imaging features is becoming an essential part of 

translating radiologic imaging data to clinical practice. With the development of new 

technologies where automated processing of a high volume of data extracted from radiologic 

images is used for the identification of clinically relevant parameters, there is a problem of 

overfitting the models. Since it is exclusively data-driven, this method alone cannot explain the 

biological meaning of the observed relationships within these models. That is why it is important 

to correlate image-based models to biological parameters (Tomaszewski and Gillies, 2021). The 

most obvious application of this concept is in oncologic radiology – image features (shape, 

density, presence of marginal spiculations, etc.) are correlated with histologic and genomic 

parameters of cancer to understand the microscopic characteristics of the visual findings (Mirón 

Mombiela et al, 2022; Shui et al, 2020). 

Although we did not use automated machine learning platforms, it can be argued that there is a 

certain analogy with the concept of studying multiple imaging parameters in the process of 

developing ultrasound biomarkers for frailty. We followed this idea aiming to explore the 

biological substrate of our ultrasound parameters. We also wanted to see if the diagnostic 

performance can be improved and if we could reach a better understanding of underlying 

factors involving ultrasound-based parameters. 

We performed correlation analysis and compared our results to the available literature. There 

were several interesting findings we would like to comment on. 

General biochemical parameters: As for muscle-related parameters, creatinine levels were 

positively correlated with muscle thickness of vastus medialis (r=0.439, p<0.01). Creatinine 

levels in serum are proportional to muscle mass (Keshaviah et al, 1994) which would explain this 

finding. However, we found no significant correlations between creatinine levels and muscle 
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thickness of other quadriceps heads nor with frailty phenotype. Apart from muscle mass, various 

factors influence creatinine levels (such as renal function and dietary intake) which could explain 

the lack of this correlation.  

Although albumin levels alone did not show any statistically significant correlation with muscle 

mass nor with frailty, serum protein levels showed a positive correlation with the area of rectus 

femoris (r=0.296, p<0.05) and a negative correlation with frailty phenotype (r=-0.319, p<0.05). 

Other studies reported an association between low albumin concentrations and sarcopenia 

(Baumgartner et al, 1996) and found that low albumin may increase the risk of developing 

sarcopenia (Visser et al, 2005). Serum proteins consist of albumin (56%), globulins (40%), and 

other proteins in much lower concentrations; therefore, the variations of its levels are expected 

to be dependent on one of the two major components. 

We found that higher basal glucose levels correlated with low muscle thickness and area of 

rectus femoris (r=-0.307 and -0.297 respectively, p<0.05). Also, glucose had a positive correlation 

with the frailty phenotype (r=0.564, p<0.01). A systematic review from 2020 (Anagnostis et al.) 

reported that patients with type 2 diabetes mellitus (DM2) had an increased risk of sarcopenia. 

Various studies found a positive correlation between insulin resistance and frailty (Perez-

Tasigchana et al, 2017, Barzilay et al, 2007). Several pathophysiological mechanisms were 

proposed to explain this correlation. Insulin has anabolic effects on skeletal muscle, regulating 

protein synthesis and glucose transport and improving muscle metabolism. These functions are 

impaired by insulin resistance present in patients with DM2. Insulin resistance decreases protein 

synthesis and promotes protein degradation (Pereira et al, 2007). Additionally, chronic 

hyperglycaemia causes the accumulation of advanced glycosylation end-products (AGEs) which 

can promote oxidative stress, inflammatory cytokines, and the breakdown of muscle proteins 

(Mori et al, 2019). Other authors argue that macrovascular complications of DM2 could lead to 

peripheral arterial disease and in turn cause a decrease in muscle mass, strength, and 

performance (Dziubek et al, 2015). Another entity important in this context is sarcopenic 

obesity, a condition where insulin resistance, obesity, and sarcopenia coexist in the same 

individuals (Cleasby et al, 2016). In these patients high intramuscular fat accumulation and 

visceral adiposity promote insulin resistance and impair muscle glucose uptake with the 

consequent decrease in intracellular energy production, which affects muscle quantity and 

quality. This lower muscle mass in turn favours insulin resistance creating a vicious circle.  

