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Abstract

Background:

Disability is a generic term for activity impairment and limitation, being an
important cause of morbidity. Although there are functional related tools that estimate
disability and its impact in physical rehabilitation patients, there is not a clear single gold-
standard for functioning. This prompts the need to use a combination of tools, in a process
which is usually time-consuming. This limits our capability to estimate patients’
functioning in the outpatient setting, as well as to estimate functional improvements (and,
consequently, treatment effectiveness).

The identification of accurate and reliable methods able to assess functioning in a
fast and non-expensive way is, therefore, much needed. Muscle strength and thickness
have been hypothesized as potential estimators of functioning, capacity and performance.
The isokinetic dynamometer is the gold-standard to measure muscle strength, but its use
is not always feasible in the clinical setting, given its costs and slowness. Such limitations
may be overcome by the use of hand-held dynamometers (HHD) or, for the assessment
of muscle thickness, point-of-care ultrasound (POCUS). While interest on these two
inexpensive and portable tools to estimate functioning has been growing, their reliability
has not been fully evaluated, especially in the rehabilitation setting. In addition, few
studies have prospectively measured whether changes in muscle strength or thickness are
correlated to those observed with function-related scales and patient-reported outcome

measures (PROMs).

Aims:
This thesis main aims are: (i) to assess the intra-rater and inter-rater reliability of

HHD and POCUS for the estimation of knee extension muscle strength and quadriceps

11



and rectus femoris thickness in patients from a rehabilitation setting, and (ii) to measure
the association between changes in knee extension muscle strength or quadriceps femoris
and rectus femoris muscle thickness, and changes in function-related measurements in
post-Intensive Care Unit (ICU) patients. The assessment of post-ICU patients is grounded
on the fact that ICU admissions tend to be associated with a rapid loss of muscle mass
and strength, often resulting in physical impairment and disability. Being able to predict
functional outcomes and assess functional improvement after ICU discharge is

particularly challenging but would be highly beneficial.

Methods:

Three different studies were conducted with different methodological approaches:

Handheld Dynamometer Reliability to Measure Knee Extension Strength:

Patients admitted into an inpatient Physical Medicine and Rehabilitation unit were
consecutively included in a cross-sectional study. Each of the four observers (two
experienced and two inexperienced) used HHD to perform a set of two measurements
(assessment AB) followed by a second set of two measurements (assessment CD) three
hours later. Two-way mixed-effects model ICCs were used to calculate intra-rater and
inter-rater reliability for average, maximum and first value of the assessments.
Furthermore, experienced and inexperienced observers were separately analysed for ICC
comparison. Absolute and relative differences between average, maximum and first
measurements of each assessment were also calculated. Lastly, we estimated Spearman
correlation coefficients to assess the correlation between average knee extension peak

force of the different participants and other function-related parameters.
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Point-of-Care Ultrasound for Measuring Quadriceps Femoris Muscle Thickness:

Inpatients were consecutively selected after admission into a Physical Medicine and
Rehabilitation Department of a tertiary care hospital for a cross-sectional study. Four
observers, two experienced and two inexperienced, used POCUS to measure quadriceps
femoris and rectus femoris thickness. Furthermore, two experienced and two
inexperienced physicians performed two sets of two assessments (assessment AB and
assessment CD) of knee extension strength with HHD. The assessments were performed
three hours apart and registered the average, maximum, minimum and first value. Two-
way model intra and inter-rater intraclass correlation coefficients were then calculated in
order to estimate the reliability between those assessments. A sub-analysis was performed
with ICC values being independently estimated for experienced and inexperienced
observers. We also calculated absolute and relative percent differences between the
average, maximum, minimum and first measurements of AB assessments versus those of
CD assessments. Finally, Spearman correlation coefficients were estimated between
average muscle thickness of rectus femoris and quadriceps femoris from all observers and

function-related parameters measured by a fifth independent researcher.

Knee Extension Strength and Functional Capacity after Intensive Care Unit

Discharge - A six-month prospective cohort study: Adult patients without previous

disability were consecutively selected after ICU discharge in this prospective cohort
study. We measured knee extension strength using HHD and Rectus and Quadriceps
Femoris thickness using POCUS, as well as SF-36 physical functioning, Barthel Index,
International Physical Activity Questionnaire (IPAQ), 6 Minutes Walking Test (6MWT),
1-Minute Sit-to-Stand (IMSTS), Short Physical Performance Battery (SPPB), Timed Up

and Go (TUG) test, handgrip strength and Medical Research Council Sum Score
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(MRCSS) at baseline and three and six months after discharge. We assessed the
correlation and built regression models to assess the association between evolution in
knee extension strength or muscle thickness as assessed by HHD and POCUS, and

evolution in function-related tests.

Results:

Handheld Dynamometer Reliability to Measure Knee Extension Strength:

Twenty-nine patients were assessed. Intra and inter-rater ICC of HHD measurements
were overall high (> 0.950 and 0.927, respectively). Higher values were found when the
average of two measurements were made for estimating intra-rater ICC (ICC=0.978;
95%CI=0.969-0.985) but not for inter-rater ICC. The ICC were not statistically
significantly different when calculated based on measurements performed by both
inexperienced and experienced physicians. There was a moderate correlation between
strength and function-related variables (including current modified Rankin, IMSTS and

Handgrip Strength).

Point-of-Care Ultrasound for Measuring Quadriceps Femoris Muscle Thickness:

Twenty-nine patients were assessed. Both intra-rater and inter-rater [CC were higher than
0.888 for both quadriceps and rectus femoris muscle thickness measurements with
POCUS. Reliability was highest when ICC were calculated based on the average of two
measurements, with the intra-rater ICC being of 0.956 (95%CI=0.937-0.970) for rectus
femoris and of 0.966 (95%CI=0.951-0.976) for quadriceps femoris, and with the inter-
rater ICC being of 0.919 (95%CI=0.863-0.957) for rectus femoris and 0.945
(95%CI1=0.907- 0.971) for quadriceps femoris. Experienced and inexperienced observers

did not have significantly different ICC values.

14



Knee Extension Strength and Functional Capacity after Intensive Care Unit

Discharge - A six-month prospective cohort study: Thirty patients completed the follow-

up. Moderate correlation was found between knee extension strength change and changes
in the SF-36 Physical Function (correlation coefficient [p]=0.53), 6MWT (p=0.38),
IMSTS (p=0.52) and SPPB (p=0.38). Baseline values and changes in knee extension
strength moderately predicted evolution in SF-36 Physical function (°=0.32; p=0.006).
Changes in muscle thickness were overall not associated with changes in function-related

variables.

Conclusions:

HDD and POCUS seem to be reliable tools to measure knee extension strength
and quadriceps femoris muscle thickness. Our studies suggest that for both of these tools
high reliability can be achieved by either experienced or inexperienced clinicians after a
short training course. There seems to be a moderate association between knee extension
strength change measured with HHD and function-related parameters’ change (SF-36
Physical Functioning, 6MWT, and IMSTS) within the first 6 months of patients’
discharge from ICU. Such association was not observed for quadriceps and rectus femoris
muscle thickness. While further confirmatory studies using larger samples sizes, more
assessments and longer follow-up periods are needed in order to confirm these results,
our thesis suggests that HHD is a reliable tool that can potentially be used in the clinical

practice to track functional recovery in a portable and inexpensive way.
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Resumo

Introduciao:

O conceito “incapacidade” ¢ usado de forma genérica para traduzir limitagdes nas
atividades, sendo uma importante causa de morbilidade. Embora existam instrumentos
relacionados com a funcionalidade que estimam a incapacidade e o seu impacto em
pacientes em Medicina Fisica e de Reabilitagdo, ndo existe um gold-standard Gnico e
claro para a avaliacdo de funcionalidade. Isto resulta na necessidade de usar uma
combina¢do de intrumentos, num processo que ¢ geralmente moroso, € que limita a
capacidade de estimar o estado funcional dos pacientes em ambulatério, bem como de
estimar as suas melhorias funcionais (e, consequentemente, a eficicia do tratamento
instituido).

A identificacdo de métodos reprodutiveis e com boa acuidade, capazes de avaliar
a funcionalidade de forma rapida e pouco dispendiosa ¢é, portanto, necessaria. A forga e a
espessura muscular foram ja elencadas como potenciais intrumentos para estimar
funcionalidade, capacidade e desempenho. O dinamémetro isocinético ¢ o gold-standard
para medir a forga muscular, mas o seu uso nem sempre ¢ viavel em contexto clinico,
devido ao seu custo e ao facto de a sua aplicagdo ser morosa. Estas limitagdes podem
eventualmente ser ultrapassadas com o uso de dinamémetros de mao (HHD) ou, no caso
da avaliagdo da espessura muscular, com a ecografia portatil (POCUS). Embora o
interesse por estes dois instrumentos acessiveis e portateis para estimar a capacidade
funcional esteja em crescimento, a sua acuidade ainda ndo foi completamente avaliada,
especialmente em contexto de reabilitagdo. Além disso, poucos estudos mediram
prospectivamente se as alteragdes na forca ou espessura muscular estdo associadas com
as alteracdes observadas em escalas relacionadas com a fun¢do e em patient-reported

outcome measures (PROMs).

16



Objetivos:

Esta tese teve dois objetivos principais: (i) avaliar a acuidade intra e inter-observador
do HHD e POCUS para estimar a forga muscular de extensdo do joelho e a espessura do
quadriceps e reto femoral em pacientes no contexto de reabilitagdo, e (i1) medir a
associacdo entre alteragdes na forga muscular de extensdo do joelho ou espessura dos
musculos quadriceps e reto femoral e alteragdes nas medidas relacionadas com a fungao
em pacientes pds-Unidade de Cuidados Intensivos (UCI). A avaliagdo dos pacientes pos-
UCI baseia-se no facto de que os internamentos em UCI tendem a associar-se a uma
rapida perda de massa e forca muscular, muitas das vezes resultando em limitagdo
funcional e incapacidade. Ter uma forma de prever os resultados funcionais e avaliar a
melhoria funcional apds a alta da UCI € particularmente importante para a avaliagdo

destes doentes.

Métodos:

Trés estudos diferentes foram realizados com diferentes abordagens

metodoldgicas:

Acuidade do Dinamdémetro de Mdo na Medicido da Forca de Extensdo do Joelho:

Foi realizado um estudo transversal em que foram incluidos consecutivamente pacientes
internados num Servigo de Medicina Fisica e Reabilitagdo. Quatro observadores (dois
experientes e dois inexperientes) usaram o HHD para realizar um conjunto de duas
medigdes (avaliacdo AB) seguido, trés horas depois, por um segundo conjunto de duas
medig¢des (avaliagdo CD). Um coeficiente de correlagdo intra-classe (ICC) de modelo de
efeitos mistos foi usado para calcular a acuidade intra- e inter-observador para a primeira

medi¢do e para a média e maximo de cada avaliacdo. Além disso, foram analisados
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separadamente os observadores experientes e inexperientes para se proceder a
comparagdo dos respetivos ICC. Foram ainda calculadas as diferengas absolutas e
relativas entre a média, a maxima e a primeira medi¢do de cada avaliagdo. Por ultimo,
estimamos os coeficientes de correlacdo de Spearman para avaliar a correlagdo entre o
valor médio da forga de extensdo do joelho dos diferentes participantes e um conjunto de

diferentes variaveis relacionadas com a funcionalidade.

Ecografia Portatil para a Medicdo da Espessura do Musculo Quadriceps Femoral:

Foram selecionados consecutivamente pacientes internados no Servico de Medicina
Fisica e Reabilitacdo de um hospital terciario para a realiza¢do de um estudo transversal.
Quatro observadores, dois experientes e dois inexperientes, usaram o POCUS para medir
a espessura do reto e quadriceps femoral. Cada um dos observadores fez duas séries de
duas medi¢des (avaliacdo AB e avaliacdo CD) da espessura muscular do reto e quadriceps
femoral, separadas por trés horas, e registaram o valor médio, méximo, minimo ¢ a
primeira medi¢do. Em seguida, foram calculados os ICC intra- e inter-observador para
estimar a acuidade entre essas avaliacdes. Foi ainda realizada uma subanalise, tendo sido
estimados os valores de ICC para observadores experientes e inexperientes
separadamente. Também foram calculadas as diferencas absolutas e relativas entre a
média, maxima, minima e primeiras medic¢des entre as avaliagdes AB e CD. Por fim, os
coeficientes de correlagdo de Spearman foram estimados entre a espessura média dos
musculos reto e quadriceps femoral e um conjunto de variaveis relacionadas com a

funcionalidade medidas por um quinto observador independente.
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Forca de Extensdo do Joelho e Capacidade Funcional apds Alta da Unidade de

Cuidados Intensivos — Um Estudo de Coorte Prospetivo de 6 meses: Foram selecionados

consecutivamente pacientes adultos, sem limitacdes funcionais prévias, apos a alta da
UCI. Foi medida a forca de extensdo do joelho com o HHD e a espessura do reto e
quadriceps femoral com o POCUS. Foi ainda aplicado o SF-36 Physical Functioning, o
Indice de Barthel, o Questionério Internacional de Atividade Fisica (IPAQ), Teste de 6
Minutos de Marcha (6MWT), o Teste de Sentar e Levantar em 1 minuto (IMSTS), o
Short Physical Performance Battery (SPPB), o Timed Up and Go (TUG), a Forga de
Preensdao Manual ¢ o Medical Research Council Sum Score (MRCSS). Todos estes testes
foram realizados imediatamente apds alta da UCI e trés e seis meses apds a alta. Foi
avaliada a correlagdo e foram construidos modelos de regressdo linear para avaliar a
associacdo entre evolucdo da forca de extensdo do joelho ou da espessura muscular e a

evolucao nos parametros relacionados com a fung¢ao.

Resultados:

Acuidade do Dinamdémetro de Mdo na Medicdo da Forca de Extensdo do Joelho:

Vinte e nove pacientes foram avaliados. Os valores de ICC intra e inter-observador das
medi¢des com o HHD foram globalmente altos (> 0,950 e 0,927, respetivamente). Foram
obtidos valores superiores de ICC quando se utilizou a média de duas medigdes para
estimar o ICC intra-observador (ICC=0,978; 1C95%=0,969-0,985), mas ndo para o ICC
inter-observador. O ICC ndo mostrou diferengas estatisticamente significativas quando
calculado com base em medic¢des realizadas por médicos experientes ou inexperientes.
Houve ainda uma correlagdo moderada entre a forga e as variaveis relacionadas com a

funcdo (incluindo o Rankin modificado atual, o IMSTS e a forca de preensdo manual).
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Ecografia Portatil para a Medicdo da Espessura do Musculo Quadriceps Femoral:

Vinte e nove pacientes foram avaliados. Relativamente as medi¢des de espessura do
musculo quadriceps e reto femoral com POCUS, tanto o ICC intra- como o inter-
observador foram superiores a 0,888. A acuidade foi ainda maior quando o ICC foi
calculado com base na média de duas medigdes, com um ICC intra-observador de 0,956
(I1C95%=0,937-0,970) para o reto femoral e de 0,966 (1C95%=0,951-0,976) para o
quadriceps femoral, ¢ um ICC inter-observador de 0,919 (IC95%=0,863-0,957) para o
reto femoral e 0,945 (1C95%=0,907-0,971) para o quadriceps femoral. Os observadores
experientes e inexperientes ndo apresentaram valores de ICC significativamente

diferentes.

Forca de Extensdo do Joelho e Capacidade Funcional apds Alta da Unidade de

Cuidados Intensivos — Um Estudo de Coorte Prospetivo de 6 meses: Trinta pacientes

completaram o estudo. Foi encontrada uma correlacdo moderada entre a alteragcdo da
forca de extensdo do joelho e as respetivas alteragcdes no SF-36 Physical Functioning
(coeficiente de correlagdo [p]=0,53), 6MWT (p=0,38), IMSTS (p=0,52) ¢ SPPB
(p=0,38). Os valores basais e variacdes na forca de extensdo do joelho previram
moderadamente a evolucao da fungao fisica do SF-36 (r2=0,32; p=0,006). Por outro lado,
mudangas na espessura do musculo ndo estiveram, em geral, associadas a alteracdes

importantes nas varidveis relacionadas com a fungao.

Conclusoes:

O HDD e o0 POCUS parecem ser instrumentos reprodutiveis para medir a for¢a de
extensdo do joelho e a espessura do musculo quadriceps femoral. Os nossos estudos

sugerem uma alta reprodutibilidade para ambos os instrumentos apos um curto periodo
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de treino, quer por médicos experientes, quer por médicos inexperientes. Parece ainda
haver uma associagdo moderada entre a variacdo da forca de extensdao do joelho medida
com o HHD e a alteracdo dos parametros relacionados com a fungdo (SF-36 Physical
Functioning, 6O MWT e IMSTS) durante os primeiros 6 meses apos a alta da UCI. Esta
mesma associagdo nao foi observada para a espessura dos musculos reto e quadriceps
femoral. Embora estudos adicionais com maior tamanho amostral, maior nimero de
avaliagdes e periodos de acompanhamento mais longos sejam necessarios para confirmar
estes resultados, esta tese sugere que o HHD ¢ uma ferramenta reprodutivel e que pode
ser potencialmente usada na pratica clinica para avaliar a recuperacao funcional de forma

acessivel.
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1. Introduction

1.1 Outcomes in Physical Medicine and Rehabilitation

Disability is an important cause of morbidity, being defined by the World Health
Organization as an “umbrella term for impairments, activity limitations and participation
restrictions” and may lead to limitations in activities of daily living, work and even
personal relationships.” ? Disability is not only impactful, affecting mobility and
independent living, but also widely prevalent. According to the Centers for Disease
Control and Prevention, one-quarter of all adults in the United States have some kind of
disability; fourteen percent have severe difficulty walking and climbing stairs, and seven
percent have difficulty performing daily tasks without assistance.””’ In Portugal, forty
percent of the population reported some kind of long-term disability.” As a consequence,
disability is increasingly being taken into account in the decision process, as attested by
the concept of disability-adjusted life years.”) Trying to address and attempt to eliminate
or minimize disability is the main purpose of Physical Medicine and Rehabilitation
(PMR), which acts, among others, to promote a normal interaction between the
musculoskeletal and neurological systems, seeking to optimize functioning in all
domains.* © In this context, PMR aims to improve domains, such as capacity and
performance, which have a different meaning but are closely inter-related.® In this thesis,
they will be considered altogether using the umbrella expression of “function-related
parameters”.'

The need for PMR is particularly frequent following prolonged hospitalization in

the context of an acute disease or event, leading to a marked muscle mass loss resulting

In the literature, similar expressions such as “function-related outcomes” can be found. However, we did not use this
expression, in order not to create confusion, as not all parameters were defined as outcomes in all performed studies.
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in a significant functional decline.® While this muscle mass loss is frequently transient,
there are many patients who never recover to their previous functioning level and others
who have progressive and irreversible loss of muscle mass and capacity."”’

Patients in Intensive Care Units (ICU) are particularly prone to lose muscle mass and
strength, and concomitantly, functioning. During the first days of an ICU admission, an
average of 3-4% of muscle mass is lost per day."'" 1 Anti-gravity muscles are the most
affected with immobilization — for example, the rectus femoris loses an average of 9% of
its thickness and cross-sectional area after three ICU admission days, and 30% after ten
days. ' Nevertheless, some of these problems are temporary, with most patients
subsequently recovering muscle mass, strength and functioning lost during the ICU
admission.""” However, understanding the post-ICU evolution of the patient’s muscle
mass, strength and function-related parameters requires the ability to accurately measure
such properties.

Being able to measure functioning and its evolution over time is crucial, not only
to estimate it but also because accurate measurements can help in the selection of more
effective treatments or in the interruption of the interventions that are already
unnecessary, leading to health gains and/or cost savings."* Some function-related scales,
tests and questionnaires are already used in the clinical practice (including in the specific
post-ICU context) to measure different dimensions of functioning and its progression.
The short form 36 (SF-36) is the most frequently used function-related questionnaire in
the ICU setting,"” where it has been shown to have an acceptable validity and
reliability."“'® Other frequently used questionnaires and tests which have been validated
to measure functioning and performance include the Barthel index, handgrip strength, 6
Minutes Walking Test (6MWT), 1-Minute Sit-to-Stand (1MSTS), Timed Up and Go

(TUG) test and Short Physical Performance Battery (SPPB)."*?® Some of these
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parameters (such as SF-36 Physical function, GSMWT, IMSTS and SPPB) are predictors

of mortality and health-related quality of life.***” Table 1 summarises the function-

related parameters usually evaluated in ICU context as well as the time to perform them

and their properties.

Table 1 — Function-related parameters evaluated in ICU patients

Physical functioning (10
items)

Physical role limitations (4
items)

Bodily pain (two items)
General health perceptions
(5 items)

Energy/vitality (4 items)
Social functioning (2 items)
Emotional role limitations
(3 items)

Mental health (5 items)

Functional Items Time to Properties
parameter perform
SF-36%%) 36: 10 minutes ICC physical functioning: 0.75

Cronbach o physical functioning: 0.94

Barthel Index®% 3D

10:

Feeding
Bathing
Grooming
Dressing
Bowel control
Bladder control
Toileting
Chair transfer
Ambulation
Stair climbing

Self-report: 2-5
minutes

Direct
Observation: 20
minutes

Cronbach a: 0.81

Interrater ICC: 0.98 (95%Cl, 0.97-0.98)
Kk statistic for the individual items: 0.54-
0.94

Standard error of measurement: 7.22
Minimal detectable change: 20.01

6 minutes walking test®*

1:
Gait Aerobic Capacity

<15 minutes

Minimal detectable change: 20 meters

33) Minimal clinically important difference:
50 meters
Test-retest reliability: 0.95
1-Minute Sit-to-Stand®* 1: <3 minutes Minimal clinically important difference: 3
Functional Mobility repetitions
Strength ICC: 0.99 (95%C1 0.97-1.00)
Timed Up and Go test™ 1: <3 minutes Minimal clinically important difference:
35.36) Gait and balance 3.4 seconds
Intra-rater ICC: 0.92
Inter-rater ICC: 0.91
Short Physical 3: 10 minutes Minimal detectable change: 0.5 points
Performance Battery®>*” | Balance Minimal clinically important difference:
Gait 1.0 points
Functional Mobility ICC: 0.92
Strength
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Despite being so important for patients’ quality of life, and in spite of the existence
of the aforementioned tests and questionnaires, functioning measurement is particularly
challenging, namely in the rehabilitation context, due to difficulties in capturing all its
dimensions plus the time needed to evaluate different patient-reported outcome measures
(PROMs) or to complete physical tests to evaluate it (Table 1).°® In fact, all these
different PROMs or tests measure specific dimensions of functioning, and it isn’t possible
to obtain a complete evaluation with a single test (that is, there is no clear gold-standard
to fully estimate patient’s functioning).®” Also, since some of those outcomes are
dependent on patient’s experiences and expectations, there may be some degree of
subjectivity, which can lead to some variation.*”) For example, the physical environment,
social environment, social support and patients’ own personality all influence reported
outcomes, since patients with better house structures (less architectural barriers), home
support (living with other people willing to help) or state or other organizations’ support
may report different physical outcomes (performance) even if they have the same levels
of capacity.®® All those shortcomings have not only an impact in the clinical practice,
but also in obtaining scientific evidence of functioning recovery, since different studies
use different outcomes function-related parameters, which leads to challenges in making
comparisons.*'*?

This prompts the need to identify methods both (i) capable of effectively assessing
functional outcomes and (ii) easily implementable in all rehabilitation areas, and
specifically in post-ICU patients. Some of the possibilities that have been gaining some
attention include the measurement of knee extension muscle strength and quadriceps
femoris muscle mass with HHD and POCUS respectively.** * The rationale for their
potential use in this setting lies on the fact that patients not only recover functioning and

capacity after discharge, but also muscle mass and strength, being hypothesised that there
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is a correlation in the evolution of these properties. However, such association between
the evolution of these variables has not yet been assessed, despite that being key to
understand if HHD and POCUS can help assessing evolution of functioning and
capacity.“>*” There are additional aspects which have not been assessed on the
performance of HHD and POCUS and which are particularly relevant for their eventual
implementation in routine clinical practice — for example, their reliability has not yet been

fully evaluated.

