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Mrs.	 Willems	 is	 a healthy, 97	 year	 old	 woman.	 Ever	 since	 her	 husband	 passed	
away five years ago, she lives independently in an apartment located at her so 
called	‘safe	haven’.	For	her,	this	is	a	safe	haven,	because	40	years	ago,	her	husband	
and she had a farm on the same location. In the years that they owned the farm,  
Mrs.	Willems	was	always	busy	working	at	the	farm,	and	she	took	care	of	the	children.	
Besides	her	obligations	on	the	farm	and	as	a	mother,	she	was an active member 
of	 the	 ‘Nederlandse	 Bond	 van	 Plattelandsvrouwen’,	 which	 is	 an	 organization	
aimed at promoting the cultural, social, educational, and economic conditions of 
women	 living	 in	 rural	 areas.	Mrs.	Willems	was,	 and	 still	 is,	 not	 only	 socially	 active,	
she is also very much engaged in physical activities.	 During	 her	 (working)	 life,	
she has been eager to learn and is determined to stay informed of the latest 
(technical)	developments.	After	 their	 retirement,	 she	and	her	husband	decided	 to	
move to a smaller house. When the opportunity to move to apartment located at 
their	 ‘safe	 haven’	 presented	 itself,	 they	decided	 to	move	back	 there.	Mrs.	Willems	
was	 determined	 that	 an	 apartment	 suited	 their	 (possible)	 future	 needs:	 she	 is	
future-oriented. Despite the fact that she has a poor appetite and swallowing 
problems,	and	had	pneumonia	a	few	months	ago,	Mrs.	Willems	is	still socially and 
physically active. “Why would you take the elevator if there is a staircase?”.

The	case	of	Mrs.	Willems	illustrates	the	concept	of	successful	ageing.	Independent,	positive,	
active, positive mentality, health, and solidarity are important aspects of her life. Although, 
currently a clear consensus definition of the concept of successful ageing is lacking, it is 
considered	to	be	a	complex,	multi-dimensional	concept.1	Already	in	1997,	Rowe	and	Kahn	
developed a model to conceptualize successful ageing and defined it as a combination 
of	three	components:	 (1)	 low	probability	of	disease	and	disease-related	disability;	 (2)	high	
cognitive	 and	physical	 functional	 capacity,	 and	 (3)	 active	engagement	 in	 life.2 Of course, 
these	three	components	are	interrelated	and,	according	to	Rowe	and	Kahn,	it	is	especially	the	
combination of these three components that best describes successful ageing. The model 
of	Rowe	and	Kahn	provides	a	framework	to	conceptualize	successful	ageing.	However,	to	
date, no operational definition is available to evaluate the degree to which a person meets 
the concept of successful ageing. Nevertheless, it is well known that a decline in physical, 
psychological or social functioning all have a negative impact on the chance of successful 
ageing.1	This decline is referred to as frailty. This first chapter defines the concept of frailty 
and introduces the main topics and the outline of the thesis.
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Figure 1. Cycle	of	frailty.	Figure	based	on	Fried	and	Walston,	original	copyright	2001.3

According	to	the	frequently	cited	definition	of	Fried	et	al.,	frailty	is	a	clinical	syndrome	in	which	
three or more of the following five criteria are present: unintentional weight loss, weakness, 
poor	self-reported	endurance,	slow	walking	speed,	and	low	self-reported	physical	activity.3	

As	indicated	in	Figure	1,	this	definition	mainly	focuses	on	the	physical	domain.	Nevertheless,	
this frailty phenotype is associated with an increased risk of falls, disability in activities of 
daily living, hospitalization and mortality.3 Physical frailty is strongly linked to a decline in 
physical performance, muscle strength, and muscle mass. Furthermore, it is considered to 
be	a	nutrition-related	disorder,	like	other	geriatric	conditions	such	as	sarcopenia.4 Sarcopenia 
has been defined as the combination of impaired muscle function and low muscle mass.5 
Sarcopenia is considered a key component of physical frailty, as both sarcopenia and 
frailty are characterized by a loss of strength and decreased physical performance.6,7  

Frailty 
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Previous studies showed that the risk of sarcopenia is higher for frail adults, compared to 
older adults who are not frail.8,9	Another	nutrition-related	disorder	that	is	frequently	present	
in	older	adults	is	malnutrition	which	is	defined	by	the	European	Society	for	Clinical	Nutrition	
and	Metabolism	(ESPEN)	as	“a	state	resulting	from	lack	of	intake	or	uptake	of	nutrition	that	
leads	 to	 altered	body	 composition	 (decreased	 fat-free	mass)	 and	body	 cell	mass	 leading	
to diminished physical and mental function and impaired clinical outcome from disease”.4 
Also malnutrition and physical frailty share common characteristics, e.g., weight loss and 
diminished physical performance. 

Sarcopenia

Despite	 the	 fact	 that	 already	 in	 the	1980s,	 Rosenberg	 introduced	 the	 term	sarcopenia	 to	
describe the loss of muscle mass there is still no uniform operational definition of it.10 During 
the	 past	 years,	 different	 diagnostic	 criteria	 including	 measures	 and	 cut-off	 points	 were	
proposed.5,11-15 Some of these definitions are based solely on the presence of low muscle 
mass,13-15 while others use a combination of muscle mass, muscle strength, and physical 
performance.5,11,12	Also,	the	diagnostic	measures	and	cut-off	points	vary	across	the	different	
definitions.	As	a	result,	the	prevalence	of	sarcopenia	varies	from	0%	to	15%	in	community-
dwelling older adults.16 Although there is a large variation in prevalence rates, it is clear 
that sarcopenia should be seen as a multifactorial condition in which physical performance, 
strength, and muscle mass are important constructs.5 These constructs are not isolated: 
low muscle mass is associated with low strength and impaired physical performance, but 
low muscle strength and impaired physical performance cannot be solely attributed to 
low muscle mass. Furthermore, the decline in muscle strength with ageing is steeper than 
the decline in muscle mass.17-19 Also, other factors are associated with muscle strength. 
For	example,	muscle	quality,	i.e.,	muscle	strength	or	power	per	unit	of	muscle	mass,	is	also	
closely related to muscle strength.20 Therefore, muscle strength, physical performance, and 
mass are important constructs of sarcopenia and should be assessed in daily practice in 
order to identify and treat sarcopenia at an early stage. 

Muscle	strength	can	be	assessed	in	various	ways	using	different	measurement	instruments.	
In	 daily	 practice,	 handgrip	 strength	 is	 commonly	 assessed	 as	 a	 proxy	 for	 total	 muscle	
strength.21	Also,	physical	performance	is	being	measured	in	daily	practice	with	the	10-meter	
walk	test	(gait	speed)	or	the	short	physical	performance	battery,	in	which	balance	and	lower	
extremity	strength	are	also	being	assessed	in	addition	to	gait	speed.22,23	Both	gait	speed	and	
the short physical performance battery are valid and reliable in older adults and associated 
with survival.22-24 In brief, for the evaluation of muscle strength and physical performance 
in daily practice, different reliable and valid measurement instruments are available. In 
contrast, fewer tools are available for the assessment of muscle mass in daily practice.  
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Bioelectrical	impedance	analysis	(BIA)	is	most	frequently	used	for	the	assessment	of	muscle	
mass and is shown to be a reliable method for older adults. However, the validity on an 
individual level is limited.25,26 A promising alternative for assessing muscle mass in daily 
practice	 is	 ultrasound.	 Ultrasound	 can	 be	 used	 to	 both	 quantify	 the	 size	 of	 (peripheral)	
muscles,27,28 and, based on these measurements, estimate total muscle mass using 
prediction	equations.29,30	Furthermore,	it	can	be	used	to	qualify	muscles	by	assessing	echo	
intensity	since	an	increase	in	echo	intensity	might	be	a	result	of,	for	example,	intramuscular	
fat.31,32 Although it is clear that ultrasound has the potential to evaluate muscles, studies on 
the validity and reliability of ultrasound are limited. 

Malnutrition

Older	 adults	 may	 be	 at	 risk	 for	 malnutrition,	 as	 a	 consequence	 of	 inadequate	 intake	 of	
protein and energy, which may be related to old age, disease, or both.33 Also, in the case 
of	Mrs.	Willems,	nutrition	impact	symptoms,	i.e.,	(mostly)	treatable	symptoms	(e.g.,	nausea,	
vomiting,	 loss	 of	 appetite)	 leading	 to	 barriers	 for	 sufficient	 dietary	 intake,34 are present, 
evidenced	by	her	poor	appetite	and	swallowing	problems.	Various	tools	are	being	used	to	
assess	malnutrition,	of	which	the	Mini	Nutritional	Assessment	(MNA)	is	widely	used	in	older	
adults.35	It	remains	unclear	to	what	extent	these	tools	adequately	cover	all	dimensions	of	the	
conceptual definition of malnutrition.

As	 indicated	 previously,	 malnutrition	 and	 physical	 frailty	 are	 both	 nutrition-related	
conditions, and items in screening tools for malnutrition and physical frailty may overlap, 
such as weight loss and impaired physical function.35,36 However, the etiology of the two 
nutrition-related	conditions	is	different.	

Whereas malnutrition is caused by an imbalance between nutritional intake and 
requirements,4 physical frailty is primarily caused by decreased physical strength.37 Despite 
the different etiology, interventions to prevent, reverse, or slow down the progression of 
malnutrition	and	physical	 frailty	are	quite	similar.	Resistance	exercise	 in	combination	with	
nutritional interventions including a high protein diet seem to be the best intervention 
against malnutrition and physical frailty.38,39 Protein intake plays an important role in 
the maintenance of muscle mass. It is well known that dietary protein stimulates muscle 
protein synthesis and inhibits breakdown, which results in a positive protein balance and, 
subsequently,	in	the	gain	of	muscle	mass.40 Over the last few years, several recommendations 
for optimal dietary protein intake for older adults have been proposed, varying from  
0.8	g	protein/kg	body	weight	per	day,41,42	to	30	grams	protein	per	meal,	three	times	a	day.43 
Thus far, limited data are available on the prevalence of low protein intake and the association 
between low protein intake and physical function and muscle mass in older adults.
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Figure 2. Schematic representation of the different domains of frailty. Figure based on Gobbens, 
Luijkx,	Wijnen-Sponselee	and	Schols,	original	copyright	2010.44 

Over the years, different approaches for frailty have been proposed. These approaches can 
be roughly categorized into two groups. Firstly, the unidimensional approach such as the 
Fried criteria,3 mainly addresses the physical and biological components of the definition of 
frailty. Secondly, in the multidimensional approach, which is characterized by the interplay 
between	 the	 three	 (i.e.,	 physical,	 psychological	 and	 social)	 domains	 of	 frailty	 (Figure	 2),	
frailty	is	defined	as	‘a	dynamic	state	affecting	an	individual	who	experiences	losses	in	one	
or	more	domains	of	human	functioning	(physical,	psychological,	social)	that	are	caused	by	
the influence of a range of variables and which increases the risk of adverse outcomes".45  
These conflicting views on the concept of frailty have led to different assessment instruments 
and	subsequently	to	differences	in	prevalence	rates.	
For	 example,	 a	 previous	 study	 compared	 the	 unidimensional	 and	 multidimensional	
approach	 in	 community-dwelling	 older	 adults	 and	 found	 that	 the	 prevalence	 rates	 vary	
from	12.7%	for	the	unidimensional	to	44.6%	for	the	multidimensional	approach	of	frailty.	

Frailty as a multidimensional concept
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This study also showed that both approaches are associated with disability, although the 
sensitivity was better for the multidimensional approach.46 Within the multidimensional 
approach, the individual is considered as a whole, and this integrative approach fits well 
into the definition of successful ageing. Also, within the definition of successful ageing, 
the	complex	interplay	between	physical	and	cognitive	functioning	rather	than	the	distinct	
components are important. 

Cognition

As	 shown	 in	 Figure	 2,	 the	 concept	 of	 psychological	 frailty	 encompasses	 both	 cognitive,	
mood, and motivational components.47 Although a clear definition for psychological frailty 
is	missing,	cognitive	frailty	(which	can	be	considered	as	a	subtype	of	psychological	frailty)	
is	 defined	 as	 a	 “heterogeneous	 clinical	manifestation	 characterized	 by	 the	 simultaneous	
presence of both physical frailty and cognitive impairment”.48 There is a bidirectional 
association between physical frailty and cognitive frailty. 

For	example,	depression	has	been	linked	to	impaired	cognitive	function,49 may eventually 
lead to physical frailty, and in turn, physical frailty might worsening depression.50	It is well 
known that being physically active and adhering to a healthy diet are both associated with a 
decreased risk of poor cognitive functioning.51-54 However, it remains unclear whether these 
two lifestyle factors act synergistically in the prevention of poor cognitive functioning. From 
a public health point of view, this information is very important to know, since individuals who 
are	physically	active	often	have	a	higher	educational	socio-economic	status. It is therefore of 
great	interest	to	explore	the	magnitude	of	such	potential	synergistic	associations	between	
being physically active and adhering to a healthy diet and cognitive functioning. 

Aims and outline of this thesis

This thesis focuses on both the physical and the psychological domain of frailty. In this 
introduction,	 the	 three	main	 topics	 herein	 have	been	presented,	 namely	 (1)	 sarcopenia;	 
(2)	 malnutrition;	 and	 (3)	 cognition.	 Before	 the	 first	 two	 topics	 (i.e.,	 sarcopenia	 and	
malnutrition)	can	be	evaluated	 in	daily	practice,	 tools	 for	screening	on,	and	diagnosis	of	
sarcopenia and malnutrition need to be validated. Therefore, the purpose of Chapters 2 
and 3 is	to	examine	the	validity	and	reliability	of	ultrasound	to	quantify	muscles.	Chapter 4  
aims to determine the association between ultrasound measured muscle size and muscle 
mass and function in patients with COPD. The aim of Chapter 5 is to identify tools that are 
used	for	the	assessment	of	malnutrition,	and	determine	their	content	validity	with	the	ESPEN	
and	ASPEN	malnutrition	definitions.	In	Chapters 6 and 7, the impact of diet and physical 
activity in relation to components of physical or psychosocial frailty will be determined.  
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More	specifically,	in	Chapter 6, the	prevalence	of	low	protein	intake	in	community-dwelling	
older adults will be assessed. An additional aim of this chapter is to study the associations 
between	 sufficient	 protein	 intake,	 physical	 function	 and	muscle	mass.	 Chapter 7 aims 
to determine the synergistic association between diet, physical activity, and cognition in 
older adults. 
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Background	This	review	evaluates	the	reliability	and	validity	of	ultrasound	to	quantify	

muscles in older adults. Methods	The	databases	PubMed,	Cochrane,	and	Cumulative	

Index	to	Nursing	and	Allied	Health	Literature	(CINAHL)	were	systematically	searched	for	

studies.	In	17	studies	the	reliability	(n	=	13)	and	validity	(n	=	8)	of	ultrasound	to	quantify	

muscles	in	community-dwelling	older	adults	(≥	60	years)	or	a	clinical	population	were	

evaluated. Results	Four	out	of	13	reliability	studies	 investigated	both	intra-	and	inter-

rater	 reliability.	 Intraclass	correlation	coefficient	 (ICC)	 scores	 for	 reliability	 ranged	 from	

-0.26	to	1.00.	The	highest	ICC	scores	were	found	for	the	vastus	lateralis,	rectus	femoris,	

upper	arm	anterior	and	the	trunk	(ICC=0.72	to	1.000).	All	included	validity	studies	found	

ICC	scores	ranging	from	0.92	to	0.999	Two	studies	describing	the	validity	of	ultrasound	

to predict lean body mass showed good validity as compared to DXA 

(r2	=0.92	to	0.96).	Conclusions This systematic review shows that ultrasound is a reliable 

and	 valid	 tool	 for	 the	 assessment	 of	 muscle	 size	 in	 older	 adults.	 More	 high	 quality	

research	is	required	to	confirm	these	findings	in	both	clinical	and	healthy	populations.	

Furthermore, ultrasound assessment of small muscles needs further evaluation. 

Ultrasound	to	predict	lean	body	mass	is	feasible,	however	future	research	is	required	to

validate	prediction	equations	in	older	adults	with	different	origins.
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Introduction 

Globally, the proportion of older people within the worldwide population is increasing. 
It	 is	estimated	 that,	 in	2050,	approximately	400	million	people	will	be	aged	80	years	and	
older.1	During	ageing,	body	composition	changes	with	a	1-2%	loss	of	muscle	mass	per	year	
after	the	age	of	50.2-5 This loss, together with impaired physical performance, is referred to 
as sarcopenia.2,6 Sarcopenia is associated with development of functional disability, such 
as	 slow	walking	 speed	 and	may	 lead	 to	 a	 lower	quality	 of	 life	 and	dependency.2,7-11 The 
prevalence	of	sarcopenia	in	healthy	older	adults	(mean	age(SD)=74.4(3.2)years)	is	estimated	
to	be	between	0%	and	15%.12	In	community-dwelling	older	adults	with	mobility	problems	
(80.5(7.0)	years),	the	prevalence	is	higher,	with	estimates	between	2%	and	34%.	Differences	
in	cut-off	values,	operational	criteria,	and	differences	in	assessment	methods	may	possibly	
explain	the	large	variation	in	prevalence	rates.	For	instance,	prevalence	rates	of	33	to	34%	
in	community-dwelling	older	adults	of	sarcopenia	were	found	when	only	low	muscle	mass	
or low handgrip strength was used as diagnostic criteria for sarcopenia. When applying the 
diagnostic	criteria	of	the	European	Working	Group	on	Sarcopenia	in	Older	people	(EWGSOP),	
the	prevalence	of	sarcopenia	in	community-dwelling	older	adults	with	mobility	problems	
is	approximately	25%.12 

Muscle	mass	depletion	is	an	important	characteristic	of	sarcopenia.	Traditionally,	Computed	
Tomography	 (CT)	and	Magnetic	Resonance	 Imaging	 (MRI)	are	considered	gold	 standards	
for assessing muscle mass.13,14 However, both methods are not feasible for the assessment 
of muscle mass in daily practice. CT uses ionizing radiation, and therefore is not performed 
on	 a	 routine	 basis,	 and	MRI	 is	 expensive	 and	 has	 limited	 availability.	 Dual-	 energy	 X-ray	
absorptiometry	(DXA)	is	also	a	widely	used	technique	to	determine	muscle	mass	in	a	research	
setting, however DXA also has limited availability. Ultrasound is potentially a good alternative 
for	 CT,	 MRI	 and	 DXA,	 as	 it	 is	 a	 non-ionizing	 imaging	 technique	 that	 provides	 dynamic	
assessment of soft tissue structures, is portable, and also highly accessible. Furthermore, 
ultrasound has been shown to be reliable for assessing selected foot structures, which 
suggests	that	ultrasound	has	the	potential	to	accurately	assess	(small)	muscle	groups.15

Currently,	it	is	difficult	to	diagnose	sarcopenia	in	daily	practice	since	there	is	a	lack	of	valid	
and/or	feasible	tools	for	the	assessment	of	muscle	mass.	Ultrasound	might	play	an	important	
role in the diagnosis of sarcopenia, since it may offer an objective measure of the amount 
of muscle mass. Previous reviews concluded that ultrasound is valid for measuring muscle 
size	in	a	younger	population	compared	to	measurement	instruments	such	as	MRI	and	CT.16,17 
Ultrasound is also a reliable measure of muscle size in healthy individuals.18	However, until 
now	it	is	unclear	whether	ultrasound	is	a	reliable	and	valid	technique	to	assess	muscle	size	
in older adults. Furthermore, the use of ultrasound to predict whole body muscle mass in 
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older adults has not been previously reviewed. Therefore, this systematic review aims to 
evaluate the reliability and validity of ultrasound for assessing muscle size in older adults. 
Moreover,	this	study	evaluates	the	validity	of	ultrasound	derived	equations	for	the	prediction	
of muscle mass in older adults.

Methods

We	systematically	searched	the	PubMed,	Cochrane	and	Cumulative	 Index	to	Nursing	and	
Allied	 Health	 Literature	 (CINAHL)	 databases	 for	 studies	 in	 English,	 German	 and	 Dutch.	
Studies	were	 searched	up	until	 January	 20,	 2016.	Outcomes	of	 interest	were	 conclusions	
about	 the	 reliability,	 concurrent	 validity,	 or	 feasibility	 of	 ultrasound	 to	 quantify	 muscles.	
In the search strategy, a combination of terms related to sarcopenia, older adults, and 
ultrasonography	was	used:	(1)	sarcopenia:	muscular	atroph*,	muscle	atroph*,	muscle	mass*,	
muscle	 size*,	 muscle	 diameter*,	 muscle	 volume*,	 muscle	 thickness*,	 muscle	 wasting;	 (2)	
older	adults:	aged,	aging,	older	adult,	elder*,	older	person*,	older	people,	senior*,	ageing;	(3) 
ultrasonography:	 ultrasound,	 ultraso*	 imaging,	 medical	 sonography,	 echography.	 The	
complete search strategy is available from the author. In addition to the search in the 
databases	of	CINAHL,	PubMed,	and	Cochrane,	other	 relevant	studies	were	selected	using	
backward citation tracking.

Study eligibility criteria

Studies	evaluating	 the	 reliability,	validity,	and/or	 feasibility	of	ultrasound	 to	assess	muscle	
mass	 of	 the	 limbs	 and	 abdomen	 in	 the	 older	 population	 (mean	 age	 ≥	 60	 years	 old,	 or	
inclusion	criteria	≥	60	years	and	older)	were	eligible	for	inclusion	in	this	study.	Animal	studies,	
studies	using	cadaver	specimens,	and	(systematic)	reviews	were	excluded.	

Study appraisal and synthesis methods

Refworks	(ProQuest	LLC	2016)	was	used	to	insert	the	search	hits	from	the	databases.	After	
deleting duplicates, titles and abstracts were independently screened by two authors 
(W.N.	and	A.S.).	Based	on	the	 inclusion	and	exclusion	criteria,	studies	were	 independently	
scored as relevant or not relevant. Disagreements regarding the relevance of the studies 
were	solved	by	consensus.	Both	assessors	(W.N.	and	A.S.)	subsequently	and	independently	
assessed	the	included	full	text	studies.	The	methodological	quality	of	the	included	studies	
was assessed using two checklists: one checklist for the reliability and validity studies.17 and 
one	checklist	 for	 the	studies	on	the	validity	of	ultrasound	derived	prediction	equations.19 
The	 methodological	 quality	 of	 the	 reliability	 and	 validity	 studies	 was	 assessed	 using	 a	
checklist	 developed	 by	 Pretorius	 and	 Keating	 (2008).	 The	 checklist	 contains	 ten	 items	
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focusing	 on	 the	 reliability	 and	 validity	 of	 ultrasound	 to	 measure	 muscles	 (Appendix	 1).	 
A	higher	score	signified	higher	methodological	quality.17	The	methodological	quality	of	the	
validity	of	ultrasound	derived	prediction	equations	was	assessed	by	the	consensus-based	
standards	for	the	selection	of	health	status	measurement	instruments	(COSMIN)	checklist.	
The	COSMIN	checklist	consists	of	nine	boxes;	each	box	entails	one	measurement	property,	
e.g.,	reliability,	criterion	validity.	Each	box	consists	of	five	to	18	criteria,	which	can	be	used	
to	assess	methodological	quality.	Eventually,	a	quality	score	was	determined	by	taking	the	
lowest	rating	of	each	criterion	in	a	box.	The	quality	score	was	defined	to	be	poor,	fair,	good,	
or	excellent.19

In all of the steps of the selection procedure and during assessment of methodological 
quality,	 agreement	 between	 the	 two	 independent	 reviewers	 was	 calculated	 using	 the	
Cohen’s	Kappa	Coefficient.20	A	score	of	<0.40	is	regarded	as	poor,	0.40	-	0.75	as	fair	to	good,	
and	a	score	>0.75	as	an	excellent	agreement	between	both	observers.21

Results 

An	overview	of	the	process	of	study	selection	is	shown	in	Figure	1.	After	screening	by	title	
and	abstract,	50	studies	were	assessed	 for	eligibility.	The	 inter-rater	agreement	 regarding	
title	and	abstract	screening	was	fair	to	good	(Cohen’s	Kappa=0.60	(95%CI=0.48-0.72)).	From	
the	50	studies,	16	studies	fulfilled	the	eligibility	criteria.	Inter-rater	agreement	of	assessment	
of	full	text	studies	was	fair	to	good	(Cohen’s	Kappa=0.68	(95%CI=0.48-0.88)).	The	included	
studies	were	categorized	as	reliability	studies	(n=13),	validity	studies	(n=6),	and	ultrasound	
derived	prediction	equation	studies	(n=2).

Methodological quality

The	quality	of	 the	 included	reliability	and	validity	studies	was	good,	with	quality	scores	
ranging	between	seven	and	ten.	Overall,	more	than	seven	out	of	the	ten	questions	scored	
‘yes’ for all of the studies. The most consistent shortcomings were missing data on the 
composition	 of	 the	 sample	 and	 insufficient	 information	 on	 the	 scanning	 procedure	 of	
ultrasound	 (Table	 1).	 The	 quality	 of	 the	 two	 ultrasound	 derived	 prediction	 equations	
scored as good. 

The reference used can be considered as a reasonable criterion method for the assessment 
of	muscle	mass,	both	studies	used	good	sample	sizes	(both	studies	n=77),	and	appropriate	
statistical analyses were performed in the studies.  
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Transducer A device that generates and receives the ultrasound waves.

Linear transducer A transducer in which the width of the image is the same at all tissue levels. Therefore, 
a linear transducer has good near field resolution and is most often used for small, 
superficial structures, e.g., muscles. 

Curved transducer A transducer in which the width of the image increases with deeper penetration. 
Therefore, a curved transducer is most often used for deep scanning. 

Scanning plane The direction in which the scan is generated. The two scanning planes used in this 
manuscript	are	(1)	sagittal,	which	refers	to	longitudinal	orientation	and	(2)	transverse,	
which	refers	to	the	axial	orientation.	

Muscle	dimension The	dimension	in	which	the	muscle	is	measured;	thickness	(in	mm	or	cm),	cross-
sectional	area	(CSA)	(in	cm2)	or	volume	(in	cm3).		

Figure 1. Preferred	Reporting	 Items	 for	 Systematic	Reviews	and	Meta-Analyses	 (PRISMA)	flowchart	
showing selection procedure of articles. 
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Table 1. Quality	assessment	of	the	included	studies.	