Haemoglobin levels had a positive correlation with muscle thickness of vastus medialis (r=0.289, 

p<0.05) and a negative correlation with echointensity of rectus femoris (r=-0.318, p<0.05) and 
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superficial fat thickness (r=-467, p<0.01). A study by Moon et al (2015) showed a correlation 

between low muscle mass measured with DXA and anaemia in Korean elderly men. InCHIANTI 

study (Cesari et al, 2004) also reported an association between low haemoglobin levels with 

lower muscle density and muscle mass measured by CT. The reason for this association could be 

the lower oxygenation of skeletal muscle in anaemia (Dodd et al, 1993).  Additionally, as 

anaemic patients may experience more fatigue, they often tend to have a more sedentary 

lifestyle with less physical activity and therefore have less muscle mass and more superficial fat 

accumulation (Cesari et al, 2004), although, we did not find a direct association between muscle 

mass and self-reported physical activity in our study population. 

There were no significant correlations between muscle volume and glomerular filtration rate 

(GFR). However, there were correlations with muscle architecture parameters. Pennate angles 

of vastus lateralis at rest and in contraction (r=0.396, p<0.01 and r=0.256, p<0.05 respectively), 

as well as rectus femoris in contraction (r=0.348, p<0.05), showed positive correlations with 

GFR. There was a negative correlation between GFR and frailty phenotype (r=-0.330, p<0.01). A 

Korean study from 2020 (Hong et al) reported the relationship between sarcopenic obesity and 

decreased GFR in postmenopausal women. Sarcopenia is frequently found in patients with 

chronic kidney disease, and it is due to negative protein balance caused by multiple factors that 

promote protein catabolism and decrease protein synthesis (Sabatino et al, 2021). 

We found no significant correlations between vitamin D and muscle volume nor with frailty 

phenotype for our study population. Vitamin D decreases with age mainly due to reduced sun 

exposure, altered skin response to UV radiation, and decreased renal function (de Jongh et al, 

2017). Low levels of vitamin D are associated with osteoporosis and sarcopenia among older 

adults, which in turn increases the risk of falls (Bischoff-Ferrari et al, 2009). This association may 

be due to effects on muscle cell metabolism (Wassner et al, 1983). Results from Newcastle 85+ 

study reported associations between low vitamin D levels (<10 ng/mL) and low muscle strength 

in old people (Granic et al, 2017). A cross-sectional study showed associations between low 

vitamin D levels (<20 ng/mL) and low muscle mass measured by DXA in a frail elderly population 

from the Netherlands (Tieland et al, 2013). Another study found an association between low 

vitamin D levels (<10 ng/mL) and incident frailty in a prospective cohort of old women; however, 

this association was no longer significant after adjusting for cardiometabolic diseases (Buta et al, 

2017). As for our results, we believe different study populations, the amount of sun exposure as 

well as seasonal variations in vitamin D levels could have contributed to our findings. 

Additionally, we did not inquire about any vitamin supplement intake, which could have also 

interfered with the results. As for the role of vitamin D supplementation in preventing frailty, a 
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recent randomised trial on over 25000 individuals showed vitamin D3 supplementation did not 

affect the incidence of frailty when compared with a placebo (Orkaby et al, 2022).   

 

Hormones: We demonstrated the correlation between IGF-1 and muscle mass and composition. 

There was a positive correlation between IGF-1 levels and muscle volume, measured as the area 

of the rectus femoris (r=0.510, p<0.01) and the muscle thickness of the rectus femoris (r=0.374, 

p<0.05). These findings can be explained by the role that IGF-1 plays in muscle homeostasis. It 

has an anabolic effect on muscle tissue, namely, it stimulates muscle production and activates 

cell hypertrophy, and inhibits muscle protein degradation. On the other hand, the echointensity 

of rectus femoris had a negative correlation with IGF-1 levels (r=-0.378, p<0.01). Echointensity is 

an ultrasound measure of muscle quality; higher levels indicate intramuscular fat infiltration and 

are associated with loss of functional muscle mass, which could explain this finding.  