Addressing these problems may help overcome a major challenge in everyday
clinical practice, as it is challenging to assess functioning and performance status
improvement during rehabilitation programs, assessing when the patients should adjust

rehabilitation treatment or even if they are still benefiting from them.
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1.2 Muscle strength measurement with handheld dynamometer

Muscle strength is important for functional tasks and there seems to be a negative
correlation between muscle strength and (i) disability (ii) and capacity.(6’ #-48) One of the
joint movements that has been most commonly assessed in its association with capacity
is knee extension, as it is a pivotal movement for functional activities such as walking,
sitting, dressing or having a shower.*>" The gold-standard device for evaluating muscle
strength in knee extension is the isokinetic dynamometer (IKD), but it is particularly
difficult to apply in the clinical practice as it is expensive, non-portable and requires
previous specialized training.®® A possible alternative to measure muscle strength is the
handheld dynamometer (HDD) which is a less expensive and portable device that requires
less training, rendering it potentially more applicable in clinical practice.®”

In fact, some studies already showed the HHD to display high validity and
reliability in measuring muscle strength and its measurements have been shown to have
strong correlation with those obtained using an IKD. ®**? (table 2) This demonstrates
that HHD can be possibly seen as an alternative to IKD and also that it can help to
overcome the limitations of the methods currently available to effectively estimate the
functioning in an objective way. Table 2 summarises some of the previous studies
evaluating the use of HHD to measure muscle strength.

Although there are some studies assessing the accuracy and reliability of HHD
some questions still remain unanswered as these studies have some limitations. In fact,
only a few of the studies calculated sample size, used more than two observers or
compared experienced with unexperienced observers. In addition, to the best of our

knowledge, no previous studies have been conducted in a rehabilitation setting.***”
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Table 2. Validity and Reliability of instruments used to measure muscle strength

Instrument

Comparison

Population

Outcome

- Belt-stabilized HHD®Y

-1IKD

26 healthy adults

Strength:

ICC: KE 0.91(R), 0.93(L);
KF: 0.66(R), 0.62 (L)

r: KE 0.78(R), 0.87(L); KF:
0.74(R), 0.69(L)

- 2 different HHD®?

-1IKD

30 healthy young
adults

Peak force:

ICC: HHD KE 0.89-0.92,
IKD KE 0.98; HHD KF
0.89-0.96, IKD KF 0.94
r: KE 0.82-0.90; KF 0.64-
0.73

Rate of force development:
ICC: HHD KE 0.71-0.84,
IKD KE 0.98; HHD KF
0.78-0.91, IKD KF 0.93
r: KE 0.36-072; KF 0.18-
0.58

- Portable dynamometer
; (55)
anchoring system

-1IKD

39 healthy adults
(20-40 y)

Maximal isometric knee
extensor strength:

ICC: 0.98

maximal voluntary knee
extensor torque:

r: 0.927

-HHD®D

-1IKD

11 active and
healthy participants

ICC HHD for KF and KE:
>0.938

Correlation between HHD e
IKD:

KF: r=1.000

KE: r=0.996

-HHD®”

-1IKD

- 216 professional
football players

ICC for HHD isometric KE:
0.96

ICC for HHD isometric KF:
091

Total correlations:
r=0.322-0.617

KF and KE measured by
HHD and IKD 60¢°/s
r=0.519-0.617

KF and KE measured by
HHD and IKD 300¢/s
r=0.322-0.472

- HHD with belt
. (62)
resistance

- HHD with examiner
resistance

- 30 patients with
total knee
arthroplasty

ICC HHD with belt
resistance: 0.82

ICC HHD with therapist
resistance: 0.80

- HHD

- Portable fixed

d (58)
ynamometer

-1IKD

- 16 young adults

ICC:
HHD KE 0.76
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Portable fixed
dynamometer KE 0.92
IKD KE 0.93

HHD KF 0.49

Portable fixed
dynamometer KF 0.96
IKD KF 0.89

- HHD KE and KF®

- 5-Repetition Sit to
stand test time scores
- Berg Balance Scale -
limits of stability test
using dynamic
posturography

- 12 subjects with
chronic stroke

- ICC: 0.970-0.999

- Spearman Correlation
Coefficient Between 5-
Repetition Sit to Stand Test
and HHD KF: (p=-0.753 to
—0.830)

- No significant associations
were found between 5-
repetition Sit to stand test
and HHD KE, Berg Balance
Scale and limits of stability
tests in subjects with stroke

- HHD stabilized by a - HHD stabilized by an | - 24 young and ICC for both HHD: 0.93-
belt examiner healthy participants | 0.97
- belt-stabilized HHD®" | - dynamometer chair 52 healthy adult Spearman coefficients

subjects (36.5y) and
21 haemodialysis
patients (72.4y)

Healthy adult subjects: 0.63
Haemodialysis patients:
0.75

-HHD®

-1IKD

- 25 young male

Associations between HHD
and IKD:

KE male examiner: = 0.406
KE female examiner: r= -
0.086

KF male examiner: r= 0.664
KF female examiner: r=
0.214

- HHD KE ©®

- minimum sit-to-stand
height test

152 patients (72.5y)

low correlation between
HHD KE and lowest chair
height: r=0.30-0.42

- Fixed HHD KE and
KE®D

Functional
performance: - 30-
second lateral hop for
endurance

- triple hop for distance
- crossover hop for
distance

- single hop for distance
- single-legged vertical
jump

62 recreationally
athletic subjects

(21y)

Correlation with p<0.05
(r=0.26-0.49)

- KE for Triple hop for work
- KE and KF for Single-
legged vertical jump for
work

- KF for Triple hop for
distance and for work

- KE and KF for Single-
legged vertical jump for
distance and for work

-HHD®

- Isometric IKD
- Static balance
- Maximal step length

- 18 adults (65-92y)

- Isometric IKD: r= 0.58-
0.75
- Static balance: r= 0.09-
0.14
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- Maximal step length: r
0.37-0.62

- HHD without belt-
stabilization®”

- HHD with belt-
stabilization

- 20 testers

KE forces measured using
the HHD without belt-
stabilization (470.6N) were
significantly lower than
those measured with belt-
stabilization (866.9N).
Pearson correlations
between tester
characteristics (weight,
gender, BMI, push force,
grip force, etc.)

and knee extension forces
measured with no belt-
stabilization were all
statistically significant (p <
0.01); however, the
correlations were not
statistically significant
under the belt-stabilization
condition.

-HHD KE"?

- physical performance
tests

- total leg extension
muscle strength

- 47 older adults
(>70y)

- HHD KE muscle strength
correlation to 10 m gait
speed and timed up-and-go
test: r=-0.41 to -0.45

- balance tests were poorly
correlated with muscle
strength: 1= 0.17-0.40.

- HHD maximal
quadriceps isometric
strengthm)

- estimated metabolic
equivalents (eMETs)
exercise capacity levels

- 621 patients
(60.6y) with recent
coronary artery
bypass grafting or
myocardial
infarction

- HHD maximal quadriceps
isometric strength: r=0.42

- HHD maximal quadriceps
isometric strength % body
weight: = 0.43

- positive predictive values
0f 0.72, 0.66, and 0.67 for 5,
7 and 10 eMETs

-HHD"

- Manual Muscle
Testing

- 20 children with
spina bifida(10y)

- Manual Muscle Testing
ICCKE: 0.40
- HHD ICC KE: 0.83

-HHD KE"

- Twelve-step Ascend
and Descend Test

- 35 subjects with
chronic stroke

- 29 healthy elderly
subjects.

- HHD KE: r=-0.24 to -
0.26

- HHD KE % body
weight(74)

- Sit-to-stand
independence

- 31 adults

r=0.711

HHD — Handheld dynamometer, ICC — Intraclass correlation, IKD, Isokinetic dynamometer, KE — Knee extension, KF —
Knee flexion, L — Left, R — Right, y - years
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1.3 Muscle thickness measurement with point-of-care ultrasound

Muscle thickness is another biomarker which has been hypothesised to be
potentially associated with functioning. Particularly in the case of knee extension — which,
as previously discussed, is particularly important for functional tasks - muscle thickness
appears to have a correlation with muscle strength. In the clinical practice and for
investigational purposes, muscle mass and thickness are usually measured using Dual-
energy X-ray absorptiometry and magnetic resonance imaging.”>”” Nevertheless, these
techniques are also not easily applicable, which makes them difficult to be applied in the
clinical practice. In addition, magnetic resonance imaging is an expensive procedure. The
POCUS is a possible alternative, being more affordable and easier to apply in an
outpatient setting, rendering it a potentially useful tool to measure muscle thickness.”
Some studies have already shown that POCUS has a high acuity and reliability to measure
muscle thickness of different muscles, namely the quadriceps femoris."* 7> 7 * (Table
3) Therefore, measuring knee extensors thickness is conceivable as a simple, easy to

obtain and reliable metric, which may aid to adequately modulate treatment choices in

patients with disability.

Table 3: Validity and Reliability of instruments used to measure muscle thickness

Instrument Observers Population Qutcome
1 observer 13 healthy Mid-tight intra-rater ICC =
Caucasian 1.00 (95%CI =0.99-1.00)
volunteers
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us® 2 trained physicians 29 critically hill Intra-observer reliability's
patients ICC:

QF: 0.74 [95% C1 0.63;
0.84] and 0.83 [95% CI
0.75; 0.9] in different
locations

Inter-observer reliability's
ICC:

0.76 [95% CI, 0.66; 0.86]
and 0.81 [95% CI, 0.7; 0.9]
in different locations

us® 2 observers 26 patients in Intra-observer ICC QF:
hemodialysis ranging between 0.98-1.00

Inter-observer ICC QF:
ranging between 0.98-0.99

Portable US®™? 2 observers (1 expert 10 patients from Intra-observer ICC QF:
and 1 novice) Emergency Expert - 0.952 (95%CI
Department 0.821 - 0.988)
Novice - 0.999 (95%CI
0.998 - 1.000)

Inter-observer ICC QF:
0.990 (95%CI1 0.970 -
0.997)

Portable US®” 4 novice observers 12 patients (ICU, Inter-observer ICC:

1 expert observer recovery group and QF -0.940 (95%CI1 0.903 —
healthy group) 0.966)

RF - 0.915 (95%CI 0.863 —
0.952)

Us®® 2 critical care fellows 20 patients with Intra-observer ICC QF:
sepsis observer 1 - 0.925 (95%CI:
0.851-0.967

observer 2 - 0.835 (95%CI:
0.689-0.925)

Inter-observer ICC QF:
0.992 (0.979-0.997)

95%CI — 95% confidence interval, ICC — Intraclass correlation, ICU — Intensive Care Unit, QF - Quadriceps Femoris, US —

Ultrasound

However, some questions are still unanswered, namely regarding the reliability of
this method, since the majority of the studies done with either ultrasound (US) or POCUS

included only two observers, did not calculate sample size, did not assess users with
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different levels of experience, did not compare the performance of having two POCUS
measurements versus one, and only assessed patients outside of the rehabilitation

setting. 85
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2. Aims and Hypotheses

The main aim of this project consists in assessing the association between changes

over time in knee extension muscle strength (measured using HHD) and thickness

(measured using POCUS) and function-related changes in post-ICU patients, while at the

same time contributing towards a better understanding of the properties of muscle

strength and thickness measurements using HHD and POCUS.

In accordance with this general aim, three specific aims were defined, based on

which three studies were conducted:

ii.

iil.

Measuring the intra-observer and inter-observer reliability of HHD for the
assessment of knee extension strength and analysing (i) if the reliability of
HHD measurements differ according to the experience of observers or the
number of measurements, and (ii) if there is an association between knee
extension strength measured by HHD and functioning;

Assessing the intra-rater and inter-rater reliability of POCUS for assessing
muscle thickness in a rehabilitation patient population and analysing (i) if the
reliability of POCUS differs according to the observers’ experience or number
of measurements, and (ii) if there is an association between muscle thickness
measured by POCUS and functioning.

Assessing — in an exploratory way - the association between changes in knee
extensor muscle thickness and strength (measured using POCUS and HHD)
and the corresponding changes in functioning changes in ICU patients, as
measured using the SF-36, the Barthel Index, handgrip strength, 6MWT,

IMSTS, TUG test and SPPB.
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ii.

iil.

1v.

With regard to these specific aims, we postulated the following hypothesis:

Intra-observer and inter-observer reliability of both HHD and POCUS
measurements is expected to be very high according to preliminary studies
with lower number of observers;

A higher reliability of HHD and POCUS measurements is expected to be
achieved (i) if these tools are used by previously experienced observers (rather
than inexperienced observers), and (ii) if obtained based on two measurements
rather than based on one measurement alone.

Both knee extensor muscle thickness and strength are expected to be
moderately correlated with changes in functioning, functional capacity and
performance in ICU patients as measured with SF-36, the Barthel Index,
handgrip strength, GSMWT, IMSTS, TUG test and SPPB.

Knee extensor muscle thickness and strength, as well as function-related
parameters are expected to improve faster in the first months of recovery after

ICU discharge.
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3. PhD Studies: Methods and Results

This thesis consists in three different studies planned to collectively answer the
main aim of this project: (i) better understand the properties of muscle strength and
thickness measurements using HHD and POCUS and (ii) use these methods to assess the
association between changes over time in knee extension muscle strength and quadriceps

femoris thickness and function-related changes in post-ICU patients.

To reach this aim, we started by assessing intra-observer and inter-observer
reliability of the HHD to assess knee extension muscle strength and of the POCUS to
assess quadriceps femoris muscle thickness. Subsequently, we performed a study to
evaluate if changes in muscle strength and thickness as assessed by those methods would

be associated with functioning progression over time. (Figure 1)

Study 1 Study 2
Handheld dynamometer reliability to measure Reliability of Point-of-Care Ultrasound for
——
knee extension strength in rehabilitation Measuring Quadriceps Femoris Muscle
patients — A cross-sectional study Thickness
\ 4
Study 3

Association between knee extension strength
and functional capacity after intensive care unit

discharge: A six-month prospective cohort study

Figure 1 — Diagram of the rationale of the studies performed
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3.1 Handheld dynamometer reliability to measure knee extension

strength in rehabilitation patients - A cross-sectional study

Reference of the published version of this study: Pinto-Ramos J, Moreira T, Costa F,

Tavares H, Cabral J, Costa-Santos C, Barroso J, Sousa-Pinto B. Handheld dynamometer
reliability to measure knee extension strength in rehabilitation patients - A cross-sectional

study. PLoS One. 2022;17(5):¢0268254.
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3.1.1 Methods

Study Design

Twenty-nine patients were consecutively selected for this cross-sectional study at
the Inpatient unit, PMR Department, Centro Hospitalar e Universitario de Sao Jodo,
which is a tertiary care hospital in Northern Portugal. For each patient, four different
observers, two previously experienced and two inexperienced in HHD use, made four
measurements of knee extension peak force with an HHD. Do to schedule logistics and
in order to systematize the measurements, two measurements were taken in early
afternoon (measurement A and measurement B — assessment AB), and two three hours
after (measurement C and measurement D — assessment CD) (Fig 2). All observers were
physicians with at least two years of clinical experience. Intra-rater and inter-rater
Intraclass Correlation Coefficients (ICC), absolute differences between measurements
within each assessment, and correlation with functional variables were calculated. The
study was approved by Ethical Committee of the respective hospital (Research Project
289/20). Patients were asked for written consent. This article was written according to

STROBE statement guidelines.®”

Measurement Measurement Measurement Measurement
A B C D
| I | 3 hours | | I
W—J | | W—J
Assessement Assessement
AB CD

Figure 2 — Schematic representation of the measurements performed by each observer
in each participant
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Setting and Participants

We assessed participants which had already been included in a previous study from
our research group, with sample size of thirty patients being calculated. In brief we
consecutively included all patients admitted at our Service from March to June 2021
which satisfied defined inclusion and exclusion criteria. Patients aged > 18 years-old
performing rehabilitation treatment for any cause fulfilled the inclusion criteria.
Exclusion criteria were: patients unable to ambulate without assistance before
hospitalization, morbid obesity, actual lower limb bone fractures, serious pressure or
venous ulcers, cardiorespiratory instability, major psychiatric disorders, severe cognitive
impairment or neurologic conditions such as multiple sclerosis, traumatic brain injury or
severe stroke. Patients admitted to our acute rehabilitation service were hospitalized due
to acute events which have impacted their functional capacity, having been transferred
for personalized and intense rehabilitation programs. Each day, patients had a 24-hour
rehabilitation nursery care with activities of daily living training sessions, two physical
therapy sessions of one and half hours each, one occupational therapy session and, in case

of need, psychology and speech therapy.

Variables and Measurements

From each patient, knee extension strength was measured four times by each of the
four observers with the HDD. That is, the four observers performed two knee extension
peak force measurements with HHD (Micro FET®2 HHD; Hoggan Health Industries,
Draper, UT, USA) at each patient (measurements A and B, comprising the assessment
AB) followed by two other measurements three hours later (measurements C and D,
comprising the assessment CD) (Fig 2). The three-hour interval was defined to allow

some interval between assessments in order to reduce the risk of memory bias while
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allowing all assessments to be done in the same day (ensuring clinical stability of the
patients during the interval between assessments). Patients were seated in the edge of the
stretcher with the feet and hands suspended and knee flexed at 60°. The observer was in
squatting position with the back against the wall for support and both arms extended to
the patient dominant leg for stabilization, so that the results dependence on patient or
observer strength would be minimized. The HHD was placed in the anterior leg of each
patient, five centimetres above the distal part of the medial malleolus (Fig 3). Patients
were asked to make and maintain maximum knee extension strength for five seconds.
One-minute rest was used between measurements to decrease fatigue impact. Results
displayed on HHD were registered by an independent observer, so that the patients and

observers applying the HHD were blinded. Strength was measured in Newtons (N).

Figure 3 — Standardized evaluation method of the patients. Observer was squatting
with back against the wall and stretch arms in order to increase stability.
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In order to standardize the procedures, every observer was given a thirty-minute
training before the beginning of the study on how to perform HHD measurements
correctly, even though two of the observers had more than two years of experience using
the HHD.

From each patient, information was also collected (by a different researcher) on
his/her sex and age as well as height, weight, body mass index, diagnosis, pain on visual
analogue scale and current and previous modified Rankin Scale. Functional variables
were also collected, namely handgrip strength, TUG test, IMSTS test and Medical

Research Council Sum Score.?! 228889

Study size

The sample size for this study was calculated simultaneously with that for the
previous study. Our primary effect size measure was the intra and inter-rater ICC. For us
to estimate the sample size, we conducted a comprehensive literature search in order to
identify previous ICC estimates. We identified seven studies providing such estimates,”*"
%9 which we pooled by random-effects meta-analysis, resulting in a pooled ICC of 0.944
(95% confidence interval (95%CI) = [0.902;0.986]) for intra-rater reliability and 0.977
(95%CI1=[0.959;0.995]) for inter-rater reliability. If more than one ICC were calculated
in the same study (i.e., in left and right limbs), the lower ICC value was used in the meta-
analysis. The minimum sample size estimated based on those meta-analytic values using
a 95%CI and a semi-width of 5% was of 13 for intra-rater and 4 for inter-rater reliability.

Since the required sample size calculated for the previous study was higher (30 patients),

we ended up enrolling a larger number of patients.
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Statistical analyses

For numerical (continuous) variables, we used means and standard-deviations (SD)
for describing variables with normal distribution and medians and 25™ and 75"
percentiles (P25;P75) for variables with non-normal distribution. Categorical variables
were described using absolute and relative frequencies (in percentage). Reliability of
HHD measurements was estimated using ICC. For each set of two measurements (i.e.,
assessment AB, and assessment CD), we registered the average, maximum and first value.
Two-way mixed-effects model ICCs were used to calculate intra-rater and inter-rater
reliability. ICCs were calculated using single measurements per assessment set for
maximum and first values. For intra-rater ICC, we calculated it taking in to account the
measurements of all observers, comparing average, maximum and first values of the AB
assessments with those of CD assessments. Individual intra-rater [CC were also presented
for average, maximum and first values. For inter-rater ICC, we compared average,
maximum and first values of AB assessments between observers (in an ancillary analysis,
such comparisons were also performed for CD assessments). Experienced and
inexperienced observers were also separately analysed for ICC comparison between
different levels of training. Reliability was considered poor if ICC<0.50, moderate if
0.50<ICC<0.75, good if 0.75<ICC<0.90 and excellent if [CC>0.90.°"

Since ICC values are dependent on the heterogeneity of the population,®” absolute
differences between average, maximum and first measurements of each assessment were
calculated, with differences being tested using the Friedman test. We also calculated
relative differences, dividing the aforementioned absolute differences by average knee
extension peak force of each participant. The correlation between absolute differences
and average knee extension peak force was also calculated to assess if absolute

differences between assessments depend on average knee extension peak force. If
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correlations were found to be sufficiently strong (#>0.4 or 7<-0.4), univariable linear
regression models were applied.

We also estimated the correlation between average knee extension peak force of the
different participants with other functional variables. Such functional tests/variables
include the handgrip strength, TUG test, IMSTS test, Medical Research Council Sum
Score, actual and previous Modified Rankin, and POCUS measured rectus and quadriceps
femoris muscle thickness. If correlations were found to be sufficiently strong (>0.4 or
r<-0.4), univariable linear regression models were applied, with knee extension peak
force being the independent variable and the dependent variables corresponding to the
results of each functional variable.

Correlations were estimated using Spearman correlation coefficients. A p-value
inferior to 0.05 was considered statistically significant. The Bonferroni correction was
applied in order to control for multiple comparisons. ICC values were calculated using R
software and the remaining statistical analyses were done in IBM SPSS Statistics 28

(IBM, Armonk, NY).
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3.1.2 Results

Twenty-nine patients were included in this study. Participants’ age ranged between
19 and 82 years old with mean age of 58.8 (SD=14.1) years old; 75.9% of patients were
male (Table 4). Participants displayed a median body mass index of 23.1 kg/m’
(P25;P75=21.5;27.4), and the current modified Rankin median score was of 3
(P25;P75=2;4). Nineteen patients (65.5%) were not able to stand up from a chair whereas
thirteen patients could not ambulate (44.8%). Patients able to ambulate had a mean TUG
test of 18.9 seconds (SD=11.6) and patients able to stand from a sitting position had a
mean IMSTS test of 17.2 (SD=7.6). Median muscle strength was of 189.8 N

(P25;P75=130.7;274.4).

Table 4: Demographic characteristics of the sample and descriptions of functional tests

Variables Patients (N=29)
Age (years) — mean (SD) 58.8 (14.1)
Males — n (%) 22 (75.9)

BMI (Kg/m?) — median (P25;P75) 23.1 (21.5;27.4)
Previous mRankin — median (P25;P75) 0(0;1)

Current mRankin — median (P25;P75) 3(2;4)

Medical Research Council Sum Score - median )
(P25:P75) 46 (43;47.5)
Handgrip Strength (kg) — median (P25;P75) 18.3 (11.7;23.3)
Timed Up and Go (s) — mean (SD)' 18.9 (11.6)

Sit to Stand test — mean (SD)’ 17.2 (7.6)

BMI - Body Mass Index, P25;P75 — 25" and 75" Percentile, Kg — Kilogram, m — Meter, s — Seconds, SD — Standard Deviation; 1 —
Only 16 participants could complete the test, 2 - Only 10 participants could complete the test

The most common admission diagnoses were Intensive Care Unit Acquired
Weakness (ten patients) and non-severe (Initial National Institute of Health Stroke Scale

(NIHSS) <15) Stroke (six patients).
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Observers rapidly adapted to the use of HHD and measurements took less than one
minute in the majority of times, although positioning the most disabled patients in the
stretcher was often a challenge. Also, patients with higher knee extension strength were

difficult to resist in order to measure their full strength.

Intra-Rater Reliability

The intra-rater ICC for knee extension strength of the 464 measurements
(corresponding to 4 measurements done by each of the 4 observers to the 29 patients) was
excellent with results higher than 0.950 when considering either average, maximum and
first measurements. The intra-rater ICC was significantly higher when calculated based
on the average of two measurements (average of AB versus average of CD) (ICC=0.978,
95%CI1=0.969-0.985) than when based on the first measurement alone of each set (A and
C) (ICC=0.950, 95%CI=0.928-0.965) (Table 5).