Study Blinding Sample  Reproducibility Study procedures Score

Blind 
assessor

Data 
≥ 80% of 
cohort 
reported

Represen-
tative 
sample 

Sufficient 
information 
reported 

Data 
analyses 
clearly 
defined

Proper
time
frame 

Instructions on 
muscle state

Scanning point 
clearly described 

Minimization of 
contact pressure

Perpendicular position 
of transducer

Agyapong, 201426 x x x x x x x 7

Bemben, 200227 x x x x x x x x x 9

Berger, 201535 x x x x x x x x x 9

Cho, 201422 x x x x x x x x x x 10

English, 201118 x x x x x x x x x 9

Hammond, 201423 x x x x x x x x x 9

MacGillivray, 200924 x x x x x x x x 8

Raj, 201228 x x x x x x x x 8

Reeves, 200429 x x x x x x x x x 9

Sions, 201425 x x x x x x x x x x 10

Sipila, 199336 x x x x x x x 7

Staehli, 201032 x x x x x x x x x x 10

Stetts, 200930 x x x x x x x x 8

Strasser, 201331 x x x x x x x x x 9

Thomaes, 201233 x x x x x x x x x 9

Reliability  

As	listed	in	Table	2,	13	studies	investigated	the	reliability	of	ultrasound.	Of	these,	four	studies	
reported	data	on	both	the	intra-rater	and	the	inter-rater	reliability.22-25	Eight	studies	involved	
healthy older adults,24-31 two studies involved stroke patients,18,22 and three studies involved 
patients	with	 chronic	 conditions,	 such	 as	Chronic	Obstructive	 Pulmonary	Disease	 (COPD),	
osteoarthritis,	 and	 Coronary	 Artery	 Disease	 (CAD).23,32,33	 Two	 studies	 explicitly	 stated	 that	
the markings on the skin were removed prior to the second scan, to prevent bias in the 
measurement.18,25	Out	of	the	13	studies,	four	studies	used	a	curved-array	transducer.23,25,30,31 
Included	 studies	 reported	 different	 outcome	 measures;	 one	 study	 assessed	 muscle	
volume,24	three	studies	assessed	cross-sectional	area,23,27,29 and nine studies assessed muscle  
thickness	(MT).18,22,25,26,28,30-33 



Muscle ultrasound in older adults

27

Table 1. Quality	assessment	of	the	included	studies.	

Study Blinding Sample  Reproducibility Study procedures Score

Blind 
assessor

Data 
≥ 80% of 
cohort 
reported

Represen-
tative 
sample 

Sufficient 
information 
reported 

Data 
analyses 
clearly 
defined

Proper
time
frame 

Instructions on 
muscle state

Scanning point 
clearly described 

Minimization of 
contact pressure

Perpendicular position 
of transducer

Agyapong, 201426 x x x x x x x 7

Bemben, 200227 x x x x x x x x x 9

Berger, 201535 x x x x x x x x x 9

Cho, 201422 x x x x x x x x x x 10

English, 201118 x x x x x x x x x 9

Hammond, 201423 x x x x x x x x x 9

MacGillivray, 200924 x x x x x x x x 8

Raj, 201228 x x x x x x x x 8

Reeves, 200429 x x x x x x x x x 9

Sions, 201425 x x x x x x x x x x 10

Sipila, 199336 x x x x x x x 7

Staehli, 201032 x x x x x x x x x x 10

Stetts, 200930 x x x x x x x x 8

Strasser, 201331 x x x x x x x x x 9

Thomaes, 201233 x x x x x x x x x 9

Reliability  

As	listed	in	Table	2,	13	studies	investigated	the	reliability	of	ultrasound.	Of	these,	four	studies	
reported	data	on	both	the	intra-rater	and	the	inter-rater	reliability.22-25	Eight	studies	involved	
healthy older adults,24-31 two studies involved stroke patients,18,22 and three studies involved 
patients	with	 chronic	 conditions,	 such	 as	Chronic	Obstructive	 Pulmonary	Disease	 (COPD),	
osteoarthritis,	 and	 Coronary	 Artery	 Disease	 (CAD).23,32,33	 Two	 studies	 explicitly	 stated	 that	
the markings on the skin were removed prior to the second scan, to prevent bias in the 
measurement.18,25	Out	of	the	13	studies,	four	studies	used	a	curved-array	transducer.23,25,30,31 
Included	 studies	 reported	 different	 outcome	 measures;	 one	 study	 assessed	 muscle	
volume,24	three	studies	assessed	cross-sectional	area,23,27,29 and nine studies assessed muscle  
thickness	(MT).18,22,25,26,28,30-33 

Intra-rater reliability

The	 intra-rater	 reliability	of	ultrasound	was	 investigated	 in	13	studies.	The	majority	of	 the	
studies measured the muscle in the transverse plane.18,23,25-27,29-31,33 The interval between 
repeated measurements varied from several minutes18,30	 to	 14	 days.23,28	 Nine	 out	 of	 13	
studies evaluated thigh muscles.23,24,26-29,31-33,34 Calf muscles,18,22,28 abdominal muscles,18,30 
and spinal muscles25	were	 also	 evaluated.	Overall,	 reliability	 estimates	 ranged	 from	 -0.26	
to	1.00.	The	highest	intraclass	correlation	coefficient	(ICC)	scores	were	found	for	the	vastus	
lateralis	(ICC=0.852	to	0.999),	the	rectus	femoris	(ICC=0.72	to	0.997),	the	upper	arm	anterior	
(ICC=0.81	to	0.99),	and the	trunk	(ICC=0.73	to	1.00).	 
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Table 2. Overview of the included reliability studies.

Study Demographicsa Interval in days Transducer type Scanning plane Muscles Muscle dimension Reliability estimatesb

Intra-rater reliabilityc

Agyapong, 201426 Community-dwelling	older	adults
n	=	32	(NR:NR)
age	=	NR	(NR)

7	 Linear Transverse Anterior thigh muscles Thickness ICC	=	0.88	(0.77-0.94)
SEM	=	2.11	mm

Bemben, 200227 Postmenopausal women 
n	=	38	(0:38)
age	=	58.9	(0.7)

Older adults
n	=	85	(34:51)
age	=	65.0	(0.4)

0 Linear Transverse Rectus femoris
Biceps	brachii

CSA Rectus femoris: 
ICC	=	0.88	(NR)
SEM	=	0.13	cm2

Biceps	brachii:
ICC	=	0.99	(NR)
SEM	=	0.16	cm2

Rectus femoris:
ICC	=	0.72	(NR)
SEM	=	0.12	cm2

Cho, 201422 Poststroke patients
n	=	30	(15:15)
age	=	64.7	(5.7)

7	 Linear Sagittal Medial	gastrocnemius	 Thickness Rater 1
ICC	=	0.982	
(0.968-0.991)
Rater 2 
ICC	=	0.992	
(0.986-0.996)

English, 201118 Acute stroke patients
n	=	29	(21:8)
age	=	64.0	(16.8)

0	 Linear Transverse Anterior upper arm
Posterior upper arm
Lateral forearm
Abdomen
Anterior thigh
Posterior thigh
Anterior lower leg
Posterior lower leg

Thickness ICCs ranging from 
-0.26	to	0.95	(NR)
Upper LOA ranging from  
2.73	to	26.01	mm.	
Lower LOA ranging from  
-2.93	to	-27.69	mm.	

Hammond, 201423 Ambulatory COPD patients
n	=	17	(NR:NR)
age	=	66.0	(NR)

2-14	 Curved Transverse Rectus femoris CSA Rater 1
ICC	=	0.971	(NR)
LOA	=	-1.10	to	
1.36	cm2

Rater 2 
ICC	=	0.942	(NR)
LOA	=	-1.75	to	
1.59	cm2

MacGillivray, 200924 Community-dwelling	older	adults
n	=	11	(NR:NR)
median	age	=	79

NR Linear Sagittal Rectus femoris Volume ICC	=	0.997	(NR)
SEM	=	0.00	cm3

Raj, 201228 Community-dwelling	older	adults
n	=	21	(11:10)
age	=	68.1	(5.2)

7-14	 Linear Sagittal Vastus	lateralis
Medial	gastrocnemius

Thickness Vastus	lateralis:	
ICC	=	0.96	(0.90-0.98)	for	both	site	
1	and	2
95%	ratio	LOA	=	17.25%	(site	1)	and	
10.59%	(site	2)
Medial	gastrocnemius:	
ICC	=	0.97	(0.75-0.96)
95%	ratio	LOA	=	12.56%
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Table 2. Overview of the included reliability studies.

Study Demographicsa Interval in days Transducer type Scanning plane Muscles Muscle dimension Reliability estimatesb

Intra-rater reliabilityc

Agyapong, 201426 Community-dwelling	older	adults
n	=	32	(NR:NR)
age	=	NR	(NR)

7	 Linear Transverse Anterior thigh muscles Thickness ICC	=	0.88	(0.77-0.94)
SEM	=	2.11	mm

Bemben, 200227 Postmenopausal women 
n	=	38	(0:38)
age	=	58.9	(0.7)

Older adults
n	=	85	(34:51)
age	=	65.0	(0.4)

0 Linear Transverse Rectus femoris
Biceps	brachii

CSA Rectus femoris: 
ICC	=	0.88	(NR)
SEM	=	0.13	cm2

Biceps	brachii:
ICC	=	0.99	(NR)
SEM	=	0.16	cm2

Rectus femoris:
ICC	=	0.72	(NR)
SEM	=	0.12	cm2

Cho, 201422 Poststroke patients
n	=	30	(15:15)
age	=	64.7	(5.7)

7	 Linear Sagittal Medial	gastrocnemius	 Thickness Rater 1
ICC	=	0.982	
(0.968-0.991)
Rater 2 
ICC	=	0.992	
(0.986-0.996)

English, 201118 Acute stroke patients
n	=	29	(21:8)
age	=	64.0	(16.8)

0	 Linear Transverse Anterior upper arm
Posterior upper arm
Lateral forearm
Abdomen
Anterior thigh
Posterior thigh
Anterior lower leg
Posterior lower leg

Thickness ICCs ranging from 
-0.26	to	0.95	(NR)
Upper LOA ranging from  
2.73	to	26.01	mm.	
Lower LOA ranging from  
-2.93	to	-27.69	mm.	

Hammond, 201423 Ambulatory COPD patients
n	=	17	(NR:NR)
age	=	66.0	(NR)

2-14	 Curved Transverse Rectus femoris CSA Rater 1
ICC	=	0.971	(NR)
LOA	=	-1.10	to	
1.36	cm2

Rater 2 
ICC	=	0.942	(NR)
LOA	=	-1.75	to	
1.59	cm2

MacGillivray, 200924 Community-dwelling	older	adults
n	=	11	(NR:NR)
median	age	=	79

NR Linear Sagittal Rectus femoris Volume ICC	=	0.997	(NR)
SEM	=	0.00	cm3

Raj, 201228 Community-dwelling	older	adults
n	=	21	(11:10)
age	=	68.1	(5.2)

7-14	 Linear Sagittal Vastus	lateralis
Medial	gastrocnemius

Thickness Vastus	lateralis:	
ICC	=	0.96	(0.90-0.98)	for	both	site	
1	and	2
95%	ratio	LOA	=	17.25%	(site	1)	and	
10.59%	(site	2)
Medial	gastrocnemius:	
ICC	=	0.97	(0.75-0.96)
95%	ratio	LOA	=	12.56%
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Reeves, 200429 Healthy adults
n	=	6	(3:3)
age	=	76.8	(3.2)

NR Linear Transverse Vastus	lateralis CSA ICCs	between	0.997	and	0.999	for	
scans	1	to	10
SEM	=		from	0.15	to	0.40	cm2

Sions, 201425 Community-dwelling	older	adults
n	=	30	(8:22)
age	=	71.8	(NR)

10	 Curved Transverse Multifidus	muscle Thickness Rater 1:
ICC	=	0.92	(0.83-0.96)
SEM	=	0.21	cm
Rater 2:
ICC	=	0.90	(0.78-0.95)
SEM	=	0.22	cm

Staehli, 201032 Patients with osteoarthritis:
preoperative 
n	=	10	(NR:NR)
age	=		59.6	(6.0)	
postoperative
n	=	20	(NR:NR)
age	=	61.5	(5.3)

3-10	 Linear Sagittal Vastus	lateralis Thickness ICC	=	0.888	
(0.778-0.945)
SEM	=	0.09	cm

Stetts, 200930 Community-dwelling	older	adults
n	=	12	(3:9)
age	=	72.0	(9.36)

0	 Curved Transverse Transversus abdomius
Internal	oblique
External	oblique

Thickness Intra-image
ICCs ranging from 
0.95	to	1.00
SEM	=	from	0.02	to
0.08	cm
Inter-image
ICCs ranging from 
0.77	to	0.97
SEM	=	0.01	to	0.03	cm

Strasser, 201331 Community-dwelling	older	adults
n	=	26	(NR:NR)
age	=	67.8	(4.8)

1 Curved Transverse Rectus femoris
Vastus	medialis
Vastus	intermedius
Vastus	lateralis

Thickness Rectus femoris: 
ICC	=	0.876	(NR)
Vastus	intermedius:
ICC	=	0.928	(NR)
Vastus	lateralis:
ICC	=	0.852	(NR)
Vastus	medialis:
ICC	=	0.949	(NR)

Thomaes, 201233 Older	Coronary	Artery	Disease	(CAD)	
patients without cardiovascular 
incident in the last year
n	=	25	(NR)
age	=	68.6	(4.6)

2	 Linear Transverse Rectus femoris Thickness ICC	=	0.97	(0.92-0.99)
SEM	=	0.02	cm

Study Demographicsa Interval in days Transducer type Scanning plane Muscles Muscle dimension Reliability estimatesb

Table 2. Continued. 
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Reeves, 200429 Healthy adults
n	=	6	(3:3)
age	=	76.8	(3.2)

NR Linear Transverse Vastus	lateralis CSA ICCs	between	0.997	and	0.999	for	
scans	1	to	10
SEM	=		from	0.15	to	0.40	cm2

Sions, 201425 Community-dwelling	older	adults
n	=	30	(8:22)
age	=	71.8	(NR)

10	 Curved Transverse Multifidus	muscle Thickness Rater 1:
ICC	=	0.92	(0.83-0.96)
SEM	=	0.21	cm
Rater 2:
ICC	=	0.90	(0.78-0.95)
SEM	=	0.22	cm

Staehli, 201032 Patients with osteoarthritis:
preoperative 
n	=	10	(NR:NR)
age	=		59.6	(6.0)	
postoperative
n	=	20	(NR:NR)
age	=	61.5	(5.3)

3-10	 Linear Sagittal Vastus	lateralis Thickness ICC	=	0.888	
(0.778-0.945)
SEM	=	0.09	cm

Stetts, 200930 Community-dwelling	older	adults
n	=	12	(3:9)
age	=	72.0	(9.36)

0	 Curved Transverse Transversus abdomius
Internal	oblique
External	oblique

Thickness Intra-image
ICCs ranging from 
0.95	to	1.00
SEM	=	from	0.02	to
0.08	cm
Inter-image
ICCs ranging from 
0.77	to	0.97
SEM	=	0.01	to	0.03	cm

Strasser, 201331 Community-dwelling	older	adults
n	=	26	(NR:NR)
age	=	67.8	(4.8)

1 Curved Transverse Rectus femoris
Vastus	medialis
Vastus	intermedius
Vastus	lateralis

Thickness Rectus femoris: 
ICC	=	0.876	(NR)
Vastus	intermedius:
ICC	=	0.928	(NR)
Vastus	lateralis:
ICC	=	0.852	(NR)
Vastus	medialis:
ICC	=	0.949	(NR)

Thomaes, 201233 Older	Coronary	Artery	Disease	(CAD)	
patients without cardiovascular 
incident in the last year
n	=	25	(NR)
age	=	68.6	(4.6)

2	 Linear Transverse Rectus femoris Thickness ICC	=	0.97	(0.92-0.99)
SEM	=	0.02	cm

Study Demographicsa Interval in days Transducer type Scanning plane Muscles Muscle dimension Reliability estimatesb
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Inter-rater reliabilityc

Cho, 201422 Poststroke patients
n	=	30	(15:15)
age	=	64.7	(5.7)

7	 Linear Sagittal Medial	gastrocnemius Thickness ICC	=	0.967	
(0.932-0.984)

Hammond, 201423 Ambulatory COPD patients
n	=	15	(NR:NR)
age	=	NR	(NR)

NR Curved Transverse Rectus femoris CSA ICC	=	0.998	(NR)
LOA	=	-0.17	to	
0.30	cm2

MacGillivray, 200924 Community-dwelling	older	adults
n	=	11	(NR:NR)
median	age	=	79

NR Linear Sagittal Rectus femoris Volume ICC	=	0.982
SEM	=	-0.13	cm3

Sions, 201425 Community-dwelling	older	adults
n	=	30	(8:22)
age	=	71.8	(NR)

10 Curved Transverse Multifidus		muscle Thickness Inter-examiner measurement reliability:
ICC	=	0.98	(0.97-0.99)
SEM	=	0.08	cm
Within-day 
procedural reliability:
ICC	=	0.88	(0.74-0.94)
SEM	=	0.26	cm
Between-day 
procedural reliability:
ICC	=	0.86	(0.70-0.93)
SEM	=	0.29	cm

Studies are arranged in type of study and in alphabetical order 
Abbreviations:	CSA,	cross-sectional	area;	NR,	not	reported;	ICC,	intraclass	correlation	coefficient;	SEM,	standard	error	of	measurement;	
LOA, limits of agreement
a n=	sample	size	of	the	study	(Male:Female).	Mean	age	is	reported.	Value	in	parentheses	is	the	standard	deviation.	

Inter-rater reliability

Four	studies	investigated	both	intra-rater	and	inter-rater	reliability.22-25 One study assessed 
both measurement and procedural reliability. Reliability estimates for measurement reliability 
was	higher	than	procedural	 reliability	 (ICC=0.98,	 ICC=0.86,	 respectively).25 The four studies 
evaluated different muscles: medial gastrocnemius,22 rectus femoris,23,24 and the lumbar 
multifidus muscle.25 Two studies measured the muscle in the transverse plane.23,25 Reliability 
estimates	ranged	from	0.88	to	0.998.	

Validity

All of the included studies evaluated concurrent validity with DXA35,	 MRI24,29 CT33,36	 or 
ultrasound23	(Table	3).	The	same	construct	was	measured	with	ultrasound	and	the	reference	
methods,	 except	 for	 one	 study,	 which	 compared	 muscle	 size	 with	 body	 composition	
parameters.35	All of the studies evaluated thigh muscles with a linear transducer. Only one 
study measured thigh muscle volume in the sagittal plane.24	The other studies assessed 
muscle thickness,33,35,36	or	cross-sectional	area23,29,36 in the transverse plane. All studies found 
that	ultrasound	is	valid	for	the	assessment	of	muscles,	with	ICC	scores	ranging	from	0.92	to	
0.999,23,24,29,32,35	and	r=0.761	to	r=0.911.36	

Study Demographicsa Interval in days Transducer type Scanning plane Muscles Muscle dimension Reliability estimatesb

Table 2. Continued. 
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Inter-rater reliabilityc

Cho, 201422 Poststroke patients
n	=	30	(15:15)
age	=	64.7	(5.7)

7	 Linear Sagittal Medial	gastrocnemius Thickness ICC	=	0.967	
(0.932-0.984)

Hammond, 201423 Ambulatory COPD patients
n	=	15	(NR:NR)
age	=	NR	(NR)

NR Curved Transverse Rectus femoris CSA ICC	=	0.998	(NR)
LOA	=	-0.17	to	
0.30	cm2

MacGillivray, 200924 Community-dwelling	older	adults
n	=	11	(NR:NR)
median	age	=	79

NR Linear Sagittal Rectus femoris Volume ICC	=	0.982
SEM	=	-0.13	cm3

Sions, 201425 Community-dwelling	older	adults
n	=	30	(8:22)
age	=	71.8	(NR)

10 Curved Transverse Multifidus		muscle Thickness Inter-examiner measurement reliability:
ICC	=	0.98	(0.97-0.99)
SEM	=	0.08	cm
Within-day 
procedural reliability:
ICC	=	0.88	(0.74-0.94)
SEM	=	0.26	cm
Between-day 
procedural reliability:
ICC	=	0.86	(0.70-0.93)
SEM	=	0.29	cm

Studies are arranged in type of study and in alphabetical order 
Abbreviations:	CSA,	cross-sectional	area;	NR,	not	reported;	ICC,	intraclass	correlation	coefficient;	SEM,	standard	error	of	measurement;	
LOA, limits of agreement
a n=	sample	size	of	the	study	(Male:Female).	Mean	age	is	reported.	Value	in	parentheses	is	the	standard	deviation.	

Inter-rater reliability

Four	studies	investigated	both	intra-rater	and	inter-rater	reliability.22-25 One study assessed 
both measurement and procedural reliability. Reliability estimates for measurement reliability 
was	higher	than	procedural	 reliability	 (ICC=0.98,	 ICC=0.86,	 respectively).25 The four studies 
evaluated different muscles: medial gastrocnemius,22 rectus femoris,23,24 and the lumbar 
multifidus muscle.25 Two studies measured the muscle in the transverse plane.23,25 Reliability 
estimates	ranged	from	0.88	to	0.998.	

Validity

All of the included studies evaluated concurrent validity with DXA35,	 MRI24,29 CT33,36	 or 
ultrasound23	(Table	3).	The	same	construct	was	measured	with	ultrasound	and	the	reference	
methods,	 except	 for	 one	 study,	 which	 compared	 muscle	 size	 with	 body	 composition	
parameters.35	All of the studies evaluated thigh muscles with a linear transducer. Only one 
study measured thigh muscle volume in the sagittal plane.24	The other studies assessed 
muscle thickness,33,35,36	or	cross-sectional	area23,29,36 in the transverse plane. All studies found 
that	ultrasound	is	valid	for	the	assessment	of	muscles,	with	ICC	scores	ranging	from	0.92	to	
0.999,23,24,29,32,35	and	r=0.761	to	r=0.911.36	

Validity of ultrasound derived prediction equations

Two studies evaluated the validity of ultrasound to predict muscle mass in older adults as 
compared to DXA.37,38 One study specifically focused on the prediction of leg muscle mass. That 
study	was	conducted	with	52	healthy	adults	of	which	were	22	male	(mean	age	62.1	±	8.6	years)	
and	30	were	female	(mean	age	66.3	±	5.9	years).	The	proposed	prediction	equation	included	the	
sum of four muscle thicknesses: thigh anterior and posterior and lower leg anterior and posterior 
(Leg	muscle	mass	=	0.01464	x	(MTsum	x	length	of	segment)	–	2.767).	The	results	indicated	a	good	
validity	of	ultrasound	for	predicting	leg	muscle	mass	compared	to	DXA	(r2	=	0.96).37 The second 
study	was	conducted	in	77	healthy	older	adults	(mean	age	=	64.8	±	7.2	years).	Two	prediction	
equations	were	proposed	in	that	study.	Equation	1	(Muscle	mass	=	(sex	(female	=	0,	male	=	1)	x	
7.217)	+	(MTthigh	anterior	x	1.985)	+	(MTthigh	posterior	x	2.355)	+	(MTlower	leg	anterior	x	3.633)	
+	(MTlower	leg	posterior	x	2.670)	–	6.759)	included	muscle	thickness	of	the	thigh	(anterior	and	
posterior)	and	the	lower	leg	(anterior	and	posterior).	The	results	showed	good	validity	of	the	
ultrasound	derived	prediction	equation	(r2	=	0.929,	Standard	Error	of	the	Estimate	(SEE)	=	2.5	kg).	
Equation	2	utilized	the	product	of	muscle	thickness	and	limb	length	(LL)	to	predict	muscle	mass.	 
In	 this	equation,	 the	 following	 sites	were	 included:	upper	arm	anterior,	 thigh	anterior,	 thigh	
posterior	 and	 lower	 leg	 posterior	 (((Muscle	 mass=	 (sex	 (female=	 0,	 male=	 1)	 ×	 5.233)	 +	 
((MT	x	LL)upper arm anterior	×	0.006630)	+	((MT	x	LL	)thigh anterior ×	0.05153)	+	((MT	x	LL)thigh posterior×	
0.05579)	 +	 (MT	 x	 LL)lower leg posterior	 ×	 0.07097)	 +	 1.774).	 The	 validity	 of	 equation	 2	was	 good	
compared	to	DXA	(r2	=	0.955,	SEE	=	2.0	kg).38 

Study Demographicsa Interval in days Transducer type Scanning plane Muscles Muscle dimension Reliability estimatesb

b Findings are reported in ICC values,	except	where	otherwise	specified.	Values	in	parentheses	are	95%	confidence	intervals.	
c intra-rater	 reliability	 is	defined	as	all	 types	of	 reliability	measures	within	observer,	 inter-rater	 reliability	 is	defined	as	all	 types	of	
reliability measures between observers.
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Discussion

The main finding of this systematic review is that ultrasound is a reliable and valid tool 
for the assessment of muscle size in older adults. However, the validity of ultrasound 
derived	prediction	equations	for	the	estimation	of	muscle	mass	in	older	adults	cannot	be	
established,	since	only	two	studies	examined	the	validity	of	ultrasound	derived	prediction	
equations	in	older	adults.	

Our finding that ultrasound is reliable for the measurement of muscle size in older adults 
extends	the	conclusion	of	a	previous	review	in	a	younger	population.34 We found that the 
reliability of ultrasound in older adults is comparable with reliability estimates found in 
younger adults. Furthermore, we also found that ultrasound is a reliable tool in a clinical 
population,	e.g.,	COPD,	CAD	and	post-	and	acute	stroke	patients,	a	finding	in	contrast	to	
previous literature.34	 Reliability	 estimates	 in	 a	 clinical	 population	 appear	 to	be	 equal	 to	
reliability	estimates	in	healthy	older	adults.	These	estimates	were	not	only	similar	for	intra-	
and	inter-rater	reliability,	but	also	across	different	body	sites.	Even	though	we	found	high	
ICC scores for the reliability of ultrasound in clinical populations, ultrasound imaging in 
a clinical population may be more challenging due to increased echogenicity, i.e., the 
reflectance of the emitted ultrasound signal, and decreased definitions of bone and 
muscle. Therefore, work on the feasibility of ultrasound in a clinical and aging population, 
is warranted. 

The included studies concluded that ultrasound is a reliable tool for the assessment of 
muscle size. Important to acknowledge is that this conclusion is based on the assessment 
of	large	muscle	groups	like	the	m.	quadriceps.	Low	ICC	scores	were	found	in	the	assessment	
of relatively small muscles, such as lateral forearm and lower limb muscles.18 The low ICC 
scores	can	possibly	be	explained	by	the	fact	that	evaluating	small	muscles	with	ultrasound	
might be challenging due to limited spatial resolution.39 Hence, the reliability of ultrasound 
for the assessment of small muscles needs further evaluation. 