Additionally, plasma levels of IGF-1 were significantly lower in the frail group compared to 

controls (table 4.8). Various studies link low levels of IGF-1 with physical performance (van 

Nieuwport et al 2018), sarcopenia, and frailty (Payette et al 2003, Doi et al 2018). We also found 

a negative correlation between circulating IGF-1 levels and frailty phenotype (r=-0.582, p<0.01).  

 

Regarding inflammatory markers, there were significant correlations of various cytokines with 

ultrasound parameters as well as frailty, but the direction of those correlations was generally 

opposite to that in published literature. Namely, we found positive correlations between muscle 

thickness of vastus intermedius and lateralis with circulating levels of IL-6. There were no 

correlations between muscle ultrasound parameters and TNF-α (table 4.16). In literature higher 

concentrations of IL-6 and TNF-α were associated with low muscle mass and strength in healthy 

old people (Visser et al, 2002). Anker and colleagues (1999) reported that increased cytokine 

levels (TNF-α and IL-6) had a negative correlation with muscle mass in patients with chronic 

heart failure and cachexia. On the other hand, studies have also shown higher concentrations of 

pro-inflammatory cytokines IL-6, TNF-α as well as CRP in frail patients (Hubbard et al, 2009, 

Collerton et al, 2012). We did not find this correlation with frailty phenotype in our study group 

(tables 4.14 and 4.16). These signalling molecules also play a role in other processes and this can 

be the reason why we have not found similar results. As for the other pro-inflammatory 

cytokines, the general trend was similar. For example, IL-1β had a positive correlation with 

muscle thickness of rectus femoris and vastus intermedius, IFN-γ showed positive correlations 

with the muscle mass of all quadriceps heads and pennate angles of vastus intermedius and 
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lateralis, and both parameters had a negative correlation with frailty phenotype. On the other 

hand, IL-8 did show a negative correlation with muscle thickness of rectus femoris, vastus 

intermedius, and lateralis and pennate angles of vastus intermedius and lateralis, but had no 

significant correlation with frailty phenotype (table 4.16). Other studies reported a weak 

association between IL-8 levels and frailty in community-dwelling older men (Hsu et al., 2017) 

and increased serum IL-8 in older frail adults (Hammami et al, 2020). The levels of anti-

inflammatory cytokine IL-10 had positive correlations with muscle thickness of vastus 

intermedius, however, there were no significant correlations with frailty. Various studies have 

reported no correlations between circulating IL-10 and frailty phenotype (Hsu et al., 2017, Su et 

al., 2017). 

The interpretation of these findings proves to be somewhat challenging. Published literature 

mainly focuses on IL-6, TNF-α, and CRP as the markers of inflammation and concludes that 

inflammation plays an important role in the pathogenesis of frailty (McKechnie et al, 2021, 

Hammami et al, 2020, Cheng et al, 2022). It is worth mentioning that apart from being a pro-

inflammatory cytokine, IL-6 is also referred to as myokine, as it is produced by myocytes during 

exercise, and a transient increase in its levels promotes muscle hypertrophy (Serrano et al, 

2007). Contrary to this, in the Framingham Heart Study, an increase in IL-6 levels predicted two-

year sarcopenia in older women (Payette et al, 2003). Rather than theorising about the 

relationship between muscle hypertrophy or the possible beneficial effect of inflammation on 

muscle mass and its protective role in frailty, and especially since our patients were not 

subjected to physical exercise before blood tests, we are inclined to believe that particular 

characteristics of our study population, as well as small sample size, could be the main 

contributors for our findings. Table 4.10 shows differences in cytokine levels divided according 

to frailty phenotype. Note the trend of generally lower levels of most of the parameters in 

prefrail patients (which was the group with the largest N) regarding the control group of young 

individuals as well as robust and frail patients. Interestingly, if we look at the table of 

correlations for total lymphocyte count, which is a general marker of immune status (annex 

table 4B), there were no significant correlations with ultrasound parameters nor with the frailty 

phenotype for our study population. Due to the small sample size, we did not perform a 