Individual intra-rater ICC were similar or higher than 0.948 for the four observers,

either using mean, maximum or first values. (Table 6)

Table 5: Intra-rater and Inter-rater intra-class correlation coefficients (ICC) of knee
extension strength measured with hand-held dynamometers using Average, Maximum
and First values within AB and CD assessments.

ICC calculated ICC calculated based ICC calculated based

based on average of on maximum of on first
measurements measurements within measurements within
within each each assessment each assessment
assessment (95%CI) (95%CTI) (95%CTI)

Knee Extension Strength intra-rater ICC  0.978 (0.969-0.985)  0.961 (0.945-0.973)  0.950 (0.928-0.965)

Knee Extension Strength inter-rater ICC
Assessment AB 0.932 (0.864-0.967)  0.936 (0.874-0.969)  0.927 (0.859-0.964)

Assessment CD 0.952 (0.908-0.976)  0.952 (0.911-0.976)  0.943 (0.899-0.971)

95%CI — 95% Confidence Interval
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Table 6: Individual intra-rater intra-class correlation coefficients (ICC) of knee
extension strength measured with hand-held dynamometers using Average, Maximum
and First values within AB and CD assessments for all the observers

ICC calculated
based on average of
measurements
within each
assessment (95%CI)

ICC calculated based ICC calculated based

on maximum of

on first

measurements within measurements within

each assessment
(95%CI)

each assessment
(95%CI)

Knee Extension Strength intra-rater ICC
Experienced Observer 1
Experienced Observer 2
Inexperienced Observer 1

Inexperienced Observer 2

0.980 (0.953-0.991)
0.982 (0.963-0.992)
0.973 (0.943-0.987)

0.980 (0.957-0.991)

0.952 (0.895-0.978)
0.972 (0.943-0.987)
0.957 (0.911-0.980)

0.965 (0.927-0.983)

0.949 (0.887-0.977)
0.950 (0.897-0.976)
0.955 (0.906-0.978)

0.948 (0.892-0.975)

95%CI — 95% Confidence Interval

Inter-Rater Reliability

Considering measurements of the assessment AB, we observed an inter-rater ICC

between 0.927 and 0.936 of knee extension strength measured with HHD. There were no

substantial differences between ICC calculated based on average, maximum and first

values of the assessment AB. (Table 5). Similar results were found from assessment CD

with ICC between 0.943 and 0.952. (Table 5)

Absolute and Relative Differences

The median of the absolute differences between knee extension strength

assessments (AB vs CD) ranged between 15.0 and 15.4 N (depending on whether average,

maximum or first measurements in each assessment were being considered). No

significant differences were found between median differences calculated based on
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average, maximum or first measurements within each assessment (p=0.23). Relative

differences between assessments ranged between 8.7% and 10.5%. (Table 7)

Table 7: Absolute difference (in Newton) of knee extension strength and percentual
difference of absolute difference over average muscle strength of all assessments with
Hand Held Dynamometer (HHD) using mean, maximum and first measurements
between assessments AB and CD for the same observer.

Average of Maximum of First
measurements within measurements measurement
each assessment - within each within each
Median (P25;P75) assessment - assessment -

Median (P25;P75) Median (P25;P75)

Absolute Difference (N) Between ] . .
Knee Extension Strength 15.2 (7.9;34.7) 15.0 (6.2;33.0) 15.4 (8.9;38.0)

Percentual Difference Between
Absolute Difference and Average 8.7% (5.1;16.8) 8.8% (4.5;17.4) 10.5% (4.9;18.3)
Knee Extension Strength

HHD — Hand Held Dynamometer, P25;P75 — 25th and 75th Percentiles, N — Newton;

Average HHD strength were moderately correlated with absolute differences for
average (=0.477  (95%CI=0.318;0.610) [p<0.001]), maximum (»=0.415
(95%CI1=0.246;0.559) [p<0.001]) and first measurements (r=0.414 (95%CI=0.245;0.558)
[p<0.001]). Univariable linear regression coefficients were subsequently applied, with
coefficients being of 0.112 (95%CI=0.080;0.144) [p<0.001] for average measurements,
0.103 (CI95%=0.070;0.136) [p<0.001] for maximum measurements, and 0.117
(95%CI1=0.080;0.155) [p<0.001] for first measurements. On the other hand, correlations
between relative differences and average HHD strength were not significant, with

Spearman correlation coefficients ranging between -0.063 and -0.109.

Experienced and Inexperienced Observers
Similar results were observed when comparing the reliability of measurements of

experienced versus inexperienced observers. For experienced observers intra-rater ICCs
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were of 0.981, 0.963, 0.949, depending on whether such ICCs were estimated based on

average, maximum or first measurements, respectively. For inexperienced observers,

such values were of 0.976, 0.961, 0.950, respectively.

Muscle Strength and Functional Outcomes

Except for the Previous Modified Rankin, muscle strength measured by knee

extension peak force in the HHD was moderately correlated (correlation coefficient >0.4)

with all functional variables, including the current modified Rankin, the TUG test, the

IMSTS test, the Medical Research Council Sum Score, the Handgrip Strength and the

Quadriceps and Rectus Femoris Muscle Thickness. (Table 8) Correlations after

Bonferroni correction were statistically significant for all functional tests, except the

Previous Modified Rankin, the Medical Research Council Sum Score and the TUG.

Linear regression coefficients ranged from -0.062 (association between knee extension

peak force and TUG) to 0.045 (association between knee extension peak force and

IMSTS). (Table 8)

Table 8: Correlation and Linear Regression Coefficient between Handheld
Dynamometer and different Functional Variables

Functional Variables

Correlation coefficient
(95%CI) [p-value]

Linear regression coefficient

Previous Modified Rankin

Current Modified Rankin

TUG test

IMSTS test

Medical Research Council Sum Score
Handgrip Strength

Quadriceps Femoris Muscle Thickness
Rectus Femoris Muscle Thickness

20.378 (-0.660; -0.002) [0.043]*
-0.565 (-0.776; -0.239) [0.001]

-0.612 (-0.854; -0.151) [0.012]*
0.499 (0.151; 0.737) [0.006]
0.484 (0.132; 0.728) [0.008]*
0.545 (0.213; 0.765) [0.002]
0.511 (0.167; 0.744) [0.005]
0.536 (0.201; 0.759) [0.003]

(95%CI) [p value]
sksk

20,005 (-0,008; -0.002) [0.004]
20,062 (-0.106; -0.019) [0.009]
0.045 (0.018; 0.073) [0.002]
0.019 (-0.005; 0.043) [0.109]
0.030 (0.004; 0.055) [0.023]
0.002 (0.000; 0.003) [0.012]
0.002 (0.000; 0.005) [0.027]

95%CI — 95% Confidence Interval, TUG — Timed Up and Go; IMSTS — 1-minute sit-to-stand; *non-significant after Bonferroni

correction; ** Not applicable since r<0.40
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3.2 Reliability of Point-of-Care Ultrasound for Measuring

Quadriceps Femoris Muscle Thickness

Reference of the published version of this study: Pinto-Ramos J, Costa-Santos C, Costa
F, Tavares H, Cabral J, Moreira T, Brito R, Barroso J, Sousa-Pinto B. Reliability of Point-
of-Care Ultrasound for Measuring Quadriceps Femoris Muscle Thickness. European

Journal of Physical and Rehabilitation Medicine. 2022.
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3.2.1 Methods

Study Design

This single-centre cross-sectional study was conducted at the PMR Department of
Centro Hospitalar e Universitario de Sdo Jodo, a tertiary care hospital in Northern
Portugal. Twenty-nine patients were assessed by four different observers using a portable
ultrasound to evaluate muscle thickness of rectus femoris and quadriceps femoris. Each
observer performed four measurements on each patient, two in the early afternoon
(assessments A and B) and two in the late afternoon (3 hours after the first measurements;
assessments C and D) (Figure 4). Intra and Inter ICC were calculated, as well as absolute
differences between assessment AB and CD values. The study was approved by the
institution's Ethical committee and written consent was obtained from each patient. This

article was written according to the STROBE statement for cross-sectional studies.”"

Measurement Measurement Measurement Measurement
A B 3 hours C D
v v
Assessment Assessment
AB CD

Figure 4 — Schematic representation of the measurements performed by each observer in each

participant

Setting and Participants

Patients admitted to the PMR Department of Centro Hospitalar e Universitario de
Sdo Jodo from March to June 2021 were consecutively included in the study if they
fulfilled all the eligibility criteria. To fulfil the inclusion criteria, patients ought to be aged

> 18 years old and to have performed rehabilitation treatment for any cause. We excluded
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patients who were unable to walk independently before starting rehabilitation treatment,
as well as patients with severe cognitive impairment, neurological/neuromuscular
conditions (such as multiple sclerosis, traumatic brain injury or amyotrophic lateral
sclerosis), major psychiatric disorders, traumatic bone fractures of the lower limb, morbid
obesity (body mass index > 35), serious pressure or venous ulcers, or cardiorespiratory

instability.

Variables and measurements

For all participants we assessed the current and previous to admission modified
Rankin (mRankin) scale, the current handgrip strength, and current pain intensity (by
means of visual analogue scale). Handgrip strength was measured using Camry®
Electronic Hand Dynamometer (Camry Scale, USA).

Patients were asked to sit with their elbows flexed at 90° and to produce and
maintain maximum handgrip strength for five seconds with their dominant hand. The
maximum values of each pair of attempts were recorded. In addition, we performed TUG
and IMSTS tests, Medical Research Council Sum Score and Knee Extension Peak force
measured with a Hand Held Dynamometer. Participants’ demographic characteristics
(sex and age), height, weight, body mass index and diagnosis at admission were also
retrieved.

For each patient four different observers performed two measurements of rectus
femoris and quadriceps femoris thickness in the early afternoon (assessments A and B)
and two measurements of the same muscles’ thickness 3 hours after (assessments C and
D) (Figure 4). Measurements were performed using a handheld portable POCUS
(Butterfly iQ+, Butterfly Network, Inc., Guilford, CT) configured for musculoskeletal

image acquisition. (Figure 5) The probe was applied 15 cm above the superior pole of the
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patella of the dominant leg while the patients were in supine position with both legs
stretched. Minimal hand force was applied at the ultrasound probe in order to avoid the
effect of pressure on muscle thickness.”” The probe was positioned perpendicular to
muscle fibres in order to avoid increases in muscle thickness due to angulation.”®

Maximal distances between the cortex of femur and the most superficial muscular fascia

were measured.

N T —

Iy w N -
|
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Figure 5 — Ultrasound measurements of quadriceps femoris (left) and rectus femoris

(right); Yellow line represent the measurement of muscle thickness.

Two of the four observers (observer 1 and 2) had previously received formal
training and had already been familiar with musculoskeletal ultrasound imaging for at
least two years; nonetheless one hour of training was provided for all observers. The four
observers were blinded for each other’s results, and a fifth researcher statistically

analysed the data.
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Study size

This study primary effect size measure consisted of the ICC for intra-rater and inter-
rater reliability. In order to estimate the adequate sample size, we performed a
comprehensive literature search, followed by random-effects meta-analysis of ICC values
published in identified studies.®*®® The estimated meta-analytical intra-rater ICC value
for quadriceps femoris muscle thickness POCUS measurements was 0.91 (95%
confidence interval [CI]=0.82;1.00), while the meta-analytical inter-rater ICC was of 0.95
(95%CI1=0.89;1.00). Using the meta-analytical value, and in order to obtain 95%CI with
a semi-width of 5%, with a power of 80%, and considering four observers we estimated
a minimum sample size of thirty patients for intra-rater reliability ICC and ten for inter-
rater reliability ICC. Thirty-five patients were selected although we were only able to

assess twenty-nine patients, due to loss of follow-up.

Statistical analyses

Means and SD were used to describe variables with normal distribution, and
medians and 25th and 75th percentile (P25-P75) were used to describe asymmetrical
variables.

For each set of two assessments (i.c., assessments AB, and assessments CD), we
registered the average, maximum, minimum and first value. Two-way model intraclass
correlation coefficients were then calculated in order to estimate the reliability between
average, maximum, minimum and first AB versus CD assessments from the same
observer (intra-rater ICC). In addition, ICC were calculated to estimate the reliability
among average, maximum, minimum and first AB measurements of the four different

observers (inter-rater ICC).®” A subanalysis was performed with ICC values being
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separately estimated for experienced and inexperienced observers. The ICC was
considered poor for values <0.50, moderate for values between 0.50—0.75, good for
values between 0.75-0.90, and excellent for values >0.90.%

We calculated absolute and relative percent differences (absolute differences
divided by the average value of the four assessments from the four observers) between
the average, maximum, minimum and first measurements of AB assessments versus those
of CD assessments. Spearman correlation coefficients were calculated to assess the
correlation between computed differences and average muscle thickness, so as to assess
if increased thickness associated with higher absolute differences.

Finally, as a post hoc analysis, we computed the Spearman correlation coefficient
between average muscle thickness of rectus femoris and quadriceps femoris from all
observers and functional variables measured by a fifth independent researcher (namely
current and previous mRankin scale, handgrip strength, Medical Research Council Sum
Score, Timed Up and Go and Sit to Stand tests) and Knee Extension Peak force measured
with an Hand Held Dynamometer.®?

Statistical significance was considered at p-value <0.05. All analyses were

performed using IBM SPSS Statistics 27 software and the R software.
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3.2.2 Results

A total of 29 patients were included in the study, of whom 22 (75.9%) were male.
(Table 9) Participants’ mean age was of 58.8 years old (SD=14.1). The median mRankin
scale was 0 (P25-P75 0-1) before hospitalization, and of 3 (P25-P75 2-4) at time of
observation. The most common admission diagnosis was intensive care unit acquired
weakness (ICUAW) (10 patients; 34.5%), followed by ischemic stroke (6 patients;
20.7%). At the time of assessment, thirteen (44.8%) patients were unable to walk, and 19

(65.5%) patients were not capable of standing up from a sitting position.

Table 9: Demographic characteristics of included patients

Included participants (N=29)

Age (years) — mean (SD) 58.8 (14.1)
Males — n (%) 22 (75.9)
Weight (Kg) — mean (SD) 72.7 (13.4)
Hight (m) — mean (SD) 1.72 (0.10)
BMI (Kg/m?) — median (P25-P75) 23.1(21.5-27.4)
Previous mRankin — median (P25-P75) 00-1)
Current mRankin — median (P25-P75) 3(2-4)
MRCSS - median (P25-P75) 46 (43 —47.5)
Handgrip Strength (kg) — median (P25-P75) 18.3 (11.7—-23.3)
Timed Up and Go test (s) — mean (SD)" 18.9 (11.6)

1 minute Sit to Stand test — mean (SD)" 17.2 (7.6)

BMI — Body Mass Index, P25-P75 — 25" and 75™ percentile, Kg — Kilogram, m — Meter, MRCSS - Medical Research Council Sum
Score s — Seconds, SD — Standard Deviation; a — Only 16 participants could complete the test, b - Only 10 participants could
complete the test

Intra-rater ICC

In all assessments, intra-rater ICCs for rectus femoris displayed values over 0.90
(Table 10). Intraclass correlation coefficients were significantly higher when calculated
based on the average measurements of AB and CD (ICC=0.956; 95%CI=0.937-0.970)

than when calculated based on maximum, minimum or first measurements. (Table 10)
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Table 10: Intra-rater and Inter-rater ICC of rectus femoris and quadriceps femoris
thickness measurements using Average, Maximum, Minimum and First values between
AB and CD assessment and between AB measurements, respectively

ICC calculated based on

Average of Maximum of  Minimum of First
measurements measurements measurements measurements
(95%CI) (95%CI) (95%CI) (95%CI)
Intra-rater:
Rectus 0.956 0.908 0.911 0.901
Femoris (0.937-0.970) (0.870-0.935) (0.874-0.937) (0.861-0.9319)
Quadriceps 0.966 0.932 0.927 0.922
Femoris (0.951-0.976) (0.904-0.953) (0.896-0.949) (0.889-0.945)
Inter-rater:
Rectus 0.919 0.912 0.908 0.888
femoris (0.863-0.957) (0.853-0.953) (0.847-0.951) (0.815-0.940)
Quadriceps 0.945 0.941 0.941 0.937
femoris (0.907-0.971) (0.900-0.969) (0.900-0.969) (0.892-0.966)

95%CI — 95% Confidence Interval, ICC - Intraclass Correlation Coefficient.

Similar results were observed for quadriceps femoris, with all ICC values being
superior to 0.90 (Table 10). Intraclass correlation coefficients calculated based on the
average values (ICC=0.966; 95%CI=0.951-0.976) were significantly higher than those
estimated based on singular measurements (except for maximum values). All ICC values
for quadriceps femoris were higher than those for rectus femoris measurements, but

differences were not statistically significant. (Table 10)

Inter-rater ICC

Inter-rater ICC for recuts femoris assessments was higher when estimated based on
average measurements (ICC=0.919; 95%CI=0.963—-0.957) than single measurements,
although differences were not statistically significant. (Table 10) Similar results were

observed for ICC for quadriceps femoris, with estimates based on average measurements

(ICC=0.945; 95%CI=0.907-0.971) having a non-significantly higher ICC value than
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when based on single measurements. All ICC values were found to be over 0.90. All
quadriceps femoris ICC values were higher than those for rectus femoris, although such
differences were not significant (Table 10). Similar results were observed when

calculating ICC based on CD values. (Table 11)

Table 11: Inter-rater ICC of Assessment CD of rectus femoris and quadriceps femoris
thickness using Mean, Maximum, Minimum and First values between CD
measurements

lat I Iculat
ICC calculated ICC calculated CC calculated ICC calculated

based on based on based on
. . . based on first
average of maximum of minimum of
measurements measurements measurements measurement
(95%CI)
(95%CI) (95%CI) (95%CI)
Rectus femoris 0.888 (0.813- 0.880 (0.801- 0.876 (0.797- 0.863 (0.776-
0.940) 0.935) 0.933) 0.925)
Quadriceps 0.951 (0.911- 0.949 (0.908- 0.939 (0.893- 0.935 (0.887-
femoris 0.975) 0.974) 0.968) 0.966)

95%CI — 95% Confidence Interval; ICC - Intraclass Correlation Coefficient

Muscle Thickness Absolute Difference

Median absolute differences in measurements of rectus femoris muscle thickness
from the same observer ranged between 0.9 and 1.2 mm (corresponding to an average
percent difference of 5.1-9.2%). (Tables 12-13) Differences in muscle thickness
measurements were not correlated with average muscle thickness with all correlations
being inferior to 0.037.

Median values of the absolute differences between the same observer muscle
thickness measurements in different assessments were higher for the quadriceps femoris
than for rectus femoris, with results ranging from 1.4 to 1.5 mm (corresponding to an
average percent difference of 5.9-6.8%). (Tables 12-13) Differences in muscle thickness
were weakly correlated with average muscle thickness with all correlations showing

values inferior to 0.210.
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Table 12: Absolute difference [in millimetres] of rectus femoris and quadriceps femoris
muscle thickness mean, maximum, minimum and first measurement between
assessment AB and CD for same observer

Absolute difference  Absolute difference Absolute Absolute
[mm] between [mm] between difference [mml] difference [mm]
average of maximum of between minimum between first
measurements measurements of measurements measurement
(P25-P75) (P25-P75) (P25-P75) (P25-P75)
Rectus
Femoris 1.0 (0.4-1.7) 0904-1.7) 1.1 (04-1.9) 1.2 (0.5-2.0)
Quadriceps B 3 3 B
Femoris 1.5 (0.6 -2.3) 1.4 (0.5-2.7) 1.5(0.7-2.6) 1.5(0.7-2.7)

P25-P75 — 25" and 75" percentile, mm - millimetres.

Table 13: Percentual difference of absolute difference in millimetres of rectus femoris
and quadriceps femoris muscle thickness average, maximum, minimum and first
measurement over average rectus femoris and quadriceps femoris (respectively) muscle
thickness between assessment AB and CD for same observer

Percentual Percentual difference Percentual Percentual
difference between between maximum difference between  difference between
average measurement and minimum first measurement
measurement and total thickness (P25- measurement and and total thickness
total thickness (P25- P75) total thickness (P25- (P25-P75)
P75) P75)
Rectus o 0 _ 0 _ 0 _
Femoris 7.1% (2.2 -11.8) 5.1% (2.2 -11.6) 6.9% (2.6 — 13.2) 9.2% (3.2 -16.0)
Quadriceps 6.7% (3.7 - 9.9) 6.1% (3.4 — 10.3) 6.8% (3.5 — 8.6) 5.9% (3.8 — 10.3)
Femoris

P25-P75 — 25" and 75" percentile.

Experienced vs Inexperienced Observers
Differences were not statistically significant between ICC values of observers
already experienced for the use of POCUS and observers with no previous experience,

either for rectus or quadriceps femoris thickness assessments.

Correlation between Muscle Thickness and Other Variables
We observed that rectus femoris thickness was significantly correlated with Knee

Extension Peak Force measured with an HHD (r=0.536; p=0.003) and handgrip strength
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(r=0.574; p<0.001), but not for current and previous mRankin (r=-0.325; p= 0.086 and
=0.063; p= 0.746, respectively), Medical Research Council Sum Score (r=0.070;
p=0.718), Timed up Go test on patients able to walk (r=-0.297; p=0.264), or Sit to Stand
test on patients able to stand up from a sitting position (r=0.433; p=0.211).

We observed a moderate correlation between quadriceps femoris muscle thickness
and current mRankin score (r=-0.376; p=0.044), Knee Extension Peak Force measured
with an HHD (r=0.511; p=0.005), and handgrip strength (r=0.588; p<0.001). Correlations
were weaker and not significant for other functional variables such as previous mRankin
(r=0.141; p=0.466) and Medical Research Council Sum Score (r=0.064; p=0.742). Timed
Up Go (n=16; r=-0.247; p=0.356) and Sit to Stand test (n=10; r=0.482; p=0.159) had a

poor correlation for patients that could perform them.
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3.3 Association between knee extension strength and functional
capacity after intensive care unit discharge: A six-month prospective

cohort study

Reference of the published version of this study: Pinto-Ramos J, Moreira T, Costa L,
Costa F, Barroso J, Sousa-Pinto B. Association between knee extension strength and
functional capacity after intensive care unit discharge: A six-month prospective cohort

study. American Journal of Physical Medicine and Rehabilitation. 2022
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3.3.1 Methods

Study Design

This study was written according to STROBE statement guidelines.”” In this
prospective study, we assessed a consecutive sample of participants after ICU discharge.
Patients were initially assessed during hospitalization within three days after walking
capability was recovered - Assessment 1 (A1). Patients were subsequently assessed three
months (Assessment 2 - A2) and six months after A1 (Assessment 3 - A3). (Figure 6).
For each patient assessment, we measured knee extension strength and quadriceps
femoris thickness respectively with HHD and POCUS, and we applied a set of
questionnaires (SF-36 physical functioning, Barthel Index, and International Physical
Activity Questionnaire (IPAQ)) and physical tests (6MWT, IMSTS, TUG test, handgrip

strength, Medical Research Council Sum Score (MRCSS) and SPPB).

33 patients were assigned at
Intensive Care Unit

l

33 patients underwent assessment 1

v

2 patients did not complete assessment 2
l 1 recovering from pelvic surgery
1 due to hospitalization

31 patients underwent assessment 2

\4

1 patients did not complete assessment 3
l 1 refusal to participate

30 patients underwent assessment 3

Figure 6 — Flow diagram of patients included in the study and withdrawals at
each stage
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This study was approved by the Ethical Committee of the hospital where this study
was conducted. Patients provided written informed consent before participation to be

included in the study.

Setting and Participants

Patients from a single centre (Centro Hospitalar Universitario de Sdo Jodo, a
tertiary care hospital in Northern Portugal) meeting eligibility criteria were consecutively
included after ICU discharge from end March to mid of August 2021. Patients aged > 18
years-old who have undergone more than 5 days of ICU hospitalization and were
previously able to ambulate without assistance before hospitalization were included.
Exclusion criteria were severe cognitive impairment, major neurological/neuromuscular
conditions such as traumatic brain injury or stroke, major psychiatric conditions,
unrecoverable disease, traumatic lesions with long bone fractures, severe obesity (body
mass index >35), full thickness pressure ulcers, cardiorespiratory instability, and current

or planned home ventilation.