We found that ultrasound also showed good validity for the assessment of muscle size 
compared	to	DXA,	MRI,	and	CT.	A	remarkable	finding	of	this	review,	however,	was	the	lack	
of	 studies	 examining	 the	 validity	of	 ultrasound	derived	prediction	equations	 for	whole	
body muscle mass in older adults. To the best of our knowledge, one previous review 
was published on the validity of ultrasound for the assessment of muscles.17 That review, 
however, did not specifically focus on older adults and did not include studies on the 
validity of ultrasound for predicting lean body mass. We found that ultrasound is a valid 
tool to assess muscle mass in older adults in clinical practice. Only one study showed good 
validity	 of	 ultrasound	derived	prediction	 equations	 compared	 to	DXA.	We	 found	 three	
other	studies	regarding	the	validity	of	ultrasound	derived	prediction	equations	for	muscle	
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mass,	but	we	excluded	these	from	this	systematic	review	because	of	the	age	of	the	study	
sample. Nevertheless, these studies found good validity for ultrasound derived prediction 
equations	 for	 the	 assessment	 of	 muscle	 mass.14,40,41 This adds to the evidence for high 
validity of ultrasound for the prediction of muscle mass. However, for ultrasound to become 
a valid alternative for DXA or bioelectrical impedance analysis for diagnosing sarcopenia, 
cross-validation	of	the	proposed	prediction	equations	in	older	adults	is	warranted.	

Despite	high	scores	on	methodological	quality,	we	 found	 that	 information	 regarding	 the	
scanning procedure was unclear in most of the reliability studies. In particular, information 
was lacking on the scanning position and marking of the skin. For that reason, the findings 
in this review might be an overestimation of the true reliability of ultrasound. Nevertheless, 
we included one study which investigated both measurement and procedural reliability 
of ultrasound. That study found high ICC scores for both measurement and procedural 
reliability	 (ICC	 =	 0.98,	 ICC	 =	 0.86	 respectively).18 Nonetheless, it is of utmost importance 
to investigate the reliability of the entire ultrasound scanning procedure, as this reflects 
the assessment procedure in clinical practice. Therefore, the reliability of the ultrasound 
procedure	to	evaluate	muscle	size	in	older	adults	requires	further	evaluation.			

All of the included studies used ICC scores to assess the agreement between raters or 
devices, which is considered to be the preferred statistical method to assess reliability.42-44 
However,	we	 found	that	 four	out	of	13	 reliability	studies	did	not	provide	any	 information	
on the type of ICC used in the study. It is important to report complete information on the 
type of ICC used in the study as this influences the results and is needed for an appropriate 
interpretation of the results.45 Furthermore, in addition to type of ICC used in the study, data 
on	the	magnitude	of	the	error,	e.g.,	Standard	Error	of	the	Measurement,	Limits	of	Agreement,	
should be reported. 

The findings in this systematic review should be considered in the light of some limitations. 
First, although we used a comprehensive tool for the assessment of methodological 
quality	of	the	ultrasound	derived	prediction	equation	studies	this	instrument	was	originally	
developed	to	assess	methodological	quality	of	health	measurement	instruments.	Therefore,	
some	items	were	not	applicable	for	specific	studies.	Nevertheless,	the	quality	of	the	included	
studies	are	expected	to	be	adequate	since	the	items	regarding	methodological	quality	were	
scored as good. Second, because of the lack of information on the type of ICC used in the 
studies,	a	meta-analysis	could	not	be	conducted.	Finally,	given	the	strict	 inclusion	criteria,	
studies	that	did	not	mention	(an	equivalent	of)	muscle	mass	were	excluded	from	this	review.	

In conclusion, this systematic review shows that ultrasound is a reliable and valid tool for the 
assessment	of	muscle	size	in	older	adults.	However,	more	high	quality	research	is	needed	
to confirm these findings in both clinical as well as healthy populations. Furthermore, more 
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research	 is	 required	to	validate	prediction	equations	 in	older	adults	with	different	origins.	
This	further	validation	is	required	to	investigate	whether	use	of	ultrasound	in	the	screening	
and diagnosis of sarcopenia is feasible. 
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Appendix 1 

Methodological quality assessment 
Instrument developed by Pretorius & Keating (2008)17 

Assessor 

Author/ Title

Criteria Yes No
Not stated/ 
Unclear

1. Blind final assessor
Assessors measured RTUS variables and reference standard independently of 
each other, or, if not, it was likely that knowledge of one variable did not bias 
measurements of the other. 

Scoring:	yes	or	no.	Yes	if	paper	states	that	the	outcome	assessor	was	blind	to	
prognostic variables or reports a method that minimized opportunity for bias. 

2. Data for at least 80% of cohort reported
At	least	80%	of	the	subjects	assessed	using	RTUS	were	assessed	on	the	
reference standard.
Scoring: yes or no.

3. Inception cohort
The inception cohort was typical of those on whom the test would typically 
be conducted and all eligible patients were invited to participate in the study 
(random	selection	or	consecutive	cases).
Scoring:	yes	or	no.	Yes	if	the	report	states	that	consecutive	eligible	patients	
were invited to participate in the study, or were randomly selected.

4.  Assessment methods defined
Assessment using RTUS and the reference standard was defined in a way that 
enabled replication
Scoring:	yes	or	no.	Yes	if	a	defined	method	for	measurement	and	patient	
positioning was reported and could be replicated from the description

5. Adequate detail reported
Data was reported that allows the relationship between measures of RTUS and 
the reference standard to be statistically defined. 
Scoring: yes or no. Acceptable data would be the correlation between RTUS 
and the reference standard or data that enables its calculation. 

6. Timeframe
Measurements	were	taken	for	both	RTUS	and	the	comparison	standard	over	a	
time period where it was unlikely that real change would have occurred in the 
muscle.
Scoring:	yes	or	no.	Yes	if	the	report	specifically	states	that	the	RTUS	and	the	
comparison measurements were taken over a short timeframe, or if not, the 
description of the methodology implied a short timeframe. 

7. Muscle state
During	RTUS	scanning,	the	patients	were	clearly	instructed	on	the	required	
muscle	activation	(contracting	versus	relaxing	the	muscle).	
Scoring:	yes	or	no.		Yes	if	the	patients	were	specifically	instructed	to	either	
relax	or	contract	the	muscle	of	interest	during	the	RTUS	scan.
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8. RTUS scanning point
The RTUS scanning point is described in a way that enables relocation of that 
point during a follow up scan, or that enables replication by an independent 
researcher
Scoring: yes or no.

9. RTUS contact pressure
The contact pressure of the transducer on the skin surface has been 
considered and a procedure was reported to minimize the pressure.

Scoring: yes or no.

10. Transducer positioning
The	RTUS	was	placed	at	perpendicular	angles	(90	degrees)	to	the	muscle	
surface being studied during assessment.

Scoring: yes or no.

Total score

Criteria Yes No
Not stated/ 
Unclear

Appendix 1 (Continued)
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The	reliability	and	validity	of	ultrasound	to	quantify	muscles	in	older	adults:	A	systematic	review
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During	 the	 last	 two	decades,	DXA-derived	appendicular	 lean	soft	 tissue	mass	has	served	as	a	
major	criterion	for	diagnosing	the	age-related	loss	of	skeletal	muscle	mass	(i.e.	sarcopenia).1 From a 
clinical perspective, however, DXA measurements are costly, and the device has limitedavailability. 
A	possible	alternative	method	for	measuring	muscle	size	(e.g.	muscle	thickness)	in	humans	may	
be	B-mode	ultrasound.	It	is	well	known	that	ultrasound	is	a	non-invasive,	quick,	valid,	and	reliable	
imaging	technique	to	estimate	muscle	thickness	in	muscles	of	the	extremity	and	trunk.2,3

With this in mind, we read with great interest the article by Nijholt and colleagues,4 where they 
reported	the	validity	and	reliability	of	ultrasound	to	quantify	musculature	in	older	adults.	The	
authors	also	reported	on	two	prediction	equations	for	estimating	DXA-derived	muscle	mass.	
Although not reported within this paper, we previously noted that two of those prediction 
equations	selected	by	Nijholt	et	al.	included	systematic	error.5 Over the last couple of years, 
we	 have	 published	 several	 prediction	 equations	 for	 estimating	 DXA-derived	 appendicular	
lean mass in older adults.6–8	Unfortunately,	those	equations	were	not	included	in	the	article	by	
Nijholt et al.4	Interestingly, a single site measurement of forearm muscle thickness was found 
to	be	good	predictor	of	DXA-derived	lean	soft	tissue	mass	in	older	Caucasian	adults,6 and the 
equation	was	also	found	to	be	accurate	in	older	Japanese	adults.7 Notably, the standard error 
of	the	estimate	was	1.95	kg	for	the	equation	that	used	a	single	muscle	thickness	site,	whereas	
the	standard	error	of	the	estimate	of	the	equation	that	included	eight	predictors	was	1.13	kg.6 
The	amount	of	time	required	for	a	single	ultrasound	measurement	is	generally	less	than	1	min	
per person, so this estimate appears both valid and pragmatic. 

In summary, our previous studies6,7	suggest that forearm muscle thickness measurements are 
a tolerable and less demanding assessment to use for older adults, and ultrasound estimated 
appendicular lean mass from the forearm muscle thickness may be a useful indicator for 
evaluating muscularity in older adults. Although additional research is needed, our recent work 
along with others noted within the Nijholt et al.4 review may be useful with the development of 
ultrasound evaluation for health screenings as well as for the primary diagnosis of sarcopenia.
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We	thank	Takashi	Abe,	Jeremy	P.	Loenneke	and	Robert	S.	Thiebaud	for	their	valuable	response	
to	our	systematic	review	in	their	Letter	entitled	“The	use	of	ultrasound	for	the	estimation	of	
muscle mass: one site fits most?”.1

We feel encouraged by their response that ultrasound has the potential to play an important 
role in assessing muscle mass in daily practice in the future. The authors remarked that we 
included	only	two	studies	in	our	systematic	review	that	evaluated	the	validity	of	ultrasound-
derived	prediction	equations	for	the	prediction	of	muscle	mass	in	older	adults.2 The authors 
elaborate on three other studies that indicate that forearm muscle thickness measurements 
could be used for the prediction of muscle mass in older adults. Although these articles 
provide additional information on the possibilities of muscle ultrasound for the prediction 
of muscle mass, we did not include these three articles in our systematic review because 
these articles were published later than the period included in our search,3,4 or did not meet 
our inclusion criterion for age.5

The authors’ suggestion of using forearm muscle thickness measurements for the prediction 
of muscle mass is interesting for daily practice. It is very promising that the size of peripheral 
muscles	is	associated	with	(whole	body)	muscle	mass.	However,	we	do	not	fully	agree	with	the	
statement that one site fits most. Despite the fact that the current definitions of sarcopenia 
and	malnutrition	 focus	on	 the	assessment	of	 (whole	body)	muscle	mass,6,7 we would like 
to emphasize that the assessment of peripheral muscles is of utmost importance. It has 
previously been observed that the loss of muscle mass is not uniform across all muscles.8 In 
general,	the	loss	of	muscle	mass	of	the	lower	limbs	is	a	consequence	of	inactivity,	whereas	the	
loss of muscle mass in the upper limbs is more prone to nutritional depletion.9 This illustrates 
the	 importance	 of	 assessing	 peripheral	 muscles.	 Peripheral	 muscles	 can	 be	 quantified	
using	muscle	 ultrasound,	 but	muscle	 ultrasound	 can	 also	 be	 used	 to	 qualify	 the	muscle,	
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e.g., to assess the amount of intramuscular fat. This intramuscular fat results in increased 
echogenicity, i.e., the reflectance of the emitted ultrasound signal,10 and is associated with 
decreased muscle function in older adults.11 These findings implicate that not only the size of 
the muscle matters, but also the composition of muscles needs to be assessed. 

In summary, we agree with Abe, Loenneke and Thiebaud that ultrasound has high potential 
for the assessment of muscles in daily practice. However, we believe that assessing peripheral 
muscles	 is	equally,	or	may	be	even	more,	 important	 than	 the	prediction	of	muscle	mass.	
Therefore,	we	propose	a	paradigm	shift	from	the	assessment	of	(whole	body)	muscle	mass	
to	quantifying	and	qualifying	peripheral	muscles.	
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Background and aims We	aimed	to	 investigate	the	test-retest	reliability	and	validity	

of ultrasound for two commonly used types of transducer, using different methods for 

the	estimation	of	muscle	size	and	echo	intensity	(EI).	Methods Fourteen healthy adults 

were	included	in	this	study.	Ultrasound	images	of	the	rectus	femoris	size	(thickness	 in	

cm	 and	 cross-sectional	 area	 [CSA]	 in	 cm2),	 obtained	 at	 the	mid-thigh,	were	 validated	

against	 MRI.	 Both	 a	 linear	 and	 a	 curved	 array	 transducer	 were	 used	 to	 assess	 rectus	

femoris	 size	 and	EI	 (values	 0-255,	higher	 scores	 indicating	 increased	 intramuscular	 fat	

and	interstitial	fibrous	tissue).	To	assess	test-retest	reliability	of	ultrasound,	participants	

were	tested	twice,	with	a	one-week	interval.	Validity	and	reliability	were	evaluated	using	

paired	 sample	 t-tests,	 intraclass	 correlation	 coefficient	 (ICC),	 and	 Bland-Altman	 plots.	

Results No significant differences between the repeated evaluations of rectus femoris 

thickness,	 CSA	 and	 EI	 were	 found.	 Reliability	 for	 thickness	 and	 CSA	 evaluations	 was	

excellent	for	both	transducers	(ICC=0.87-0.97)	and	moderate	for	EI	(ICC=0.42-0.44).	Mean	

difference	between	MRI	and	ultrasound	for	CSA	(curved=0.59	cm2,	p=0.086;	linear=2.1	

cm2,	 p=0.002)	 and	 thickness	 (curved=0.31	 cm,	p=0.01;	 linear=0.21	 cm,	p=0.043)	were	

small	 but	 significant,	 except	 for	 CSA	using	 a	 curved	 transducer.	 Agreement	 between	

ultrasound	 and	 MRI	 ranged	 from	 moderate	 for	 thickness	 (ICC=0.45)	 to	 excellent	 for	

CSA	 (ICC=0.92).	 Conclusions Our	 study	 demonstrates	 that	 the	 test-retest	 reliability	

and validity of muscle size estimation by ultrasound for both curved and linear array 

transducers	 seems	 to	 be	 adequate.	 Future	 studies	 should	 focus	 on	 the	 longitudinal	

evaluation	of	muscle	size	and	EI	by	ultrasound.

Abstract
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Introduction

The number of older adults in the world’s population is increasing.1 Ageing brings challenges 
that are often related to loss of muscle mass. The decrease in muscle mass, accompanied with 
a decrease in muscle function, is referred to as sarcopenia.2 As sarcopenia is associated with 
an	increased	risk	of	adverse	outcomes,	sarcopenia	is	an	important	nutrition(-related)	disorder.3 
Muscle	mass	is	one	of	the	diagnostic	measures	for	sarcopenia.4 A commonly used method to 
assess	fat-free	mass,	of	which	muscle	mass	is	a	large	component,	is	bioelectrical	impedance	
analysis. However, the validity of this method on the individual level is limited.5 Alternatively, 
ultrasound is used to estimate peripheral muscle size,6-9 and based on multiple peripheral 
muscle size measurements, to estimate total muscle mass.6,10,11 

From our recent systematic review, we concluded that ultrasound is valid and reliable to 
quantify	muscles	in	older	adults.6 However, we observed that most of the reliability studies 
focused on the interpretation of ultrasound images, instead of assessing the complete 
ultrasound procedure. Although the interpretation of ultrasound images are the final 
steps in the complete ultrasound procedure, the whole ultrasound procedure consists of 
more steps, including identifying the scanning position and performing the scan. Another 
part in the ultrasound procedure is the type of parameters used. In previous studies, both 
thickness9,12-14	 and	 cross-sectional	 area	 (CSA)15-17	were	measured.	 Both	 parameters	 reflect	
the size of a peripheral muscle, but it has been suggested that thickness measurements 
are more prone to measurement errors as compared to CSA.18	Yet,	it	remains	unclear	which	
parameter is preferable for use in daily practice, since it is not clear whether these methods 
differ	in	reliability	and	validity.	Beyond	the	size	of	a	peripheral	muscle,	the	echo	intensity	(EI)	
of	the	muscle	is	also	of	great	interest,	since	increased	EI,	which	results	from	intramuscular	
fat and interstitial fibrous tissue,19,20 is associated with impaired physical functioning.21,22 
However,	 limited	 information	on	the	test-retest	reliability	of	ultrasound	for	the	estimation	
of	EI	is	available.

Another important part in the complete ultrasound procedure is the selection of the 
transducer. For the estimation of muscle size, linear array transducers are mainly used because 
this type of transducer is more adapted to muscle anatomy. A linear transducer often uses 
higher	frequencies,	which	leads	to	higher	resolution.	However,	higher	frequencies	result	in	
a limited penetrating ability, and therefore the linear array transducer is not feasible for use 
in	deeper	structures.	In	contrast,	the	curved	array	transducer	often	uses	lower	frequencies,	
resulting in a greater penetrating ability, and has a large field of view. Therefore, the curved 
array transducer is also being used for the estimation of muscle size.16,22,23 A previous study 
compared the curved array transducer with the linear array transducer, and concluded that 
the curved array transducer is valid and reliable for assessing CSA of the rectus femoris.16 
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However, this study did not include thickness measurements and more importantly, did not 
compare with a gold standard.

Therefore, in this study we aimed to determine the:
•	 test-retest	reliability	(i.e.,	the	capacity	to	consistently	reproduce	the	complete	ultrasound	

procedure	over	a	period	of	time)	and	validity	(i.e.,	the	extent	to	which	ultrasound	measures	
what	it	is	intended	to	measure)	of	ultrasound	measurements	of	CSA	and	thickness,	using	
a	linear	and	a	curved	array	transducer	agaings	measurements	obtained	with	MRI;

•	 the	test-retest	reliability	of	ultrasound	for	the	estimation	of	EI.

Materials and methods

Population

Healthy	individuals	aged	between	18	and	65	years	were	included	in	the	study.	Participants	
were recruited through advertisements within the Hanze University of Applied Sciences and 
by	using	the	individual	networks	of	the	researchers.	Respondents	were	excluded	if	they	had	
a pacemaker or implants, claustrophobia, severe neuromuscular diseases, or were pregnant. 
All participants were informed about the study procedures and provided informed consent 
prior	to	the	start	of	this	study.	This	study	was	approved	by	the	Medical	Ethical	Committee	of	
the	University	Medical	Center	Groningen	(reference	2014/432).

Design and setting

Magnetic	Resonance	Imaging	(MRI)	was	used	as	reference	for	the	measurement	of	muscle	
size.	The	ultrasound	and	MRI	scans	were	performed	on	 the	same	day.	For	evaluating	 the	
test-retest	 reliability	 of	 ultrasound,	 the	 scans	 were	 conducted	 by	 one	 examiner	 with	 3	
years	 of	 experience	 in	muscle	 ultrasound	 and	 repeated	one	week	 later.	 The	participants	
were instructed to maintain their physical activity level throughout the study. Within this 
timeframe,	no	differences	in	muscle	status	were	expected	in	this	sample	of	healthy	adults.	

Measurements

Ultrasound

Brightness	Mode	(B-mode)	(Honda	HS-2100	MSK)	ultrasound	was	used	to	measure	rectus	
femoris	size	and	EI,	using	a	10	MHz	 linear	array	transducer	with	a	 length	of	5	cm,	and	a	 
5	MHz	curved	array	 transducer	with	a	 length	of	6	cm.	Gain	 (85	dB)	and	depth	 (75	mm)	
were kept constant and time gain compensation, i.e., a setting used to account for tissue 
attenuation, in a neutral position were kept constant throughout the study for each subject.  
For	 the	estimation	of	 rectus	 femoris	 size	 and	EI,	 the	participant	was	 in	 supine	position	
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with	 the	 leg	extended	and	 relaxed	on	 the	examination	 table.	 The	measurements	were	
performed	on	the	right	 leg.	Measurements	were	taken	after	20	to	30	minutes	of	rest	to	
avoid	 fluid	 shifts,	 and	 at	 50%	 distance	 between	 the	 greater	 trochanter	 and	 the	 lateral	
condyle.24 This point was marked with indelible ink. While obtaining images, minimal 
contact pressure was applied to avoid compression of the muscle. The transducer was 
placed perpendicular to the muscle surface. 

Rectus	femoris	size	was	estimated	afterwards	 in	two	ways:	 (1)	the	thickness	and	(2)	cross-
sectional	area	(CSA).	All	measurements	were	conducted	three	times,	and	the	mean	of	the	
three measurements was used for analyses. Rectus femoris size was determined with the free 
hand	tool	using	the	built-in	software.	Rectus	femoris	thickness	(in	cm)	was	defined	as	the	
greatest distance between the superficial and deep aponeuroses. The CSA was measured 
by	tracing	 the	 inner	echogenic	 line	of	 the	 rectus	 femoris	and	 is	expressed	 in	cm2.	The	EI	
of	the	rectus	femoris	was	determined	afterwards	using	a	standard	gray-scale	histogram	in	
ImageJ	1.51j8	(National	Institute	of	Health,	USA).25 A region of interest was manually drawn to 
include as much of the rectus femoris as possible, without any surrounding fascia and bone. 
EI	is	expressed	as	a	value	between	0	(black)	and	255	(white),	with	higher	scores	indicating	
increased intramuscular fat and interstitial fibrous tissue. The ultrasound data were analyzed 
blindly,	i.e.,	without	patient	characteristics	and	thickness	and	EI	results	visible.

MRI

MRI	 scans	 (3.0	 Tesla,	 Philips	 Achieva,	 Philips	 Healthcare,	 Best,	 The	 Netherlands)	 were	
performed	 using	 a	 body	 coil	 with	 the	 participant	 placed	 in	 supine	 position.	 Axial-plane	
images	 of	 the	 right	 leg	 were	 acquired	 using	 a	 T1-weighted	 spin-echo	 sequence	 with	
the	 following	 scanning	 parameters:	 echo	 time	 (TE),	 20	ms;	 repetition	 time	 (TR),	 674	ms;	 
1	acquisition	field;	field	of	view	100x180	mm;	matrix,	

256	x	192;	3	mm	slice	thickness	and	0	mm	inter-slice	gap.	Fish-oil	tablets	were	used	as	external	
marker and used to identify the corresponding sections measured with ultrasound. The 
size of the rectus femoris was measured following the same procedure as the ultrasound 
measurements,	using	ImageJ	1.51j8.

Statistical analyses 

Normality was tested using a histogram. Descriptive statistics were used to characterize 
the	 study	 population.	 Categorical	 variables	 were	 expressed	 as	 relative	 frequencies	 and	
continuous	 variables	were	 presented	 as	mean	 ±	 standard	 deviation	 (SD)	 or	median	 and	
interquartile	 range	 (IQR)	 for	 not-normally	 distributed	 variables.	 Test-retest	 reliability	 and	
validity	were	determined	by	 three	statistical	 tests:	 (1)	a	paired	samples	 t-test	or	Wilcoxon	
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Signed	 Rank	 in	 case	 of	 not-normally	 distributed	 data	 to	 assess	 systematic	 differences	
between	 the	 repeated	 measurements	 and	 between	 ultrasound	 and	 MRI,	 (2)	 intraclass	
correlation	coefficient	(ICC)	(two-way	mixed,	absolute	agreement,	single	measures)	with	a	
95%	confidence	interval	(95%	CI)	was	used	to	assess	the	agreement	between	the	repeated	
evaluations	and	between	ultrasound	and	MRI,	and	(3)	Bland-Altman	plots	were	constructed	
to assess the level of agreement and systematic bias or outliers.26 Furthermore, typical 
percentage errors were calculated to assess the typical error of ultrasound by dividing 
the difference between the repeated evaluations with the mean of the first evaluation, 
multiplied	by	100.16,27	The	level	of	statistical	significance	was	set	at	p<0.05.	Common	cut-off	
points	for	the	interpretation	of	ICC	scores	were	used:	0.81-1.00	(excellent),	0.61-0.80	(good),	
0.41-0.60	(moderate),	0.21-0.40	(fair)	and	<0.21	(poor).28 

Results

Fourteen	participants	with	a	median	age	of	32.5	years	 (IQR:28-43),	of	which	nine	 females	
(64%),	were	included	in	this	study	(Table	1).	

Table 1. General	characteristics	of	the	study	population	(N=14).

Age	in	years,	[IQR] 32.50	(28	-	43)

Female,	N	(%) 9	(64)

Weight in kg 70.60	(10.22)

BMI	in	kg/m2 22.90	(2.59)

Data	expressed	as	mean	(SD),	unless	stated	otherwise;	IQR,	interquartile	range;	BMI,	body	mass	index.

Test-retest reliability 

Table	2	 shows	no	 significant	differences	between	 the	1st	 and	 the	2nd evaluation of rectus 
femoris	 thickness,	 CSA,	 and	 EI.	 Compared	 to	 the	 curved	 array	 transducer,	 mean	 rectus	
femoris	 thickness	 was	 greater	 with	 the	 linear	 array	 transducer,	 both	 on	 the	 1st	 and	 2nd 
evaluation	 (evaluation	1	p=0.014;	evaluation	2	p=0.001).	 In	contrast,	 lower	mean	values	of	
the CSA were observed when the linear array transducer was used, compared to the curved 
array	transducer	(evaluation	1	p=0.003;	evaluation	2	p=0.001).	Reliability	of	ultrasound	for	the	
estimation	of	 rectus	 thickness	and	CSA	was	excellent	 for	both	the	 linear	and	curved	array	
transducer	 (ICC=0.87-0.97).	 Typical	 percentages	 errors	 ranged	 from	 1.1%	 to	 2.6%	 (Table	 3).	
Figure	1	and	2	demonstrate	the	agreement	between	the	repeated	evaluations	of	muscle	size.	
Figure	1	shows	close	to	zero	bias	for	the	thickness	evaluations	(-0.04	cm	for	both	linear	and	
curved	array	transducer).	For	the	CSA	evaluations,	the	bias	was	-0.09	cm	for	the	linear	array	
and	-0.27	cm	for	the	curved	array	transducer	(Figure	2).	For	the	estimation	of	EI,	reliability	was	
moderate	(curved	array	transducer	ICC=0.42,	linear	array	transducer	ICC=0.44)	(Table	3).	
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Table 2. Reliability	of	the	estimation	of	rectus	femoris	thickness	and	cross-sectional	area.

1st evaluation 2nd evaluation

Thickness in cm p-value*

Linear array transducer 1.91	(0.38) 1.97	(0.32) 0.399

Curved array transducer 1.79	(0.28) 1.85	(0.28) 0.150

CSA in cm2

Linear array transducer 8.48	(1.56) 8.67	(1.74) 0.443

Curved array transducer 10.02	(2.75) 10.22	(2.77) 0.208

Echo intensity*

Linear	array	transducer,	[IQR] 70.77	(68.79	-	79.76) 71.38	(50.93	-	75.45) 0.133

Curved	array	transducer,	[IQR] 60.26	(54.60	-	68.32) 56.82	(47.86	-	68.84) 0.311

Data	expressed	as	mean	(SD),	unless	stated	otherwise;	IQR,	interquartile	range;	CSA,	cross-sectional	area..*values	ranging	from	0	to	255.	