subanalysis adjusting data for age, sex, or comorbidities to further investigate the possible cause 

of these correlations. Therefore, although various cytokines showed correlations with muscle 

mass as well as frailty phenotype, due to the direction of these correlations, we are not 

confident in extracting definitive conclusions regarding their role in sarcopenia, nor 

recommending them as independent biomarkers for diagnosing frailty.  
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The role of MIP-3α is unclear and has not been studied as an independent marker of sarcopenia 

or frailty. This chemokine has a pro-inflammatory effect and is involved in pathways of various 

inflammatory and autoimmune diseases, HIV as well as the metastatic spread of different 

cancers (Ranasinghe and Eri, 2018). In our study population, it had a weak negative correlation 

with frailty phenotype and we showed one regression model where it contributes to the 

diagnosis of frailty together with IL-1β.   

 

Oxidative stress parameters: We did not find almost any correlations between oxidative stress 

parameters and muscle mass measured by ultrasound nor with oxidative stress and frailty 

phenotype in our study population. Previous studies did show a correlation between frailty and 

both MDA and protein carbonylation (Ingles et al, 2014). Again, we believe that the small sample 

size could be the main contributor to this finding. 

 

5.6 Frailty models.  

First, we explored the influence of muscle mass and quality assessed by ultrasound on frailty in 

our study population. For this purpose, we tested combinations of ultrasound parameters 

adjusted with functional parameters and physical characteristics, with the best regression 

analysis model showing a prediction rate of 91.9% (table 4.20; other models with lower 

prediction rates shown in annex tables 4E, 4F, and 4G). Muscle size (measured as thickness and 

area) as well as muscle strength had the strongest influence on frailty within this model while 

muscle architecture parameters had a minor contribution in diagnosing frailty.  

This finding is interesting since it is believed that muscle architecture changes happen sooner 

than muscle volume loss in the evolution of sarcopenia (Narici and Maffulli, 2010), and following 

this idea, pennate angles and echointensity were expected to show greater influence on frailty 

within the models. We believe that the ultrasound technique and parameter acquisition could 

be partially responsible for this. Muscle thickness and area seem to be more robust parameters 

with lower measurement error, at least for quadriceps muscle. It would be interesting to explore 

the contribution of other muscle groups (lower leg or posterior thigh) using the same ultrasound 

protocol to confirm this finding.  

Another curious finding is that the frailty models were not dependent on gait speed but rather 

on muscle mass and strength. Other studies found that slow gait speed was a strong predictor of 
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disability and falls (Rothman et al, 2008). In future projects, other functional parameters could 

be tested (Timed up and go, Short Physical Performance Battery, etc.) and compared to 

ultrasound parameters. Although ultrasound models showed good results in predicting frailty, 

we believe that the general downside of these models in the clinical setting is the use of 

multiple parameters measured from different sites which increments scanning time and 

introduces accumulated measurement error, which in turn does not improve dramatically the 

overall prediction rate within the models (combination of various ultrasound parameters 

showed correct prediction up to 82.5%, annex table 4G, area of rectus femoris alone showed 

80.3%, table 4.22). Before implementing ultrasound exams in clinical practice, studies on a wider 

and more diverse population are needed in order to determine the cut-off values for low muscle 

mass and quality and to establish normal, adjusted for age, values both for men and women. 

Although many frail patients present with sarcopenia, frailty syndrome should be understood as 

a multidimensional entity that involves musculoskeletal dysfunction paired with endocrine 

senescence and chronic inflammation which renders a person vulnerable to outside stressors 

(Morley et al, 2013). Therefore, we consider that there is no one ´best´ parameter describing it, 

rather, we outline there could be various combinations of parameters that can successfully 

identify frail patients and individuals at risk of developing frailty. Apart from sarcopenia, frailty 

has been associated with multiple biochemical, endocrine, and immune factors. A previous 

study by Mitnitski and colleagues (2015) reported that blood parameters that individually may 

have weak correlations with frailty and ageing, in combination showed a strong association with 

mortality. We explored the associations of blood parameters with muscle mass and frailty and 

used the concept of biochemical parameter combinations to develop integrated models. These 

models take into account the presence of low muscle mass measured by muscle thickness or 

area of rectus femoris (best ultrasound parameters), low physical performance measured by 

muscle strength and walking speed as well as imbalance of various biochemical factors, namely 

hormones such as IGF-1, inflammatory cytokines as well as general biochemical parameters.  