Variables and Measurements

Each participant was assessed three times, namely (i) during admission (within
three days after walking capability was recovered — A1), (ii) three months after A1 (A2),
and (iii) six months after A1 (A3). Each assessment included two HHD (Micro FET®2
HHD; Hoggan Health Industries, Draper, UT, USA) measurements of knee extension
strength. The HHD was placed five centimetres above the distal portion of the medial
malleolus of the dominant leg, with the patient seated in the edge of the stretcher. In
addition, each assessment encompassed two measurements of both rectus femoris and

quadriceps femoris muscle thickness using a POCUS (Butterfly iQ+, Butterfly Network,

62



Inc., Guilford, CT). The POCUS was placed 15 centimetres above the superior pole of
the patella of the same leg of the HHD measurements, with the patient in supine position
and minimal hand force applied perpendicular to muscle fibres.**°”

In each assessment, we applied a set of questionnaires (namely the SF-36 physical
functioning, the Barthel Index and IPAQ), and physical function tests (namely the
6MWT, 1MSTS, TUG test, handgrip strength, MRCSS and SPPB) to all participants.
Additionally, at A1, we assessed patient-reported IPAQ and Barthel index previous to
hospital admission (figure 7). Questionnaires and physical function tests were applied by
one of three PMR residents (according to schedule availability) with at least one year of

experience of physical tests performance and both HHD and POCUS experience.

Residents were blinded for previous results from each patient or from other patients.

3 months

Assessment 1

3 months

Assessment 2

Assessment 3

Previous IPAQ IPAQ IPAQ

Barthel Index Barthel Index Barthel Index
SF-36 SF-36 SF-36
6MWT 6MWT 6MWT
1MSTS 1MSTS 1MSTS

TUG test TUG test TUG test
SPPB SPPB SPPB
Handgrip Strength Handgrip Strength Handgrip Strength
MRC SS MRC SS MRC SS
HHD HHD HHD

POCUS POCUS POCUS

Previous Barthel Index

Figure 7 — Variables collected at each assessment
IMSTS - 1-Minute Sit-to-Stand; 6MWT - 6 Minutes Walking Test; HHD - Handheld Dynamometer; IPAQ
Activity Questionnaire; MRC SS - Medical Research Council Sum Score; POCUS -point-of-care ultrasound; SF-36 — 36-item Short
Form Survey; SPPB - Short Physical Performance Battery; TUG — Timed Up and Go;

- International Physical

Information on the participants’ demographic characteristics (sex and age), height,

weight, body mass index, diagnosis at admission, Acute Physiology Assessment and

Chronic Health Evaluation II (Apache II), Simplified Acute Physiology Score II (SAPS

II) and hospitalization in ICU were retrieved from their electronic health records.
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The assessments were performed in different settings, with Al having been
performed during hospitalization in the ward where the patient had been admitted, and

A2 and A3 having been performed during PMR outpatient visits.

Study Size

Sample size calculation was made to detect as significant a correlation coefficient
between HHD or POCUS variation and SF-36 physical functioning variation of at least
0.5 (defined by the COSMIN guidelines as indicator of good correlation).®® A sample
size of 33 was found based on a power of 80%, a level of significance of 0.05, and

considering a 15% patient withdrawal.

Statistical Analysis

Means and SD were used for describing continuous variables with normal
distributions whereas medians and 25" and 75" percentiles (P25;P75) were used for
variables with non-normal distributions. Absolute and relative frequencies were used to
describe categorical variables.

We calculated changes (arithmetic difference between results at different
assessment periods) between results of HHD, POCUS, and applied questionnaires and
physical tests (with such differences henceforth indicated as “A”). We estimated the
correlations — using Spearman correlation coefficients — between A HHD or A POCUS at
each time interval and (i) A SF-36 physical functioning, (ii) A Barthel Index, (iii) A IPAQ,
(iv) A 6MWT, (v) A MRCSS, (vi) A IMSTS; (vii) A TUG, (viii) A SPPB Chair Stand
Test, (ix) A SPPB Balance Tests, (x) A SPPB Gait Speed Test; (xi) A SPPB and (xii) A
Handgrip Strength. Whenever Spearman correlation coefficients were higher than 0.30,

we built multiple linear regression models using either baseline and A muscle strength (as
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measured with HHD) or muscle thickness (POCUS) as independent variables, and A of
each of the questionnaires and physical function tests, as dependent variable. This allowed
to obtain models predicting change in functionality based on two variables: (i) baseline
functionality, (ii) and change in muscle strength or thickness for each of these models,
we retrieved the ° and the omnibus p-value. Alternative models were built adjusting for
the baseline dependent variable (instead of the baseline muscle strength and thickness),
as suggested by Husted et al.®”) Further covariates were not included in the models due
to sample size restrictions. Additionally, we calculated, for each patient and for each of
the used main function-related parameters (namely, the SF-36 physical functioning, the
IMSTS, the 6MWT, the SPPB and the TUG tests), the number of minimal clinically
important differences (MCID) occurred in between the last and the first assessments
(“e.g., for 6MWT, the MCID is 50 meters. A patient whose 6MWT improves by 100
meters, displays a recovery corresponding to 2 MCID”’). We then calculated the average
of the number of MCIDs registered for the different parameters, and we correlated it with
HHD weight adjusted strength variation in the same period.

Statistical significance was defined at p-value <0.05. All analyses were performed

using software IBM SPSS Statistics 28 (IBM, Armonk, NY).
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3.3.2 Results

We included thirty-three participants who agreed to participate in this study and
completed Al. Six months’ follow-up was accomplished for 30 participants, with
assessments being finished in February 2022. Two patients did not complete A2 and A3
due to hospitalization and pelvic surgery respectively, and one patient did not complete
A3 due to refusal to participate. (Figure 6)

Among patients who completed their follow-up, 23 were male (76.7%), mean
participants’ age was of 60.4 years old (SD=14.3), and the average body mass index was
25.5 kg/m2 (SD=4.2) (Table 14). Participants were hospitalized in the ICU for a median
of 10 days (P25;P75=5.75;17.25), with 16 (53.3%) patients having received invasive
ventilation, 14 (46.7%) non-invasive ventilation, and 2 (6.7%) Extra Corporeal
Membrane Oxygenation. The ICU gravity score SAPSS II mean value was of 41.8
(SD=18.2), and the Apache II score median value was of 19 (P25;P75=12.25;26.25). Prior
to admission, patients’ median Barthel Index was of 100 (P25;P75=100;100), and the

median IPAQ was of 627 (P25;P75=99;2973).

Table 14: Demographic and clinical characteristics of the assessed sample

Patients who completed

Variables follow-up (N=30)
Age (years) — mean (SD) 60.4 (14.3)
Males — n (%) 23 (76.7)
Weight (kg) - mean (SD) 73.3 (14.9)
Height (m) — mean (SD) 1.69 (0.07)

BMI (Kg/m®) — mean (SD) 25.5(4.2)

ICU Hospitalization (days) — median (P25;P75) 10 (5.75;17.25)
Previous Barthel Index — median (P25;P75) 100 (100;100)
Previous IPAQ — median (P25;P75) 627 (99;2973)
Apache II — median (P25;P75) 19 (12.25;26.25)
SAPSS II — mean (SD) 41.8 (18.2)
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Non Invasive Ventilation - n (%) 14 (46.7)

Invasive Ventilation — n (%) 16 (53.3)
ECMO —n (%) 2 (6.7)
Tracheostomy — n (%) 16 (53.3)

BMI - Body Mass Index, ECMO - Extra Corporeal Membrane Oxygenation, IPAQ - International Physical Activity Questionnaire,
Kg — Kilogram, m — Meter, P25;P75 — 25th and 75th Percentile, s — Seconds, SD — Standard Deviation;

Variables Progression During Follow-Up

Tests assessing physical function, such as gait speed test, TUG, 6MWT, 1IMSTS,
Hand grip strength and SPPB had a greater improvement from A1 to A2 than from A2 to
A3 (Figure 8-9). The same pattern was seen in SF-36 Physical Function, whereas
improvements in the SF-36 General Health remained stable over the follow-up period.
Patients’ median level of activity reported by IPAQ previous to admission (594 MET-
min/week; P25;P75=165;2976) was not achieved during the follow-up period, with an
A3 median value of 396 MET-min/week (P25;P75=99;1640). On the other hand, patients’
disability measured by the median Barthel index matched pre-admission levels after 3

months at visit A2, with patients reaching previous levels on basic functions.

1001

501

Median score

A1 A2 A3
Measurement
= SF-36 General health == SF-36 Physical functioning

Figure 8 — Median and 25" and 75™ Percentile values of 36-item Short Form
Survey Physical Functioning and General Health at Baseline, 3 months and 6 months.
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Figure 9 - Median and 25™ and 75" Percentile values of different functional

variables at Baseline, 3 months and 6 months.
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Both quadriceps and rectus femoris muscle thickness increased steadily during the
follow-up period, while knee extension muscle strength had a larger increase between Al

and A2, than between A2 and A3. (Figure 8-9)

Association between variations of functional variables and muscle strength or
thickness

Moderate correlation was found between A knee extension muscle strength and A
SF-36 Physical Function at A A1-A3 and A A1-A2 but not at A A2-A3 (Spearman
correlation coefficients=0.53 (p=0.003), 0.45 (p=0.017), and -0.01 (p=0.967),
respectively) (Table 15). In multiple linear regression models, A knee extension muscle
strength was shown to be significantly associated with A in SF-36 physical functioning
in the A1-A3 period (’=0.32; p=0.006). (Table 16) The A knee extension muscle strength
was also correlated with other variables, with the strongest correlations being those with
A 6MWT, A IMSTS, and A handgrip strength (this latter one only for A A1-A2). These
variables were also those associated with the best-performing multiple linear regression
models, particularly at A A1-A2. Overall, correlations tended to be stronger and
regression models tended to display a better performance when considering the A A1-A3
or A A1-A2 periods than the A A2-A3 periods. For the association between muscle
strength change in the A1-A3 period and that composite measure, we obtained a
correlation coefficient of 0.56 (p=0.002) and a linear regression coefficient was 1.79

(95%CI1=0.63-2.94; p=0.004; 1*=0.29).
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Table 15: Spearman correlation coefficients for the associations between changes of knee
extension muscle strength or muscle thickness and change of functional variables for the

same period

Change between

Change between

Change between

Functional variable Al and A3 (p- Al and A2 (p- A2 and A3 (p-
value) value) value)
A. Correlations with knee extension muscle strength change
SF-36 Physical Function 0.53 (0.003) 0.45 (0.017) -0.01 (0.967)
Barthel Index 0.30 (0.113) -0.05 (0.816) 0.08 (0.686)
6MWT 0.38 (0.045) 0.48 (0.009) 0.43 (0.024)
MRCSS 0.09 (0.623) 0.23 (0.224) 0.10 (0.597)
IMSTS 0.52 (0.003) 0.81 (<0.001) 0.60 (<0.001)
TUG -0.28 (0.133) -0.39 (0.035) -0.41 (0.029)
SPPB Chair Stand Test -0.04 (0.880) -0.15 (0.573) -0.13 (0.528)
SPPB Balance Tests -0.02 (0.920) 0.19 (0.307) -0.03 (0.873)
SPPB Gait Speed Test 0.13 (0.483) 0.05 (0.790) -0.21 (0.280)
SPPB 0.38 (0.041) 0.40 (0.027) 0.26 (0.158)
Hand Grip Strength 0.19 (0.312) 0.80 (<0.001) 0.29 (0.118)
POCUS Rectus Femoris 0.34 (0.062) 0.46 (0.009) 0.35 (0.056)
POCUS Quadriceps Femoris 0.32 (0.090) 0.47 (0.008) 0.33 (0.071)
B. Correlations with rectus femoris muscle thickness change
SF-36 Physical Function 0.03 (0.886) 0.15 (0.461) 0.34 (0.077)
Barthel Index 0.17 (0.370) -0.15 (0.442) -0.01 (0.948)
6MWT 0.28 (0.155) 0.10 (0.628) 0.37 (0.059)
MRCSS 0.16 (0.396) -0.08 (0.672) -0.01 (0.956)
IMSTS 0.24 (0.193) 0.46 (0.009) 0.33 (0.077)
TUG -0.29 (0.124) -0.09 (0.639) 0.12 (0.528)
SPPB Chair Stand Test 0.33 (0.217) 0.14 (0.599) -0.34 (0.086)
SPPB Balance Tests -0.03 (0.877) -0.18 (0.330) -0.15 (0.438)
SPPB Gait Speed Test -0.25 (0.189) 0.09 (0.622) -0.17 (0.374)
SPPB 0.15 (0.445) -0.07 (0.716) 0.23 (0.215)
Hand Grip Strength 0.02 (0.931) 0.37 (0.043) 0.17 (0.381)
C. Correlations with quadriceps femoris muscle thickness change
SF-36 Physical Function 0.11 (0.564) 0.19 (0.344) 0.36 (0.064)
Barthel Index -0.01 (0.971) -0.21 (0.285) -0.05 (0.818)
6MWT 0.14 (0.482) -0.05 (0.806) 0.43 (0.024)
MRCSS 0.14 (0.478) 0.06 (0.737) -0.05 (0.787)
IMSTS 0.23 (0.213) 0.41 (0.024) 0.31 (0.091)
TUG -0.26 (0.104) -0.09 (0.656) 0.10 (0.602)
SPPB Chair Stand Test 0.23 (0.399) 0.10 (0.701) -0.34 (0.083)
SPPB Balance Tests -0.01 (0.950) 0.10 (0.611) -0.16 (0.397)
SPPB Gait Speed Test -0.20 (0.296) 0.20 (0.296) -0.24 (0.201)
SPPB 0.10 (0.609) 0.01 (0.958) 0.26 (0.172)
Hand Grip Strength 0.22 (0.234) 0.41 (0.022) 0.09 (0.632)

IMSTS — 1-minute sit-to-stand; 6MWT — 6 Minutes Walking Test; MRCSS — Medical Research Council Sum Score; POCUS —
Point-of-Care Ultrasound; SF-36 — 36-item Short Form Survey; SPPB — Short Physical Performance Battery; TUG — Timed Up and
Go; Al=Assessment at baseline; A2=Assessment at 3 months; A3=Assessment at 6 months.
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Table 16: Results of the linear regression models predicting change in functional tests
based on change and baseline knee extension muscle strength

Functional variable

Change between Al and A3

Change between Al and A2

Change between A2 and A3

Predicting formula

Predicting formula

Predicting formula

2 2 2
r [p-value] r [p-value] r [p-value]
SF-36 Physical 032 y=17.7x-3.8h + 8.3 021 y=11.7x+0.5h + 0.5
Function ’ [0.006] ’ [0.053]
=2.5x-7.8h +32.0
Barthel Index 0.20 Y )[(0.053] - - - -
y=27.9x -36.9h +253.1 y=54.4x -26.2h + 164.5 y=20.9x -4.1h + 57.0
6MWT 0.17 0.33 0.15
[0.103] [0.006] [0.142]
y=4.6x-0.1h+7.9 y=7.1x+02h+22 y=3.6x+ 0.6h + 0.2
IMST 0.22 0.62 0.40
S [0.038] [<0.001] [0.001]
y=-24x+11.4h-43.6 y=0.2x+1.1h-5.2
T - - 0.16 0.08
ue [0.100] [0.345]
y=0.5x-0.5h + 3.8 y=0.7x-0.3h +2.9
PPB 0.14 0.14 - -
S [0.133] [0.117]
=5.5x+2.5h-8.2
Hand Grip Strength - - 0.54 y [E0.00I] - -
P Rect =0.12x - 0.10h + 0.48 =0.14x - 0.10h - 0.19 =0.07x - 0.10h + 0.48
OCUS ectus 023 y X 0.20 y X 026 y X
Femoris [0.028] [0.047] [0.019]
POCUS Quadriceps 0.19 y=0.18x - 0.14h + 0.87 023 y=0.28x-0.18h-0.25 027 y=0.09x - 0.15h - 0.76
Femoris ’ [0.056] ’ [0.027] ’ [0.014]

y — functional variable change between assessments; x — rectus femoris muscle thickness change between
assessments, in centimeters, h — Knee extension muscle strength at first of the two assessments, in Newton
per kilogram.

IMSTS — 1-minute sit-to-stand; 6MWT — 6 Minutes Walking Test; POCUS — Point-of-Care Ultrasound; SF-36 — 36-item Short

Form Survey; SPPB — Short Physical Performance Battery; TUG — Timed Up and Go; Al=Assessment at baseline; A2=Assessment
at 3 months; A3=Assessment at 6 months

A Rectus Femoris muscle thickness and A Quadriceps Femoris muscle thickness
displayed weak correlations (correlation coefficient <0.30) with most A functional
variables, with the exception of SF-36 Physical Function, IMSTS, 6MWT, SPPB Chair
Stand Test and handgrip strength. (Table 15) Multiple linear regression showed
statistically significant results for 6MWT at A A2-A3 for both rectus and quadriceps
femoris and 1IMSTS at A A1-A2 for POCUS rectus femoris only.

We performed a sensitivity analysis, building multiple linear regression models
adjusting for each of the baseline dependent variables. For knee extension muscle
strength, those models tended to display a better performance than those based on baseline
and A strength (Table 17). For muscle thickness, this trend was also observed, although

differences in model performance tended to be much smaller (Table 18).
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Table 17. Results of the linear regression models predicting change in functional tests
based on change in knee extension muscle strength and baseline functional tests

Change between Al and

Change between Al and

Change between A2 and

. A3 A2 A3
Functional — — —
iabl Predicting Predicting Predicting
variable ) ) )
r formula r formula r formula
[p-value] [p-value] [p-value]
SF-36 Physical 039 y=14.6x-0.35h + 15.8 038 y=10.9x - 0.5h + 22.4
Function : [0.002] : [0.003]
y=2.0x - 0.83h +78.3
Barthes Index 0.86 [<0.001] - - - -
y=45.2x - 0.38h +220.4 y=62.8x-041h+173.8 y=62.8x - 0.41h + 173.8
6MWT 0.34 0.55 0.55
[0.006] [<0.001] [<0.001]
y=48x-041h+11.0 y=7.0x - 0.3%h + 6.2 y=7.0x-0.39h +6.2
IMST 0.32 0.71 0.71
S [0.005] [<0.001] [<0.001]
y=-1.7x-0.90h + 11.0 y=-1.7x - 0.90h + 11.0
TUG ) ) 0.94 [<0.001] 0-94 [<0.001]
y=0.8x - 0.33h + 4.4 y=0.90x - 0.37h + 4.2
SPPB 035 [0.003] 0.33 [0.004] ) )
. y=49x-0.12h + 1.3
Hand Grip Strength - - 0.50 [<0.001] - -
POCUS Rectus 025 y=0.13x - 0.21h + 0.44 o5 y=0.12x + 0.05h + 0.05 oS y=0.12x + 0.05h + 0.05
Femoris : [0.020] : [0.100] : [0.100]
POCUS Quadriceps o.l6 y=021x - 0.06h + 0.61 021 y=0.24x +0.16h - 0.09 091 y=0.24x +0.16h - 0.09
Femoris : [0.100] : [0.037] : [0.037]

y — functional variable change between assessments; x — rectus femoris muscle thickness change between assessments, in centimeters,

h — functional variable value at first of the two assessments.
IMSTS — 1-minute sit-to-stand; 6MWT — 6 Minutes Walking Test; POCUS — Point-of-Care Ultrasound; SF-36 — 36-item Short

Form Survey; SPPB — Short Physical Performance Battery; TUG — Timed Up and Go; Al=Assessment at baseline; A2=Assessment
at 3 months; A3=Assessment at 6 months

Table 18. Results of the linear regression models predicting change in functional tests

based on change in baseline muscle thickness and baseline functional tests

Functional variable

Change between Al and A3

Change between Al and A2

Change between A2 and A3

Predicting formula
[p-value]

rZ

Predicting formula
[p-value]

rZ

Predicting formula
[p-value]

A. Models involving the rectus femora’s muscle thickness

SF-36 Physical
Function

6MWT

IMSTS

SPPB Chair Stand

Test

Hand Grip Strength

0.53

y=0.08x — 0.68r + 5.6
[0.007]

=13.4x-047r+11.8
[0.002]

y=87x-024r+7.5
[0.035]

0.20

0.24

0.09

0.24

y=13.9x-0.07r + 8.5

[0.061]

y =68.8x-0.10r +72.1

[0.040]

y=32x-0.09r+45

[0.296]

y=-2.8x-0.16r+ 1.4

[0.040]
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B. Models involving the quadriceps femoris muscle thickness

SF-36 Physical y=11.3z-0.07q + 8.0

- - - - 0.23

Function [0.042]
y=56.2z-0.09q - 65.9
6MWT - - - - 0.26
[0.026]
y=7.1z-0.54q+ 11.9 y=4.2z+0.06q + 0.69
IMST - - 0.32 0.10
STS [0.004] [0.239]
SPPB Chair Stand 026 y=-23z-0.17q + 1.7
Test ' [0.026]
=5.0z-0.24q+7.1
Hand Grip Strength - - 0.22 Y ?0.030](1 - -

y — functional variable change between assessments; x — rectus femoris muscle thickness change between assessments, in centimeters,
r — rectus femora’s muscle thickness at first of the two assessments, in centimeters; z — quadriceps femora’s muscle thickness change
between assessments, in centimeters, q — quadriceps femora’s muscle thickness at first of the two assessments, in centimeters
IMSTS — 1-minute sit-to-stand; 6MWT — 6 Minutes Walking Test; SF-36 — 36-item Short Form Survey; SPPB — Short Physical
Performance Battery; Al=Assessment at baseline; A2=Assessment at 3 months; A3=Assessment at 6 months
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4. Discussion

4.1 Major Findings

These studies suggest that the HHD may be a reliable tool for estimating knee
extensors muscle strength in rehabilitation patients, with both intra and inter-rater ICC
being higher than 0.9 across all observers. We also observed that POCUS may be a
reliable tool to measure muscle thickness in rehabilitation patients, with its intra-class and
inter-class ICC displaying overall high values across all observers. For both HHD and
POCUS, performing two measurements for each assessment (with subsequent
computation of the average value) appears to result in increased reliability, potentially
overcoming random errors in the measurements. The learning curve for both methods
may be apparently short, with experienced and inexperienced observers showing similar
results (i.e., similarly high ICC) after a brief course of training.

When both methods were used in a prospective way to assess patients in the post-
ICU context, we found that weight-adjusted knee extension strength change over 6
months (as measured with HHD) seemed to be correlated with changes in function-related
tests and questionnaires such as SF-36 Physical Function, 6SMWT, 1IMSTS and SPPB.
Correlation was higher when information on strength change was combined with that on
baseline functionality than with that on baseline strength. By contrast, changes in
quadriceps and rectus femoris muscle thickness were not correlated with function-related
tests and questionnaires.

In our prospective assessment of patients after ICU discharge, we also found that
function-related tests and questionnaires had a larger improvement in the first three

months after discharge in comparison to the subsequent three months. In fact, correlations
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between changes in knee extension strength and functioning tended to be better when

considering the first three months after discharge than the subsequent months.
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4.2 Limitations and Strengths

This thesis has some limitations which are common to all studies, including the fact
that all studies were done in a single centre, and caution is required when generalising
their results to other populations. Also, as patients were seen in the context of
rehabilitation programmes (either in the PMR outpatient setting or following admission
in an acute tertiary care ward), results may not necessarily apply to patients from other
settings.

On the other hand, we ensured that all studies were adequately powered to obtain
precise estimates, namely by performing sample size calculations. Also, to the best of our
knowledge, there are no previous studies evaluating (i) reliability of HHD or POCUS in
rehabilitation settings or (ii) the correlation between function-related parameters
evolution and changes in muscle strength and thickness measurements using HHD and
POCUS.

In addition, there are some limitations and strengths which are specific to cross-
sectional or the prospective studies, and which will be discussed in the following

subsections.