Table 3. Intra-rater	 reliability	 for	estimating	 rectus	 femoris	 thickness,	CSA	and	echo	 intensity	using	
different transducer.

Linear array transducer Curved array transducer

ICC	(95%CI) TPE ICC	(95%CI) TPE

Thickness 0.87	(0.64	-	0.96) 2.3 0.95	(0.83	-	0.98) 2.1

CSA 0.97	(0.91	-	0.99) 1.1 0.97	(0.89	-	0.98) 2.6

Echo intensity 0.44	(-0.06	-	0.78) 10.6 0.42	(-0.11	-	0.77) 11.2

ICC,	intraclass	correlation	coefficient;	95%CI,	95%	confidence	interval;	TPE,	typical	percentage	error;	CSA,	cross-sectional	area.

Figure 1. Bland-Altman	plots	illustrating	the	agreement	between	two	evaluations	for	the	assessment	
of	rectus	femoris	thickness	for	the	linear	(Fig.	1a)	and	curved	array	transducer	(Fig.	1b).	The	dotted	lines	
represent the limits of agreement.
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Figure 2. Bland-Altman	plots	illustrating	the	agreement	between	two	evaluations	for	the	assessment	
of	 rectus	 femoris	CSA	 for	 the	 linear	 (Fig.	2a)	and	curved	array	 transducer	 (Fig.	2b).	 The	dotted	 lines	
represent the limits of agreement.

Figure 3. Bland-Altman	 plots	 illustrating	 the	 agreement	 between	 measurement	 ultrasound	 and	
MRI	for	the	assessment	of	rectus	femoris	thickness	for	the	linear	(Fig.	3a)	and	curved	array	transducer	 
(Fig.	3b).	The	dotted	lines	represent	the	limits	of	agreement.

Figure 4. Bland-Altman	plots	illustrating	the	agreement	between	measurement	ultrasound	and	MRI	
for	the	assessment	of	rectus	femoris	CSA	for	the	linear	(Fig.4a)	and	curved	array	transducer	(Fig.	4b).	
The dotted lines represent the limits of agreement.
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Validity

Figure	 3	 and	 4	 depict	 the	 agreement	 between	 ultrasound	 and	 MRI	 in	 measuring	 rectus	
femoris	 thickness	 (Figure	 3)	 and	 CSA	 (Figure	 4).	 Compared	 to	 MRI,	 lower	 values	 of	 both	
thickness	and	CSA	were	 found	with	ultrasound.	Except	 for	estimating	CSA	with	the	curved	
array	 transducer,	 significant	differences	were	 found	between	MRI	and	ultrasound	 (Table	4).	
The	mean	difference	 in	 thickness	between	MRI	 and	ultrasound	was	 0.21	 cm	 for	 the	 linear	
array	and	0.31	cm	for	the	curved	array	transducer.	The	mean	difference	in	CSA	between	MRI	
and	ultrasound	was	2.1	cm2	for	the	linear	array	transducer	and	0.59	cm2	for	the	curved	array	
transducer.	The	validity	of	ultrasound	compared	to	MRI	ranged	from	moderate	for	thickness	
(ICC=0.45;	curved	transducer)	to	excellent	for	CSA	(ICC=0.92;	curved	array	transducer)	(Table	4).	

Table 4. Validity	of	ultrasound	versus	MRI.

MRI Linear array transducer Curved array transducer

Mean	(SD) Mean	(SD) p-value ICC	(95%CI) Mean	(SD) p-value ICC	(95%CI)

Thickness in cm 2.15	(0.44) 1.94	(0.37) 0.043 0.60	(.11-.86) 1.85	(0.25) 0.010 0.45	(-.10-.80)

CSA in cm2 10.76	(3.20) 8.61	(1.55) 0.002 0.51	(-.08-.83) 10.17	(2.80) 0.086 0.92	(.73-.97)

SD,	standard	deviation;	ICC,	intraclass	correlation	coefficient;	CSA,	cross-sectional	area.	*difference	between	ultrasound	and	MRI.	

Discussion

Our	study	demonstrates	that	the	test-retest	reliability	and	the	validity	of	ultrasound	for	the	
estimation	of	rectus	femoris	size	for	both	the	curved-	and	the	linear	array	transducer	is	good.	
The	 test-retest	 reliability	 for	 the	 estimation	 of	 EI	 is	moderate.	 Interestingly,	 for	 thickness	
evaluation, measurements performed with the curved array transducer have shown a 
higher	intra-rater	reliability	than	those	obtained	with	the	linear	transducer.	

The validity estimates for the estimation of muscle thickness are comparable with other 
studies.27,29,30 One previous study found that the correlation between computed tomography 
(CT)	and	ultrasound	measured	quadriceps	size	was	higher	for	the	CSA	estimates	than	for	the	
thickness estimates.31 Furthermore, this study suggests that the CSA is a better parameter 
for the estimation of rectus femoris size than thickness, since the ICC scores for the CSA 
measurements were higher, although just slightly, than those for thickness. Nevertheless, 
we	found	a	moderate	to	excellent	agreement	between	MRI	and	ultrasound,	implicating	that	
ultrasound can be used for both parameters. 

Our results also indicate that ultrasound slightly underestimates the size of the rectus 
femoris	 compared	 to	MRI	 in	healthy	 adults.	 This	underestimation	was	observed	 for	both	
the	 CSA	 and	 the	 thickness	 evaluations,	 except	 for	 the	 CSA	 evaluation	 with	 the	 curved	
array transducer. Our results are in line with a previous study that also observed that 
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ultrasound	slightly	underestimates	the	size	of	the	quadriceps	compared	to	CT.31 This slight 
underestimation might be a result of the scanning position. Although we used a common 
method,	 i.e.,	fish-oil	tablets	as	external	marker	in	order	to	match	the	MRI	images	with	the	
ultrasound images,14,32 this method introduces a small error because of the positioning of 
the	 fish-oil	 tablets.	We	 furthermore	observed	 a	 significant	 difference	between	 the	 linear	
array	transducer	and	MRI	for	estimating	CSA.	This	could	possibly	be	explained	by	the	fact	
that	in	six	of	our	healthy	participants,	the	size	of	the	linear	array	transducer	was	insufficient	
to	capture	the	complete	CSA	of	the	rectus	femoris	at	50%	of	distance	between	the	greater	
trochanter	and	the	lateral	condyle.	Still,	the	mean	differences	between	MRI	and	ultrasound	
were	rather	small	(thickness:	0.21-0.31	cm,	CSA:	2.1	cm2).	These	differences,	and	the	observed	
typical	percentage	errors	 (ranging	 from	1.1%	 to	2.6%	 for	muscle	 size)	 for	 the	 reliability	of	
ultrasound for the estimation of muscle size, are smaller than the observed changes in 
muscle size in longitudinal studies.33-38	Previous	studies	reported	an	age-related	decrease	
in	CSA	of	the	quadriceps,	ranging	between	12.5%	and	24%.34,35 Also, muscle thickness tends 
to	decline	with	ageing,	with	estimates	ranging	from	3.4%	to	12.6%.33,39 On the other hand, 
muscle size tends to increase after a period of progressive resistance training.36-38,40,41 During 
a	 training	 period	 ranging	 from	 10	 to	 13	weeks,	 an	 increase	 of	 around	 9%	 in	 quadriceps	
CSA,37,41	and	ranging	from	4.1%	to	14.9%	in	quadriceps	thickness,36,38,40,41 was found. Given 
the small errors in our study as compared to the effect of ageing and training on muscle size, 
our study suggest that ultrasound has the potential to evaluate changes in muscle status in 
clinical practice. 

In	 this	 study,	we	 found	 a	moderate	 agreement	 between	 the	 repeated	 evaluations	 of	 EI. 
However,	 the	 reliability	estimates	of	 the	EI	analyses	had	 large	confidence	 intervals,	which	
could	possibly	be	explained	by	 the	 small	 sample	 size.	Despite	 the	 small	 sample	 size,	our	
findings	 are	 in	 line	 with	 a	 previous	 study	 on	 the	 test-retest	 reliability	 of	 ultrasound	 for	
the	estimation	of	EI.22,42 Compared to these studies, we observed higher greyscale values 
which	could	be	explained	by	the	small	sample	size,	equipment	used,43 or the measurement 
procedure	(e.g.	free	hand	tool	or	rectangular	region	of	interest	and	its	size	and	position).44,45 

The current study shows that a curved array transducer is as valid as a linear array transducer 
in	measuring	muscle	 size	 compared	 to	MRI.	 Although	our	 findings	 are	based	on	 a	 small	
sample	size,	these	are	in	line	with	a	previous	study	in	17	patients	with	COPD	that	concluded	
that a curved array transducer is valid for the estimation of rectus femoris CSA compared 
to a linear array transducer.16 Our study confirms that finding and suggests that the curved 
array transducer is also valid and reliable for thickness measurements. 

This study provides valuable information for nutrition support professionals on the 
usefulness	and	limitations	of	ultrasound	for	the	quantification	of	muscles.	Ultrasound	might	
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be	of	great	 importance	 for	 evaluating	peripheral	muscle	 size	 and	 EI	 and	may	be	helpful	
in monitoring therapeutic effects. This study should be considered as a first step. Future 
studies should focus on the use of ultrasound in the estimation of muscles in older adults 
and on its role in diagnosing sarcopenia.

A limitation of our study is the small sample size. In addition, caution must be taken in 
generalizing	our	results	to	other	populations.	Since	EI	might	be	increased	in	older	adults,20,46 
caution must be taken in generalizing the results of this study to the older population. 
Moreover,	 since	only	healthy	adults	within	a	normal	BMI	 range	participated,	and	without	
peripheral edema participated, the current findings cannot be generalized obese persons 
and	 persons	 with	 peripheral	 edema.	 Major	 strengths	 of	 the	 current	 study	 are	 the	 strict	
scanning protocol, including both the linear and curved array transducer and use of the 
MRI,	which	is	considered	a	gold	standard	for	muscle	assessment.20,47 

In conclusion, this study suggests that both the curved array transducer and a linear array 
transducer	are	valid	and	reliable	 for	 the	estimation	of	 rectus	 femoris	 thickness	and	cross-
sectional area. Future studies should focus on the longitudinal evaluation of muscle size 
and	EI	by	ultrasound.
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The added value of ultrasound 
muscle measurements in patients 
with COPD: 
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Background and aims Malnutrition	 and	 sarcopenia	 are	 common	 nutrition(-related)	

disorders in patients with COPD and are associated with negative health outcomes 

and mortality. This study aims to correlate ultrasound measured rectus femoris size 

with	fat-free	mass	and	muscle	function	in	patients	with	COPD.	Methods Patients with 

COPD, at the start of a pulmonary rehabilitation program, were asked to participate in 

this	study.	Rectus	 femoris	 (RF)	size	 (thickness	 in	cm,	cross-sectional	area	 [CSA]	 in	cm2)	

was	determined	by	ultrasound.	Fat-free	mass	index	(FFMI	in	kg/m2)	was	estimated	with	

bioelectrical	impedance	analyses,	using	a	disease-specific	equation.	Handgrip	strength	

(HGS)	was	measured	in	kilograms	and	the	five	times	sit	to	stand	test	(in	seconds,	higher	

scores	indicating	decreased	strength)	was	performed	to	assess	leg	muscle	power.	The	

Incremental	Shuttle	Walk	Test	(ISWT,	in	m)	was	used	to	assess	maximal	exercise	capacity.	

Results In	 total,	44	patients	with	COPD	 (mean	age	60.2±9.0	years,	43%	male,	median	

FEV1%pred	38	[IQR=27-57])	were	included.	Greater	RF-CSA	and	thickness	were	associated	

with	higher	FFMI	(r=0.57,	p<0.001;	r	=0.53,	p=0.003,	respectively)	and	HGS	(CSA	r=0.58,	

p<0.001,	 thickness	 r=0.48,	p=0.009).	No	 significant	correlations	between	RF-thickness,	

CSA,	and	leg	muscle	power	were	found	(r=-0.33,	p=0.091;	r=-0.35,	p=0.073,	respectively).	

Furthermore,	 no	 correlation	 between	 RF	 size	 and	 maximal	 exercise	 capacity	 was	

observed	(thickness	r=0.21,	p=0.297,	CSA	r=0.22,	p=0.274).	Conclusions This	exploratory	

study shows that in patients with COPD, rectus femoris size is moderately correlated 

with	FFMI	and	HGS.	Future	studies	should	focus	on	the	role	of	ultrasound	in	evaluating	

nutritional status. 
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Introduction

Chronic	 Obstructive	 Pulmonary	 Disease	 (COPD)	 is	 a	 complex	 disease,	 involving	 more	
than airflow limitation.1-3	 The	 disease	 burden	 is	 largely	 determined	 by	 extra-pulmonary	
impediments, such as impaired muscle function. Loss of muscle mass and impaired muscle 
function are key characteristics of both malnutrition and sarcopenia.4,5 In patients with 
COPD, both malnutrition and sarcopenia are highly prevalent, with estimates ranging from 
11%	to	62%	for	malnutrition6-9,	and	from	9%	to	35%	for	sarcopenia.2,9-11 In this population, 
in	particular	the	assessment	of	lower	extremity	muscle	mass	has	become	of	interest,	since	
depletion	of	lower	extremity	muscle	mass	is	associated	with	poorer	physical	function.12,13 

Methods	used	for	the	assessment	of	lower	extremity	muscle	mass	are,	for	example,	dual-energy	
absorptiometry	(DXA)	and	segmental	bioelectrical	impedance	analysis	(BIA).	DXA	is	a	valid	and	
reliable	method,	however,	high	costs	and	 limited	access	to	the	equipment	may	preclude	 its	
use in clinical practice.14	BIA,	on	the	other	hand,	is	a	reliable	method,	but	its	validity	is	limited	
and	strongly	relies	on	the	type	of	equation	that	is	used.15,16 Alternatively, ultrasound is a valid 
and	reliable	method	that	facilitates	quantification	of	peripheral	muscles.17,18 In general, little is 
known	about	the	relationship	between	peripheral	muscle	size	and	(whole	body)	muscle	mass,	
but also about the association between muscle size and muscle function. A few studies in 
patients with COPD, have shown that ultrasound measured rectus femoris size is moderately 
related	 to	 fat-free	mass,19,20 and	muscle	 function,	 e.g.,	 quadriceps	 strength,19-22 and physical 
performance.21,22 However, the measurement methods used for the assessment of muscle 
function in these studies are not used in clinical practice. In clinical practice, handgrip strength, 
the	five	 times	sit	 to	stand	 test,	and	 the	 Incremental	Shuttle	Walk	Test	 (ISWT)	are	commonly	
used for the assessment of muscle function.23,24 To the best of our knowledge, no studies have 
focused on the relationship between ultrasound measured muscle size and these tools used 
in daily practice for the assessment of muscle function. Therefore, this study aims to study the 
relationship	between	ultrasound	measured	muscle	size	and	fat-free	mass	and	muscle	function	
in patients with COPD.  

Materials and methods

Design and setting

This	study	was	part	of	a	 larger	observational	study	on	disease-related	malnutrition,	frailty,	
and	disability	in	patients	with	COPD.	For	this	study,	data	collected	between	March	2015	and	
January	2017	were	used.	Recruitment,	written	informed	consent,	and	study	procedures	were	
approved	by	 the	Medical	 Ethical	Committee	of	 the	University	Medical	Center	Groningen	
(reference	2014/432).	This	study	was	registered	in	the	Dutch	Trial	register	(NTR5107).
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Population

Adult patients with COPD starting a pulmonary rehabilitation program of nine weeks 
were	 recruited	 from	 the	 University	 Medical	 Center	 Groningen,	 Center	 for	 Rehabilitation.	
Participants	were	included	if	they	were	aged	40	years	and	older,	were	able	to	understand	
and speak the Dutch language, were diagnosed with COPD by a pulmonary physician, if they 
were attending the full rehabilitation program, and were not wheelchair bound. Participants 
with a pacemaker, undergoing palliative treatment, or having skin problems, or with any 
contra-indication	for	physical	activities	or	severe	cognitive	disabilities	were	excluded	from	
participation in the study. 

Measurements

Ultrasound

Ultrasound measurements were performed by two dietitians and one undergraduate 
dietitian,	 who	 were	 trained	 in	 muscle	 ultrasound.	 Portable	 B-mode	 ultrasound	 (Philips,	
VISIQ)	with	a	5.0	MHz	curved-array	transducer	was	applied	to	obtain	transverse	images	of	
the rectus femoris. All measurements were performed on the right leg, with the participant 
in	a	 supine	position.	During	 the	measurements,	 the	participants	were	 instructed	 to	 relax	
their	 leg	muscles.	Measurements	were	taken	at	half	point	of	length	between	epicondylus	
lateralis	and	trochanter	major	of	the	femur.	Minimal	transducer	pressure	was	applied	to	avoid	
compression	of	the	muscle.	Two	independent	ultrasonographers	subsequently	analyzed	the	
ultrasound	images.	Rectus	femoris	size	was	assessed	in	two	ways:	thickness	(in	cm)	and	cross-
sectional	area	(CSA,	in	cm2).	The	measurements	were	performed	from	the	frozen	ultrasound	
on-screen	images	using	the	inbuilt	software.	Rectus	femoris	thickness	was	defined	as	the	
distance between the superficial and the deep aponeurosis. For the assessment of the CSA, 
the	fascial	borders	of	the	rectus	femoris	were	identified	and	an	automatic	ellipse/-region	of	
interest was used. The mean value of three consecutive measurements of rectus femoris 
thickness and CSA was recorded.

FFM

Fat-free	mass	was	measured	using	multi-frequency	BIA	(Quadscan	4000,Bodystat).25 
FFM	was	estimated	using	the	disease-specific	Rutten	equation26:
1	 FFM	(kg)	=	-11.81	+	0.245	x	weight	+	0.298	x	height2	/	impedance	+	0.148	x	height	+	

5.248	x	gender	(1	for	male,	0	for	female)
2	 Fat-	free	mass	index	(FFMI)	(kg/m2)	=	total	fat	free	mass	/	height2
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Muscle function

Handgrip strength

Handgrip	strength	was	determined	with	a	JAMAR	handheld	dynamometer.	Measurements	
were	performed	three	times	per	side.	The	best	performance	of	either	the	right-hand	or	the	
left-hand	side	was	used	and	defined	as	the	maximum	handgrip	strength	in	kilograms.27 

Leg muscle power

The	 five	 times	 sit	 to	 stand	 test	 was	 used	 to	 determine	 leg	 muscle	 power	 (seconds).28 
Participants	 were	 asked	 to	 stand	 up	 five	 times	 from	 a	 height-adjustable	 chair	 without	
armrests as fast as possible, without using the arms for support. During the test, the 
participants were asked to cross their arms across their chest. The five times sit to stand test 
was	completed	after	the	participants’	final	stand-up.	Leg	muscle	power	was	measured	as	
the	amount	of	time	taken	to	rise	from	the	chair	and	was	expressed	in	seconds,	with	higher	
scores indicating decreased power. 

Maximal exercise capacity

The	Incremental	Shuttle	Walk	Test	(ISWT)	was	used	to	measure	maximal	exercise	capacity	
(meters).29	Participants	were	 instructed	 to	walk	a	10	meter	course	 for	as	 long	as	possible.	
The	walking	speed	was	progressively	increased	and	was	externally	controlled	with	acoustic	
signals. Participants had to reach the end of the course in time before the audio signal. The 
test	was	ended	if	they	failed	to	do	so,	or	when	they	indicated	they	were	exhausted.	Maximal	
exercise	capacity	was	expressed	in	meters.	

Statistical analyses

The	Shapiro-Wilk	test	was	used	to	evaluate	data	for	normal	distribution.	Categorical	variables	
were	expressed	as	relative	frequencies	and	continuous	variables	were	presented	as	the	means	
±	standard	deviations	(SD)	or	median	and	interquartile	range	(IQR)	for	non-normally	distributed	
variables.	Correlations	were	tested	using	Pearson	coefficients	(normally	distributed	data)	

or	 Spearmans	 rho	 (not-normally	distributed	data).	 For	 the	ultrasound	measurements,	 the	
inter-rater	measurement	 reliability,	 i.e.,	 reliability	 of	 solely	 the	 analyses	 of	 the	 ultrasound	
images,	was	determined	by	Intra-class	Correlation	Coefficients	(ICC)	and	Bland-Altman	plots.	
Rater	1	had	more	than	four	years,	and	Rater	2	had	one	year	experience	in	muscle	ultrasound.	
Excellent	agreement	between	the	raters	is	defined	as	an	ICC	score	of	≥	0.81.30 

In	case	of	excellent	agreement,	the	measurements	of	Rater	1	were	used	for	further	analyses.	
All statistical analyses were performed using the Statistical Package for Social Sciences 
version	23.0	(SPSS	Inc.,	Chicago,	IL,	USA).	The	level	of	statistical	significance	was	set	at	p<0.05.
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Results

Of	the	84	patients	who	agreed	to	participate	in	the	larger	observational	study	and	met	the	
inclusion	criteria,	ultrasound	was	performed	in	44	patients	(Table	1).	The	mean	age	of	the	
study	population	was	60.2±9.0	years	of	which	19	(43%)	were	men,	and	the	median	FEV1 was 
0.96	L	(IQR=0.80-1.49).	No	participants	were	classified	as	GOLD	stage	I,	34%	were	classified	as	
GOLD	stage	II,	34%	as	GOLD	stage	III	and	32%	as	GOLD	stage	IV.	

Table 1. General	characteristics	of	the	study	population	(N=44).

Male 19	(43)

Age	(y),	mean	(SD) 60.2	(9.0)

Smoking 
No
Former
Current

1	(2)
28	(64)
15	(34)

Most	prevalent	comorbidities
Diabetes mellitus
Congestive heart failure

6	(20)
5	(17)

Pulmonary function
FEV1	(L)
FEV1	(%	predicted)
FEV1/FVC	(%)

0.96	(0.80-1.49)
38.0	(27.0-55.8)
39.0	(30.3-48.0)

GOLD	2011	classification	
Mild
Moderate
Severe
Very	severe

0	(0)
15	(34)
15	(34)
14	(32)

Body	water	(l),	mean	(SD)	N=43
Total body water
Intracellular water
Extracellular	water

38.0	(7.5)
20.9	(5.3)
17.4	(2.9)

BMI	(kg/m2),	mean	(SD) 26.3	(6.5)

Obesity	(BMI	≥30) 8	(27)

FFMI	(kg/m2),	mean	(SD)	N=37 17.2	(2.8)

FMI	(kg/m2),	mean	(SD)	N=37 9.2	(3.7)

Five	times	sit	to	stand	(sec)	N=39 14.9	(11.2-18.7)

Handgrip	strength	(kg)	N=42 34.1	(11.7)

ISWT	(m) 190	(97.5-307.5)

Sarcopenia*	N=42
No
Low muscle mass
Low muscle mass and function

18	(43)
22	(52)
2	(5)

Data	are	presented	as	N	(%)	or	median	(interquartile	range),	unless	otherwise	stated.	*	using	the	EWGSOP	criteria	and	cut-off	points4 
BMI,	body	mass	index;	FEV,	forced	expiratory	volume;	FMI,	fat	mass	index,	FFMI,	fat	free	mass	index;	ISWT,	Incremental	Shuttle	Walk	Test
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Ultrasound	 measured	 rectus	 femoris	 thickness	 (ICC=0.94,	 95%CI:	 0.91-0.94)	 and	 CSA	
(ICC=0.87,	 95%CI:0.73-0.94),	 showed	excellent	 inter-rater	measurement	 reliability.	Bland-
Altman	analysis	demonstrated	a	small	systematic	error	of	0.11	cm	between	the	observers	
and	0.09	cm2	for	measuring	muscle	thickness	and	muscle	CSA,	respectively	(Figure	1).		

Figure 1. Bland-Altman	 plots	 illustrating	 the	 inter-rater	measurement	 reliability	 for	 both	 thickness	 
(Fig.	1a)	and	CSA	(Fig.	1b).	

Of	the	44	patients	with	available	ultrasound	images,	30	ultrasound	images	(68%)	were	used	
for the analysis. Fourteen ultrasound images could not be interpreted, because the visibility 
of	the	borders	of	the	rectus	femoris	was	insufficient.	No	statistical	significant	differences	in	
age,	BMI,	 FFMI,	 triceps	 skinfold,	or	 severity	of	COPD	were	 found	between	 the	patients	of	
whom ultrasound images could be interpreted and patients of whom images could not be 
interpreted	(p=0.787,	p=0.812,	p=0.885,	p=0.903	and	p=0.693,	respectively).	

Muscle size in relation to FFM and muscle function

Mean	 muscle	 thickness	 was	 1.81±0.40	 cm	 for	 males	 and	 1.58±0.28	 cm	 for	 females	
(p=0.086)	 (Table	1).	Patients	with	 (very)	 severe	COPD	did	not	have	 lower	 rectus	 femoris	
CSA	 (8.15±2.89	cm2)	and	 thickness	 (1.66±0.36	cm)	compared	 to	patients	with	moderate	
COPD	 (CSA:	 8.66±2.74	 cm2;	 thickness:	 1.72±0.35	 cm)	 (p=0.65	 and	 p=0.68).	 Higher	 FFMI	
was	associated	with	greater	rectus	femoris	CSA	and	thickness	(r=0.57,	p<0.001	and	r=0.53,	
p=0.003,	respectively).	The	correlation	did	not	differ	between	males	and	females	(Figure	2	
and	3).	In	patients	with	moderate	COPD,	the	correlation	between	rectus	femoris	thickness	
and	FFMI	(r=0.70,	p=0.015),	was	stronger	than	in	patients	with	(very)	severe	COPD	(r=0.40,	
p=0.087).	Furthermore,	rectus	femoris	CSA	and	thickness	were	correlated	with	handgrip	
strength	(r=0.58,	p<0.001;	r=0.48,	p=0.009,	respectively).	Rectus	femoris	CSA	and	thickness	
were	 not	 significantly	 correlated	with	 leg	muscle	 power	 (r=-0.35,	 p=0.073	 and	 r=-0.33,	
p=0.091,	 respectively).	 Furthermore,	 we	 did	 not	 observe	 a	 correlation	 between	 rectus	
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femoris	muscle	size	and	maximal	exercise	capacity	(thickness:	r=0.21,	p=0.297;	CSA:	r=0.22,	
p=0.274)	(Table	2).	Consistent	with	the	results	for	rectus	femoris	size,	a	correlation	between	
HGS	 and	 FFMI	 was	 observed	 (r=0.50,	 p=0.007).	 No	 correlations	 between	 leg	 muscle	
power,	maximal	exercise	capacity,	and	FFMI	were	found	(r=-0.10,	p=0.616;	r=0.23,	p=0.265,	
respectively).	