We are aware that the small sample size is an important limitation of this analysis, therefore we 

performed multiple sets of regression analysis using no more than six variables per set in order 

to decrease the probability of overfitting the models.  

Various models showed prediction rates >90% (tables 4.21-4.23, annex tables 4H and 4I) proving 

the point that even with a limited number of selected parameters accurate and efficient models 

for diagnosing frailty can be constructed. Note that in all models increase in muscle mass 

(muscle thickness as well as area of rectus femoris) decreased the odds of frailty from 2.5 to 
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over 300 times. This finding supports the idea that physical activity is an important component 

in preventing frailty. Other studies have shown an increase in muscle cross-sectional area 

measured by CT after exercise intervention in frail patients (Cadore et al, 2013) as well as an 

increase in muscle power and performance (Hruda et al, 2003).  Also, all the models that 

included sex as a variable showed that women had greater odds of frailty which is also reported 

in other studies (Fried et al, 2001). This is an expected finding since women on average have less 

muscle mass than men at any given age (Janssen et al, 2000), therefore sarcopenia places them 

at greater risk of crossing the threshold of critical muscle mass needed for mobility and 

independent living. This, paired with higher longevity compared to men, explains why women 

are more likely to need institutionalisation in their last years of life (Narici and Maffulli, 2010). 

We searched for models using general biochemical parameters preferably over cytokines since 

we believe these are more likely to be accepted for widespread clinical use (if the parameter 

acquisition was cheaper or the parameter was already available from general blood analysis 

performed routinely for different pathology). The model that uses muscle thickness of the rectus 

femoris in combination with basal glucose levels and serum proteins (table 4.21) could be an 

acceptable candidate for clinical use. It showed a prediction rate of 93.5 %. An increase in 

muscle thickness of rectus femoris, muscle strength, as well as protein levels, decreases the odds 

of frailty while a decrease in gait speed increases the odds of frailty in this model. 

To our knowledge, this is the first study to link different imaging, biochemical and physical 

parameters in order to obtain quantitative tools that could be used for screening and potentially 

for monitoring patients with frailty syndrome. However, longitudinal studies on a wider 

population are needed to validate these models for efficacy in predicting adverse outcomes 

such as hospitalisation, disability, and mortality. If the models show to be useful in clinical 

practice, they could be applied not only to outpatients as screening for frailty but also to acutely 

ill patients at admission for assessing the muscle reserves, probability of complications, and the 

likelihood of recuperation. 

 

5.7 Are the ultrasound parameters good biomarkers for frailty? 

Having explored all quadriceps muscle heads, we consider that the rectus femoris is the best 

candidate for assessing sarcopenia in the context of frailty syndrome. It is reasonably large, the 

most superficial structure that is readily visible with ultrasound in patients lying in a supine 

position. Measuring muscle thicknesses and areas requires minimal training and has high 
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accuracy with a low margin of error which gives these parameters an advantage in the clinical 

setting. They could be used for monitoring, especially in patients acutely ill, patients in ICU, or in 

cases where using a hand dynamometer is not viable, like in patients with severe arthritis 

(Gellhorn et al, 2018). 

Echointensities and pennate angles of muscle fibres at rest and in contraction do not contribute 

significantly as individual parameters to the overall diagnostic performance. We believe that 

these parameters are not easily standardised nor reasonably reproducible in the clinical setting. 

However, they could be used in combination for investigational purposes as good predictors of 

sarcopenia. 

 

5.8 Limitations and final remarks 

These results should be interpreted in light of various limitations:  

● The study had a cross-sectional study design; therefore a causal relationship between 

ultrasound and biochemical parameters with frailty phenotype cannot be determined. 

Longitudinal studies are needed to confirm the associations between these parameters 

and clinically relevant outcomes such as disability and death. 