76



4.2.1 Reliability of Handheld Dynamometer and Point-of-Care

Ultrasound studies

Some limitations were common to both cross-sectional studies. One potential
limitation concerns the possibility of memory biases from the observers, given the three-
hour gap between the two sets of measurements. However, we believe that this limitation
may not have had such a relevant impact, as in each day there were seven to nine patients
being assessed by each independent observer (resulting in at least 56 measurements to
remember before the second set of assessments). Another limitation stems from the fact
that patients’ muscular conditions were heterogeneous (as patients displayed different
pathologies and stages of disease) and muscle thickness and strength variability was
substantial in the assessed sample, possibly resulting in higher ICC values. In fact, lower
values could have been obtained if a more homogenous population had been assessed.®”
To overcome this limitation, and in order to estimate the actual differences, absolute and
percentual differences between assessments were calculated.

Regarding specific limitations of each performed study, in the HHD reliability
study, patients were observed in two assessments by four observers, so that at each set of
measurements the patient was subject to eight maximum knee strength evaluations
performed within a short period (being subject to sixteen of such evaluations within a
period of three hours). As a result, patient fatigue may have modified the results between
measurements and lead to underestimation of results. Authors tried to manage this
limitation by setting a minimum of one-minute rest between each measurement, so that
maximum peak force could be reached every time.

On the other hand, in POCUS reliability study, the probe was applied 15 centimetres

above the superior pole of the patella, for simplicity purposes, which may not correspond
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to the thickest part of the muscle. Nevertheless, other previous studies took the same
approach as we did."*" ') Finally, we performed each pair of measurements separated
by a three-hour interval, so that there may be hourly changes in patients’ muscle thickness
that may have resulted in a reduced reliability of measurements. However, previous
studies did not find significant differences in rectus femoris thickness when
measurements were done with 1, 6 and 24 hours intervals.(!®?

These cross-sectional studies have also important strengths. Firstly, they were
performed with more than two observers, differentiating them from most other studies
assessing the reliability of both HHD or POCUS. Also, these studies compared different
ways of calculating muscle strength and thickness, namely comparing the performance
of two measurements versus a single measurement, in order to understand what could be
the most reliable approach. Having four observers also allowed us to include observers

with different experience levels, making us able to assess whether past experience in

HHD or POCUS use was associated with different results.
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4.2.2 Knee Extension Strength and Functional Capacity after
Intensive Care Unit Discharge — A six-month prospective

cohort study

The first important limitation of the prospective study concerns the possibility of
selection biases. In fact, this study was conducted in a tertiary care hospital, where
patients with higher Apache II and SAPSS II scores are expected to be overrepresented,
since more severely diseased patients from other hospitals are transferred to this centre.
Although all patients were from the ICU setting, there was heterogeneity in their severity
scores and admission periods, limiting the results’ generalizability. Patients were
evaluated in the ward, three days after starting ambulation, and some may have
overestimated their real capacity when answering SF-36 Physical Function, since they
had a short time to perceive their disability. This may justify why some patients reported
deterioration of capacity/performance in SF-36 from Al to A3 while improving in
function-related tests at the same time. This potential information bias may have led to
an underestimation of the association between knee extension muscle strength change
and SF-36 change. Patients were assessed in different locations, with Al assessments
having been performed in the ward during admission, and A2 and A3 in the outpatient
setting. While this may have influenced the performed measurements, the effect of this
phenomenon is probably non-differential (i.e, probably not associated with patients’
specific baseline characteristics). Another limitation concerns the absence of a single
gold-standard comparator assessing functioning — while we were able to compare changes
in knee extension muscle strength or thickness with changes in several function-related
tests, none of these tests is a perfect gold-standard for functioning and associations might

: : . (15,103, 104
have been stronger if there were a better way to measure their change over time.'> %1%
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Finally, the assessed sample size precluded us from including further covariates in linear
regression models, including the simultaneous testing of knee extension muscle strength

and muscle thickness changes, although this was just an exploratory study.

This study has also some important strengths. Firstly, this is, to our knowledge,
the first prospective study to evaluate the correlation of the change in function-related
tests, questionnaires, muscle strength and muscle thickness after ICU hospitalization.
These function-related tests and questionnaires have been validated in different settings.
According to this thesis’ previous studies, HDD and POCUS were found to display strong
intra- and inter-rater reliability.(%’ D In addition, these methods are portable, fast to use,
and inexpensive, rendering them easily used in the clinical practice. The consistency of

the obtained results also appears to be an important strength of our study.
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4.3 Discussion of the obtained results
4.3.1 Handheld dynamometer reliability to measure knee extension

strength in rehabilitation patients - A cross-sectional study

The HHD was found to be a reliable tool of measuring muscle strength, with results
showing excellent reliability, in accordance with what has been previously reported in
previous studies assessing other types of patients.**”

Absolute differences between assessments were relatively low, despite being higher
in patients with higher muscle strength. This might occur because knee extension of
stronger patients is possibly more difficult to resist, leading to higher errors, specially
between observers with less capability to resist knee extension strength. In fact, other
studies already suggested that stronger observers tend to report higher values on HHD
and also that external stabilization of the HHD, namely with a belt, can be more reliable
than human-resisted evaluations.®% 6% 105 106) Nevertheless, belt stabilization is more
difficult and time-consuming, possibly rendering it impractical to apply in clinical
practice. By contrast, the percentual differences did not vary with increase of muscle
strength.

Results were similar when considering measurements performed by both
experienced and previously inexperienced observers, which suggest that the use of HHD
to measure muscle strength has a brief learning curve and could be generalized across
physicians if a short course of training is previously done. Since this study was conducted
throughout a period of four months, we cannot estimate if reliability could be maintained

this high for longer periods if observers were not trained again for standardized

evaluations. This was not the first study to show that inexperienced subjects with a short
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course training could achieve good reliabilities with HDD, although in different muscular
groups.(107: 109

Knee extension strength measured with HHD was moderately correlated with the
majority of analysed function-related variables, confirming that muscle strength,
including for knee extension, may be important for these tasks, as it was also suggested
by other studies."”!'? In these participants, correlations between function-related tests
and muscle strength were higher than those observed between function-related tests and
muscle thickness (except for hand grip strength). This suggests that, compared with
muscle thickness, muscle strength correlates better with function-related variables for this
specific population, which can be justified by many factors, such as muscular or
polyneuropathic changes due to hospitalization, which can affect thickness and strength

in a different manner.''> 19

The HHD overcomes many of the limitations associated with the use of IKD
(considered the gold-standard for the assessment of strength). In fact, while the latter
requires patients to move to a different location to be tested, well-trained users and
expensive initial investment, HHD is portable, fast to use (with measurements done in
less than two minutes during a consultation/medical evaluation) and displays lower costs.
This may propel the measurement of muscle strength in clinical practice which has been

very limited so far.

Therefore, this study allowed us to advance knowledge in muscle strength
measurements using HHD, namely that their reliability is very high, even in patients from
a rehabilitation setting. Moreover we have shown that HHD can be used with physicians
with low experience (if a small set of training is given) and that more reliable information
may be obtained with the average of two measurements rather than with the use of just

one measurement.
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4.3.2 Reliability of Point-of-Care Ultrasound for Measuring

Quadriceps Femoris Muscle Thickness

The reliability of POCUS to measure rectus femoris and quadriceps femoris muscle
thickness was found to be very high, which is in line with previous studies.®**® Our
results also suggest that measurements are reliable even when done by different observers
and at different time points.

The learning curve for this procedure appears to be faster than with other US
procedures, since experienced and inexperienced observers displayed similar reliability
results. Absence of significant differences between experienced and inexperienced
observers with the use of POCUS were also observed in other fields, such as
rheumatology, vascular and emergency medicine as well as for quadriceps muscle
thickness measured in intensive care units.""'>"'® This suggests that this technique can be
used across a wider set of physicians with a single and short training course in order to
standardize data collection.

The absolute difference between measurements of the same and different observers
had a poor correlation with muscle thickness, which suggests that between-measurement
differences are usually low, independently of the muscle thickness differences. This is
the opposite to what might have been intuitively thought (i.e., that assessments in thicker

muscles would have higher errors).

Muscle thickness was moderately correlated with knee extension peak force, sit to
stand test and handgrip strength, and weakly correlated with other function-related

variables. Previous studies found similar results; this may be due to the fact that thickness
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does not perfectly correlate with the muscle cross-sectional area and, more importantly,
with muscle quality, such as fat and fibrosis levels.! ">

The high reliability of POCUS and the possibility of its wider use across physicians
is especially important for the diagnosis of conditions such as sarcopenia which,
according to some algorithms, requires the measurement of quadriceps femoris muscle
thickness."**'?® Sarcopenia is a condition related with loss of muscle mass and strength,
which is defined as “age-related loss of muscle mass and muscle function” and primarily
targets the anterior tight muscles, being one of the most common conditions leading to
disability in the elderly."** '*> The existence of a method to reliably assess muscle
thickness and, therefore, contribute to the diagnosis of sarcopenia is all the more relevant
as sarcopenia is an underdiagnosed condition.”
Therefore, this study allowed us to confirm the high reliability of POCUS, also in

the PMR area, while also suggesting that POCUS can be used for a wider set of

physicians, which can be useful in the detection of some conditions such as sarcopenia.
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4.3.3 Association between knee extension strength and functional
capacity after intensive care unit discharge: A six-month

prospective cohort study

Knee extensor muscle strength measured with HHD may be helpful for estimating
functioning gains over same period. This was particularly suggested by the results
observed in its association with SF-36 Physical Function, 6MWT, 1MSTS and the
composite outcome reflecting different function-related tests and questionnaires. In the
case of SF-36 Physical Function, such association was not found for the variation between
3 and 6 months’ assessments, which might be explained for a difficulty in this variable to
measure the minor capacity/performance changes which are seen in this period. For other
function-related tests, weaker associations between their change and that of knee
extension muscle strength were observed. This difference may occur because knee
extension strength is more critical for some functional tasks than others, namely IMSTS,
while some depend more on endurance, balance or coordination. This diversity of results
and the absence of a single gold-standard to assess functioning prompts the need for
further studies assessing how changes in strength predict functioning gains. Our results
suggest that changes in strength can at least inform on the evolution of some dimensions
of functioning in an easy and less time-consuming way. In fact, preparing the patient,
assessing and scoring the SF-36 Physical Function, the 6 MWT and the IMSTS could take
more than 20 minutes — (i) the SF-36 may be difficult to use for some patients and time-
consuming to score by the observers, and (ii) the 6MWT and 1MSTS usually require
more than theoretically-expected 7 minutes to be performed, given the time needed to
provide patients with instructions on how to execute the tests and the time needed to

relocate them. On the other hand, the HHD assessment could take less than 2 minutes
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since a direct value is obtained after a couple of knee extension tests. This is particularly
relevant for patients’ follow-up in the outpatient setting (in fact, the possibility of
collecting function-related variables at baseline can improve the estimation of those
variables improvement, complementing information on strength variation).

Additionally, when prospectively assessing post-ICU patients, patient progression
was found to be faster in the first than in the second three months after patients started
ambulation. In fact, previous studies had already pointed that improvement is faster in the
first months after hospitalization, probably because function-related parameters are
furthest away from patients’ previous state which gives them more functioning
potential.*> '*® Quadriceps and Rectus Femoris thickness were the only exception, with
steady muscle growth not necessarily meaning similar functional improvement. This
might happen because muscle thickness does not entirely correlate with muscle volume
and because strength also depends on muscle quality (such as levels of fibrosis and fat)
which was not evaluated.!?% 12! Also, we were able to observe that the Barthel Index
reached levels previous to hospitalization at 3 months post-discharge. In fact, at that time
point, the maximum score was achieved, probably due to the ceiling effect of this test,
which limits differentiation of patients with higher levels of capacity and
performance."* On the other hand, patients’ previous IPAQ was never reached, even
after 6 months after hospitalization, probably due to loss of capacity or fear of

overexertion, although memory bias can also be a factor.
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4.4 Implications for practice and future research

This thesis aimed to study the correlation of changes in muscle strength and
thickness with functioning variation. Having a practical method to systematically
estimate function-related parameters (some of which are predictors of mortality and
quality of life) can give physicians crucial information on patients’ improvement. Having
such information can be used to manage patients’ expectations and inform clinicians on
their prognosis, since patients who are not improving or who are improving slower may
have their treatment adjusted and intensified in order to potentially have more gains.®®
Assessing patients’ prognosis and monitoring their evolution is critical for understanding
which patients are still in need of additional rehabilitation sessions and which patients
have already reached their full performance. This information can prevent us from
treating patients who no longer need additional treatments, giving the opportunity for
other patients with more potential to recover to be treated. This may have relevant
implications not only from a clinical, but also from a health services point-of-view.

This thesis also contributes to promote POCUS and HHD as reliable tools to
measure quadriceps thickness and muscle strength respectively, that can be used by a
wide range of physicians with short course of training without significant loss of
reliability. It also contributes to encourage physicians to use an average of two
measurements in order to increase reliability. Reliability of POCUS and HHD seems now
to be better studied, in a wider range of patients, namely in the rehabilitation setting as
studied during this thesis.

Although HHD seems to be a potentially useful tool in clinical practice to estimate
functioning progression in patients after intensive care unit, more studies should take

place to confirm this hypothesis, namely to understand if larger improvements in knee
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extension strength lead to better functional and vital prognosis. This relationship should
also be studied in other populations in the rehabilitation setting such as musculoskeletal,
neurologic, respiratory, geriatric or cardiac rehabilitation in order to understand if these
results could be applied in other contexts. Also, studies with higher sample size may be
useful to develop multivariable models of prognosis with a potential to more accurately
predict patients’ evolution. It would also be important to have studies assessing if
introducing HHD in PMR consultation would lead to a better treatment capacity, with
more gains in health and function-related parameters. That is, it would be important to
assess whether a better assessment of patients’ functioning using a HHD may result in
improved outcomes for the patient. Future studies should also assess the feasibility of
using an HHD in the PMR consultation, with quantification of the extra time (or less time,
if it could replace other evaluations) it would require, if clinicians could naturally
incorporate it in their daily routine and if they would feel satisfied in using it
systematically. Other questions that should be the target of future studies are if we should
apply these tools to all patients or only in some specific cases and how economically
viable or cost-effective it would be for hospital departments to provide clinicians with
these tools. In fact, from a health economic point of view, it would be important to
understand if using HHD could lead to cost savings in unnecessary treatments or if
expenses would be compensated for health or quality-of-life gains due to treatment
optimization.

On the other hand, Quadriceps and Rectus Femoris muscle thickness measured with
POCUS does not seem to be a consistently valid method of estimating changes in
function-related variables and its use may not be indispensable in clinical practice for
assessment of those changes. In fact, muscle mass gains are consistent over time and not

necessarily correlated with functioning improvements although different results could
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have possibly been found in other populations or sample size. This could challenge the
assumption usually applied in the clinical practice that the amyotrophic status, namely as
a function of thigh circumference, is a clear indicator of patients’ functional condition.
More studies should be done to assess the relationship between amyotrophy, thigh
circumference and functional status. Irrespectively of that, POCUS may still play an
important role in the PMR practice which may be explored in future studies — for example,
it may be a useful tool to help diagnosing some conditions such as sarcopenia. Further
studies (including cost-effectiveness and feasibility assessments) should be done to
understand if a wider use of POCUS could lead to a better diagnosis of sarcopenia and if
such could lead to health gains and/or cost savings.

In the future, our group purposes to study the applicability and economic viability
in clinical practise of HHD usage in post-ICU patients and study these associations in a

higher number of patients. Also, we aim to extend this study to other populations.
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5. Conclusion

Both HHD and POCUS seem to be reliable resources to objectively measure knee
extension strength and quadriceps femoris muscle thickness on patients in rehabilitation
programs, respectively. These methods seem feasible to apply with good reproducibility,
even for physicians with no previous experience with these tools after a short training
course. This is all the more relevant as we observed that knee extension strength change
measured with HHD (but not quadriceps and rectus femoris muscle thickness measured
with POCUS) was found to have a moderate association with function-related
parameters’ change (notably SF-36 Physical Functioning, 6MWT, and 1MSTS),
rendering HHD as an easily-applicable tool to estimate changes in functioning in patients
after ICU discharge. Nevertheless, further confirmatory studies — with larger samples,
more frequent assessments, and/or longer follow-up periods - are needed to confirm the

findings obtained in this exploratory study.
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Abstract

Introduction

The Handheld Dynamometer (HHD) has the potential to overcome some of the logistic and
economic limitations of isokinetic dynamometers for measuring knee extension muscle
strength. However, its reliability has not been fully assessed. The purpose of this study is to
measure intra and inter-rater reliability of HHD for knee extension strength in patients receiv-
ing rehabilitation treatment, as well as to understand in which conditions is the reliability
higher.

Methods

Twenty-nine patients admitted in an inpatient Physical Medicine and Rehabilitation unit
were consecutively included in this cross-sectional study. Two experienced and two inexpe-
rienced physicians made two assessments of knee extension strength with HHD, separated
by three hours. Intraclass Correlation Coefficients (ICC), absolute differences between
assessments, and correlations between strength and functional variables were calculated.

Results

Intra and inter-rater ICC were overall high (> 0.950 and 0.927, respectively). Higher values
were found when average of two measurements were made for estimating intra-rater ICC
(ICC =0.978; 95%Cl = 0.969-0.985) but not for inter-rater ICC. ICC were not statistically
significantly different when calculated based on measurements performed by inexperienced
physicians and experienced ones. There was a moderate correlation between strength and
functional variables.
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Conclusion

Handheld Dynamometer seems to be a reliable option to measure knee extension muscle
strength, particularly when two measurements are performed and their average is reported.

Introduction

Functional disability is a major problem in global population, affecting mobility and independent
living. According to the Centers for Disease Control and Prevention, one-quarter of all adults in
the United States have some kind of disability; fourteen percent have severe difficulty walking
and climbing stairs, and seven percent have difficulty doing daily tasks without assistance [1]. In
Portugal, forty percent of population reported some kind of long-term disability [2].

Functional disability is difficult to measure, one of the reasons being its parameters are
dependent on patients’ experiences and expectations. Moreover, patient reported outcome
measures (such as the 36-Item Short-Form Survey) [3] and functional tests (such as the 6 min-
utes walking test) [4] are time-consuming and its application challenging in most outpatient
clinical rehabilitation settings due to lack of an easy clinical measurable outcome that can be
obtained along clinical treatment. This prompts the need for methods simultaneously capable
to (i) accurately and reliably assess patients’ disability (and its evolution over time), and (ii) be
easily implemented in the clinical practice, namely in the outpatient setting of rehabilitation
programs. Such methods may include the measurement of muscle strength, since a negative
correlation between muscle strength, functional disability and activity of daily living depen-
dence has been shown in the past [5-7]. In this context, measuring knee extension strength
may be particularly adequate, as it displays a key role for maintenance of functional capacity
for activities as walking, sitting, dressing or having a shower [8-10].

The isokinetic dynamometer (ID) is the gold-standard method for evaluating muscle
strength in knee extension, but it is difficult to apply in the clinical practice, since it is very
expensive, non-portable and requires previous specialized training [11]. On the other hand, the
handheld dynamometer (HDD) is a less expensive and portable device that can also be used to
measure muscle strength; its use requires less training, potentially rendering it more applicable
in clinical practice [11]. However, questions still remain on the accuracy of HDD. In fact, while
some studies have shown a high correlation between measurements in ID and HDD [11-13],
only few of them calculated sample size or used more than 2 observers [12, 14-19].

The purpose of this work is to measure the intra-observer and inter-observer reliability of
HHD for the assessment of knee extension strength. In addition, this study aims to analyse if
the reliability of HHD differs according to the experience of observers, the number of mea-
surements, and if there is an association between knee extension strength measured by HHD
and functional capacity.

Methods
Study design

Twenty-nine patients were consecutively selected for this cross-sectional study at the Inpatient
unit, Physical Medicine and Rehabilitation Department, Centro Hospitalar e Universitario de
Sao Jodo, which is a tertiary care hospital in Northern Portugal. For each patient, four different
observers, two previously experienced and two inexperienced in HHD use, made four mea-
surements of knee extension peak force with an HHD. Do to schedule logistics and in order to
systematize the measurements, two measurements were taken in early afternoon (measure-
ment A and measurement B-assessment AB), and two three hours after (measurement C and
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measurement D-assessment CD) (Fig 1). All observers were physicians with at least two years
of clinical experience. Intra-rater and inter-rater intraclass Correlation Coefficients (ICC),
absolute differences between measurements within each assessment, and correlation with
functional variables were calculated. The study was approved by Ethical Committee of the
respective hospital (Research Project 289/20). Patients were asked for written consent. This
article was written according to STROBE statement guidelines [20].

Setting and participants

We assessed participants which had already been included in a previous study from our
research group, with sample size of thirty patients being calculated. (Pinto-Ramos J et al., Sub-
mitted) In brief we consecutively included all patients admitted at our Service from March to
June 2021 which satisfied defined inclusion and exclusion criteria. Patients aged > 18 years-
old performing rehabilitation treatment for any cause fulfilled the inclusion criteria. Exclusion
criteria were: patients unable to ambulate without assistance before hospitalization, morbid
obesity, actual lower limb bone fractures, serious pressure or venous ulcers, cardiorespiratory
instability, major psychiatric disorders, severe cognitive impairment or neurologic conditions
such as multiple sclerosis, traumatic brain injury or severe stroke. Patients admitted to our
acute rehabilitation service were hospitalized due to acute events which have impacted their
functional capacity, having been transferred for personalized and intense rehabilitation pro-
grams. Each day, patients had a 24-hour rehabilitation nursery care with activities of daily
living training sessions, two physical therapy sessions of one and half hours each, one occupa-
tional therapy session and, in case of need, psychology and speech therapy.

Variables and measurements

From each patient, knee extension strength was measured four times by each of the four
observers with the HDD. That is, the four observers performed two knee extension peak force
measurements with HHD (Micro FET®™2 HHD; Hoggan Health Industries, Draper, UT, USA)
at each patient (measurements A and B, comprising the assessment AB) followed by two other
measurements three hours later (measurements C and D, comprising the assessment CD) (Fig
1). The three-hour interval was defined to allow some interval between assessments in order to
reduce the risk of memory bias while allowing all assessments to be done in the same day
(ensuring clinical stability of the patients during the interval between assessments). Patients
were seated in the edge of the stretcher with the feet and hands suspended and knee flexed at
60°. The observer was in squatting position with the back against the wall for support and both
arms extended to the patient dominant leg for stabilization, so that the results dependence on
patient or observer strength would be minimized. The HHD was placed in the anterior leg of
each patient, five centimetres above the distal part of the medial malleolus (Fig 2). Patients
were asked to make and maintain maximum knee extension strength for five seconds. One-
minute rest was used between measurements to decrease fatigue impact. Results displayed on
HHD were registered by an independent observer, so that the patients and observers applying
the HHD were blinded. Strength was measured in Newtons (N).

In order to standardize the procedures, every observer was given a thirty-minute training
before the beginning of the study on how to perform HHD measurements correctly, even
though two of the observers had more than two years of experience using the HHD.

From each patient, information was also collected (by a different researcher) on his/her sex
and age as well as height, weight, body mass index, diagnosis, pain on visual analogue scale
and current and previous modified Rankin Scale. Functional variables were also collected,
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Measurement Measurement Measurement Measurement
A B C D
| | : 3 hours | | |
W—J | | W—J
Assessement Assessement
AB CD

Fig 1. Schematic representation of the measurements performed by each observer in each participant.

https://doi.org/10.1371/journal.pone.0268254.9001

namely handgrip strength, Timed Up and Go (TUG) test, 1-minute sit-to-stand (STS) test and
Medical Research Council Sum Score [21-24].