Figure 2. Illustration	 of	 the	 relationship	 between	 rectus	 femoris	 CSA	 and	 FFMI	 (Fig.	 2a),	 handgrip	
strength	 (Fig.	 2b),	 leg	muscle	power	 (Fig.	 2c)	 and	maximal	exercise	capacity	 (Fig.	 2d).	 Patients	with	
moderate COPD are presented by closed dots and patients with severe to very severe COPD are 
presented by open dots.

Figure 3. Illustration	of	the	relationship	between	rectus	femoris	thickness	and	FFMI	(Fig.	3a),	handgrip	
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strength	 (Fig.	 3b),	 leg	muscle	power	 (Fig.	 3c)	 and	maximal	exercise	capacity	 (Fig.	 3d).	Patients	with	
moderate COPD are presented by closed dots and patients with severe to very severe COPD are 
presented by open dots.

Table 2. Correlations of rectus femoris thickness and CSA with muscle strength and mass.  

Muscle thickness (in cm) Muscle CSA (in cm2)

r p-value r p-value

FFMI	(kg/m2)
Handgrip	strength	(kg)
Five	times	sit	to	stand	test	(sec)
Maximal	exercise	capacity	(m)

0.53
0.48
-0.33
0.21

0.003*
0.009*
0.091
0.297

0.57
0.58
-0.35
0.22

<0.001*
<0.001*
0.073
0.274

FFMI,	fat-free	mass	index	*	significant	correlation	(p<0.05)	Expressed	as	Pearson	correlation	coefficient	(r)	

Discussion 
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This study demonstrated that in patients with COPD starting a pulmonary rehabilitation 
program, ultrasound measured rectus femoris size, i.e. thickness and CSA, is correlated with 
fat-free	mass	and	handgrip	strength.	However,	no	significant	correlation	was	found	between	
rectus	femoris	size	and	leg	muscle	power,	probably	due	to	insufficient	power.	

In our study, we did not find any difference between rectus femoris thickness and CSA in 
their	 relations	with	 FFMI	 and	 function.	 Furthermore,	we	 did	 not	 observe	 any	 systematic	
differences in the reliability of both measurements. These findings indicate that the 
measurements of the CSA and thickness can both be used. The advantage of assessing 
the CSA of the rectus femoris, is that it reflects the size of the entire muscle. However, in 
larger muscles the entire CSA cannot be determined due to the limited size of the image. 
Moreover,	visualization	of	 the	anatomical	borders	of	 the	muscle	may	be	challenging	 in	a	
clinical population.19	Muscle	thickness,	on	the	other	hand,	can	be	obtained	more	easily	and,	
therefore could be a more feasible measurement for use in practice.

We observed that both rectus femoris thickness and CSA are moderately correlated with 
FFMI.	These	findings	are	in	line	with	previous	studies	in	patients	with	COPD,	that	observed	
that	 rectus	 femoris	 CSA	 is	 associated	 with	 FFMI.19,20 Interestingly, we found that the 
correlation	between	rectus	femoris	thickness	and	FFMI	is	less	strong	in	patients	with	(very)	
severe	COPD,	as	compared	to	patients	with	moderate	COPD	(r=0.70,	 r=0.40,	 respectively).	
This	might	be	explained	by	the	fact	that	in	patients	with	(very)	severe	COPD,	in	particular	
muscle mass of the lower limbs is depleted.19,20 However, it is more likely that other factors 
contribute	to	this	finding	since	patients	with	(very)	severe	COPD	did	not	have	a	significant	
lower mean thickness, which is in line with a previous study.19	A	possible	explanation	 for	
this	result	could	be	that	in	patients	with	(very)	severe	COPD,	muscle	size	remains	stable,	but	
intramuscular fat increases which may lead to muscle dysfunction.31	Another	explanation	
could	be	an	overestimation	of	the	FFMI	in	patients	with	(very)	severe	COPD,	due	to	edema.32 

This study also demonstrates that muscle size is moderately correlated with handgrip 
strength.	 Besides	 being	 an	 indicator	 of	 overall	 strength,33 there is strong evidence that 
handgrip strength is a predictor for disability and mortality.34-37 Although handgrip strength 
is	 also	 influenced	 by	 non-nutritional	 factors	 such	 as	 inflammation,38 in clinical practice, 
handgrip strength is often used as a marker for nutritional status.36 In this study, we found 
a moderate correlation between muscle size and handgrip strength, suggesting that 
peripheral muscle size might be related to overall strength as well. Future studies should 
assess concurrent and predictive validity of ultrasound in relation to malnutrition, to 
elucidate the role of ultrasound measured muscle size in the assessment and monitoring of 
nutritional status in daily practice. 
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Similar to findings in previous research,21 rectus femoris size was not related to leg muscle 
power	and	exercise	capacity	 in	our	study.	A	possible	explanation	for	the	fact	that	muscle	
size	was	not	 related	 to	exercise	capacity,	 is	 that	exercise	capacity	 is	determined	by	many	
other factors both inside and outside the lung.39 Rectus femoris size, together with other 
parameters	 of	 muscle	 mass	 and	 function,	 might	 predict	 exercise	 capacity,	 however	 we	
cannot	conclude	this	based	on	this	exploratory	study.	The	absence	of	a	correlation	between	
muscle size and power might be a result of the small sample size, which might have led to 
low	statistical	power	and	possibly	 resulted	 in	a	 type	 II	 error,	 since	 the	observed	p-values	
are close to significance. Therefore, more studies are needed to investigate the association 
between	(loss	of)	of	muscle	size	and	maximal	exercise	capacity.		

An	 unexpected	 observation	 of	 this	 study	 is	 that	 ultrasound	 images	 are	 not	 always	
interpretable. Although this study suggests that ultrasound is a reliable tool for the 
assessment of muscle size, we also observed that the interpretation of ultrasound might 
be	 challenging	 in	 patients	 with	 (severe)	 COPD.	 In	 14	 out	 of	 44	 ultrasound	 images,	 we	
were unable to measure both rectus femoris CSA and thickness because the borders of 
the	 rectus	 femoris	 could	not	be	 interpreted.	 There	are	 two	possible	explanations	 for	 the	
non-interpretable	ultrasound	images.	First,	it	has	been	previously	observed	that	anatomical	
definitions might be decreased due to edema and the amount of subcutaneous fat.19,21 
Second, an increased echogenicity, i.e. a brighter appearance of the muscle which reflects 
intramuscular	 fat,	 may	 lead	 to	 non-interpretable	 images	 for	 the	 size	 of	 the	muscle.40 In 
our study, we did not find significant differences on any health related variables between 
the patients with and without interpretable ultrasound images. Therefore, future research 
should	focus	on	the	validity	and	reliability	of	ultrasound	in	patients	with	(severe)	COPD,	by	
taking the assessment of subcutaneous fat, edema, and intramuscular fat into consideration. 

In this study, we link ultrasound data with tools used in daily practice for the assessment 
of muscle mass and function in patients with COPD. Our study shows that peripheral 
muscle	size	 is	associated	with	whole	body	fat-free	mass,	showing	that	rectus	femoris	size	
is	a	moderate	reflection	of	fat-free	mass.	Nevertheless,	since	the	loss	of	muscle	mass	is	not	
uniform across all muscles,41 and nutritional depletion preferentially affects the upper limbs 
whilst chronic inactivity is associated with loss of muscle mass of the lower limbs,42 it is of 
great interest to evaluate peripheral muscles. Superficial muscles can be obtained easily 
with ultrasound, although training on the use and interpretation of ultrasound images is 
needed	before	health-care	professionals	can	use	it	for	evaluating	muscles.			

Besides	the	small	sample	size	and	the	cross-sectional	study	design,	some	limitations	should	
be	taken	into	account	when	interpreting	our	results.	First,	BIA	was	used	to	estimate	FFMI,	
which is not a gold standard for the assessment of muscle mass and, therefore, could possibly 
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have	 led	to	an	over-	or	underestimation	of	FFMI	due	to	 for	example	an	altered	hydration	
status.25	Nevertheless,	BIA	is	frequently	used	in	clinical	practice	and	therefore	it	is	of	great	
interest to assess the correlation between peripheral muscle size by ultrasound and whole 
body	fat-free	mass	by	BIA.	Second,	a	handheld	ultrasound	machine	that	predominantly	was	
developed for abdominal scans was used in this study. Although we optimized the standard 
abdominal	protocol	 for	 the	assessment	of	muscles,	we	used	the	built-in	ellipse	shape	 for	
the assessment of the CSA. As the muscle is not a perfect ellipse, this might have led to an 
overestimation of the true CSA of the rectus femoris. Furthermore, the echogenicity of the 
muscle cannot be assessed with this type of ultrasound machine, and therefore we could 
not	assess	whether	(increased)	echogenicity	is	associated	with	fat-free	mass	and	function	
in this sample of patients with COPD. Third, in this study, we used a curved transducer for 
the assessment of muscles which has a large field of view. However, a disadvantage of this 
transducer is the limited resolution, which could have resulted in spurious interpretations of 
the	ultrasound	image.	Nevertheless,	a	previous	study	showed	that	a	curved-array	transducer	
is valid and reliable for the assessment of muscles compared to a linear array transducer.43 
Lastly, the outcomes were measured by different individuals, which may have caused bias. 

In	conclusion,	this	study	shows	that	ultrasound	measured	muscle	size	is	related	to	FFMI	and	
strength in patients with COPD. Disease severity might influence the relationship between 
muscle	size	and	FFMI,	 implicating	that	peripheral	assessment	of	muscles	is	 important	 in	a	
clinical situation. Ultrasound might play an important role in the assessment of peripheral 
muscles, however, the echogenicity of the muscle should be taken into consideration, as 
this might be increased in patients with COPD. 
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Objective To identify malnutrition assessment methods in cancer patients and assess 

their content validity based on internationally accepted definitions for malnutrition. 

Study design Systematic review of studies in cancer patients that operationalized 

malnutrition	as	a	variable,	published	since	1998.	Eleven	key	concepts,	within	the	three	

domains	reflected	by	the	malnutrition	definitions	acknowledged	by	European	Society	

for	 Clinical	 Nutrition	 and	 Metabolism	 and	 the	 American	 Society	 for	 Parenteral	 and	

Enteral	Nutrition:	A:	Nutrient	balance;	B:	Changes	 in	body	shape,	body	area	and	body	

composition;	 and	 C:	 Function,	 were	 used	 to	 classify	 content	 validity	 of	 methods	 to	

assess	malnutrition.	Content	validity	indices	(M-CVIA-C)	were	calculated	per	assessment	

method.	 Acceptable	 content	 validity	 was	 defined	 as	 M-CVIA-C	≥0.80.	 Results Thirty-
seven	 assessment	 methods	 were	 identified	 in	 the	 160	 included	 articles.	 Mini	

Nutritional	 Assessment	 (MNA;	 M-CVIA-C=0.72),	 Scored	 Patient-Generated	 Subjective	

Global	Assessment	 (PG-SGA;	M-CVIA-C=0.61)	 and	Subjective	Global	Assessment	 (SGA;	

M-CVIA-C	=0.53)	scored	highest	M-CVIA-C.	Conclusion A large number of malnutrition 

assessment methods is used in cancer research. Content validity of these methods 

varies widely. None of these assessment methods has acceptable content validity, when 

compared	against	a	construct	based	on	ESPEN	and	ASPEN	definitions	of	malnutrition.	
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What is new?

Key points

•	 Content validity of methods that assess malnutrition in cancer patients varies 
widely. None of the methods used to assess malnutrition in cancer patients showed 
acceptable content validity when measured against our set of key concepts derived 
from definitions for malnutrition.

•	 The concept of malnutrition has been operationalized into key concepts within 
domains based on well accepted definitions of malnutrition.

•	 Accuracy of malnutrition assessment in cancer patients may be affected by the 
variance in level of content validity. Accurate assessment of malnutrition potentially 
prevents	 under-	 and	 overtreatment	 of	malnutrition.	 Therefore,	 use	 of	malnutrition	
assessment	 methods	 that	 incorporate	 adequate	 coverage	 of	 the	 construct	 of	
malnutrition	 may	 improve	 efficacy	 of	 interventions	 to	 treat	 malnutrition.	 Higher	
malnutrition	treatment	efficacy,	in	its	turn,	could	improve	nutritional	status	of	cancer	
patients and thus improve clinical outcome.

•	 The level of content validity can be increased by using malnutrition assessment 
methods that include items addressing at least the domains nutrient balance, body 
shape, size and composition and function.
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Introduction

Early	recognition	and	adequate	diagnosis	of	malnutrition	is	considered	an	important	element	
in	the	nutrition	care	process	of	cancer	patients.	Malnutrition	in	cancer	patients	is	associated	
with	poorer	quality	of	 life,	poorer	clinical	outcome	and	decreased	survival.1-4	Malnutrition	
can occur in all phases of cancer, from diagnosis to palliative care or survivorship, due to 
symptoms caused by both illness and treatment.	1,5

To	 adequately	 diagnose	 malnutrition,	 the	 construct	 of	 malnutrition	 needs	 to	 be	 clearly	
defined. Although a conceptual definition of malnutrition has been discussed for several 
decades,6	 the	 first	 consensus-based	 definition	 of	 malnutrition	 was	 published	 no	 earlier	
than	 2006.	 The	 European	 Society	 for	 Clinical	 Nutrition	 and	 Metabolism	 (ESPEN)	 used	
the	 following	 definition	 for	malnutrition	 in	 their	 Guidelines	 on	 Enteral	 Nutrition:	 “A	 state	
of	 nutrition	 in	which	 a	 deficiency	 or	 excess	 (or	 imbalance)	 of	 energy,	 protein,	 and	 other	
nutrients	 causes	measurable	 adverse	 effects	 on	 tissue/body	 form	 (body	 shape,	 size	 and	
composition)	and	function,	and	clinical	outcome”.7,8 We will further refer to this definition 
as	 “the	 ESPEN	 definition	 of	malnutrition”.	 Another	 influential	 organization,	 the	 American	
Society	 for	Parenteral	and	Enteral	Nutrition	 (ASPEN),	proposed	 the	 following	definition	of	
disease-related	malnutrition	 in	 2012:	 “An	 acute,	 subacute	 or	 chronic	 state	 of	 nutrition,	 in	
which a combination of varying degrees of overnutrition or undernutrition with or without 
inflammatory activity has led to a change in body composition and diminished function”.9 
We	will	 further	 refer	 to	 this	definition	as	 “the	ASPEN	definition	of	malnutrition”.	Although	
important steps have been taken towards describing diagnostic criteria for malnutrition,10-12 
international consensus on the operationalization, i.e. a strict process of defining abstract 
concepts into measurable factors,13	 of	 ESPEN	 and	 ASPEN	 definitions	 for	 malnutrition	
assessment has not been reached.14 

Because	 a	gold	 standard	 for	 the	operationalization	of	malnutrition	 is	 currently	 lacking,	 it	
is	difficult	to	establish	diagnostic	performance	of	assessment	methods.	However,	because	
malnutrition is a problem that impacts several domains, assessment should include 
nutritional	(im)balance,	as	well	as	the	effects	on	body	composition	and	function.7,15	Adequate	
operationalization of malnutrition assessment may improve the accuracy of malnutrition 
diagnosis	 in	 research	and	 in	clinical	practice.	Content	validity	has	been	described	as	 “the	
degree	 to	which	 a	 sample	 of	 items,	 taken	 together,	 constitute	 an	 adequate	 operational	
definition of a construct”.16 Several instruments and methods are available to diagnose 
malnutrition,	 many	 of	 which	 are	 used	 in	 patients	 with	 cancer,	 but	 the	 extent	 to	 which	
these	methods	adequately	cover	all	dimensions	of	malnutrition	as	defined	by	 the	ESPEN	
and	ASPEN	definitions	has	not	been	systematically	 reviewed.	With	this	systematic	 review,	
we aim to provide an overview of the methods used for assessing malnutrition in adult 
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cancer patients in the recent literature, and to determine their content validity based on the 
consensus-based	definitions	of	malnutrition.

Materials and Methods

Preferred	 Reporting	 Items	 for	 Systematic	 Reviews	 and	Meta-Analysis	 (PRISMA)	 guidelines	
were	 used	 in	 this	 systematic	 review	 of	 methods	 to	 the	 best	 possible	 extent	 (Online	
Supplement	I).17 

Search strategy and criteria

From	May	4	2013	until	July	29	2013,	CINAHL,	EMBASE,	PUBMED,	and	Cochrane	CENTRAL	were	
searched	for	studies	and	study	protocols	of	trials	in	the	English,	Dutch	or	German	language.	
A sensitive and broad search strategy was developed, which was tailored to each database. 
Details on the search strategy can be found in the Online Supplement II. For feasibility 
reasons	we	restricted	the	time	frame	of	publications,	starting	in	January	1998	and	ending	in	
June	2013,	providing	a	15-year	time	frame	to	include	studies. 

Since we focused on assessment methods employed, rather than on the outcome of the 
studies, we considered randomized controlled trials as well as observational studies and 
quasi-experimental	studies	for	inclusion.	Both	the	ESPEN	and	the	ASPEN	definition	suggest	
that malnutrition can indicate undernutrition as well as overnutrition.7,9 In this systematic 
review we focus on undernutrition as subtype of malnutrition. All studies that specifically 
operationalized	malnutrition,	undernutrition,	protein-energy	malnutrition	or	protein-calorie	
malnutrition	 either	 as	 a	 co-variable	 or	 an	 outcome	 variable	were	 considered	 eligible.	 All	
types of assessment methods, e.g. clinical observations, anthropometric measurements, 
functional	tests,	biochemical	tests	or	questionnaires	were	included.	 Instruments	originally	
developed as screening tools were included if they were put to use in a study to assess 
malnutrition.	Studies	had	to	be	performed	in	adult	patients	(aged	18	years	and	older)	who	
were diagnosed with any type of cancer, regardless of disease stage, phase and type of 
treatment, tumor site or tumor type.

Case	studies,	qualitative	research	and	conference	abstracts	were	excluded,	as	were	studies	
that	assessed	malnutrition	only	with	the	purpose	to	 include	or	exclude	participants	 from	
the study, since the description of malnutrition assessment in such publications is usually 
limited	 which	 could	 preclude	 adequate	 judgment	 of	 content	 validity.	 Reviews	 were	
excluded	because	 they	do	not	 concern	original	 research.	 Studies	 assessing	overnutrition	
or	depletion	of	single	micronutrients	were	excluded.	Furthermore,	studies	that	employed	
methods with the specific aim to assess risk of malnutrition or risk of undernutrition were 
excluded,	because	such	methods	have	different	requirements	than	methods	used	to	assess	
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manifest malnutrition. If a study employed methods to assess risk of malnutrition in addition 
to methods that assess malnutrition, only the methods relating to malnutrition assessment 
were included.

In	patients	with	cancer,	cachexia	can	be	the	underlying	mechanism	causing	malnutrition.	
Cancer	 cachexia	 can	 be	 described	 as	 a	metabolic	 syndrome	 associated	with	 underlying	
illness and characterized by loss of muscle with or without loss of fat mass.18 Whereas 
imbalance of nutrients is the main cause of malnutrition, underlying disease and the related 
changes	 in	 metabolism	 and	 inflammatory	 activity	 are	 the	 main	 causes	 of	 cachexia.18.19 
Since the construct of malnutrition served as the reference standard for content validity of 
methods,	studies	with	a	primary	focus	on	cachexia	instead	of	malnutrition	were	excluded.	
Studies	that	assessed	malnutrition	in	populations	including	both	cancer	patients	and	non-
cancer	patients	were	excluded	only	if	the	focus	was	not	on	cancer	patients.	

Study selection and data collection

After removal of duplicates, a first selection based on title was made by one author. For 
the remaining records, all abstracts were screened by two authors independently for 
judging	 eligibility.	 The	 final	 selection	 based	 on	 full	 text	 articles	 was	 also	 performed	 by	
two	 authors	 independently.	 Any	 disagreements	 on	 inclusion	 or	 exclusion	 of	 studies	 after	
judging	 eligibility	 based	 on	 full	 text	 articles	 were	 resolved	 by	 consulting	 a	 third	 author,	
who independently decided. In cases where multiple articles represented a single study, 
the article that described the largest number of methods for assessing malnutrition used 
and provided the most detailed information on the methods was selected for inclusion. 
Data	on	methods	used	to	assess	malnutrition	from	included	studies	were	extracted	by	two	
authors independently. Any disagreement on data properties that could not be resolved 
by consensus was resolved by consulting a third author who independently decided. A 
standardized	data	collection	file	was	used	 to	manage	 the	data.	Besides	 the	description	of	
methods used to assess malnutrition, the following study characteristics were collected from 
each	study:	citation	of	article,	study	design,	country,	and	number,	age,	sex	and	type	of	cancer	
of included patients. For this systematic review we aimed to provide an overview of methods 
that are used to assess malnutrition in cancer patients and summarize the characteristics of 
these methods in terms of content validity. As the current systematic review was on content 
validity and not on outcomes, a risk of bias assessment was not applicable. 
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Operationalization of the construct

As a first step of our approach to judge the content validity of the methods used for 
assessment	of	malnutrition	(undernutrition),	each	method	was	viewed	as	a	sample	of	one	or	
more	items	that	together	operationalize	the	construct	of	malnutrition	as	viewed	by	expert	
panels.	To	test	the	adequacy	of	an	operationalization,	the	items	of	an	assessment	method	
were	 assigned	 to	 domains	 and	 key	 concepts	 derived	 from	 the	 consensus	 based	 ESPEN	
and	ASPEN	definitions	 for	malnutrition.	 The	 three	 common	domains	 in	 these	definitions	
are	A:	nutrient	balance;	B:	body	shape,	body	size	and	body	composition;	and	C:	function,7	
which	we	used	in	our	primary	analysis.	The	ASPEN	definition	includes	a	fourth	domain	(D):	
inflammatory	 factors.11,12	We	 performed	 sensitivity	 analyses	 to	 assess	 how	 strongly	 our	
conclusions would be affected by including this fourth domain.

To categorize all assessment methods within the domains, key concepts were identified to 
characterize different aspects of the construct of malnutrition. These key concepts fit within 
the	aim	of	this	study	and	are	based	directly	on	both	definitions	and	publications	by	ESPEN	
and/or	 ASPEN	 on	 defining	 malnutrition.7-10,12	 For	 domain	 A	 (nutrient	 balance)	 the	 key	
concepts were: deficiency or imbalance of overall nutrition, deficiency or imbalance of energy 
and	deficiency	or	imbalance	of	protein.	For	domain	B	(body	shape,	size	and	composition)	
the	concepts	were:	adverse	effects	on	tissue/body	shape	and	body	size,	and	adverse	effects	
on	body	composition.	For	domain	C	(function)	the	key	concepts	were:	adverse	effects	on	
muscle function and physical activity, adverse effects on immune function, and adverse 
effects	on	cognitive	function.	For	the	additional	domain	D	(inflammatory	activity),	adverse	
effects of inflammatory activity was used. Additionally, we identified a general key concept: 
acute, subacute or chronic state of undernutrition which refers to the speed of development 
of malnutrition. This was incorporated in the model by adding adverse changes in overall 
intake	when	compared	to	the	past	in	domain	A	and	adverse	change	in	tissue/body	shape	
and	body	size	when	compared	to	past	to	domain	B.	

Key	concepts	were	divided	when	they	might	reflect	different	aspects	of	biological	function.	
Objective	markers	(measurements)	and	subjective	markers	(clinical	observations)	for	body	
composition could reflect different aspects of altered body composition, therefore two 
separate key concepts were constructed for ‘adverse effects on body composition’ in 
domain	B.	As	biochemical	markers	and	observations	of	 inflammatory	 status	could	 reflect	
different aspects of inflammatory activity, two separate key concepts were also constructed 
for ‘adverse effects of inflammatory activity’ in domain D. Thus, eleven key concepts were 
constructed	within	domain	A,	B	and	C.	In	addition,	we	formulated	two	key	concepts	within	

domain	D.	All	key	concepts	of	malnutrition	per	domain	are	shown	in	Table	1.
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Data analysis

Characteristics of each method used to assess malnutrition were recorded and the number 
of	studies	in	which	each	method	was	used	was	counted.	To	our	knowledge,	no	pre-existing	
instrument	for	quantitative	analysis	was	available	for	a	systematic	review	of	content	validity	
of	methods.	In	original	articles	a	widely	used	approach	to	quantifying	content	validity	is	the	
calculation	of	a	content	validity	index	(CVI).16,20,21	In	this	approach	a	sample	of	experts	rates	
each item of a scale or instrument to be relevant or not for the construct to be measured. 
From	these	ratings	an	item	content	validity	index	(I-CVI)	is	calculated.	The	I-CVIs	are	averaged	
for	the	instrument	into	a	weighted	summary	score,	the	scale	content	validity	index	(S-CVI).	
The	higher	the	S-CVI,	the	more	consensus	on	the	nature	of	the	construct	can	be	assumed.21 

In	this	systematic	review,	an	adequate	level	of	consensus	was	warranted	by	relying	on	two	
definitions	that	were	based	on	broad	expert	consensus.	We	focused	on	assessing	to	what	
extent	this	multidimensional	consensus	construct	was	adequately	reflected	in	methods	that	
operationalize	it.	Therefore,	the	CVI-approach	was	adapted	for	this	study	as	follows:	every	
assessment	method	was	 compared	 to	 the	 fixed	 set	 of	 key	 concepts	within	 the	domains	
as	described	above	 (Table	1).	Presence	of	a	 key	concept	 in	 the	method	was	 scored	as	 ‘1’	
(present)	 or	 ‘0’	 (not	 present).	 All	 items	 that	 could	 be	 graded	 as	 present	 for	 an	 indicator	
had	 equal	 weight.	 Subsequently	 domain	 content	 validity	 index	 (D-CVI),	 instead	 of	 I-CVI,	
was calculated per domain, by dividing the number of key concepts within the domain 
considered present by the total number of key concepts within the domain. For instance, 
if	in	a	method	two	out	of	four	key	concepts	are	present	in	domain	B,	the	D-CVI	for	domain	
B	(D-CVIB)	would	be	2/4=0.50.	All	key	concepts	within	a	domain	carry	equal	weight	within	
the	 D-CVI	 equation.	 A	weighted	 summary	 score	 resembling	 S-CVI	 and	 representing	 the	
content	validity	 index	of	 the	method	(M-CVI)	was	obtained	by	calculating	the	average	of	
the	 D-CVI	 scores.	 For	 instance:	 if	 an	 assessment	method	 scores	 the	 following	 D-CVI	 for	
domain	 A-C:	 D-CVIA	 0.17,	 D-CVIB	 0.50	 and	 D-CVIC	 0.00,	 then	M-CVIA-C	 for	 this	method	
would	be	 (0.17+0.50+0.00)/3=0.22.	For	S-CVI,	a	cut	off	value	of	≥	0.80	has	been	 reported	
as acceptable.21,22	This	 threshold	 for	acceptable	content	coverage	of	0.80	 is	based	on	the	
assumption	that	the	minimum	coverage	of	I-CVI,	the	score	we	adapted	to	D-CVI,	should	be	
around	0.79	in	order	to	safeguard	good	coverage	of	items	or	domains.21	In our study, we also 
considered	an	M-CVI	value	≥0.80	acceptable.