● Our study group consisted of Spaniards and therefore cannot be extrapolated to other 

populations which may vary in anthropomorphic features, lifestyle, and dietary habits, 

all of which can influence muscle ultrasound parameters. 

● We did not collect data about protein intake or non-prescribed vitamin 

supplementation, which may have interfered with the interpretation of the correlations 

with corresponding biochemical parameters and frailty. 

● The sample size for biochemical analysis was small, possibly explaining the lack of 

statistical significance of various parameters as well as the direction of correlations for 

cytokines and ultrasound parameters regarding previous literature.  

● We did not perform a comparison between ultrasound and gold-standard imaging 

techniques (MRI and CT) to validate the parameters for accuracy.  

● The influence of different ultrasound machines on ultrasound parameters was not 

assessed. 

● There might have been a selection bias – very old patients and subjects with poor 

general health tended to refuse participation in the study or blood testing due to their 

condition, which may have led to the underrepresentation of the frail group. 
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In summary, the results of this study show that muscle ultrasound is useful in the clinical setting 

for screening individuals at risk of frailty using newly developed protocol for this purpose. 

Patients from primary care without frailty referrals were tested, showing that muscle ultrasound 

is feasible in this setting and takes no more than a couple of minutes with sufficient training. 

Additionally, scanning all muscle heads of quadriceps femoris for both muscle quantity and 

quality parameters provided us with sufficient data in order to select the most relevant features 

of sarcopenic muscle and apply them in frailty models. 

We found that various ultrasound parameters can measure correctly and precisely architectural 

changes in sarcopenic muscle and here we show that they can be used in combination to detect 

frailty with a high prediction rate. Additionally, we prove that there are various combinations of 

ultrasound and biochemical parameters used within regression models that show very good 

prediction rates, emphasising that there should be more than one system taken into 

consideration when developing quantitative models for the assessment of frailty syndrome. 

These findings advance knowledge and contribute to further characterisation of the relationship 

between imaging parameters and underlying biochemical processes in the context of frailty. 

We understand the time constraints of busy primary care practice, therefore, we would like to 

point out that it is sufficient to measure only one or two ultrasound parameters (for example, 

muscle thickness and area of rectus femoris) which require a minimum amount of time and 

training. This could have an important clinical impact since ultrasound is a widely available and 

relatively cheap technology that would allow for widespread administration on virtually any 

population. The benefits of screening community-dwelling seniors lie in detecting pre-frail 

individuals and applying timely intervention (Huisingh-Scheetz et al, 2019) where treatment 

could have a greater effect and prevent future disability. 
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CONCLUSIONS 

Based on the results obtained, we can draw the following conclusions: 

1. Muscle ultrasound is useful for assessing muscle size and architecture in the context of 

frailty syndrome, with various parameters showing high precision and accuracy with a 

low margin of error. 

2. Among all quadriceps muscle heads rectus femoris is the best site for ultrasound 

assessment of sarcopenia.  

3. The area and muscle thickness of the rectus femoris have good discriminative power for 

detecting frailty and are comparable to functional parameters such as muscle strength 

and gait speed. 

4. Muscle ultrasound is feasible in busy clinical practice as it requires measurement of only 

one or two parameters, with a minimum amount of time and training 

5. Ultrasound imaging parameters follow underlying processes that characterise frailty and 

show correlations with various biochemical parameters that are altered in frail patients, 

such as creatinine, serum proteins, glucose, haemoglobin, glomerular filtration rate, and 

IGF-1. 

6. Frailty models that combine muscle ultrasound and biochemical parameters have a 

good diagnostic performance in identifying individuals at risk of frailty with up to 95% of 

accuracy. A decrease in muscle size increases the odds of frailty in all the models. 

7. A frailty model that applies muscle thickness of rectus femoris, basal glucose levels, and 

serum proteins could be used in clinical practice due to the simplicity of ultrasound 

measurement and the availability of biochemical parameters from routine blood 

analysis. 
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Annex table 4A Correlation of comorbidities with ultrasound parameters 

 



158 
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