Study size

The sample size for this study was calculated simultaneously with that for the previous study.
(Pinto-Ramos ] et al., Submitted) Our primary effect size measure was the intra and inter-rater
ICC. For us to estimate the sample size, we conducted a comprehensive literature search in
order to identify previous ICC estimates. We identified seven studies providing such estimates
[12, 14-19], which we pooled by random-effects meta-analysis, resulting in a pooled ICC of

Fig 2. Standardized evaluation method of the patients. Observer was squatting with back against the wall and stretch
arms in order to increase stability.

https://doi.org/10.1371/journal.pone.0268254.9002
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0.944 (95% confidence interval (95%CI) = [0.902;0.986]) for intra-rater reliability and 0.977
(95%CI = [0.959;0.995]) for inter-rater reliability. If more than one ICC were calculated in the
same study (i.e., in left and right limbs), the lower ICC value was used in the meta-analysis.
The minimum sample size estimated based on those meta-analytic values using a 95%CI and a
semi-width of 5% was of 13 for intra-rater and 4 for inter-rater reliability. Since the required
sample size calculated for the previous study was higher (30 patients), we ended up enrolling a
larger number of patients.

Statistical analyses

For numerical (continuous) variables, we used means and standard-deviations (SD) for
describing variables with normal distribution and medians and 25" and 750 percentiles (P25;
P75) for variables with non-normal distribution. Categorical variables were described using
absolute and relative frequencies (in percentage). Reliability of HHD measurements was esti-
mated using ICC. For each set of two measurements (i.e., assessment AB, and assessment CD),
we registered the average, maximum and first value. Two-way mixed-effects model ICCs were
used to calculate intra-rater and inter-rater reliability. ICCs were calculated using single mea-
surements per assessment set for maximum and first values. For intra-rater ICC, we calculated
it taking in to account the measurements of all observers, comparing average, maximum and
first values of the AB assessments with those of CD assessments. Individual intra-rater ICC
were also presented for average, maximum and first values. For inter-rater ICC, we compared
average, maximum and first values of AB assessments between observers (in an ancillary analy-
sis, such comparisons were also performed for CD assessments). Experienced and inexperi-
enced observers were also separately analysed for ICC comparison between different levels of
training. Reliability was considered poor if ICC<0.50, moderate if 0.50<ICC<0.75, good if
0.75<ICC<0.90 and excellent if ICC>0.90 [25].

Since ICC values are dependent on the heterogeneity of the population [25], absolute differ-
ences between average, maximum and first measurements of each assessment were calculated,
with differences being tested using the Friedman test. We also calculated relative differences,
dividing the aforementioned absolute differences by average knee extension peak force of each
participant. The correlation between absolute differences and average knee extension peak
force was also calculated to assess if absolute differences between assessments depend on aver-
age knee extension peak force. If correlations were found to be sufficiently strong (r>0.4 or
r<-0.4), univariable linear regression models were applied.

We also estimated the correlation between average knee extension peak force of the differ-
ent participants with other functional variables. Such functional tests/variables include the
handgrip strength, TUG test, STS test, Medical Research Council Sum Score, actual and previ-
ous Modified Rankin, and POCUS measured rectus and quadriceps femoris muscle thickness.
If correlations were found to be sufficiently strong (r>0.4 or r<-0.4), univariable linear regres-
sion models were applied, with knee extension peak force being the independent variable and
the dependent variables corresponding to the results of each functional variable.

Correlations were estimated using Spearman correlation coefficients. A p-value inferior to
0.05 was considered statistically significant. The Bonferroni correction was applied in order
to control for multiple comparisons. ICC values were calculated using R software and the
remaining statistical analyses were done in IBM SPSS Statistics 28 (IBM, Armonk, NY).

Results

Twenty-nine patients were included in this study. Participants’ age ranged between 19 and 82
years old with mean age of 58.8 (SD = 14.1) years old; 75.9% of patients were male (Table 1).
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Table 1. Demographic characteristics of the sample and descriptions of functional tests.

Variables Patients (N = 29)
Age (years)-mean (SD) 58.8 (14.1)
Males-n (%) 22 (75.9)

BMI (Kg/m?)-median (P25;P75) 23.1 (21.5;27.4)
Previous mRankin-median (P25;P75) 0(0;1)

Current mRankin-median (P25;P75) 3(2:4)

Medical Research Council Sum Score—median (P25;P75) 46 (43;47.5)
Handgrip Strength (kg)-median (P25;P75) 18.3 (11.7;23.3)
Timed Up and Go (s)-mean (SD)* 18.9 (11.6)

Sit to Stand test-mean (SD)? 17.2 (7.6)

BMI-Body Mass Index, P25;P75-25" and 75 Percentile, Kg-Kilogram, m-Meter, s-Seconds, SD-Standard
Deviation;

'_Only 16 participants could complete the test,

2_Only 10 participants could complete the test

https://doi.org/10.1371/journal.pone.0268254.t001

Participants displayed a median body mass index of 23.1 kg/m? (P25;P75 = 21.5;27.4), and the
current modified Rankin median score was of 3 (P25;P75 = 2;4). Nineteen patients (65.5%)
were not able to stand up from a chair whereas thirteen patients could not ambulate (44.8%).
Patients able to ambulate had a mean TUG test of 18.9 seconds (SD = 11.6) and patients able
to stand from a sitting position had a mean STS test of 17.2 (SD = 7.6). Median muscle strength
was of 189.8 N (P25;P75 = 130.7;274.4).

The most common admission diagnoses were Intensive Care Unit Acquired Weakness (ten
patients) and non-severe (Initial National Institute of Health Stroke Scale (NIHSS) <15)
Stroke (six patients).

Observers rapidly adapted to the use of HHD and measurements took less than one minute
in the majority of times, although positioning the most disabled patients in the stretcher was
often a challenge. Also, patients with higher knee extension strength were difficult to resist in
order to measure their full strength.

Intra-rater reliability

The intra-rater ICC for knee extension strength of the 464 measurements (corresponding to 4
measurements done by each of the 4 observers to the 29 patients) was excellent with results higher
than 0.950 when considering either average, maximum and first measurements. The intra-rater
ICC was significantly higher when calculated based on the average of two measurements (average
of AB versus average of CD) (ICC = 0.978, 95%CI = 0.969-0.985) than when based on the first
measurement alone of each set (A and C) (ICC = 0.950, 95%CI = 0.928-0.965) (Table 2).

Inter-rater reliability

Considering measurements of the assessment AB, we observed an inter-rater ICC between
0.927 and 0.936 of knee extension strength measured with HHD. There were no substantial
differences between ICC calculated based on average, maximum and first values of the assess-
ment AB. (Table 2). Similar results were found from assessment CD with ICC between 0.943
and 0.952. (Table 2).
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Table 2. Intra-rater and inter-rater intra-class correlation coefficients (ICC) of knee extension strength measured with hand-held dynamometers using average,
maximum and first values within AB and CD assessments.

ICC calculated based on average of ICC calculated based on maximum of ICC calculated based on first
measurements within each 1ent (95% irements within each assessment (95% measurements within each assessment
CI) CI) (95%CI)
Knee Extension 0.978 (0.969-0.985) 0.961 (0.945-0.973) 0.950 (0.928-0.965)
Strength intra-rater ICC
Knee Extension
Strength inter-rater ICC
Assessment AB 0.932 (0.864-0.967) 0.936 (0.874-0.969) 0.927 (0.859-0.964)
Assessment CD 0.952 (0.908-0.976) 0.952 (0.911-0.976) 0.943 (0.899-0.971)

95%CI-95% Confidence Interval

Individual intra-rater ICC were similar or higher than 0.948 for the four observers, either using mean, maximum or first values (S1 Table).

https://doi.org/10.1371/journal.pone.0268254.t1002

Absolute and relative differences

The median of the absolute differences between knee extension strength assessments (AB vs
CD) ranged between 15.0 and 15.4 N (depending on whether average, maximum or first mea-
surements in each assessment were being considered). No significant differences were found
between median differences calculated based on average, maximum or first measurements
within each assessment (p = 0.23). Relative differences between assessments ranged between
8.7% and 10.5%. (Table 3).

Average HHD strength were moderately correlated with absolute differences for average
(r=10.477 (95%CI = 0.318;0.610) [p<0.001]), maximum (r = 0.415 (95%CI = 0.246;0.559)
[p<0.001]) and first measurements (r = 0.414 (95%CI = 0.245;0.558) [p<<0.001]). Univariable
linear regression coefficients were subsequently applied, with coefficients being of 0.112 (95%
CI =0.080;0.144) [p<0.001] for average measurements, 0.103 (CI95% = 0.070;0.136) [p<0.001]
for maximum measurements, and 0.117 (95%CI = 0.080;0.155) [p<0.001] for first measure-
ments. On the other hand, correlations between relative differences and average HHD strength
were not significant, with Spearman correlation coefficients ranging between -0.063 and -0.109.

Experienced and inexperienced observers

Similar results were observed when comparing the reliability of measurements of experienced
versus inexperienced observers. For experienced observers intra-rater ICCs were of 0.981,
0.963, 0.949, depending on whether such ICCs were estimated based on average, maximum or
first measurements, respectively. For inexperienced observers, such values were of 0.976,
0.961, 0.950, respectively.

Table 3. Absolute difference (in Newton) of knee extension strength and percentual difference of absolute difference over average muscle strength of all assessments
with Hand Held Dynamometer (HHD) using mean, maximum and first measurements between assessments AB and CD for the same observer.

Average of measurements within each | Maximum of measurements within First measurement within each
assessment—Median (P25;P75) each assessment—Median (P25;P75) assessment—Median (P25;P75)
Absolute Difference (N) Between Knee 15.2 (7.9;34.7) 15.0 (6.2;33.0) 15.4 (8.9;38.0)
Extension Strength
Percentual Difference Between Absolute 8.7% (5.1;16.8) 8.8% (4.5;17.4) 10.5% (4.9;18.3)
Difference and Average Knee Extension
Strength

HHD-Hand Held Dynamometer, P25;P75-25th and 75th Percentiles, N-Newton;

https://doi.org/10.1371/journal.pone.0268254.t003
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Muscle strength and functional outcomes

Except for the Previous Modified Rankin, muscle strength measured by knee extension peak
force in the HHD was moderately correlated (correlation coefficient >0.4) with all functional
variables, including the current modified Rankin, the TUG test, the STS test, the Medical
Research Council Sum Score, the Handgrip Strength and the Quadriceps and Rectus Femoris
Muscle Thickness. (Table 4) Correlations after Bonferroni correction were statistically signifi-
cant for all functional tests, except the Previous Modified Rankin, the Medical Research Coun-
cil Sum Score and the TUG. Linear regression coefficients ranged from -0.062 (association
between knee extension peak force and TUG) to 0.045 (association between knee extension
peak force and STS). (Table 4).

Discussion

Our study shows that the HHD may be a reliable tool for estimating knee extensors muscle
strength in rehabilitation patients, with both intra and inter-rater ICC being higher than 0.9
across all observers. Using an average of two measurements increases reliability when com-
pared with estimates based on a single measurement, which suggests a random error in the
measurements. The learning curve of HHD use is short, with experienced and inexperienced
observers showing similar results.

This study has some limitations worth noting, including the fact that this is a single center
study, and caution is required when generalising its results to other populations. Also, as the
patients were hospitalized to perform a rehabilitation program in an acute tertiary care Hospi-
tal, results may not apply to other type of patients. Patients were observed in two assessments
by four observers, so that at each set of measurements the patient was subject to eight maxi-
mum knee strength evaluations performed within a short period (being subject to sixteen of
such evaluations within a period of three hours). As a result, patient fatigue may have modified
the results between measurements and lead to underestimation of results. Authors tried to
manage this limitation by setting a minimum one-minute rest between each measurement, so
that maximum peak force could be reached every time. An additional limitation may concern
the possibility of memory biases (given the three-hour gap between the two sets of

Table 4. Correlation and linear regression coefficient between Handheld Dynamometer and different functional
variables.

Functional Variables Correlation coefficient (95%CI) [p- | Linear regression coefficient (95%CI) [p
value] value]

Previous Modified Rankin -0.378 (-0.660; -0.002) [0.043]* o

Current Modified Rankin -0.565 (-0.776; -0.239) [0.001] -0,005 (-0,008; -0.002) [0.004]

TUG test -0.612 (-0.854; -0.151) [0.012]* -0,062 (-0.106; -0.019) [0.009]

STS test 0.499 (0.151; 0.737) [0.006] 0.045 (0.018; 0.073) [0.002]

Medical Research Council Sum 0.484 (0.132; 0.728) [0.008]* 0.019 (-0.005; 0.043) [0.109]

Score

Handgrip Strength 0.545 (0.213; 0.765) [0.002] 0.030 (0.004; 0.055) [0.023]

Quadriceps Femoris Muscle 0.511 (0.167; 0.744) [0.005] 0.002 (0.000; 0.003) [0.012]

Thickness

Rectus Femoris Muscle 0.536 (0.201; 0.759) [0.003] 0.002 (0.000; 0.005) [0.027]

Thickness

95%CI-95% Confidence Interval, TUG-Timed Up and Go; STS-1-minute sit-to-stand;
*non-significant after Bonferroni correction;

** Not applicable since r<0.40

https://doi.org/10.1371/journal.pone.0268254.t1004
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measurements). This may particularly concern the possibility of psychomotor memory bias
from patients. On the other hand, we believe that memory bias from the observers may not
have had a relevant impact, as each day there were seven to nine patients to be assessed by each
independent observer (resulting in at least 56 measurements to remember before assessment
CD). Finally, since ICC values are contingent on the homogeneity of the population, results
might be overestimated as a result of the heterogeneity of studied population [25]. To over-
come this limitation, and in order to estimate the actual differences, absolute and percentual
differences between assessments were calculated.

This work has also important strengths. Firstly, this study was designed using more than
two observers, differentiating it from most other studies assessing the reliability of the HHD.
Also, this study compared different ways of calculating the strength of the patient knee exten-
sion, namely using two measurements or a single measurement, in order to estimate the most
reliable assessment of muscle strength. Having four observers also allowed us to include
observers with different experience levels, making us able to assess whether experience associ-
ated with different results. Finally, we ensured that this study was adequately powered to
obtain precise estimates.

The HHD was found to be a reliable way of measuring muscle strength, with results show-
ing excellent reliability, in accordance with what has been previously reported in previous
studies assessing other types of patients [12, 14-19].

Absolute differences between assessments were relatively low, despite being higher for
patients with higher muscle strength. By contrast, the percentual differences did not vary with
increase of muscle strength. This might occur because knee extension of stronger patients is
possibly more difficult to resist, leading to higher errors, specially between observers with less
capability to resist knee extension strength. In fact, other studies already suggested that stron-
ger observers tend to report higher values on HHD and also that external stabilization of the
HHD, namely with a belt, can be more reliable than human-resisted evaluations [19, 26-28].
Nevertheless, belt stabilization is more difficult and time-consuming, possibly rendering it
impractical to apply in clinical practice.

Results were similar when considering measurements performed by both experienced and
previously inexperienced observers, which suggest that the use of HHD to measure muscle
strength could be generalized across physicians if a short course of training is previously done.
Since this study was conducted throughout a period of four months, we cannot estimate if reli-
ability would be this high for longer periods if observers were not trained again for standard-
ized evaluations. Other studies with inexperienced subjects with a short course training
already showed that good reliabilities could be achieved with HDD but in different muscular
groups [29, 30].

Knee extension strength on HHD was moderately correlated with the majority of analysed
functional variables, confirming that muscle strength, including for knee extension, may be
important for these tasks, as it was also suggested by other studies [31-34]. In these partici-
pants, correlations between functional tests and muscle strength were higher than those
observed between functional tests and muscle thickness (except for hand grip strength).
(Pinto-Ramos J et al., Submitted) This suggests that, compared with muscle thickness, muscle
strength correlates better with functional variables for this specific population, which can be
justified by many factors, such as muscular or polyneuropathic changes due to hospitalization,
which can affect differently thickness and strength [35, 36].

The HHD overcomes many of the limitations associated with the use of isokinetic dyna-
mometers (considering the gold-standard for the assessment of strength). In fact, while the
latter require patients to move to a different location to be tested, well-trained users and expen-
sive initial investment, HHD is portable, fast to use (with measurements done in less than two
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minutes during consultation/medical evaluation) and displays lower costs. This may propel
the measurement of muscle strength in clinical practice which has been very limited so far.
However, this requires not only that HHD are demonstrated to be reliable tools, but also that
they are useful to estimate patients’ functional level and evolution over time (which requires
prospective studies to confirm this theory).

In conclusion, knee extension strength measured with HHD seems to be a reliable resource
to objectively measure strength on patients in rehabilitation programs. This method seems fea-
sible to apply, even for physicians with no previous contact with the HHD. Some questions are
still to answer, including if method is adequate to objectively measure patients’ functional evo-
lution over time.
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ABSTRACT

BACKGROUND: Point-of-care ultrasound can be used to assess muscle thickness. However, its

reliability has not been fully evaluated.

AIM: This study aims to assess the intra-rater and inter-rater reliability of point-of-care ultrasound for

the estimation of quadriceps and rectus femoris thickness in patients from a rehabilitation setting.

DESIGN: Cross-sectional study.

SETTING: Physical Medicine and Rehabilitation Department of a tertiary care hospital.

POPULATION: Twenty-nine inpatients consecutively selected after admission.

METHODS: Four observers, two trained and two untrained, used point-of-care ultrasound to measure
guadriceps femoris and rectus femoris thickness. Each observer performed two measurements
followed by a second set of two measurements three hours later. Intraclass correlation coefficients

(ICC) were then calculated.

RESULTS: Both intra-rater and inter-rater ICC were higher than 0.888 for both quadriceps and rectus
femoris measurements. Reliability was highest when ICC were calculated based on the average of two
measurements, with the intra-rater ICC being of 0.956 (95%CI=0.937-0.970) for rectus femoris and
of 0.966 (95%CI=0.951-0.976) for quadriceps femoris, and with the inter-rater ICC being of 0.919
(95%C1=0.863-0.957) for rectus femoris and 0.945 (95%CI=0.907- 0.971) for quadriceps femoris.

Trained and untrained observers did not have significantly different ICC values.

CONCLUSION: These results suggest that point-of-care ultrasound is a reliable option to measure

muscle thickness of knee extensors by the same or different observers.

CLINICAL REHABILITATION IMPACT: Measuring knee extensors thickness may aid to
adequately modulate treatment choices in patients with disability. This study suggests that quadriceps
and rectus femoris muscle thickness measured after a short training course, by either an experienced
or inexperienced clinician, presents high reliability. Reliability can be increased if the average of two
measurements is used. Besides being inexpensive and portable, point-of-care ultrasound is a reliable
tool for measuring knee extensors’ thickness, rendering it potentially adequate to be used in clinical

practice.

KEY WORDS: Quadriceps Muscle; Validation Study; Ultrasonography



INTRODUCTION

Disability is defined by the World Health Organization as an “umbrella term for impairments, activity
limitations and participation restrictions”.® Overcoming disability is the main purpose of Physical
Medicine and Rehabilitation, which acts, among others, to promote normal interaction between the
musculoskeletal and neurological systems.(” However, to be able to provide the most adequate
therapeutic options (including on nutritional support and training parameters) and to modify them
according to patients’ progression over time, disability biomarkers are needed. Muscle thickness has
been hypothesized as one of such biomarkers — for example, in knee extensors (which play a key role
in important functional tasks such as walking, standing up from a sitting position and climbing stairs®
9) muscle thickness appears to have a correlation with muscle strength.®% 9 Therefore, measuring
knee extensors thickness is conceivable as a simple, easy to obtain and reliable metric, which may aid
to adequately modulate treatment choices in patients with disability, while also being useful as
diagnostic criteria for conditions such as sarcopenia.- 2 Sarcopenia is one of the most common
conditions leading to disability in the elderly; it is defined as “age-related loss of muscle mass and
muscle function”, primarily targeting the anterior tight muscles.®

Muscle mass and thickness are usually measured using Dual-energy X-ray absorptiometry and
magnetic resonance imaging.*® Nevertheless, these techniques are not easily accessible during
outpatient assessments, which makes them difficult to apply at point-of-care. In addition, magnetic
resonance imaging is an expensive procedure. By contrast, point-of-care ultrasound (POCUS) is easier
to apply in an outpatient setting and is becoming more affordable, rendering it a potentially useful tool
to measure muscle thickness.*Y> On the other hand, there are still several unanswered questions
regarding the reliability of this method, since the majority of studies done with either ultrasound (US)
or POCUS included only 2 observers, did not calculate sample size and assessed patients outside of
the rehabilitation setting.*>19)

Therefore, the purpose of this study is to assess the intra-rater and inter-rater reliability of POCUS for
assessing muscle thickness in a rehabilitation patient population. In addition, this study aims to assess
if reliability increases when measurements are performed by trained physicians, and if there is an

association between muscle thickness and disability.



METHODS

Study Design

This single-centre cross-sectional study was conducted at the Physical Medicine and Rehabilitation
Department of Centro Hospitalar e Universitario de Sao Jodo, a tertiary care hospital in Northern
Portugal. Twenty-nine patients were assessed by four different observers using a portable ultrasound
to evaluate muscle thickness of rectus femoris and quadriceps femoris. Each observer performed
four measurements on each patient, two in the early afternoon (assessments A and B) and two in
the late afternoon (3 hours after the first measurements; assessments C and D) (Figure 1). Intra and
Inter-rater intraclass correlation coefficients (ICC) were calculated, as well as absolute differences
between assessment AB and CD values. The study was approved by the institution's Ethical
committee and written consent was obtained from each patient. This article was written according

to the STROBE statement for cross-sectional studies.!?”

Setting and Participants

Patients admitted to the Physical Medicine and Rehabilitation Department of Centro Hospitalar e
Universitdrio de Sdo Jodo from March to June 2021 were consecutively included in the study if they
fulfilled all the eligibility criteria. To fulfil the inclusion criteria, patients ought to be aged > 18 years
old and to have performed rehabilitation treatment for any cause. We excluded patients who were
unable to walk independently before starting rehabilitation treatment, as well as patients with severe
cognitive impairment, neurological/neuromuscular conditions (such as multiple sclerosis, traumatic
brain injury or amyotrophic lateral sclerosis), major psychiatric disorders, traumatic bone fractures
of the lower limb, morbid obesity (body mass index > 35), serious pressure or venous ulcers, or

cardiorespiratory instability.

Variables and measurements

For all participants we assessed the current and previous to admission modified Rankin (mRankin)
scale, the current handgrip strength, and current pain intensity (by means of visual analogue scale).
Handgrip strength was measured using Camry” Electronic Hand Dynamometer (Camry Scale, USA).
Patients were asked to sit with their elbows flexed at 902 and to produce and maintain maximum
handgrip strength for five seconds with their dominant hand. The maximum values of each pair of
attempts were recorded. In addition, we performed Timed Up and Go (TUG) and 1-minute sit-to-
stand (STS) tests, Medical Research Council Sum Score and Knee Extension Peak force measured with
a Hand Held Dynamometer. Participants’ demographic characteristics (sex and age), height, weight,
body mass index and diagnosis at admission were also retrieved.

For each patient four different observers performed two measurements of rectus femoris and

qguadriceps femoris thickness in the early afternoon (assessments A and B) and two measurements



of the same muscles’ thickness 3 hours after (assessments C and D) (Figure 1). Measurements were
performed using a handheld portable POCUS (Butterfly iQ+, Butterfly Network, Inc., Guilford, CT)
configured for musculoskeletal image acquisition. (Figure 2) The probe was applied 15 cm above the
superior pole of the patella of the dominant leg while the patients were in supine position with both
legs stretched. Minimal hand force was applied at the ultrasound probe in order to avoid the effect
of pressure on muscle thickness.?? The probe was positioned perpendicular to muscle fibers in order
to avoid increases in muscle thickness due to angulation.?? Maximal distances between the cortex
of femur and the most superficial muscular fascia were measured.

Two of the four observers (observer 1 and 2) had previously received formal training and had already
been familiar with musculoskeletal ultrasound imaging for at least two years; nonetheless one hour
of training was provided for all observers. The four observers were blinded for each other’s results,

and a fifth researcher statistically analysed the data.

Study size
This study primary effect size measure consisted of the ICC for intra-rater and inter-rater reliability.