Although	M-CVI	score	ranges	from	0	to	1,	it	can	be	considered	a	nominal	key	concept	score	
transformed	to	a	weighted	average	score.	For	this	reason,	median	CVI	scores	were	reported	
and	 non-parametric	 statistical	 methods	 were	 applied.	 Kendall’s	 tau-b	 test	 was	 used	 to	
explore	if	there	is	a	trend	towards	improved	scores	for	M-CVIA-C	per	year	from	1998	until	2013.
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Table 1. Key	concepts	of	malnutrition	per	domain.
Domain Key concept Description

A. Assessment of 
nutrient balance

1.		Deficiency	or	imbalance	of	overall	
nutrient intake when compared to 
the past (PI) 

Assessment of nutritional intake in the 
past, changes in nutritional intake in the 
last	month(s)

2.		Deficiency	or	imbalance	of	overall	
nutrient intake (OI)

Assessment	of	current	or	expected	
nutritional intake

3.		Deficiency	or	imbalance	of	energy 
(EN)

Assessment of nutritional balance. 
Energy	intake	and	losses.	For	instance	
intake assessment focused on energy, 
and losses such as vomiting, nutritional 
malabsorption	or	diarrhea	(inflammatory	
factors are scored separately in domain 
D)

4.		Deficiency	or	imbalance	of	protein 
(PR)

Assessment of nutritional balance 
focused on protein intake and depletion

B. Assessment of body 
weight, body area and 
body composition

5.		Adverse	change	in	tissue/body	
shape and body size when 
compared to past (WC)

Assessment of changes in body weight 
by	measurement	or	inquiry

6.		Adverse	effects	on	tissue/body	
shape and body size (WS)

Comparisons to ideal body weight, 
assessment of body weight or 
body surface area through body 
mass	index	(BMI),	or	assessment	of	
body	circumferences	(upper	arm	
circumference)

7.		Subjective	assessment	of	adverse	
effects on body composition (SC)

Observation of visible musculature, 
visible fat depositories, visible 
disturbances	of	fluid	balance	(ascites,	
edema,	skin	tension).

8.		Objective	assessment	of	adverse	
effects on body composition (OC)

Assessment based on measurements of 
muscle mass, fat mass and body water 
(e.g.	anthropometric	measurements,	
bioelectrical impedance analysis, DXA 
scan)

C. Assessment of 
muscle, immune and 
cognitive function

9.		Adverse	effects	on	muscle	function	
and physical activity (MP) 

Assessment of muscle function by tests 
of strength or assessment of physical 
activity or physical function. For instance 
by means of handgrip strength test or 
questionnaires

10.		Adverse	effects	on	immune	function 
(IF)

Assessment of immune function, e.g. 
by means of biochemical markers of 
immune function

11.		Adverse	effects	on	cognitive	function 
(CF)

Assessment of cognitive function, e.g. 
by	means	of	questionnaires,	cognitive	
tests etc.

D. Measurement of 
inflammatory factors

12.		Adverse	effects	assessed	by	
inflammatory biomarkers (IB)

Assessment of biochemical key 
concepts of inflammation

13.		Adverse	effects	assessed	by	other	
markers of inflammatory status (IO)

Assessment of changes in body 
temperature,	inquiry	on	medication	that	
is prescribed to suppress inflammation, 
etc.
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Sensitivity analysis

The	 M-CVI	 calculated	 from	 the	 composite	 range	 of	 key	 concepts	 could	 be	 sensitive	 to	
alternative choices in arrangement of key concepts. Also, applying unweighted average 
instead of weighted average could influence outcome. Therefore, for all methods 
robustness	of	M-CVIA-C was tested and alternative scores were calculated in three ways. The 
first	 alternative	 scenario	 included	 adding	measurement	 of	 inflammatory	 factors	 (domain	
D)	 to	 the	 primary	 scenario.	 Similar	 to	 the	 primary	 scenario,	 method-items	 were	 scored	
either ‘present’ or ‘not present’ for each key concept and scores were weighted per domain. 
Summarized	 content	 validity	 scores	 for	 the	 four	 domains	 (M-CVIA-D)	 were	 calculated	 for	
each	assessment	method.	Because	the	number	of	key	concepts	per	domain	can	influence	
outcome, a second sensitivity analysis was performed by combining key concepts that 
could be interpreted as overlapping. Therefore, in this analysis the key concept ‘deficiency or 
imbalance of overall nutrition’ was combined with ‘deficiency or imbalance of energy intake’, 
and ‘subjective assessment of adverse effects on body composition’ was combined with 
‘objective assessment of adverse effects on body composition’. In this way, an alternative 
set	of	nine	key	concepts	within	domain	A-C	was	constructed	with	 three	key	concepts	 in	
each	domain.	Again	method-items	were	scored	either	‘present’	or	‘not	present’	for	each	key	
concept and scores were weighted per domain. The weighted summary score calculated 
per	method	for	these	nine	key	concepts	 is	referred	to	as	M-CVI9A-C. In the third sensitivity 
analysis,	each	of	 the	eleven	key	concepts	was	given	equal	 importance.	We	calculated	an	
unweighted	average	score	for	the	key	concepts	from	domain	A	to	C	(AveA-C)	by	dividing	the	
amount	of	key	concepts	covered	per	method	in	domain	A-C,	by	the	total	of	11	key	concepts.	
The	correlation	between	the	M-CVIA-C	and the three alternative scores was calculated using 
Spearman’s rho.

Results

The	search	process	resulted	in	4421	articles	after	removal	of	duplicates.	After	screening	by	
title	and	abstract,	504	full	text	articles	were	assessed	for	eligibility.	Initial	agreement	between	
selecting	authors	was	93.1%.	Consensus	resulted	in	final	inclusion	of	160	studies.	A	list	of	all	
included references including years of publication and methods can be found in Online 
Supplement III. A flow diagram, describing the selection process in detail, is presented in 
Figure	1.	Characteristics	of	included	studies	and	methods	are	summarized	in	Table	2.	Because	
some studies used multiple methods for assessing malnutrition, an operationalization 
of	malnutrition	was	 reported	209	 times,	 using	a	 total	 of	 37	different	methods.	A	 concise	
description	of	all	methods	is	provided	in	Online	Supplement	IV.	
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Figure	2	 shows	coverage	of	domains	and	 frequency	of	use	per	method.	Only	five	out	of	
37	 assessment	methods	 (14%)	were	 represented	by	 items	 in	 the	 three	domains	A,	 B	 and	
C:	Malnutrition	 Screening	 Tool	 for	 Cancer	 patients	 (MSTC),23	Mini	 Nutritional	 Assessment	
(MNA),24	Nutritional	Screening	Questionnaire	(NSQ),25	Patient-Generated	Subjective	Global	
Assessment	(PG-SGA),26	and	Subjective	Global	Assessment	(SGA).27 Four methods addressed 
all	four	domains	A-D:	MNA,	NSQ,	PG-SGA	and	SGA.	Of	all	methods,	15	(41%)	were	classified	in	
one	domain	only.	Twelve	methods	(32%)	contained	one	or	more	items	belonging	to	domain	
A,	26	methods	(70%)	had	items	belonging	to	domain	B,	thirteen	methods	(35%)	included	
domain	C,	and	23	methods	(62%)	included	domain	D.	‘Change	in	body	weight	and	surface’	
was	the	key	concept	most	frequently	present,	in	20	(54%)	of	the	methods.	The	key	concept	
‘cognitive	function’	was	represented	once	(3%)	in	MNA.	

Figure 1. Flow diagram of the selection process of studies describing malnutrition assessment. 
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Table 2. Characteristics of studies.

Characteristics of selected studies N (%)

Studies Total
(Patients:	N=32,862)

160 (100)

Study design Prospective observational
Cross-sectional
Retrospective observational
Randomized controlled trial
Case control

60	(37.5)
53	(33.1)
28	(17.5)
12	(7.4)
7	(4.4)

Tumor	localization/study One tumor localization
 Head and neck 
 Colorectum 
 Lung 
 Stomach
	 Esophagus
 Pancreas
	 Other	(N=6)*	
Multiple	localizations
Unclear

85	(53.1)
27	(16.9)
20	(12.5)
11	(6.9)
9	(5.8)
7	(4.3)
4	(2.5)
7	(4.3)
72	(45.0)
3	(1.9)

Methods	(n	=	37)	
operationalizing 
malnutrition/study

1	method	used
2	methods	used
3	methods	used
4-6	methods	used

127	(79.4)
25	(15.6)
4	(2.5)
4	(2.5)

Country	of	origin	(n	=	32) Australia
France
The Netherlands
United States of America
China
Italy
Spain
Sweden
Japan
Portugal
Brazil
South	Korea
Taiwan
Other	(N=19)**

24	(15.0)
21	(13.1)
13	(8.1)
10	(6.3)
9	(5.6)
7	(4.4)
7	(4.4)
7	(4.4)
6	(3.8)
6	(3.8)
6	(3.8)
5	(3.1)
5	(3.1)
34	(31.0)

*	breast,	hematopoietic	and	lymphoid	tissues,	liver,	ovary,	prostate,	thorax
**	Austria,	Belgium,	Canada,	Czech	Republic,	Croatia,	Denmark,	Germany,	Greece,	 India,	 Iran,	 Ireland,	Lithuania,	Mexico,	Norway,	
Poland,	Singapore,	Swiss,	Turkey,	United	Kingdom.
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Figure 2. Frequency	of	use	and	coverage	of	dom
ains	per	m

ethod.



Content validity across methods of malnutrition assessment

95

The	methods,	the	number	of	method-items	per	domain	and	the	M-CVIA-C	scores are presented 
in	Table	3	23-53	and	distribution	of	method-items	across	key	concepts	and	domains	is	presented	
in	Online	Supplement	V.	The	median	total	of	present	key	concepts	per	method	was	2	out	of	
13	(Interquartile	Range	[IQR]:	1-4).	Median	M-CVIA-C	of	37	methods	was	0.17	(IQR:	0.08-0.25).	
Unidimensional methods that address only one domain of the construct of malnutrition 
produced	a	median	M-CVIA-C	score	of	0.08	(IQR:	0.00-0.11).	Methods	that	addressed	domains	
A-C	produced	a	median	M-CVIA-C	score	of	0.53	(IQR:	0.40-0.67).	All	individual	methods	scored	
M-CVIA-C	<0.80.	Of	all	methods,	MNA	scored	highest	(M-CVIA-C=0.72),	PG-SGA	scored	second	
highest	(M-CVIA-C=0.61)	and	SGA	scored	third	highest	(M-CVIA-C	=0.53).	Albumin,	Albumin/
Prealbumin ratio,28 Prealbumin 31	and	Prognostic	Inflammatory	and	Nutritional	Index	(PINI)	
30	scored	the	lowest	M-CVIA-C	score	(0.00).	Kendall’s	tau-b	test	did	not	reveal	a	trend	towards	
a	significant	change	in	scores	for	M-CVIA-C.over	the	years	(τ-b=–0.02,p=0.65).

Table 3. Distribution	of	method-items	per	domain.

Domain 
A*

Domain 
Bұ

Domain 
C¥

Domain 
D§

Domain 
A-C

Domain 
A-D

Method Key	
concepts: 
N=4ǁ

Key	
concepts: 
N=4ǁ

Key	
concepts: 
N=3ǁ

Key	
concepts: 
N=2ǁ

Total		Key	
concepts: 
N=11ǁ

Total		Key	
concepts: 
N=13ǁ

M-CVIA-C
¶

Albumin 0 0 0 1 0 1 0.00

Albumin and Prealbumin 28 0 0 0 1 0 1 0.00

Hemoglobin 29 0 0 0 1 0 1 0.00

Prognostic	Inflammatory	&	
Nutritional	Index	(PINI)	30

0 0 0 1 0 1 0.00

Prealbumin 31 0 0 0 1 0 1 0.00

Creatine	Hight	Index	
(CHI)	32

1 0 0 0 1 1 0.08

Bio-impedance	
measurement 33

0 1 0 0 1 1 0.08

Body	mass	index	(BMI) 0 1 0 0 1 1 0.08

BMI	loss	34 0 1 0 0 1 1 0.08

Dietitian judgement 35 0 1 0 1 1 2 0.08

Nutritional	Risk	Index	
(NRI)	36

0 1 0 1 1 2 0.08

Serum protein 37 1 0 0 0 1 1 0.08

Weight loss 0 1 0 0 1 1 0.08

Prognostic Nutritional 
Index	(PNI,	Onodera)	38

0 0 1 1 1 2 0.11

Selzer	Index	39 0 0 1 1 1 2 0.11

Total Leucocyte count 29 0 0 1 0 1 1 0.11

Total Lymphocyte count 37 0 0 1 0 1 1 0.11
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Domain 
A*

Domain 
Bұ

Domain 
C¥

Domain 
D§

Domain 
A-C

Domain 
A-D

Method Key	
concepts: 
N=4ǁ

Key	
concepts: 
N=4ǁ

Key	
concepts: 
N=3ǁ

Key	
concepts: 
N=2ǁ

Total		Key	
concepts: 
N=11ǁ

Total		Key	
concepts: 
N=13ǁ

M-CVIA-C
¶

Short Nutritional 
Assessment	Questionnaire	
(SNAQ)	40

1 1 0 0 2 2 0.17

BMI	+	weight	loss	41 0 2 0 0 2 2 0.17

GNS-score	42 0 2 0 0 2 2 0.17

HAS guidelines 43 0 2 0 1 2 3 0.17

Gogos 44 0 1 1 1 2 3 0.19

Prognostic Nutrititional 
Index		(PNI,	Buzby)	45

0 1 1 1 2 3 0.19

Hammerlid 46 0 3 0 1 3 4 0.25

ICD codes Physician 35 1 2 0 0 3 3 0.25

Malnutrition	Universal	
Screening	Tool	(MUST)	47

1 2 0 0 3 3 0.25

Nottingham Screening 
Tool	(NST)	48

1 2 0 1 3 4 0.25

Planas 49 0 3 0 1 3 4 0.25

Thoresen 50 0 3 0 1 3 4 0.25

Chang protocol 51 0 2 1 1 3 4 0.28

Hackl scoring system 52 2 2 0 1 4 5 0.33

Gurski 53 0 3 1 1 4 5 0.36

Malnutritition	Screening	
Tool for Cancer patients 
(MSTC)	23

1 2 1 0 4 4 0.36

Nutritional Screening 
Questionnaire	(NSQ)	25

2 2 1 2 5 7 0.44

Subjective Global 
Assessment	(SGA)	26

2 3 1 1 6 7 0.53

Patient-Generated	
Subjective Global 
Assessment 
(PG-SGA)	27

3 3 1 1 7 8 0.61

Mini	Nutritional	
Assessment	(MNA)	24

4 2 2 1 8 9 0.72

*	Domain	A=	nutrient	balance;	ұ	Domain	B	=	body	weight,	body	area	and	body	composition;	¥	Domain	C	=	function;	§	Domain	D	=	
inflammatory	factors;	ұ (N)	=	number	of	key	concepts	per	domain;	¶ M-CVIA-C	=	Method	Content	Validity	Index	for	domain	A-C.	Key	
concepts	are	perceived	either	present	or	not	present	for	CVI	calculation.	Example	calculation	M-CVIA-C	for	“weight	loss”:	((Domain	
A:	no	key	concepts	=	D-CVIA=0)	+	(Domain	B:	1	key	concept	present	out	of	four	=	D-CVIB=0.25)	+	(Domain	C:	no	key	concepts	=	
D-CVIc=0))/3=0.08

Sensitivity analysis

Table 3. Continued.
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The	three	alternative	calculations	for	the	37	methods	yielded	a	median	M-CVIA-D	of	0.19	(IQR:	
0.06-0.31;	min-max:	0.06-0.67),	median	AveA-C	of	0.18	(IQR:	0.09-0.27;	min-max:	0.00-0.73),	
and	median	M-CVI9A-C	of	0.22	(IQR:	0.11-0.33;min-max:	0.00-0.78)	respectively.	The	primary	
outcome	M-CVIA-C	strongly	and	significantly	correlated	to	each	of	the	alternative	indices:	
M-CVIA-D	 (r=0.83,	p<0.001),	AveA-C	 (r=0.99,	p<0.01)	and	M-CVI9A-C	 (r=0.98,	p<0.001).	The	
primary	outcome	M-CVIA-C	produced	slightly	 lower	 scores	 than	M-CVI9A-C.	 The	 ranking	
of	 the	methods	 by	 content	 validity	 index	 score	was	 the	 same	 for	 scenarios	 AveA-C	 and	
M-CVI9A-C	when	compared	to	the	primary	scenario	M-CVIA-C.	 In	the	alternative	scenario	
M-CVIA-D,	the	seven	methods	that	scored	above	the	75th	percentile	also	scored	above	the	
75th	percentile	 in	 the	primary	scenario	M-CVIA-C.	Malnutrition	assessment	methods	with	
items	solely	scoring	in	domain	D	scored	a	M-CVIA-D	of	0.13,	whereas	these	methods	scored	
a	M-CVIA-C	of	0.00.	

Discussion

The	results	of	this	systematic	review	of	studies	document	that	a	collection	of	37	methods	
have	been	used	to	assess	malnutrition	in	cancer	patients	between	January	1998	and	June	
2013.	Our	 study	 also	 shows	 that	 content	 validity	of	methods	used	 to	 assess	malnutrition	
in	 adult	 patients	with	 cancer	 varies	widely,	 as	M-CVIA-C	 scores	 ranged	 from	 0.00	 to	 0.72.	
All methods used for malnutrition assessment have a content validity score below the 
commonly	used	threshold	of	acceptability	(0.80),	when	compared	to	a	set	of	key	concepts	
within	domains	derived	from	the	ESPEN	and	ASPEN	definitions	for	malnutrition.	Additionally,	
we	did	not	find	an	 improvement	 in	scores	 for	M-CVIA-C	over the years. Thus, malnutrition 
assessment in studies in cancer patients is currently not in accordance with the construct of 
malnutrition reflecting two consensus based definitions of malnutrition. While the majority 
of	methods	included	domain	B	(body	weight,	area	and	composition),	approximately	a	third	
of	assessment	methods	covered	one	or	more	key	concepts	of	domain	A	(nutrient	balance),	
and	domain	C	(function).	This	underrepresentation	of	domain	A	and	C	largely	explains	low	
median	M-CVIA-C scores.

Of	the	methods	identified,	the	top	three	M-CVIA-C	scores	in	all	scenarios	consisted	of	MNA,	
PG-SGA	 and	 SGA.	 MNA	 distinguishes	 itself	 from	 all	 other	 methods	 by	 containing	 items	
that	address	protein	intake.	MNA	is	also	the	only	instrument	that	addresses	more	than	one	
key concept concerning function: ‘muscle function’ and ‘cognitive function’. Although the 
MNA	has	 been	 used	 in	 both	 the	 general	 54-57 and elderly 58-72 population with cancer, it 
should	 be	 noted	 that	 the	MNA	 is	 an	 instrument	 specifically	 designed	 and	 validated	 for	
assessing	malnutrition	in	the	elderly.	This	is	reflected	by	its	items	on	for	example	dementia,	
independent	living	and	a	higher	cut-off	for	Body	Mass	Index.24
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Obviously, when compared to multidimensional methods, unidimensional methods 
cover	the	construct	of	malnutrition	less	accurately,	which	is	reflected	by	lower	CVI	scores.	
With no gold standard available for malnutrition assessment in patients with cancer,14 we 
hypothesize that methods with higher content validity may positively impact accuracy of 
malnutrition diagnosis. This is supported by a study in which a unidimensional instrument 
including	BMI	and	weight	loss	was	used,	low	sensitivity	(59%)	and	moderate	specificity	(75%)	
were found when compared to the multidimensional instrument SGA as a reference.73 Two 
studies	in	patients	with	cancer	that	compared	multidimensional	methods	PG-SGA	to	SGA	
as	a	reference	and	one	study	that	compared	MNA	to	PG-SGA	as	a	reference,	demonstrated	
strong agreement between the methods for classifying patients as malnourished, and 
sensitivity	ranging	from	0.97	to	0.98.55,74.75	Compared	to	SGA	as	a	reference,	PG-SGA	has	also	
demonstrated	good	specificity:	0.82	and	0.86.74.75	However	in	the	cancer	population	MNA	
lacked	specificity	when	compared	to	PG-SGA	as	a	reference:	0.54.55 This latter finding may 
be	explained,	 in	part,	 by	 the	 tailoring	of	 the	MNA	 to	 an	elderly	population,	whereas	 the	
study	concerned	a	mixed	adult	population.	

A number of methods used in the included articles to assess malnutrition, for instance 
Nutritional	 Risk	 Index	 (NRI)	 and	 Malnutrition	 Universal	 Screening	 Tool	 (MUST),	 were	
developed for screening purposes rather than diagnosis or comprehensive assessment 
of malnutrition.7.36.47 Although these methods were assigned low content validity scores 
for	assessment	of	malnutrition	in	our	review,	this	does	not	disqualify	these	instruments	as	
clinically useful tools for early detection of risk of malnutrition.

Strengths and limitations

Previous systematic reviews on malnutrition focused on patients with head and neck cancer 
and hospital patients 76,77	 and	based	 their	methods	on	a	definition	of	 cancer	 cachexia	 76	

or focused on malnutrition screening tools.77 While research on criterion validity has the 
advantage of being able to use measures such as sensitivity and specificity, research on 
criterion	validity	also	requires	a	gold	standard	in	order	to	provide	accurate	outcome.78 In this 
systematic review we did not choose this strategy because a ‘gold’ standard for malnutrition 
assessment is currently not available.14 Instead, a novel and pragmatic approach to assess 
content validity was used in which two internationally agreed upon definitions, developed 
by	expert	panels,	 served	as	a	 reference	 to	 identify	domains	and	key	concepts.	We	chose	
to	assign	equal	weight	to	all	key	concepts	within	the	separate	domains,	since	there	 is	no	
broad agreement on hierarchy within key concepts. Content validity assessment shows 
some	natural	limitations	due	to	the	nominal	level	on	which	it	operates	by	grading	method-
items	present	or	not	present,	regardless	of	individual	item	qualities.	However,	this	approach	
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did	enable	us	to	explore	agreement	between	37	assessment	methods	and	the	construct	of	
malnutrition	and	express	our	observations	in	a	quantitative	manner.	

Method-items	 covering	 individual	 key	 concepts	 may	 be	 influenced	 by	 cancer-specific	
disease factors and cancer treatment modalities.12	While	some	method-items	may	be	more	
reliable indicators of malnutrition in certain groups of cancer patients, there is variability 
within the population and their treatments. To our knowledge, there is no broad agreement 
on	which	method-items	are	most	appropriate	to	use	in	the	general	population	of	patients	
with cancer. The approach of malnutrition as a multidimensional framework of key concepts 
may reduce noise caused by factors of disease or treatment, because a disease factor that 
affects one key concept, may not affect other key concepts. 

While composing the set of key concepts, we occasionally came across ambiguities that 
were	solved	to	the	best	possible	extent	by	consensus	between	authors.	One	could	argue	
that	M-CVIA-C	scores of the methods might have been influenced by the authors’ choices 
when constructing the set of key concepts. However, the sensitivity analysis showed that 
median scores were similar in all scenarios and correlation was significant and strong, 
method ranking was stable and only influenced when items from domain D were included 
in the scenario. The results were robust, especially for the highest scoring methods. The 
more	 conservative	 estimates	 produced	 by	 the	M-CVIA-C	scenario when compared to the 
M-CVI9A-C	scenario	can	be	explained	by	the	fact	that	this	nine	indicator	model	is	less	sensitive	
by nature than the primary scenario with eleven key concepts. 

Although our framework of key concepts could also apply to malnutrition in the sense of 
overnutrition, malnutrition assessment methods that are used in patients with cancer tend 
to focus on signs of undernutrition and are often not designed to detect and assess signs of 
overnutrition. Hence, we chose to limit to studies that portrayed malnutrition in the sense 
of undernutrition. 

Implications and applications for research and practice

The findings of this study suggest that the overall level of content validity of malnutrition 
assessment methods could be improved. These findings are of importance for research 
and practice since accuracy of malnutrition assessment may be affected by the variance in 
level of content validity. Further research is urgently needed on sensitivity, specificity and 
interactions	of	method-items	that	are	used	to	assess	malnutrition	in	cancer	patients.	With	
this information, the current set of key concepts that covers the theoretical construct of 
malnutrition,	could	evolve	to	a	set	of	method-items	that	accurately	identifies	malnutrition	
in patients with cancer. Such a set could also guide interventions that effectively impact 
nutritional status of patients. 
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Safeguarding	 adequate	 coverage	 of	 the	 construct	 of	 malnutrition	 by	 the	 method(s)	
chosen might be a sensible strategy to improve accuracy of malnutrition assessment and, 
consequently,	 efficacy	 of	 interventions	 to	 treat	 malnutrition.	 In	 the	 absence	 of	 a	 single	
comprehensive method, combining currently well accepted methods that score higher on 
content validity, and that are tested for their predictive value for clinical outcome in cancer 
patients,	such	as	PG-SGA	or	SGA	52,79,80 with additional key concepts could provide a sensible 
strategy.	For	instance,	combining	items	of	the	PG-SGA	with	the	MNA	items	on	protein	intake	
and	cognitive	function	would	result	in	an	adequate	M-CVI	score	of	0.81.	However,	in	clinical	
practice, it may not always be feasible to apply items from more than one method to assess 
malnutrition. In such instances we suggest to use methods that include items addressing at 
least	the	domains	A,	B	and	C	of	the	malnutrition	definition.	

Implementation of malnutrition assessment methods with higher content validity could 
be	perceived	as	more	complex	by	clinicians.	Providing	additional	training	may	be	helpful	
to	 improve	perceived	difficulty	and	comprehensibility.	We	will	 report	on	 the	 influence	of	
training	 on	 difficulty	 and	 comprehensibility	 as	 perceived	 by	 clinicians	 seperately	 in	 the	
future. The potentially positive influence of training or practice in use of multidimensional 
assessement	methods	is	supported	by	a	study	on	interrater	reliability	(IRR)	of	the	SGA.	More	
experienced	dietitians	(>5	years	after	graduation)	showed	an	IRR	of	89-100%	when	compared	
to	a	well	trained	and	experienced	dietitian	(>20	years	after	graduation),	whereas	less	trained	
and	experienced	dietitians	(1-2	years	after	graduation)	showed	an	IRR	of	56-100%.81

We	found	that	a	unidimensional	approach	was	applied	in	15	(41%)	of	all	methods.	In	40	(25%)	
of all included studies a single unidimensional method was used to assess malnutrition. This 
unidimensional	approach	in	malnutrition	assessment	may	lead	to	an	over-	or	underestimation	
of malnutrition prevalence in cancer patients. Therefore, we would advise against the use of 
a single unidimensional method to assess malnutrition in cancer patients. Alternatively, we 
suggest that unidimensional methods are used to operationalize the measures they actually 
reflect.	For	example,	loss	of	body	weight	operationalized	as	‘weight	loss’	is	preferred	instead	
of loss of body weight operationalized as ‘malnutrition’.

Conclusion

A large number of methods are used to assess malnutrition in cancer research. Content 
validity of these methods was variable and below acceptable levels when compared with a 
construct	based	on	ESPEN	and	ASPEN	definitions.	MNA,	PG-SGA	and	SGA	best	covered	the	
breadth of the definitions and were classified with the highest content validity.
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Willemke	Nijholt,	Annemiek	Bielderman,	Matthieu	H.G.	de	Greef,	Cees	P.	van	der	Schans,	
Hans	Hobbelen,	Harriët	Jager-Wittenaar

submitted

Background & Aims Sufficient	protein	intake	is	crucial	to	maintain	physical	functioning	

in older adults. In this study, we assessed actual dietary protein intake, compared intake 

to different protein recommendations, and assessed the interrelationships between 

dietary protein intake, muscle mass, and physical function over time in older adults. 

Methods In	total,	44	community-dwelling	healthy	adults	(59%	male)	with	a	mean	age	

of	69.7±3.5	years	were	included	in	this	observational	study,	and	were	evaluated	at	start	

of	the	study	and	after	12	months.	Total	protein	intake	was	determined	using	a	3-day	food	

diary.	Individual	mean	absolute	(g)	and	relative	(g/kg	body	weight	[BW])	protein	intake	

and its distribution of over the day were determined. Protein intake was compared 

to	 three	different	protein	 recommendations:	 0.8	g/kg	BW/day	 (Dutch	Health	Council);	

1.0-1.2	g/kg	BW/day	(PROT-AGE	Study	group);	and	0.4	g/kg	BW/meal	three	times	a	day.	

Skeletal	muscle	mass	index	(SMI)	was	estimated	with	bioelectrical	impedance	analysis,	

using	 the	 Janssen	 equation.	 Physical	 function	was	 assessed	 using	 four	 performance-

based	tests:	30	seconds	sit	 to	stand	 (30-STS,	number	of	 repetitions),	 timed	up	and	go	

(TUG,	 seconds,	higher	 scores	 indicating	 lower	 functional	mobility),	handgrip	 strength	

(HGS,	kg),	and	2-minute	step	test	(number	of	repetitions).	Results Median	protein	intake	

was	1.0	 (interquartile	 range	0.8-1.1)	g/kg	BW	and	did	not	differ	between	baseline	and	

follow-up.	A	decrease	of	3.2%	in	SMI	was	observed,	whilst	no	change	in	physical	function	

was observed within the time span of one year. Protein was mainly consumed in one or 

two	boluses	of	25	to	30	grams	each	per	day.	Most	of	the	participants	(82%,	N=36)	met	

the	recommendation	0.8	g/kg	BW/day,	whereas	less	than	half	of	the	participants	(47%,	

N=21)	did	meet	the	recommendation	1.0-1.2	g/kg	BW/day.	None	of	the	participants	met	

the	recommendation	of	0.4	g/kg	BW/meal	three	times	a	day.	No	correlations	between	

protein	 intake	and	SMI,	2-minute	 step	 test,	 and	HGS	were	observed	 (r=-0.15,	p=0.324;	

r=0.05,	 p=0.737;	 r=0.02,	 p=0.888,	 respectively).	 Furthermore,	 no	 correlations	 between	

protein	intake	and	30-STS	(r=0.30,	p=0.057),	and	TUG	(r=-0.30,	p=0.059)	were	observed.	

Conclusions While	SMI	substantially	decreased	within	the	course	of	one	year,	and	the	

majority	of	the	studied	sample	of	community-dwelling	older	adults	has	an	insufficient	

protein intake, protein intake was not associated with muscle mass and physical 

function. Therefore, further studies should focus on strategies for improving protein 

intake	in	community-dwelling	older	adults.	

Abstract
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Introduction 

The number of older persons in society is increasing, of whom the vast majority is living 
at home.1 Aging is associated with changes in body composition, including a decrease in 
muscle mass.2,3 This loss, together with a loss of muscle function, is referred to as sarcopenia.4 
Sufficient	protein	 intake	 is	 considered	an	 important	 factor	 in	 the	maintenance	of	muscle	
mass and muscle function.5 

Over	 the	 last	 few	 years,	 several	 recommendations	 for	 adequate	 protein	 intake	 for	 older	
adults have been proposed. The recommendations vary from a minimum protein intake 
per day relative to body weight,6,7 to an even distribution of protein intake over the day in 
combination	with	an	optimal	quantity	of	protein	per	meal	 relative	 to	body	weight.8 Low 
protein	 intake	 is	often	defined	as	<0.8	g	protein/	kg	body	weight	 (BW)/day,	and	 is	highly	
prevalent	in	community-dwelling	older	adults	with	estimates	ranging	from	15%	to	40%.9-12 
The	Dutch	Health	Council	also	defines	low	protein	intake	for	older	adults	as	an	intake	of		<0.8	
g	protein/kg	BW/day,9 in contrast with the general consensus on protein intake for older 
adults	by	the	PROT-AGE	Study	group	(2018).7	According	to	this	study	group,	0.8	g	protein/
kg	BW/day	is	not	sufficient	for	older	adults	and	therefore	the	study	group	recommends	an	
intake	of	1.0-1.2	g	protein/kg	BW/day.	To	our	knowledge,	limited	data	on	the	prevalence	of	
low protein intake according to this recommendation specifically aimed at older adults is 
available.

It	 has	 been	 previously	 reported	 that	 sufficient	 protein	 intake	 (≥1.0	 g	 protein/kg/day)	 is	
associated with better mobility and lower limb physical functioning.13 However, limited data 
on the longitudinal associations between protein intake, muscle mass, and physical function 
in community older adults are available.14-18	Previous	longitudinal	studies	have	shown	mixed	
results.	A	previous	study	in	community-dwelling	older	adults	showed	that	over	a	three	year	
period,	the	decline	in	lean	mass	was	steeper	for	participants	in	the	lowest	quintile	of	protein	
intake	 as	 compared	 to	 those	 in	 the	 highest	 quintile	 of	 protein	 intake.15 However, other 
studies did not find this association between protein intake and change in muscle mass.14,18 
To our knowledge, only two studies are available for the association between protein intake 
and physical function.16,17 Although both studies concluded that low protein intake might 
be associated with larger decline in physical function in older adults, only women were 
included,16 or the associations were only observed in women.17 

Therefore the primary aim of this study was to assess dietary protein intake and the 
adherence	to	different	protein	recommendations	in	community-dwelling	older	adults.	The	
secondary aim was to elucidate the interrelationships between protein intake, muscle mass, 
and physical function over time. 
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Material and methods

Study design and participants

For	 this	 cohort	 study,	 a	 sample	 of	 independently	 living	 participants	 aged	 ≥65	 years	
was recruited in the northern part of The Netherlands. Detailed information regarding 
recruitment and inclusion of the participants has been described elsewhere.19 Participants 
were	evaluated	at	start	of	the	study	(baseline,	T0)	and	after	12	months	(1-year	follow-up,	T1).	
Only	those	participants	who	filled	 in	a	 food	diary	at	baseline	and	follow-up	were	eligible	
to be included in the data analysis. The study complied with the principles outlined in the 
Declaration of Helsinki and all participants provided informed consent. 

Measures

Protein intake

Total	protein	and	energy	intake	were	determined	using	a	3-day	food	diary.	The	food	diary	
included two weekdays and one day of the weekend. Participants were provided with 
detailed oral and written instructions by trained undergraduate students in Nutrition 
and Dietetics on how to complete the food diary. The participants recorded the type and 
amount	 (in	household	measures)	of	consumed	products,	dishes,	and	beverages.	All	 food	
diaries were coded by trained undergraduate students in Nutrition and Dietetics with the 
use	 of	 the	Dutch	 nutrient	 database	 ‘NEVO	 2011’.20	 Based	 on	 the	 timing	 of	 consumption,	
the	food	 intake	was	categorized	 into	 ‘breakfast’,	 ‘lunch,	 ‘dinner’	or	 ‘between-meal	snacks’.	
Subsequently,	mean	absolute	(g)	and	relative	(g/kg	body	weight	[BW])	protein,	and	absolute	
(kcal)	and	relative	energy	intake	(kcal/kg)	were	calculated.	In	this	study,	protein	intake	was	
compared to three different protein recommendations: 

1	 General	recommendation	for	adults	of	the	Dutch	Health	Council,	0.8	g/kg	BW/day6;
2	 Recommendation	of	the	PROT-AGE	Study	group	specifically	aimed	at	older	adults,	1.0-1.2	

g/kg	BW/day7;
3	 Recommendation	of	0.4	g/kg	BW/meal	three	times	a	day8.
Furthermore, the distribution of protein intake per day was studied. A bolus of protein was 
defined	as	25	to	30	grams,21	or	0.4	g/kg	BW	protein.8 

Muscle mass

Body	weight	 and	 height	were	measured	 in	 light	 indoor	 clothing	without	 shoes,	 using	 a	
standard protocol. Body	 mass	 index	 (BMI)	 was	 then	 calculated	 as	 weight	 in	 kilograms	
divided	 by	 height	 in	meters	 squared	 (kg/m2).	 Bioelectrical	 impedance	 analysis	 (BIA)	 was	
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performed using a standard protocol,22,23	 to	assess	muscle	mass	using	a	multi-frequency	
BIA	(Quadscan	4000)	after	4	hours	of	fasting.	Skeletal	muscle	mass	was	estimated	using	the	
Janssen	equation24:
•	 total	muscle	mass	(kg)	=	([height2	/	resistance	*	0.401]	+	[gender	*	3.825]	-	[age	*	0.071])	+	5.102
•	 skeletal	muscle	mass	index	(SMI)	(kg/m2)	=	total	muscle	mass	/	height2

Low	muscle	mass	was	defined	as	SMI	≤	8.50	kg/m2	for	males	and	≤	5.75	kg/m2 for females.25  

Physical function

Physical	function	was	assessed	using	four	performance-based	tests.	All	tests	were	performed	
or	supervised	by	a	team	of	experienced	researchers.		

30 seconds sit to stand test

The	30	seconds	sit-to-stand	test	was	used	to	assess	leg	muscle	power.26 Participants were 
asked to stand up from a chair without arm rests, with their arms folded across the chest. 
The	number	of	complete	sit-to-stands	in	30	seconds	was	counted;	the	higher	the	number,	
the better the leg muscle power. To identify participants with decreased leg muscle power, 
a	cut-off	point	of	≤	8	repetitions	was	used.27   

Timed up and go

The	timed	up	and	go	(TUG)	test	was	used	to	assess	functional	mobility,	and	expressed	in	
the	time	(in	seconds)	required	to	stand	up	from	a	chair,	walk	2.44	m	(8	feet),	turn	and	return	
to a seated  position as fast as possible.26 The highest score out of two trials was recorded, 
with higher scores indicating lower balance. Impaired functional mobility was defined as  
≥	9	seconds.27  

2-minute step test

The	 2-minute	 step	 test	was	 used	 to	 assess	 aerobic	 endurance.	 The	 length	 between	 the	
patella and the iliac crest was measured, and a marker was made on the wall at the half 
point of length between the patella and iliac crest. The participants were asked to raise each 
knee	to	that	particular	point	(‘march	in	place’)	for	two	minutes.	The	number	of	times	that	
the	right	knee	reaches	the	required	height	was	counted,	with	higher	numbers	 indicating	
better	aerobic	endurance.	Cut-off	points	for	poor	aerobic	endurance	were	<80	(in	male)	and	
<68	(in	female).26,27
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Handgrip strength

Handgrip	strength	(in	kilograms)	was	used	as	a	proxy	for	overall	strength,28 and was assessed 
with	a	JAMAR	handheld	dynamometer.	Measurements	were	performed	three	times	using	
the	dominant	hand.	The	maximum	handgrip	strength	was	used	in	the	analysis.29 Low muscle 
strength	was	defined	as	a	handgrip	strength	<30	kg	for	males	and	<20	kg	for	females.25 

Sarcopenia

The	 revised	 criteria	 from	 the	 European	 Working	 Group	 on	 Sarcopenia	 in	 Older	 Adults	
(EWGSOP2)4 were applied to investigate the prevalence of sarcopenia in this sample. TUG, 
handgrip	 strength	 and	 SMI	 were	 used	 to	 identify	 low	 physical	 performance,	 low	 muscle	
strength	 and	 low	muscle	 quantity,	 respectively.	 According	 to	 the	 revised	 EWGSOP	 criteria,	
probable	 sarcopenia	 is	 present	 if	muscle	 strength	 is	 low	 (<27	 kg	 for	males	 and	<16	 kg	 for	
females),	sarcopenia	is	present	if	both	muscle	strength	and	muscle	mass	are	low	(SMI	<7.0	kg/m2 

for	males	and	<6.0	kg/m2	for	females)	and	severe	sarcopenia	is	present	if	all	three	conditions	
(i.e.,	low	muscle	strength,	low	muscle	mass	and	low	physical	performance	(TUG≥20	seconds))	
are low.4  

Statistical Analyses 

Descriptive statistics were used to summarize the characteristics of the participants. 
Continuous	 variables	 are	 reported	 in	means	 and	 standard	deviation	 (SD),	 or	median	 and	
interquartile	ranges	(IQR)	for	skewed	distributed	variables.	Absolute	and	relative	frequencies	
are shown for categorical data. Changes in muscle mass and physical function over time 
were	 analyzed	 by	 the	 paired	 t-test	 or	 Wilcoxon	 Signed	 Ranks	 test.	 Because	 multiple	
comparisons	were	made,	the	p-values	were	adjusted	according	to	the	Bonferroni	method	
for multiple testing.30 The correlations between protein intake and muscle mass and physical 
function	were	examined	using	Spearman’s	correlation	coefficient. or	Fisher’s	exact	test	was	
used to assess differences in muscle mass and physical function in the group meeting the 
recommendation versus the group not meeting the recommendation for protein intake. 
SPSS	version	25.0	(SPSS	Inc,	Chicago,	Illinois)	was	used	for	the	statistical	analyses.	The	level	of	
statistical	significance	was	established	at	p<0.05.

Results

In	total,	44	participants	(59%	male)	were	included	in	the	study.	At	baseline,	the	mean	age	
of	 the	 participants	 was	 69.7±3.5	 years.	 Most	 of	 the	 participants	 (N=36,	 82%)	 had	 a	 BMI	 
≥25	kg/m2.	Only	one	participant	(2.1%)	was	diagnosed	with	probable	sarcopenia	at	baseline	
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and	 follow-up.	 No	 participants	 were	 diagnosed	with	 sarcopenia	 or	 severe	 sarcopenia	 at	
baseline	and	follow-up	(Table	1).

Table 1. Body	composition	and	physical	function	of	the	study	population.

Baseline
N=44

1-year Follow-up
N=44

p-value*

Body composition

Weight	(kg),	[IQR]																					 80.7	(69.8-85.8) 82.5	(71.2-86.7) 0.866

BMI	(kg/m2),	[IQR]																		 26.8	(25.6-28.7) 26.9	(25.5-29.1) 0.769

SMI	(kg/m2)a                                8.7	(1.5) 8.4	(1.3) 0.002

Physical function 

30	s	sit	to	stand	(no.	of	reps),	[IQR]b               14	(12-16) 14	(13-16) 0.144

Timed	up	and	go	(s)c                   4.8	(0.8) 4.8	(0.7) 0.592

2	min	step	test	(no.	of	reps)d [IQR] 104	(91-112) 96	(84-110) 0.342

Handgrip	strength	(kg)c               34.7	(7.9) 34.7	(9.4) 0.985

Probable	sarcopenia	(n	(%))e 1	(2.1) 1	(2.1) 1.000

Data	are	presented	as	mean	(standard	deviation),	median	(interquartile	range,	IQR)	or	N	(%).
a	2	missing	values	at	follow-up,	b 3	missing	values	at	baseline,	2	at	follow-up	c	2	missing	values	at	baseline	and	2	at	follow-up	d	8	
missing	values	at	baseline,	14	at	follow-up,	e according	to	the	EWGSOP2	criteria,	*	difference	between	baseline	and	follow-up.	

Protein intake

Table	2	shows	the	protein	and	energy	intake	at	baseline	and	follow-up.	Median	protein	intake	
was	1.0	(interquartile	range	0.8-1.1)	g/kg	BW.	The	highest	protein	 intake	was	consumed	at	
the	last	meal	of	the	day,	i.e.,	dinner,	and	consisted	of	a	mean	intake	of	34.3	(12.0)	g.	Protein	
was	mainly	consumed	in	one	or	two	boluses	of	25	to	30	grams	per	day.	In	total,	82%	(N=36)	
complied	 with	 the	 Dutch	 protein	 recommendation	 of	 0.8	 g/kg	 BW/day.	 In	 contrast,	 no	
participants	met	the	recommendation	0.4	g/kg	BW/meal	three	times	a	day	(Table	2).	

Muscle mass

At	 baseline,	mean	 SMI	was	 8.7±1.5	 kg/m2	and	 56%	 (N=25)	 of	 the	 participants	 had	 a	 low	
SMI.	At	follow-up,	mean	SMI	was	8.4±1.3	kg/m2.	A	significant	decline	in	SMI	was	observed	
between	baseline	and	follow-up	(-0.3	kg/m2,	p=0.002)	(Table	1).	

Physical function 

At	baseline,	32%	(N=14)	of	 the	participants	scored	below	the	norm	for	 leg	muscle	power	
and	9%	(N=4)	 for	overall	strength.	 Impaired	functional	mobility	was	observed	in	3	(6.8%),	
and	poor	aerobic	endurance	was	observed	in	14	(31.8%)	participants.	Overall,	no	significant	
differences	in	physical	function	between	baseline	and	follow-up	were	observed	(Table	1).
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Table 2. Description	of	protein	and	energy	intake	at	baseline	and	follow-up	(N=44).

Baseline
N=44

1-year Follow-up
N=44

p-value*

Protein	(g),	[IQR] 78.2	(66.8-86.8) 79.5	(63.9-90.9) 0.692

Protein	intake	per	kg/BW,	[IQR] 1.0	(0.8-1.1) 1.0	(0.8-1.2) 0.779

Energy	(kcal) 1939	(326) 1904	(415) 0.525

Protein intake per meal (g)

Energy	intake	per	kg/BW,	[IQR] 25	(22-27) 24	(21-27) 0.283

Breakfast 11.1	(4.7) 10.7	(5.0) 0.481

Lunch 21.4	(6.8) 26.4	(11.0) 0.002

Diner 	33.6	(9.5) 29.5	(10.1) 0.025

In-between	snacks,	[IQR] 	6.3	(3.7-8.5) 6.0	(4.3-9.0) 0.963

Frequency of a bolus of protein of 25 to 30 grams per meal

0 	6	(14) 	8	(18)

0.564
1 	26	(59) 	23	(52)

2 	12	(27) 	13	(30)

3 	0	(0) 	0	(0)

Frequency of a bolus of protein of 0.4 g/kg BW per meal

0 17	(39) 18	(41)

0.564
1 24	(55) 23	(52)

2 3	(7) 3	(7)

3 0	(0) 0	(0)

Meeting the recommendation

0.8	g/kg	BW/d(Dutch	Health	Council)6 	36	(82) 	34	(77) 0.414

1.0-1.2	g/kg	BW/d	(PROT-AGE	group)7 	21	(47) 	19	(44) 0.617

0.4	g/kg	BW/meal	three	times	a	day8 	0	(0) 	0	(0) -

Data	are	presented	as	mean	(standard	deviation),	median	(interquartile	range,	 IQR),	or	N	(%).	*	difference	between	baseline	and	
follow-up.
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Associations between dietary protein intake, muscle mass and physical 
function

Table	3	shows	the	cross-sectional	correlations	between	protein	intake	per	kg/BW	and	muscle	
mass	and	physical	function	at	baseline.	No	correlation	between	protein	intake	and	SMI	was	
observed	(r=-0.15,	p=0.324).	Furthermore,	no	correlation	between	protein	intake	and	aerobic	
endurance	was	found	(r=0.05,	p=0.737).	In	addition,	no	correlations	between	protein	intake	
and	leg	muscle	power	(r=0.30,	p=0.057),	functional	mobility	(r=-0.30,	p=0.059),	and	handgrip	
strength	(r=-0.02,	p=0.888)	were	found.	Furthermore,	no	associations	between	meeting	the	
recommendations	for	protein	intake	and	muscle	mass	and	function	were	observed	(Table	4).	

Table 3. Correlations between protein intake, muscle mass and physical function.

Protein intake per kg body weight (g)

Spearman’s ρ p-value

Muscle mass SMI -0.15 0.324

Leg muscle power 30 s sit to stand 0.30 0.057

Functional mobility Timed up and go -0.30	 0.059

Aerobic endurance 2 min step test 0.05 0.737

Overall strength Handgrip strength -0.02 0.888

Table 4. Associations	between	meeting	the	recommendation	(yes/no)	and	muscle	mass	and	physical	
function	(normal/low).

Meeting the recommendation 
of 0.8 g/kg BW/day

Meeting the recommendation 
of 1.0-1.2 g/kg BW/day

Yes No p-value* Yes No p-value*

Skeletal muscle mass indexa 
Normal
Low

15
21

4
4

0.710
10
11

9
14

0.761

Leg muscle powerb

Normal
Low

23
11

4
3

0.673
14
6

13
8

0.744

Functional mobilityc

Normal
Low

32
2

7
1

0.479
18
2

21
1

0.598

Aerobic enduranced

Normal
Low

24
4

5
1

1.000
13
3

16
2

0.648

Overall strengthe

Normal
Low

16
18

4
4

1.000
10
10

10
12

1.000

a	low	muscle	mass	was	defined	as	≤	8.50	kg/m2	for	males	and	≤	5.75	kg/m2	for	females;	b	using	the	30	s	sit-to-stand	test,	decreased	
leg	muscle	power	≤	8	repetitions;	c using	the	timed	up	and	go	test,	impaired	functional	mobility	was	defined	as	≥	9	seconds;	d using 
the	2	min	step	test,	poor	aerobic	endurance	was	defined	as	<80	for	males	and	<68	for	females;	e handgrip strength, low muscle 
strength	was	defined	as	<30	kg	for	males	and	<20	kg	for	females;	*	Fisher’s	exact	test.
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Discussion 

The findings of this longitudinal study suggest that low protein intake is prevalent in 
community-dwelling	older	adults	living	in	the	northern	part	of	The	Netherlands.	Despite	the	
fact that the large majority of the sample complied with the Dutch protein recommendation 
of	 0.8	 g/kg	 BW/day	 (82%,	N=36),	 less	 than	 half	 of	 the	 participants	 (47%,	N=21)	 complied	
with	the	recommendation	of	1.0	g/kg	BW/day	by	the	PROT-AGE	group,	which	is	specifically	
aimed	at	older	adults.	Additionally,	a	substantial	decrease	of	3.2%	in	muscle	mass	index	was	
observed, whilst no change in protein intake and physical function was observed within the 
time span of one year. No correlations between protein intake, muscle mass and physical 
function were observed.

Due to the differences in recommended protein intake between the applied guidelines, the 
prevalence	of	low	protein	intake	in	our	study	varied	from	18%	to	53%	(N=23).	Most	of	the	
participants	(82%,	N=36)	comply	with	the	recommendation	for	protein	intake	of	the	Dutch	
Health Council, which is in line with findings from the Dutch National Food Consumption 
Survey	Older	Adults	2010-2012.9  However, the recommendation of the Dutch Health Council 
is not specific for older adults, but applies to the general Dutch population. Therefore, this 
recommendation	is	not	in	line	with	the	general	tendency	that	older	adults	require	higher	
protein intake to maintain muscle mass and function.15,31		The	PROT-AGE	guideline	and	the	
recommendation	of	0.4	g/kg	BW/meal	three	times	a	day	are	specific	recommendations	for	
older adults.7,8	When	applying	the	PROT-AGE	group	recommendation	(i.e.,	1.0-1.2	g/kg	BW),	
only	47%	(N=21)	meets	the	recommendation	for	sufficient	protein	intake.	While	hard	figures	
on the prevalence of low protein intake according to this recommendation are lacking, based 
on	the	median	intake	of	protein	in	the	Dutch	population	(1.0	g/kg	BW),	it	can	be	concluded	
that our results are similar to the results from the Dutch National Food Consumption 
Survey Older Adults.9 In our sample, none of the participants met the recommendation of  
0.4	g/kg	BW/meal	three	times	a	day.	It	remains	unclear	whether	meeting	this	recommendation	
is associated with better physical function and higher muscle mass. Therefore, future studies 
should focus on the prevalence of low protein intake according to this recommendation 
and its association with physical function and muscle mass.

The	 substantial	 decrease	 in	 SMI	 (-3.2%)	 found	 in	 our	 study	 is	 in	 line	 with	 another	 study	 in	
community-dwelling	older	adults,	 in	which	a	decline	of	1	to	3%	per	year	was	reported	and	an	
even steeper decline with increasing age.32	It	has	been	suggested	that	after	the	age	of	70,	this	
loss is a predecessor of loss of physical function.33 This loss, together with the high prevalence 
of	 low	 protein	 intake	 using	 the	 PROT-AGE	 group	 recommendation	 (i.e.,	 1.0-1.2	 g/kg	 BW),	 
suggests	 that	 our	 sample	 of	 community-dwelling	 older	 adults	may	 be	 at	 risk	 for	 developing	
nutrition-related	conditions	such	as	malnutrition,	sarcopenia,	and	physical	frailty.	This	suggests	
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that	preventive	targeted	interventions	to	promote	protein	intake	are	important	for	community-
dwelling older adults and we recommend further intervention studies on this topic. 

We did not observe correlations between protein intake, muscle mass, and physical function. 
A possible reason for not finding significant correlations between protein intake, leg muscle 
power, and functional mobility might be the small sample size, which may have caused 
a type II error. In line with a previous study, no correlations between protein intake and 
muscle mass, aerobic endurance and handgrip strength were found.34 Compared to a study 
who did observe correlations between protein intake and physical function,15 the mean 
daily protein intake and functional level in our study population was high. This may have 
resulted in limited variability in the data, and might therefore account for the absence of the 
correlations between protein intake and muscle mass and function.