In order to estimate the adequate sample size, we performed a comprehensive literature search,
followed by random-effects meta-analysis of ICC values published in identified studies.®>® The
estimated meta-analytical intra-rater ICC value for quadriceps femoris muscle thickness POCUS
measurements was 0.91 (95% confidence interval [C1]=0.82;1.00), while the meta-analytical inter-
rater ICC was of 0.95 (95%CI=0.89;1.00). Using the meta-analytical value, and in order to obtain
95%CI with a semi-width of 5%, with a power of 80%, and considering four observers we estimated
a minimum sample size of thirty patients for intra-rater reliability ICC and ten for inter-rater reliability
ICC. Thirty-five patients were selected although we were only able to assess twenty-nine patients, due

to loss of follow-up.

Statistical analyses

Means and standard-deviations (SD) were used to describe variables with normal distribution, and
medians and 25th and 75th percentile (P25-P75) were used to describe asymmetrical variables.

For each set of two assessments (i.e., assessments AB, and assessments CD), we registered the average,
maximum, minimum and first value. Two-way model intraclass correlation coefficients were then
calculated in order to estimate the reliability between average, maximum, minimum and first AB
versus CD assessments from the same observer (intra-rater ICC). In addition, ICC were calculated to
estimate the reliability among average, maximum, minimum and first AB measurements of the four
different observers (inter-rater ICC).® A subanalysis was performed with ICC values being separately
estimated for trained and untrained observers. The ICC was considered poor for values <0.50,
moderate for values between 0.50-0.75, good for values between 0.75-0.90, and excellent for

values >0.90.®)



We calculated absolute and relative percent differences (absolute differences divided by the average
value of the four assessments from the four observers) between the average, maximum, minimum and
first measurements of AB assessments versus those of CD assessments. Spearman correlation
coefficients were calculated to assess the correlation between computed differences and average
muscle thickness, so as to assess if increased thickness associated with higher absolute differences.
Finally, as a post hoc analysis, we computed the Spearman correlation coefficient between average
muscle thickness of rectus femoris and quadriceps femoris from all observers and functional variables
measured by a fifth independent researcher (namely current and previous mRankin scale, handgrip
strength, Medical Research Council Sum Score, Timed Up and Go and Sit to Stand tests) and Knee
Extension Peak force measured with an Hand Held Dynamometer.

Statistical significance was considered at p-value <0.05. All analyses were performed using
IBM SPSS Statistics 27 software and the R software.



RESULTS

A total of 29 patients were included in the study, of whom 22 (75.9%) were male. (Table 1)
Participants’ mean age was of 58.8 years old (SD=14.1). The median mRankin scale was 0 (P25-P75
0-1) before hospitalization, and of 3 (P25-P75 2-4) at time of observation. The most common
admission diagnosis was intensive care unit acquired weakness (ICUAW) (10 patients; 34.5%),
followed by ischemic stroke (6 patients; 20.7%). At the time of assessment, thirteen (44.8%) patients

were unable to walk, and 19 (65.5%) patients were not capable of standing up from a sitting position.

Intra-rater ICC

In all assessments, intra-rater ICCs for rectus femoris displayed values over 0.90 (Table 2). Intraclass
correlation coefficients were significantly higher when calculated based on the average measurements
of AB and CD (ICC=0.956; 95%CI1=0.937-0.970) than when calculated based on maximum, minimum
or first measurements. (Table 2)

Similar results were observed for quadriceps femoris, with all ICC values being superior to 0.90 (Table
2). Intraclass correlation coefficients calculated based on the average values (ICC=0.966;
95%CI=0.951-0.976) were significantly higher than those estimated based on singular measurements
(except for maximum values). All ICC values for quadriceps femoris were higher than those for rectus

femoris measurements, but differences were not statistically significant. (Table 2)

Inter-rater ICC

Inter-rater ICC for recuts femoris assessments was higher when estimated based on average
measurements (ICC=0.919; 95%CI1=0.963-0.957) than single measurements, although differences
were not statistically significant. (Table 2) Similar results were observed for ICC for quadriceps
femoris, with estimates based on average measurements (ICC=0.945; 95%CI1=0.907-0.971) having a
non-significantly higher ICC value than when based on single measurements. All ICC values were
found to be over 0.90. All quadriceps femoris ICC values were higher than those for rectus femoris,
although such differences were not significant (Table 2). Similar results were observed when

calculating ICC based on CD values. (table el1)

Muscle Thickness Absolute Difference

Median absolute differences in measurements of rectus femoris muscle thickness from the same
observer ranged between 0.9 and 1.2 mm (corresponding to an average percent difference of 5.1-
9.2%). (Tables 3-4) Differences in muscle thickness measurements were not correlated with average
muscle thickness with all correlations being inferior to 0.037.

Median values of the absolute differences between the same observer muscle thickness measurements
in different assessments were higher for the quadriceps femoris than for rectus femoris, with results

ranging from 1.4 to 1.5 mm (corresponding to an average percent difference of 5.9-6.8%). (Tables 3-



4) Differences in muscle thickness were weakly correlated with average muscle thickness with all

correlations showing values inferior to 0.210.

Trained vs Untrained Observers

Differences were not statistically significant between ICC values of observers already trained for the
use of POCUS and observers with no previous experience, either for rectus or quadriceps femoris

thickness assessments.

Correlation between Muscle Thickness and Other Variables

We observed that rectus femoris thickness was significantly correlated with Knee Extension Peak
Force measured with an HHD (r=0.536; p=0.003) and handgrip strength (r=0.574; p<0.001), but not
for current and previous mRankin (r=-0.325; p= 0.086 and r=0.063; p= 0.746, respectively), Medical
Research Council Sum Score (r=0.070; p=0.718), Timed up Go test on patients able to walk (r=-0.297,;
p=0.264), or Sit to Stand test on patients able to stand up from a sitting position (r=0.433; p=0.211).
We observed a moderate correlation between quadriceps femoris muscle thickness and current
mRankin score (r=-0.376; p=0.044), Knee Extension Peak Force measured with an HHD (r=0.511;
p=0.005), and handgrip strength (r=0.588; p<0.001). Correlations were weaker and not significant for
other functional variables such as previous mRankin (r=0.141; p=0.466) and Medical Research
Council Sum Score (r=0.064; p=0.742). Timed Up Go (n=16; r=-0.247; p=0.356) and Sit to Stand test
(n=10; r=0.482; p=0.159) had a poor correlation for patients that could perform them.



DISCUSSION

In this study, we observed that POCUS is a reliable tool to measure muscle thickness in rehabilitation
patients. Both intra-class and inter-class ICC displayed overall very high values across the four
observers, which suggests that POCUS is a reliable method to use in the clinical setting. Performing
two measurements for each assessment (with subsequent computation of the average value) appears
to result in increased reliability, suggesting a random error in the measurements.

This work has some limitations worth noting. In fact, this is a single centre study, so caution must be
used when applying these results to different populations. In addition, the fact that this study was
performed in rehabilitation patients admitted to an acute tertiary care Hospital can limit the
generalisability of our results. Furthermore, for simplicity purposes, the probe was applied 15
centimetres above the superior pole of the patella, which may not correspond to the thickest part of the
muscle. Nevertheless, other previous studies took the same approach as we did.* 9 Also, because
patients’ muscular conditions were heterogeneous (as patients displayed different pathologies and
stages of disease) and muscle thickness variability was substantial in the assessed sample, higher ICC
values may have resulted. In fact, lower values could have been obtained if a more homogenous
population had been assessed.®) We tried to overcome this limitation by estimating absolute and
percentual differences between observers, which depend less on the homogeneity of the population.@
Finally, we performed each pair of measurements separated by a three-hour interval, so that there may
be hourly changes in patients’ muscle thickness that may have resulted in a reduced reliability of
measurements. However, previous studies did not find significant differences in rectus femoris
thickness when measurements were done with 1, 6 and 24 hours intervals.@)

We assessed the use of POCUS, an affordable method that can be used in the outpatient setting. We
applied a strong methodological design, with the inclusion of both trained and untrained observers
(allowing us to explore differences in reliability according to users’ experience), the comparison of
estimates based on one or two measurements (in order to explore if measuring more than once can
increase reliability), the calculation of sample size and the use of more than 2 observers to collect
muscle thickness data.

Our study showed the reliability of POCUS to measure rectus femoris and quadriceps femoris muscle
thickness to be very high, which is in line with previous studies.®>® These results also suggest that
measurements are reliable even when done by different observers and at different time points, which
suggests that POCUS can possibly be a reliable tool to estimate evolution over time, although
prospective studies should be performed to assess this hypothesis.

The learning curve for this procedure appears to be faster than with other US techniques/metrics, since
trained and untrained observers had similar results. Absence of significant differences between trained
and untrained observers with the use of POCUS were also observed in other fields, such as
rheumatology, vascular and emergency medicine as well as for quadriceps muscle thickness measured

in intensive care units (which also did not appear to depend on clinical experience).-?% This suggests



that this technique can be used across a wider set of physicians with a single and short training course
in order to standardize the data collection. The high reliability of POCUS and the possibility of its
wider use across physicians is especially important for the diagnosis of conditions such as sarcopenia
which, according to some algorithms, requires the measurement of quadriceps femoris muscle
thickness.? 39 This is all the more relevant as sarcopenia is an underdiagnosed condition; the wider
use of POCUS may curb such underdiagnosis.®

The absolute difference between same and different observers had a poor correlation with muscle
thickness, which suggests that between-measurement differences are usually low, independently of the
muscle thickness differences. This is opposite to what might have been intuitively thought that
assessments in thicker muscles would have higher errors.

Muscle thickness was moderately correlated with knee extension peak force, sit to stand test and
handgrip strength, and weakly correlated with other functional variables. Previous studies found
similar results; this may be due to the fact that thickness does not perfectly correlate with the muscle
cross-sectional area and, more importantly, with muscle quality, such as fat and fibrosis levels.G3%
Possibly, correlation is stronger when muscle thickness variation and functional variation are measured
over time than with a simple cross-sectional correlation between thickness and function, which
depends on other variables like muscle quality.®® Further longitudinal studies should be conducted to

estimate this correlation prospectively.



CONCLUSION

In conclusion, POCUS may be a reliable resource for physicians to measure muscle thickness of
patients in the rehabilitation setting. A short training course seems adequate to allow reproducibility
of the procedure even when physicians had no previous experience in US imaging. Further studies
may be performed to further explore the use of POCUS in the rehabilitation setting, including (i)
whether differences in muscle thickness as measured by the POCUS correlate with functional

differences assessed in a prospective way, and (ii) whether generalised use of POCUS is cost-effective.
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Tables

Table 1: Demographic characteristics of included patients

Included participants (N=29)

Age (years) — mean (SD) 58.8 (14.1)
Males — n (%) 22 (75.9)
Weight (Kg) — mean (SD) 72.7 (13.4)
Height (m) — mean (SD) 1.72 (0.10)
BMI (Kg/m?) — median (P25-P75) 23.1(21.5-27.4)
Previous mRankin — median (P25-P75) 0(0-1)
Current mRankin — median (P25-P75) 3(2-4)
Medical Research Council Sum Score - median (P25- 46 (43 -47.5)
P75)

Handgrip Strength (kg) — median (P25-P75) 18.3(11.7 - 23.3)
Timed Up and Go test (s) — mean (SD)? 18.9 (11.6)
Sit to Stand test — mean (SD)® 17.2 (7.6)

BMI — Body Mass Index, P25-P75 — 25" and 75" percentile, Kg — Kilogram, m — Meter, s — Seconds, SD —
Standard Deviation; a — Only 16 participants could complete the test, b - Only 10 participants could

complete the test



Table 2: Intra-rater and Inter-rater ICC of rectus femoris and quadriceps femoris thickness measurements

using Average, Maximum, Minimum and First values between AB and CD assessment and between AB

measurements, respectively

ICC calculated based on

Average of Maximum of Minimum of First
measurements measurements measurements
measurements
95%Cl 95%Cl 95%ClI
(95%Cl) (95%Cl) (95%C1) (95%C1)
Intra-rater:
Rectus Femoris 0.956 0.908 0.911 0.901

Quadriceps

Femoris

Inter-rater:

Rectus femoris

Quadriceps

femoris

(0.937-0.970)

0.966

(0.951-0.976)

0.919

(0.863-0.957)

0.945

(0.907-0.971)

(0.870-0.935)

0.932

(0.904-0.953)

0.912

(0.853-0.953)

0.941

(0.900-0.969)

(0.874-0.937)

0.927

(0.896-0.949)

0.908

(0.847-0.951)

0.941

(0.900-0.969)

(0.861-0.9319)

0.922

(0.889-0.945)

0.888

(0.815-0.940)

0.937

(0.892-0.966)

95%Cl — 95% Confidence Interval, ICC - Intraclass Correlation Coefficient.



Table 3: Absolute difference [in millimetres] of rectus femoris and quadriceps femoris muscle thickness

mean, maximum, minimum and first measurement between assessment AB and CD for same observer

Absolute difference

[mm] between

Absolute difference

[mm] between

Absolute difference

[mm] between

Absolute

difference [mm)]

average of maximum of minimum of between first
measurements (P25- measurements measurements measurement
P75) (P25-P75) (P25-P75) (P25-P75)
Rectus
1.0(0.4-1.7) 0.9(0.4-1.7) 1.1(0.4-1.9) 1.2(0.5-2.0)
Femoris
Quadriceps
1.5(0.6 —2.3) 1.4 (0.5-2.7) 1.5(0.7-2.6) 1.5(0.7-2.7)
Femoris

P25-P75 — 25 and 75" percentile, mm - millimetres.



Table 4: Percentual difference of absolute difference in millimetres of rectus femoris and quadriceps

femoris muscle thickness average, maximum, minimum and first measurement over average rectus femoris

and quadriceps femoris (respectively) muscle thickness between assessment AB and CD for same observer

Percentual
difference between
average
measurement and

total thickness (P25-

Percentual difference

between maximum
measurement and
total thickness (P25-

P75)

Percentual
difference between
minimum
measurement and
total thickness (P25-

P75)

Percentual
difference between
first measurement
and total thickness

(P25-P75)

P75)
Rectus
7.1% (2.2 -11.8)
Femoris
Quadriceps
6.7% (3.7 —9.9)
Femoris

5.1% (2.2 - 11.6)

6.1% (3.4 —10.3)

6.9% (2.6 — 13.2)

6.8% (3.5—8.6)

9.2% (3.2 - 16.0)

5.9% (3.8 —10.3)

P25-P75 — 25" and 75" percentile.



Figures

Figure 1 — Schematic representation of the measurements performed by each observer in each participant



Figure 2 — Ultrasound measurements of quadriceps femoris (left) and rectus femoris (right); Yellow

line represent the measurement of muscle thickness.
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ORIGINAL RESEARCH ARTICLE

Association Between Knee Extension Strength and Functional
Capacity After Intensive Care Unit Discharge

A 6-Mo Prospective Cohort Study

Jodo Pinto-Ramos, MD, Tiago Moreira, MD, Liliana Costa, MD, Frederico Costa, MD,
Joana Barroso, MD, PhD, and Bernardo Sousa-Pinto, MD, PhD

Introduction: Assessing functional improvement after intensive care
unit discharge is particularly challenging. The aim of this study was to
measure the association between (1) changes in knee extension muscle
strength or quadriceps femoris and rectus femoris muscle thickness and
(2) changes in functionality/function-related measurements in post—
intensive care unit patients.

Methods: This prospective cohort study included adult patients with-
out previous disability, consecutively selected after intensive care unit
discharge. Some parameters, such as Short-Form 36, 6-min walking
test, 1-min sit-to-stand, and Short Physical Performance Battery, were
measured at baseline and 3 and 6 mos after discharge. Correlations
were assessed and regression models were built to assess the associa-
tion between evolution in knee extension strength or muscle thickness
and evolution in functional tests.

Results: Thirty patients completed the follow-up. Moderate correlation
was found between knee extension strength change and Short-Form 36
physical functioning (correlation coefficient [ o] = 0.53), 6-min walking
test (o = 0.38), 1-min sit-to-stand (o = 0.52), and Short Physical Perfor-
mance Battery (p = 0.38). Baseline values and changes in knee exten-
sion strength moderately predicted evolution in Short-Form 36 physical
functioning (+ = 0.32, P = 0.006). Changes in muscle thickness were
overall not associated with changes in functional variables.
Conclusion: Changes in knee extension muscle strength may inform
on functional progression over time after intensive care unit discharge,
although confirmatory studies are needed.

Key Words: Quadriceps Muscle, Muscle Strength Dynamometer,
Ultrasonography, Intensive Care Units, Disability Evaluation

(Am J Phys Med Rehabil 2022;00:00-00)

atients in intensive care units (ICUs) tend to lose muscle
mass and strength and, concomitantly, functional capacity.
During the first days of an ICU admission, an average of
3%-4% of muscle mass is lost per day.! Antigravity muscles
are the most affected with immobilization—the rectus femoris

What Is Known

e Patients in intensive care units lose muscle mass, strength,
and functional capacity. These parameters are progres-
sively recovered over the subsequent months.

What Is New

e Weight-adjusted knee extension strength change
over 6 mos seems to be correlated with changes in
function-related parameters, especially when com-
bined with information on baseline functionality or
strength.

e Quadriceps and rectus femoris muscle thickness changes
do not seem to correlate with function-related parameters.

e Changes in knee extension strength and changes in
functional parameters tend to display better correla-
tion in the first 3 mos after discharge than in the fol-
lowing months.

loses an average of 9% of its thickness and cross-sectional area
after three ICU admission days, and 30% after 10 days. The
loss of muscle mass of the quadriceps muscle occurs at an even
faster pace.” In the months after discharge, most patients tend
to recover the muscle mass, strength, and functional capacity
lost during ICU admission.

Particularly regarding functionality, there are some func-
tional and function-related tests and questionnaires that can be
used in the clinical practice in patients after ICU hospitalization
to allow physicians to estimate patients’ recovery. The Short
Form-36 (SF-36) is the most frequently used function-related
questionnaire in the intensive care setting,® where it has been
shown to have an acceptable validity and reliability.* Other fre-
quently used questionnaires and tests that have been validated
to measure functional capacity and function-related parameters
include the Barthel Index, handgrip strength, 6-min walking test
(6MWT), 1-min sit-to-stand (IMSTS), timed up and go (TUG)
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test, and Short Physical Performance Battery (SPPB).>® Some of

AQ?3 these parameters (such as SF-36 physical functioning, 6MWT,

IMSTS, and SPPB) are predictors of mortality and health-related
quality of life.!*"3

However, although these different tests provide valuable
and complementary information, there is not a clear single gold
standard test to estimate functional capacity in post-ICU pa-
tients. In addition, the most commonly used tests are time-
consuming, and their application is challenging in the outpa-
tient setting because of logistic problems and time restrictions.
This prompts the need for easily applicable, reliable, and valid
tools for estimating functionality and improvement over time.
Possibilities for such tools include the measurement of strength
and muscle mass with handheld dynamometer (HHD) and
point-of-care ultrasound (POCUS), respectively.'*'> These
are not only reliable and simple tools but also portable, inex-
pensive, and noninvasive, rendering them potentially easily
applicable in the clinical practice.'*"'® The rationale for their
potential use lies on the fact that functional capacity, muscle
mass, and strength tend to improve after discharge, so there
might be an association between the evolution of these vari-
ables. That is, HHD and POCUS might be useful to assess
the evolution of functionality.®'%-*

The purpose of this work was to do an exploratory assess-
ment on the association between changes in knee extensor mus-
cle thickness and strength (measured using POCUS and HHD)
and correspondent changes in SF-36 physical functioning in
ICU patients. Additional aims include the measurement of the
association of changes in muscle thickness and strength with
changes in other functional ability scales, namely, the Barthel
Index, handgrip strength, SMWT, IMSTS, TUG test, and SPPB.
Therefore, this study was devised considering the potential of
muscle strength and thickness measurements in the clinical prac-
tice, even though it does not aim to fully clarify their role in the
clinical setting (as that would include, among others an assess-
ment of their feasibility and cost effectiveness).

METHODS

Study Design

This study was written according to STROBE statement
guidelines®' (see Supplementary Checklist, Supplemental Digital
Content 1, http://links.lww.com/PHM/B880). In this prospective
study, a consecutive sample of participants after ICU discharge
was assessed. Patients were initially assessed during hospitali-
zation within 3 days after recovering walking capability (ability
to walk 10 m in the corridor without assistance)—assessment 1
(A1). Patients were subsequently assessed 3 mos (assessment 2

[F1] [A2]) and 6 mos (assessment 3 [A3]) after Al (Fig. 1). For each

assessment, one physical medicine and rehabilitation resident
measured the patient’s knee extension strength and quadriceps
femoris thickness with HHD and POCUS, respectively, and
applied a set of questionnaires (SF-36 physical functioning,
Barthel Index, and International Physical Activity Question-
naire [[PAQ]) and physical tests (6MWT, IMSTS, TUG test,
handgrip strength, Medical Research Council sum score [MRCSS]
and SPPB).

This study was approved by the ethical committee of the
hospital where this study was conducted. Patients provided

2| www.ajpmr.com

written informed consent before participation to be included
in the study.

Setting and Participants

Patients from a single center (Centro Hospitalar Universitario
de Sao Jodo, a tertiary care hospital in Northern Portugal) meeting
eligibility criteria were consecutively included after ICU discharge
from end March to mid of August 2021. Patients 18 yrs or older
who had undergone more than 5 days of ICU hospitalization and
were previously able to ambulate without assistance before hospi-
talization were included. Exclusion criteria were severe cognitive
impairment, major neurologic/neuromuscular conditions such as
traumatic brain injury or stroke (but not ICU-acquired weakness),
major psychiatric conditions, unrecoverable disease, traumatic
lesions with long bone fractures, severe obesity (body mass in-
dex 235 kg/m?), full thickness pressure ulcers, cardiorespira-
tory instability, and current or planned home ventilation.

Variables and Measurements

Each participant was assessed three times, namely, (1)
during admission (within 3 days after walking capability was
recovered—A1), (2) 3 mos after A1 (A2), and (3) 6 mos after
A1 (A3). Each assessment included two HHD (Micro FET®2
HHD, Hoggan Health Industries, Draper, UT) measurements
of knee extension strength. The HHD was placed 5 cm above
the distal portion of the medial malleolus of the dominant leg,
with the patient seated in the edge of the stretcher.!” In addition,
each assessment encompassed two measurements of both rec-
tus femoris and quadriceps femoris muscle thickness using a
POCUS (Butterfly iQ+, Butterfly Network, Inc, Guilford, CT),
configured to musculoskeletal image acquisition. Both rectus
femoris and quadriceps femoris were assessed because there is
no consensus on which one is preferable to assess knee exten-
sion. The POCUS was placed 15 cm above the superior pole
of the patella of the same leg of the HHD measurements, with
the patient in supine position with both legs stretched and min-
imal hand force applied perpendicular to muscle fibers. The dis-
tance between the cortex of the femur and the most superficial
muscular fascia was measured.'® Figure 2 illustrates a represen-
tative scanned image.

In each assessment, a set of questionnaires (namely, the
SF-36 physical functioning, the Barthel Index, and IPAQ) and
physical function tests (namely, the SMWT, IMSTS, TUG test,
handgrip strength, MRCSS, and SPPB) were applied to all par-
ticipants. In addition, at A1, patient-reported IPAQ and Barthel
Index before hospital admission (Fig. 3) were assessed. Sup-
plementary Table 1 (Supplemental Digital Content 2, http://
links.lww.com/PHM/B881) summarizes the function-related pa-
rameters evaluated in this study as well as the time to perform
them and their properties. Questionnaires and physical function
tests were applied by one of three physical medicine and rehabil-
itation residents (according to schedule availability) with at least 1
yr of experience in physical test performance and both HHD and
POCUS experience. Residents were blinded for previous results
from each patient or from other patients.

Information on the participants’ demographic characteris-
tics (sex and age), height, weight, body mass index, diagnosis
at admission, Acute Physiology Assessment and Chronic Health
Evaluation II (Apache II), Simplified Acute Physiology Score I

© 2022 Wolters Kluwer Health, Inc. All rights reserved.
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Intensive Care Unit

l

33 patients underwent assessment 1

| 33 patients were assigned at |

| ——

| 31 patients underwent assessment 2

| ——

| 30 patients underwent assessment 3 |

2 patients did not complete assessment 2
1 recovering from pelvic surgery
1 due to hospitalization

1 patients did not complete assessment 3
1 refusal to participate

FIGURE 1. Flow diagram of patients included in the study and withdrawals at each stage.

(SAPS 1II), and hospitalization in ICU was retrieved from their
electronic health records. Apache II and SAPS 1II are both clas-
sification systems of the severity of disease, with higher scores
indicating higher chances of mortality (ranging from 0 to 163
for Apache I and 0 to 71 for SAPS II).

The assessments were performed in different settings, with
A1 having been performed during hospitalization in the ward
where the patient had been admitted, and A2 and A3 having
been performed during physical medicine and rehabilitation
outpatient Vvisits.

Study Size

Sample size calculation was made to detect a significant
correlation coefficient between HHD or POCUS variation and
SF-36 physical functioning variation of at least 0.5 (defined by

AQ4 the COSMIN guidelines as indicator of good correlation).”* A

Fig 2 4/C

sample size of 33 was found based on a power of 80% and a level
of significance of 0.05 and considering a 15% patient withdrawal.

Statistical Analysis

Means and standard deviations were used for describing
continuous variables with normal distributions, whereas medians
and 25th and 75th percentiles (P25;P75) were used for variables

(X 1,97cm |

with non-normal distributions. Absolute and relative frequencies
were used to describe categorical variables.

Changes (arithmetic difference between results at different
assessment periods) between the results of HHD and POCUS
were calculated and questionnaires and physical tests were ap-
plied (with such differences henceforth indicated as “A”). The
correlations—using Spearman correlation coefficients—between A
HHD or A POCUS at each time interval and (1) A SF-36 physical
functioning, (2) A Barthel Index, (3) A IPAQ, (4) A 6MWT, (5)
A MRCSS, (6) A IMSTS, (7) A TUG, (8) A SPPB chair stand
test, (9) A SPPB balance tests, (10) A SPPB Gait Speed Test,
(11) A SPPB, and (12) A handgrip strength were estimated.
Whenever Spearman correlation coefficients were higher than
0.30 (considered as a cut-off for moderate correlation in some
studies),?>** multiple linear regression models were built using
either baseline and A muscle strength (as measured with HHD)
or muscle thickness (POCUS) as independent variables and A of
each of the questionnaires and physical function tests as depen-
dent variable. This allowed obtaining models predicting change in
functionality based on two variables: (1) baseline muscle strength
or thickness and (2) respective change in muscle strength or
thickness; for each of these models, the ° and the omnibus
P value were retrieved. Alternative models were built adjusting
for the baseline dependent variable (instead of the baseline muscle

FIGURE 2. Representative scanned image of quadriceps (left) and rectus (right) femoris. Distance was measured between yellow line edges (green arrows).
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3 months 3 months

Assessment 1 Assessment 2 Assessment 3

Previous IPAQ IPAQ IPAQ

Barthel Index Barthel Index Barthel Index
SF-36 SF-36 SF-36

BMWT BMWT BMWT

1MSTS 1MSTS 1MSTS

TUG test TUG test TUG test

SPPB SPPB SPPB

Handgrip Strength Handgrip Strength Handgrip Strength
MRC SS MRC SS MRC SS

HHD HHD HHD
POCUS

Previous Barthel Index

FIGURE 3. Variables collected at each assessment.

strength and thickness), as suggested by Husted et al.*> Further
covariates were not included in the models because of sample size
restrictions. In addition, for each patient and for each of the used
main function-related parameters (namely, the SF-36 physical
functioning, the 1IMSTS, the 6MWT, the SPPB, and the TUG
tests), the number of minimal clinically important differences
(MCIDs) that occurred in between the last and the first assess-
ments were calculated (e.g., for 6MWT, the MCID is 50 m,
and a patient whose 6MWT improves by 100 m displays a re-
covery corresponding to 2 MCID). The average of the number
of MCIDs registered for the different parameters was then calcu-
lated and correlated with HHD weight-adjusted strength varia-
tion in the same period.

Statistical significance was defined at P < 0.05. All analy-
ses were performed using the software IBM SPSS Statistics 28
(IBM, Armonk, NY).

—0.01 [P=0.967], respectively) (Table 2). In multiple linear re-
gression models, A knee extension muscle strength was shown
RESULTS to be significantly associated with A in SF-36 physical func-
A total of 33 participants who agreed to participate in this  tioning in the A1-A3 period (+* = 0.32, P = 0.006) (Table 3).

study and completed A1 were included. Six months’ follow-up
was accomplished for 30 participants, with assessments being
finished in February 2022. Two patients did not complete A2
and A3 because of hospitalization and pelvic surgery, respec-
tively, and one patient did not complete A3 because of refusal
to participate (Fig. 1). Eleven patients underwent rehabilitation
sessions during hospitalization.

Among patients who completed their follow-up, 23 were
male (76.7%), mean (SD) participant age was 60.4 (14.2) yrs,
and average body mass index was 25.5 kg/m? (SD, 4.2 kg/m?)

(Table 1). Participants were hospitalized in the ICU for a median

of 10 days (P25;P75, 5.75;17.25), with 16 (53.3%) patients

P75, 99;1640). On the other hand, patients’ disability measured
by the median Barthel Index matched preadmission levels after
3 mos at visit A2, with patients reaching previous levels on basic
functions.

Both quadriceps and rectus femoris muscle thickness in-
creased steadily during the follow-up period, whereas knee ex-
tension muscle strength had a larger increase between Al and
A2 than between A2 and A3 (Fig. 5).

Association Between Variations of Functional
Variables and Muscle Strength or Thickness

Moderate correlation was found between A knee exten-
sion muscle strength and A SF-36 physical functioning at A
Al1-A3 and A A1-A2 but not at A A2—A3 (Spearman correla-
tion coefficients = 0.53 [P = 0.003], 0.45 [P = 0.017], and

The A knee extension muscle strength was also correlated with
other variables, with the strongest correlations being those with
A 6MWT, A IMSTS, and A handgrip strength (the latter one
only for A A1-A2). These variables were also those associated
with the best-performing multiple linear regression models, par-
ticularly at A A1-A2. Overall, correlations tended to be stronger
and regression models tended to display a better performance

TABLE 1. Demographic and clinical characteristics of the
assessed sample

having received invasive ventilation, 14 (46.7%) noninvasive Patients Who Completed
ventilation, and 2 (6.7%) extracorporeal membrane oxygen-  Yariables Follow-Up (V= 30)
ation. The ICU gravity score SAPS Il mean (SD) value was Age, mean (SD), years 60.4 (14.3)

41.8 (18.2), and the Apache II score median value was 19 Males, 7 (%) 23 (76.7)
(P25;P75, 12.25;26.25). Before admission, patients’ median Weight, mean (SD), kg 73.3 (14.9)

Barthel Index was 100 (P25;P75, 100;100), and the median Height, mean (SD), m 1.69 (0.07)

IPAQ was 627 (P25;P75, 99;2973). BMI, mean (SD), kg/m’ 25.5 (4.2)

Variables Progression During Follow-up

ICU hospitalization, median (P25;P75), days
Previous Barthel Index, median (P25;P75)

10 (5.75;17.25)
100 (100;100)

Tests assessing physical function, such as gait speed test, Previous IPAQ, median (P25;P75) 627 (99;2973)
TUG, 6MWT, 1MSTS, hand grip strength, and SPPB, had a Apache, median (P25;P75) 19 (12.25;26.25)
greater improvement from Al to A2 than from A2 to A3 SAPS 11, mean (SD) 41.8 (18.2)

(Figs. 4 and 5). The same pattern was seen in SF-36 physical Noninvasive ventilation, 7 (%) 14 (46.7)
functioning, whereas improvements in the SF-36 general health re- Invasive ventilation, 7 (%) 16 (53.3)
mained stable over the follow-up period. Patients’ median level of ~ ECMO, n (%) 2(6.7)
activity reported by IPAQ before admission (594 MET-min/week; Tracheostomy, 1 (%) 16 (53.3)

P25;P75, 165;2976) was not achieved during the follow-up pe-
riod, with an A3 median value of 396 MET-min/week (P25;

4| www.ajpmr.com

BMI indicates body mass index; ECMO, extracorporeal membrane oxygenation.
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FIGURE 4. Median and 25th and 75th percentile values of SF-36 physical functioning and general health at baseline, 3 mos, and 6 mos.

when considering the A A1-A3 or A A1-A2 periods than the
A A2—A3 periods. For the association between muscle strength
change and that composite measure, a correlation coefficient
of 0.56 (P = 0.002) was obtained, and the linear regression
coefficient was 1.79 (95% confidence interval, 0.63-2.94;
P =0.004, > =0.29).

A Rectus femoris muscle thickness and A quadriceps
femoris muscle thickness displayed weak correlations (cor-
relation coefficient <0.30) with most A functional variables,
with the exception of SF-36 physical functioning, IMSTS,
6MWT, SPPB chair stand test, and handgrip strength (Table 2).
Multiple linear regression showed statistically significant re-
sults for GOMWT at A A2—A3 for both rectus and quadriceps
femoris and IMSTS at A A1-A2 for POCUS rectus femoris
only (Table 4).

A sensitivity analysis, building multiple linear regression
models adjusting for each of the baseline dependent variables,
was performed. For knee extension muscle strength, those models
tended to display better performance than those based on baseline
and A strength (Supplementary Table 2, Supplemental Digital
Content 3, http://links.lww.com/PHM/B882). For muscle thick-
ness, this trend was also observed, although differences in
model performance tended to be much smaller (Supplemen-
tary Table 3, Supplemental Digital Content 4, http://links.
Iww.com/PHM/B883).

DISCUSSION

In this exploratory study, weight-adjusted HHD knee ex-
tension strength change over 6 mos was found to be correlated

© 2022 Wolters Kluwer Health, Inc. All rights reserved.

with changes in physical function tests and questionnaires such
as SF-36 physical functioning, 6MWT, IMSTS, and SPPB.
Prediction ability was higher when information on strength change
was combined with that on baseline functionality than with that
on baseline strength. By contrast, changes in quadriceps and rec-
tus femoris muscle thickness were not correlated with physical
function tests. In addition, it was also found that physical func-
tion tests and questionnaires indexes had a larger improvement
in the first 3 mos of the follow-up period, with correlations be-
tween changes in knee extension strength and functionality
tending to be better when considering the first 3 mos after dis-
charge than the subsequent months.

This study has some limitations worth noting; this is a
single-center study, and generalization to other populations
must be taken carefully. In particular, this study was conducted
in a tertiary care hospital, where patients with higher Apache II
and SAPS II scores are expected to be overrepresented because
more severely diseased patients from other hospitals are trans-
ferred to this center. Although all patients were from the ICU
setting, there was heterogeneity in their severity scores and ad-
mission periods, limiting the results’ generalizability. Patients
were evaluated in the ward, 3 days after starting ambulation,
and some may have overestimated their real capabilities when
answering the SF-36 physical functioning scale because they
had a short time to perceive their limitations. This may justify
why some patients reported deterioration of physical function
in SF-36 from Al to A3 while improving in functional tests at
the same time. This potential information bias may have led to
an underestimation of the association between knee extension
muscle strength change and SF-36 change. Patients were assessed
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FIGURE 5. Median and 25th and 75th percentile values of different functional variables at baseline, 3 mos, and 6 mos.

in different locations, with A1 assessments having been per-
formed in the ward during admission, and A2 and A3 in the
outpatient setting. Although this may have influenced the per-
formed measurements, the effect of this phenomenon is prob-
ably nondifferential (i.e., probably not associated with patients’
specific baseline characteristics). Another limitation concerns
the absence of a single gold standard comparator assessing
functionality—although the authors were able to compare changes
in knee extension muscle strength or thickness with changes in
several function-related tests, none of these tests is a perfect
gold standard for functionality and associations might have
been stronger if there were a better way to measure their change
over time.>*?’ Finally, the assessed sample size precluded in-
clusion of further covariates in linear regression models, in-
cluding the simultaneous testing of knee extension muscle
strength and muscle thickness changes or other factors affecting
physical function, muscle mass or strength recovery, or the re-
lationship between these variables. Inclusion of such variables
could have resulted in models explaining a greater amount of
variability of functionality changes.

This study has also some important strengths worth not-
ing. First, this is, to the authors’ knowledge, the first prospec-
tive study to evaluate the correlation of the change in functional
tests, questionnaires, muscle strength, and muscle thickness after
ICU hospitalization. These functional tests and questionnaires
have been validated in different settings, whereas HDD and
POCUS were found to display strong intrarater and interrater

6| www.ajpmr.com

reliability.!'® In addition, these methods are portable, fast to
use, and inexpensive, rendering them easily used in the clinical
practice. It was also ensured that the study was adequately pow-
ered to achieve reliable results. The consistency of the obtained re-
sults also seems to be an important strength of our study.

It was observed that patient progression was faster in the
first than in the second 3 mos after starting ambulation. In fact,
previous studies had already pointed that improvement is faster
in the first months after hospitalization, probably because func-
tional parameters are furthest away from patients’ previous state,
which gives them more functional potential.'**® Quadriceps and
rectus femoris thicknesses were the only exception, with steady
muscle growth not necessarily meaning similar functional im-
provement. This might happen because muscle thickness does
not entirely correlate with muscle volume and because strength
also depends on muscle quality, such as levels of fibrosis and
fat, which was not evaluated.”>** Also, another observation
was that the Barthel Index reached levels before hospitalization
at 3 mos postdischarge. In fact, at that time point, the maximum
score was achieved, probably because of the ceiling effect of this
test, which limits differentiation of patients with higher levels of
functional capacity.>’ On the other hand, patients’ previous
IPAQ was never reached, even after 6 mos after hospitalization,
probably owing to loss of capacity or fear of overexertion, al-
though memory bias can also be a factor.

Knee extensor muscle strength measured with HHD may
be helpful for estimating functional gains over same period.

© 2022 Wolters Kluwer Health, Inc. All rights reserved.
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TABLE 2. Spearman correlation coefficients for the associations between changes in knee extension muscle strength or muscle thickness and

change in functional variables for the same period

Change Between Change Between Change Between
Functional Variable Al and A3 (P) Al and A2 (P) A2 and A3 (P)
Correlations with knee extension muscle strength change
SF-36 physical functioning 0.53 (0.003) 0.45 (0.017) —0.01 (0.967)
Barthel Index 0.30 (0.113) —0.05 (0.816) 0.08 (0.686)
6MWT 0.38 (0.045) 0.48 (0.009) 0.43 (0.024)
MRCSS 0.09 (0.623) 0.23 (0.224) 0.10 (0.597)
IMSTS 0.52 (0.003) 0.81 (<0.001) 0.60 (<0.001)
TUG —0.28 (0.133) —0.39 (0.035) —0.41 (0.029)
SPPB chair stand test —0.04 (0.880) —0.15 (0.573) —0.13 (0.528)
SPPB balance tests —0.02 (0.920) 0.19 (0.307) —0.03 (0.873)
SPPB gait speed test 0.13 (0.483) 0.05 (0.790) —0.21 (0.280)
SPPB 0.38 (0.041) 0.40 (0.027) 0.26 (0.158)
Hand Grip Strength 0.19(0.312) 0.80 (<0.001) 0.29 (0.118)
POCUS rectus femoris 0.34 (0.062) 0.46 (0.009) 0.35 (0.056)
POCUS quadriceps femoris 0.32 (0.090) 0.47 (0.008) 0.33 (0.071)
Correlations with rectus femoris muscle thickness change
SF-36 physical functioning 0.03 (0.886) 0.15 (0.461) 0.34 (0.077)
Barthel Index 0.17 (0.370) —0.15 (0.442) —0.01 (0.948)
6MWT 0.28 (0.155) 0.10 (0.628) 0.37 (0.059)
MRCSS 0.16 (0.396) —0.08 (0.672) —0.01 (0.956)
IMSTS 0.24 (0.193) 0.46 (0.009) 0.33 (0.077)
TUG —0.29 (0.124) —0.09 (0.639) 0.12 (0.528)
SPPB chair stand test 0.33 (0.217) 0.14 (0.599) —0.34 (0.086)
SPPB balance tests —0.03 (0.877) —0.18 (0.330) —0.15 (0.438)
SPPB gait speed test —0.25 (0.189) 0.09 (0.622) —0.17 (0.374)
SPPB 0.15 (0.445) —0.07 (0.716) 0.23 (0.215)
Hand grip strength 0.02 (0.931) 0.37 (0.043) 0.17 (0.381)
Correlations with quadriceps femoris muscle thickness change
SF-36 physical functioning 0.11 (0.564) 0.19 (0.344) 0.36 (0.064)
Barthel Index —0.01 (0.971) —0.21 (0.285) —0.05 (0.818)
6MWT 0.14 (0.482) —0.05 (0.806) 0.43 (0.024)
MRCSS 0.14 (0.478) 0.06 (0.737) —0.05 (0.787)
IMSTS 0.23(0.213) 0.41 (0.024) 0.31 (0.091)
TUG —0.26 (0.104) —0.09 (0.656) 0.10 (0.602)
SPPB chair stand test 0.23 (0.399) 0.10 (0.701) —0.34 (0.083)
SPPB balance tests —0.01 (0.950) 0.10 (0.611) —0.16 (0.397)
SPPB gait speed test —0.20 (0.296) 0.20 (0.296) —0.24 (0.201)
SPPB 0.10 (0.609) 0.01 (0.958) 0.26 (0.172)
Hand grip strength 0.22 (0.234) 0.41 (0.022) 0.09 (0.632)

This was particularly suggested by the results observed in its
association with SF-36 physical functioning, 6MWT, and
IMSTS, as well as the moderate correlation even with a com-
posite outcome reflecting different function-related tests. In
case of SF-36 physical functioning, such association was not
found for variation between 3 and 6 mos’ assessments, which
might be explained by a difficulty of this variable to measure
minor functional changes that are seen in this period. For other
functional tests, weaker associations between their change and
that of knee extension muscle strength were observed. This dif-
ference may occur because knee extension strength is more
critical for some functional tasks than others, namely, IMSTS,
whereas some depend more on endurance, balance, or coordi-
nation. This diversity of results and the absence of a single gold

© 2022 Wolters Kluwer Health, Inc. All rights reserved.

standard to assess functionality prompt the need for further
studies assessing how changes in strength predict functionality
gains. Our results suggest that changes in strength can at least
inform on the evolution of some dimensions of functionality in
an easy and less time-consuming way. In fact, preparing the pa-
tient, assessing, and scoring the SF-36 physical functioning,
the 6MWT, and the IMSTS could take more than 20 mins:
(1) the SF-36 may be difficult to use for some patients and
time-consuming to score by the observers and (2) the 6MWT
and IMSTS usually require more than the theoretically ex-
pected 7 mins to be performed, given the time needed to pro-
vide patients with instructions on how to execute the tests
and the time needed to relocate them. On the other hand, the
HHD assessment could take less than 2 mins because a direct
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TABLE 3. Results of the linear regression models predicting change in functional tests and muscle thickness based on change and baseline

knee extension muscle strength

Change Between Al and A3

Change Between Al and A2

Change Between A2 and A3

Functional Variable 2 Predicting Formula [P] ?

Predicting Formula [P] ” Predicting Formula [P]

SF-36 physical functioning 0.32 y=17.7x— 3.8+ 83 [0.006] 0.21

Barthel Index 020 y=25x—7.8h+32.0[0.053] -
6MWT 0.17 y=27.9x—36.9h + 253.1 [0.103]
IMSTS 022 y=4.6x-0.1h+79[0.038] 0.62
TUG - - 0.16
SPPB 0.14 y=0.5x-05r+3.8[0.133] 0.14
Hand grip strength - - 0.54
POCUS rectus femoris 023 y=0.12x—0.102 + 0.48 [0.028] 0.20
POCUS quadriceps femoris 0.19 y=0.18x— 0.14A4 + 0.87 [0.056] 0.23

y=11.7x+ 0.5k +05[0.053] — -

033 y=54.4x—26.2h +164.5[0.006] 0.15 y=20.9x— 4.1+ 57.0 [0.142]

y=7.1x+02h+22[<0.001] 040 y=3.6x+0.6h+0.2[0.001]
y=-24x+11.4h—43.6[0.100] 0.08 y=02x+ 1.1h—527[0.345]
y=07x—03h+29[0.117]  — -
y=55x+2.5h—82[<0.001] - -
y=0.14x — 0.107 — 0.19 [0.047] 0.26 y=0.07x — 0.10/ + 0.48 [0.019]
y=028x— 0.18% — 0.25[0.027] 027 y=0.09x — 0.15k — 0.76 [0.014]

y is the functional variable change between assessments; x is the rectus femoris muscle thickness change between assessments, in centimeters; and / is knee ex-

tension muscle strength at first of the two assessments, in Newton per kilogram.

value is obtained after a couple of knee extension tests. This is
particularly relevant for patients’ follow-up in the outpatient
setting (in fact, the possibility of collecting functional variables
at baseline can improve the estimation of functional improve-
ment, complementing information on strength variation).
Having a practical method to systematically estimate func-
tional parameters (some of which are predictors of mortality
and quality of life) can give physicians crucial information
on patients’ improvement. Besides, HHD seems feasible and
reliable to apply even for previously unexperienced clinicians,
which can contribute to its universal application.'” Nevertheless,
more studies should take place to confirm this hypothesis,
namely, to understand whether larger improvements in knee
extension strength leads to better functional and vital prog-
nosis. In addition, before the introduction of HHD usage in
the clinical practice, future studies should evaluate its feasibility,

acceptability, and resources required and even compare it with
newer methods of patient assessment such as video-monitored
physical performance testing.

Measuring the muscle thickness of quadriceps and rectus
femoris using POCUS does not seem to be a consistently valid
method of estimating changes in functional variables, and its
use may be dispensable in clinical practice for assessment of
those changes. Besides, muscle mass gains are consistent over
time and not necessarily correlated with functional improve-
ments. A possible explanation is that neural drive adaptations
may occur earlier during recovery than hypertrophic changes.*>
This challenges the assumption that patients are improving solely
based on improvement of amyotrophy.

In conclusion, it was observed that knee extension strength
change measured with HHD has a moderate association with changes
in functional parameters (notably SF-36 physical functioning,

TABLE 4. Results of the linear regression models predicting change in functional tests based on change and baseline muscle thickness

Change Between Al and A3

Change Between Al and A2

Change Between A2 and A3

Functional Variable 2 Predicting Formula [P] e

Predicting Formula [P] ” Predicting Formula [P]

Models involving rectus
femora muscle thickness

SF-36 physical functioning — — - - - 021 y=10.0x—5.0r+ 11.8 [0.053]
6MWT - - - - 024 y=113.5x+30.1r—12.9 [0.036]
IMSTS - - 022 y=129x—-12r+9.27[0.033] 0.07 y=3.5x-0.7r-3.7[0.381]
SPPB chair stand test 0.09 y=59x+38r—14.6[0.549] — - 0.15 y=-34x-02r-0.41[0.139]
Hand grip strength - - 0.14 y=84x—1.1r+3.6[0.120] - -

Models involving quadriceps
femoris muscle thickness
SF-36 physical functioning  — - - - 021  y=10.5z—13¢g +7.4[0.055]
6MWT - - - - 035 y=103.8z+28.4q — 57.7 [0.006]
IMSTS - - 0.16 y=6.3z-2.0g+12.0[0.084] 0.09  y=33z-0.3g+3.3[0.271]
SPPB chair stand test - - - - 0.17 y=-2.82-02¢+0.2[0.111]

Hand grip strength - -

0.16 y=5.1z—1.6g+52[0.085] — -

y is the functional variable change between assessments; x is rectus femoris muscle thickness change between assessments, in centimeters; 7 is rectus femora

muscle thickness at first of the two assessments, in centimeters; z is quadriceps femora muscle thickness change between assessments, in centimeters; and ¢ is quad-

riceps femora muscle thickness at first of the two assessments, in centimeters.
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6MWT, and 1MSTS), rendering HHD as an easily applicable
tool to estimate changes in functionality in patients after ICU
discharge. Quadriceps and rectus femoris muscle thickness
measured with POCUS did not correlate well with functional
variables and may not be as useful in clinical practice for this
purpose. Nevertheless, further confirmatory studies—with larger
samples, more frequent assessments, and/or longer follow-up
periods—are needed to confirm the findings obtained in this
exploratory study.
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