To our knowledge, this is the first longitudinal study assessing dietary protein intake using 
different recommendations and determining its association with muscle mass and function. 
The current study has nevertheless limiting factors include the small sample size and the use 
of	BIA	for	the	assessment	of	muscle	mass.	Although	this	method	is	well-known	and	often	
used	in	practice,	BIA	is	not	the	gold	standard	for	assessing	muscle	mass.	Due	to	changes	in	
hydration	status,	the	validity	of	BIA	is	limited	in	the	clinical	situation.35However, we do not 
expect	an	altered	hydration	status	in	our	study	population,36 and therefore we consider the 
results to be valid. 

In	 conclusion,	 this	 study	 suggests	 that	 low	 protein	 intake	 is	 prevalent	 in	 community-
dwelling	older	adults	living	in	the	northern	part	of	the	Netherlands.	While	SMI	substantially	
decreased within the course of one year, and the majority of the studied sample of 
community-dwelling	older	adults	has	an	insufficient	protein	intake,	protein	intake	was	not	
associated with muscle mass and physical function. Therefore, further studies should focus 
on	strategies	for	improving	protein	intake	in	community-dwelling	older	adults	to	attenuate	
the	decline	in	SMI,	and	decrease	the	risk	of	development	of	sarcopenia	and	frailty.	
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Are a healthy diet and physical 
activity synergistically associated 
with cognitive functioning in 
older adults?7
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Objectives Previous research has demonstrated that being both physically active and 

adhering	a	healthy	diet	is	associated	with	improved	cognitive	functioning;	however,	 it	

remains unclear whether these factors act synergistically. We investigated the synergistic 

association of a healthy diet and being physically active with cognitive functioning. 

Design Cross-sectional	study.	Setting and participants Data from the Longitudinal 

Aging	 Study	Amsterdam	 (LASA)	were	used.	We	 analyzed	data	 from	2,165	 community	

dwelling	 adults	 who	 were	 aged	 55-85	 years,	 56%	 of	 whom	 were	 female.	 Cognitive	

functioning	was	assessed	by	the	Mini-Mental	State	Examination	(MMSE),	an	MMSE	score	

of		>26	indicates	good	cognitive	functioning.	Physical	activity	was	assessed	by	the	LASA	

Physical	Activity	Questionnaire	and	was	considered	sufficient	if	the	person	engaged	in		

moderately-intense	physical	activity	≥	20	min/day.	A	healthy	diet	score	was	based	on	

the	 intake	of	 fruit,	vegetables	and	fish.	Each	of	 the	 food	groups	was	assigned	a	score	

that	ranged	from	1	(well	below	the	Dutch	guideline	for	a	healthy	diet)	to	4	(well	above	

the	Dutch	guideline	for	a	healthy	diet),	and	the	scores	were	aggregated	to	determine	

a	healthy	diet	(healthy	≥	9	points).	Multiple	logistic	and	linear	regression	analyses	were	

used	 to	 examine	 the	 (synergistic)	 association	 among	 physical	 activity,	 a	 healthy	 diet	

and cognitive functioning. All analyses were adjusted for potential chronic diseases and 

lifestyle confounders. Results Of	all	 of	 the	 	participants,	 25%	were	diagnosed	with	a	

cognitive	 impairment	 (MMSE	≤26),	80%	were	physically	active	and	41%	had	a	healthy	

diet.	 Sixty	 three	percent	of	 the	participants	both	adhered	 to	a	healthy	diet	 and	were	

physically	 active.	 Sufficient	 daily	 physical	 activity	 (OR=2.545,	 p<.001)	 and	 adherence	

to	a	healthy	diet	(OR=1.766,	p=.002)	were	associated	with	good	cognitive	functioning.	

After	adjusting	for	confounding	factors,	sufficient	physical	activity	was	not	significantly	

related	to	cognitive	functioning	(p=.163);	however	adherence	to	a	healthy	diet	remained	

significantly	associated	with	good	cognitive	functioning	(p=.017).	No	interaction	among	

sufficient	physical	activity,		healthy	diet	adherence	and	good	cognitive	functioning	was	

observed	(crude:	p=.401,	adjusted:	p=.216).	Conclusion The	results	of	this	cross-sectional	
study indicate that adherence to a healthy diet is independently related to cognitive 

functioning.	 Being	 physically	 active	 does	 not	 modify	 this	 association.	 Furthermore,	

these two lifestyle factors do not synergistically relate to cognitive functioning. 

Abstract
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Introduction

A decline in cognitive functioning can be a predecessor of dementia, of which Alzheimer’s 
disease	(AD)	is	the	most	common	type.1	In	2013,	dementia	affected	about	44	million	people	
worldwide.	With	the	aging	of	the	population,	these	numbers	will	increase	to	135	million	in	
2015.2 These numbers indicate the importance of this global health problem, since dementia 
is	associated	with	higher	levels	of	dependency	and	lower	QOL.3 Nowadays, there is no cure 
for AD and therefore finding ways to prevent or slowing down the progression of AD is of 
utmost importance. 

A number of  research has shown that being physically active and adhering to a healthy diet 
are associated with a decreased risk of AD and poor cognitive functioning.4-17 Additionally, 
previous studies reported also that physical activity is positively associated with a reduction 
of	 the	 age-related	 declines	 observed	 in	 processing	 speed	 and	 executive	 functioning	 in	
older adults.5,14,18 It has been proposed that cognitive functioning can be sustained and 
ameliorated	 by	 aerobic	 exercise	 intervention	 in	 older	 people	 without	 known	 cognitive	
impairment.5

Dietary habits also appear to positively affect cognitive functioning. In particular, the 
consumption of fruit and vegetables appears to be protective against cognitive decline.19-21 
Furthermore,	 an	 average	 daily	 intake	 of	 >18.5	 g	 fish	 per	 day	 has	 been	 associated	with	 a	
reduced	 risk	 of	 dementia,	 compared	 with	 an	 intake	 of	 	 ≤3.0	 g	 per	 day	 (RR=0.4;	 95%CI: 
0.2-0.9;	p=0.03)	in	non-demented	older	adults.22 Research has shown that adherence to a 
Mediterranean	diet	is	associated	with	a	slower	decline	and	a	decreased	risk	of	developing	
mild cognitive impairment and AD.6,10,12,23-25	The	Mediterranean	diet	 is	characterized	by	a	
high	intake	of	vegetables,	fruit,	cereals,	nuts	and	seeds;	high	intake	of	olive	oil	as	the	primary	
source	of	fat,	but	low	intake	of	saturated	fat;	moderate	intake	of	fish;	low	to	moderate	intake	
of	dairy	products;	low	to	moderate	intake	of	poultry;	low	consumption	of	red	meat;	weekly	
consumption	of	zero	to	four	eggs;	and	low	to	moderate	consumption	of	red	wine.25,26

Thus, both physical activity and dietary habits have been identified as potential determinants 
for the prevention of AD and poor cognitive functioning. However, it remains unclear 
whether these two determinants interact. Several lines of evidence suggest that physical 
activity and diet are involved in several cellular pathways such as cell survival, neurogenesis 
and vascular function.27,28 The levels of neurotransmitters and growth factor could possibly 
be	 enhanced	by	physical	 activity	 and	dietary	 components	 (e.g.	 folic	 acid,	 plant	 extracts,	
antioxidants).	Neurotransmitters	and	growth	factors,	enhance	the	function	and	production	
of mature neurons. The production of new neurons, i.e., neurogenesis, is associated with 
improved cognitive functioning.27	The production of new neurons is especially enhanced 
by physical activity. Furthermore, diet and physical activity may improve synaptic plasticity. 
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One of the most significant factors involved in synaptic plasticity is the brain derived 
neurotrophic	 factor	 (BDNF).	 This	 factor	has	been	 reported	 to	be	upregulated	by	physical	
activity	and	the	intake	of	antioxidants.27 

Based	 on	 these	 findings,	 the	 association	 between	 diet	 and	 physical	 activity	 could	 be	
synergistic. To our knowledge, only one study investigated the interaction between diet 
and physical activity. That study found an interaction effect between participation in 
physical	activities,	high	Mediterranean	diet	 score	and	AD.11	This	Mediterranean	diet	 score	
however, is not representative for the Dutch diet. The Dutch diet is characterized by fewer 
intake of polyunsaturated fatty acids, but higher intake of dairy products compared to the 
Mediterranean	diet.29	Similar	 to	the	Mediterranean	diet,	 the	Dutch	guideline	 for	a	healthy	
diet also suggests high intake of fruit and vegetables and moderate intake of fish.30,31 

Therefore, in this study we aimed to investigate the presence of a synergistic association 
between	a	diet	rich	in	vegetables,	fruit	and	fish	and	sufficient	physical	activity	and	its	effect	
on  cognitive functioning in older adults. 

Methods

Study sample

Data	 from	 the	 Longitudinal	 Aging	 Study	 Amsterdam	 (LASA)	 were	 utilized	 for	 this	 cross-
sectional	study.	Detailed	information		regarding	data-collection	and	sampling	of	the	LASA	
have been described elsewhere.32,33 

In	 brief,	 the	 LASA	 study	 began	 in	 1992	 to	 determine	 predictors	 and	 consequences	 of	
ageing.	Participants	were	recruited	from	eleven	municipal	registries	in	three	Dutch	regions;	
Amsterdam,	 Zwolle	 and	Oss.	 The	 initial	 sample	 comprised	 3,107	 participants	 aged	 55-85	
years	and	follow-up	examinations	were	performed	every	3	years.	In	2002/2003	an	additional	
cohort was recruited from the same sampling framework as the initial cohort, such that 
the period and cohort differences could be investigated. Several side studies have been 
conducted	since	the	start	of	the	LASA	in	1992.	One	of	these	side	studies	is	the	LASA	Lifestyle	
Study.	The	LASA	Lifestyle	Study	began	in	2007	and	was	conducted	to	obtain	quantitative	
information	 on	 dietary	 intake	 and	 other	 lifestyle	 factors.	 Eligibility	 criteria	 for	 the	 LASA	
Lifestyle	study	consisted	of	an	age	<	80	years,	living	independently	and	a	Mini-	Mental	State	
Examination	(MMSE)	score	>23.	The	source	population	for	the	LASA	Lifestyle	Study	consisted	
of	2,165	participants	who	were	screened	with	the	LASA	assessment	 in	2005/2006,1,058	of	
whom participated  in the LASA Lifestyle Study.

Eligibility	 criteria	 for	 the	 current	 study	 included	 the	 availability	 of	 data	 on	 cognitive	
functioning,  physical activity and diet. In total, data were available for cognitive functioning 
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and	physical	activity	for	1,900	participants	and	for	cognitive	functioning	and	diet	for	1,028	
participants	(Figure	1).	

The	study	was	approved	by	the	ethical	review	board	of	the	VU	University	Medical	Center	
(Amsterdam,	the	Netherlands),	and	all	participants	provided	informed	consent. 

Figure 1. Flowchart of participation in this study.

Measures

Cognitive functioning

Cognitive	functioning	was	assessed	with	the	MMSE.	The	MMSE	is	a	widely	used	assessment	
tool for evaluating cognitive status among older adults. This reliable and validated tool 
incorporates	20	items,	and	the	possible	scores	range	between	0	and	30,	with	lower	scores	
indicating	 more	 cognitive	 impairment.34-36	 To	 indicate	 poor	 cognitive	 functioning,	 
a	generally	accepted	cut-off	point	of	MMSE	≤	26	was	used.37-40	In	the	analyses	cognitive	
functioning scores were used both dichotomously and continuously.  

Healthy diet

A	 self-administered	 food	 frequency	 questionnaire	 was	 used	 to	 obtain	 quantitative	
information	about	dietary	intake.	A	food	frequency	questionnaire	appears	to	be	a	reasonably	
valid	and	reproducible	tool	to	study	dietary	and	nutrient	intake	in	extensive	epidemiological	
studies.41-44 In this study, the Dutch dietary guidelines were used to define a healthy diet, 
which	is	characterized	by	a	sufficient	intake	of	fruit	(≥200	g/d),	vegetables	(≥200	g/d)	and	
fish	(twice	a	week,	in	which	one	occurrence	is	fatty	fish).30,31 

To determine a healthy diet, the intake of fruit, vegetables and fish was assigned a score 
ranged	 between	 1	 and	 4,	 in	which	 a	 score	 of	 3	was	 equal	 to	 the	Dutch	 guideline	 for	 a	
healthy	diet	(Table	1).	A	comprehensive	healthy	diet	score	was	obtained	by	summing	the	
scores that were assigned to the daily intake of fruit, fish and vegetable. The healthy diet 
score	ranged	from	3	to	12	points,	and	a	score	of	9	and	higher	was	considered	as	adhering	to	
the Dutch dietary guideline. 
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Table 1. Development and distribution of the healthy diet score.

Elements of a healthy diet Score

1 2 3 4

Fruit	(g/day) ≥	0	-	<	100 ≥	100	-	<	200 ≥	200	-	<	250 ≥250

	n	(%) 146	(13.9) 209	(20.0) 191	(18.2) 501	(47.9)

Vegetables	(g/day) ≥0	-	<	100 ≥100	-	<	150 ≥150	-	<	200 ≥200

n	(%) 153	(14.7) 266	(25.6) 228	(21.9) 394	(37.8)

Fish	(times/week) 0 1 2 >	3

n	(%) 324	(30.9) 393	(37.4) 252	(24.0) 81	(7.7)

Physical activity

To	determine	physical	activity,	the	LASA	Physical	Activity	Questionnaire	(LAPAQ)	was	used.	
The	LAPAQ	is	a	valid	and	reliable	instrument	for	assessing	physical	activity	in	older	people.	
The	 questionnaire	 covers	 the	 frequency	 and	 duration	 of	 household	 activities,	 walking	
outside,	gardening,	bicycling,	and	a	maximum	of	two	sport	activities	over	the	previous	two	
weeks.45	The	amount	of	daily	physical	activity	was	calculated	by	multiplying	the	frequency	
and	 duration	 of	 each	 activity	 in	 the	 previous	 two	 weeks	 and	 dividing	 this	 by	 14.	 Only	
moderately-intensive	physical	activities	(≥	3	metabolic	equivalents	(≥3MET))	were	included	
in the calculation of physical activity. 

Using	the	Dutch	norm	for	healthy	physical	activity	for	individuals	aged	55	years	and	older,	
a dichotomous variable of physical activity was created. According to this norm, individuals 
should	engage	 in	moderately-intensive	physical	 activity	 (≥	3	MET)	 at	 least	five	 times	per	
week	for	30	minutes	or	more.46 In this study, the Dutch norm for healthy physical activity 
was	 translated	 into	 a	 daily	 recommendation	 for	 healthy	 physical	 activity	 of	 20	 minutes	 
(five	 x	 30	 minutes=150	 min.	 150:7=21.4	 minutes).	 In	 the	 present	 study,	 physical	 activity	
was	measured	 in	minutes	per	day	and	was	dichotomized	 into	norm-active	(≥	20	minutes	
physically	active	/day)	or	non-active	(	<20	minutes	physically	active/day). 

Potential confounders 

To study potential confounding factors, the following covariates were included in the 
analyses:	sex	 (male/female);	age	(in	years);	education	(low:	no	education	or	 lower	general	
education;	middle:	lower	vocational	education,	intermediate	general	education,	intermediate	
vocational	education;	high:	higher	vocational	education,	higher	general	education,	scientific	
education);	 smoking	 (never,	 former	or	current	smoker);	alcohol	use	 (number	of	drinks	per	
week);	 depressive	 symptoms	 (CES-D	 score;	 high	 depressive	 symptoms:	 CES-D	 score	 ≥16	
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versus	low	:	CES-D	score	<16)47;	reason	for	weight	loss	(for	a	self-reported	history	of	weight	
loss	in	the	past	6	months,	a	distinction	can	be	made	between:	none,	intended,	unintended	
or	 ‘other’	weight	 loss)48;	Body	Mass	 Index	(kg/m2)	based	on	measured	height	and	weight;	
and	Chronic	diseases	(none,	one,	or	more	than	one	of	the	following	chronic	diseases:	chronic	
non-specific	 lung	 disease,	 cardiac	 disease,	 stroke,	 diabetes	 mellitus,	 peripheral	 arterial	
disease,	arthritis,	hypertension,	malignancies	and	other	diseases)  

Statistical analyses

We used descriptive statistics to summarize the characteristics of participants. Categorical 
variables	were	expressed	as	relative	frequencies	and	continuous	variables	were	presented	
as	the	means	±	standard	deviations	(SD).	Differences	in	cognitive	functioning	were	tested	
using	Student’s	t-test	for	independent	samples	with	continuous	data	and	chi-square	tests	
for categorical data.

Linear and logistic regression analyses were used to assess whether physical activity and 
adherence to a healthy diet were independently associated with cognitive functioning. We 
analyzed	two	regression	models:	(1)	a	crude	model	and	(2)	a	model	that	was	adjusted	for	
all	 potential	 confounders:	 age,	 BMI,	 depressive	 symptoms,	 educational	 level	 and	 alcohol	
use. Furthermore, to investigate whether physical activity and healthy diet adherence 
are synergistically associated with cognitive functioning, a product term was computed 
between the dichotomous variables of healthy diet and physical activity. This product term 
was added to the linear and logistic regression models, in which the physical activity and 
healthy	diet	were	also	added	separately.	SPSS	version	16.0	 (SPSS	 Inc,	Chicago,	 Illinois)	was	
used	for	the	statistical	analyses.	The	level	of	statistical	significance	was	established	at	p<0.05.	

Results

The	 baseline	 characteristics	 of	 the	 participants	 are	 shown	 in	 Table	 2.	 Participants	
experiencing	 impaired	 cognition	 were	 generally	 older	 	 (mean	 difference	 -6.44	 year	 ±	
0.5,	 p<.001),	 exhibited	 decreased	 levels	 of	 physical	 activity	 (mean	difference	 17	minutes/ 
day	±	4,	p<0.001),	had	a	lower	educational	level	(p<0.001)	and	had	a	lower	healthy	diet	score	
(mean	 difference	 0.54±0.2,	 p=0.002).	 Patients	with	 impaired	 cognitive	 functioning	 had	 a	
lower	intake	of	vegetables	(mean	difference	24	g±	8.2,	p=0.004),	more	frequent	depressive	
symptoms	 (p<0.001),	 higher	 alcohol	 intake	 (mean	 difference	 2.1	 drinks	 per	 week	 ±	 0.5,	
p<0.001)	and	more	frequent	weight	loss	(p<0.001).

Physical activity and cognitive functioning

Approximately	80%	of	the	participants	met	the	Dutch	guideline	for	healthy	physical	activity.	
The	median	time	spent	performing	physical	activities	was	55.7	(interquartile	range	(IQR)=	
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71.7)	minutes	per	day.	Univariate	regression	analysis	demonstrated	that	increased	physical	
activity	 (min/d)	 was	 associated	 with	 improved	 cognitive	 functioning	 	 (p<0.001).	 After	
adjusting	 for	 confounders,	 the	association	was	no	 longer	 statistically	 significant	 (p=0.60).		
Furthermore, adherence to the Dutch guideline for healthy physical activity was associated 
with	 better	 cognitive	 functioning	 (crude:	 p<0.001,	 adjusted:	 p=0.017)	 (Table	 3).	 In	 Table	
4,	 the	 results	 of	 the	 logistic	 regression	 analyses	 are	 shown.	Univariate	 logistic	 regression	
analysis	 shows	 a	 significant	 association	 between	 increased	 physical	 activity	 (min/d)	 and	
good	cognitive	functioning	(OR=1.004,	p<0.001).	No	significant	association	was	found	after	
adjusting	for	confounders	(OR=1.000,	p=0.684).	Adherence	to	the	Dutch	guideline	for	healthy	
physical	activity	was	associated	with	better	cognitive	functioning	(OR=2.545	p<001).	After	
adjusting	for	confounders,	this	association	was	no	longer	significant	(OR=1.240	p=0.163).	

Healthy diet and cognitive functioning 

Table	4	indicates	the	distribution	of	the	scores	that	describe	to	the	intake	of	fruit,	vegetables	
and	fish.	Cumulatively,	66.1%	of	participants	met	the	Dutch	recommendation	for	daily	fruit	
intake.	The	majority	of	participants	(47.9%)	reported	that	their	fruit	consumption	was	>250	
grams	per	day.	Furthermore,	the	guideline	for	vegetable	intake	was	fulfilled	in	59.7%	of	the	
participants.	The	Dutch	recommendation	for	fish	intake	was	met	in	31.7%	of	the	participants.	
Univariate regression analysis showed that a higher healthy diet score was associated 
with	 better	 cognitive	 functioning	 (p<0.001).	 After	 adjusting	 for	 confounding	 factors,	 the	
association	 remained	statistically	 significant	 (p=0.005).	Adherence	 to	 the	Dutch	guideline	
for	a	healthy	diet	 (yes/no)	was	associated	with	 improved	cognitive	 functioning	 (p<0.001).	
After adjusting for confounding factors, this association remained statistically significant 
(p=0.008)	(Table	3).	Logistic	regression	analyses	showed	that	higher	healthy	diet	scores	were	
associated	with	good	cognitive	functioning	(OR=1.155,	p<0.001).	This	association	remained	
significant	 after	 adjustment	 for	 confounding	 factors	 (OR=1.128,	 p=0.004).	 Furthermore,	
adherence	 to	 the	 Dutch	 guideline	 for	 a	 healthy	 diet	 (yes/no)	was	 associated	with	 good	
cognitive	functioning	(crude:OR=1.766,	p=0.002,	adjusted:	OR=1.591,	p=0.017)	(Table	4).	

Synergistic association among physical activity, healthy diet and cognitive functioning

Linear regression analyses showed no synergistic association of physical activity and healthy 
diet	adherence	with	cognitive	functioning	(p-value	interaction	term	0.122).	After	adjusting	
for	confounding	factors	by	educational	 level,	age,	BMI,	depressive	symptoms	and	alcohol	
use,	the	association	remained	insignificant	(p=0.073)	(Table	3).	Additionally,	no	interaction	
effect was observed among healthy diet adherence, healthy physical activity and good 
cognitive	functioning	(crude:	p-value	interaction	term=0.216,	adjusted:	p-value	interaction	
term=0.401)	(Table	4).	
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Table 2. Characteristics	of	the	LASA	participants	stratified	by	cognitive	functioning	(n=2165).

Characteristic 
(n of missings) All

              Cognitive functioning

p- valueGood Impaired

Age in years 72.15	(9.62) 69.59	(8.26) 76.03	(9.99) <0.001

Sex
  female
  male

1221	(56.4)
944	(43.6) 

797	(55.8)
632	(44.2)

256	(53.4)
223	(46.6)

0.375

BMI	(n=381) 27.53	(4.32) 27.44	(4.21) 27.85	(4.65) 0.108

MMSE	(n=257) 27.29	(3.09) 28.58	(1.01) 23.43	(3.89) <0.001

Physical	activity	in	min/day	(n=265) 55.71	(71.71) 60.00	(70.71) 38.57	(73.93) <0.001

Physically active*

		Non-active
		Norm-active

388	(20.4)
1512	(79.6)

232	(59.8)
1196	(79.1)

156	(40.2)
316	(20.9)

<0.005

Fruit	intake,	in	g/day	(n=1074) 250.55	(143.94) 248.20	(138.24) 264.39	(173.67) 0.276

Vegetable	intake,	in	g/day	(n=1124) 180.11	(94.26) 183.62	(91.78) 159.73	(105.55) 0.004

Fish intake, in times per week (n=1115) 2.39	(0.63) 2.41	(0.63) 2.32	(0.61) 0.087

Healthy diet score**(n=1083) 7.83	(2.16) 7.93	(2.12) 7.25	(2.29) 0.001

Dutch guideline for a healthy diet 
compliance***	(n=1108)
  yes
  no

434	(41.1)
623	(58.9)

47	(10.8)
110	(17.7)

387	(89.2)
513	(82.3)

0.005

Educational	level
  low
  middle
  high

1098	(50.7)
699	(32.3)
368	(17.0)

595	(41.6)
530	(37.1)
304	(21.3)

338	(70.6)
103	(21.5)
38	(7.9)

<0.001

Smoking status (n=361)
  no smoker
  former smoker
  current smoker

569	(31.5)
924	(51.2)
311	(17.2)

409	(28.6)
717	(50.2)
242	(16.9)

160	(36.7)
207	(47.5)
69	(15.8)

0.029

Chronic	disease	(n=116)
  none
  one
  more than one

320	(15.6)
563	(27.5)
1166	(56.9)

245	(17.1)
398	(27.9)
786	(55.0)

54	(11.3)
130	(27.2)
294	(61.4)

0.005

Depressive	symptoms	(n=257) 
  yes 
  no

289	(15.1)
1619	(84.9)

185	(12.9)
1244	(87.1)

104	(21.7)
375	(78.3)

<0.001

Alcohol	intake,	in	drinks/week	(n=360) 7.00	(9.63) 7.50	(9.75) 5.44	(9.10) <0.001

Weight	loss	(n=361)
  no
  voluntary
  involuntary
  eating less or different  

1475	(81.7)
137	(7.6)
179	(9.9)
13	(0.8)

1134	(82.8)
117	(8.5)
109	(8.0)
9	(0.7)

341	(78.2)
20	(4.6)
70	(16.1)
4	(0.9)

<0.001

Data	are	presented	as	N	(%)	or	mean	(SD)	unless	otherwise	stated.	Good	cognitive	functioning=MMSE	score	of	≥27	
*according	to	the	Dutch	guideline	for	healthy	physical	activity,	non-active	category=<20	min/day	physically	active;	norm-active	≥	
20	min/day	physically	active	**Healthy	diet	score	ranges	from	1-12	***Healthy	diet	score≥	9	points.
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Table 3. Linear	 regression	analyses	between	 (the	 interaction	of)	healthy	diet,	physical	 activity	 and	
cognitive functioning.

Unadjusted model
Beta	(Standard	Error)

Adjusted modela

Beta	(Standard	Error)

Physical activity
		Continuously	analyzed		(min/day)
		Dichotomous	analyzed		(sufficient	≥	20min/day)

0.005	(0.001)**
1.537	(0.153)**

0.000	(0.001)
0.361	(0.151)*

Healthy diet score
		Continuously	analyzed	(1-12)
		Dichotomous	analyzed	(healthy	≥	9	points)

0.079	(0.021)**
0.316	(0.094)**

0.059	(0.021)*
0.245	(0.093)*

Interaction physical activity and healthy diet
  Dichotomous analyzed -0.498	(0.322) -0.567	(0.316)

a adjusted	for	age,	BMI,	depressive	symptoms,	educational	level,	and	alcohol	use.	*p-value	<0.05	**	p-value	<0.001

Table 4.	Logistic	regression	analyses	between	(the	interaction	of)	healthy	diet,	physical	activity	and	
good cognitive functioninga 

Unadjusted model Adjusted modelb

Beta	 
(Standard	
Error)

Odds ratio  
(95%CI)

Beta	 
(Standard	
Error)

Odds ratio 
(95%CI)

Physical activity
		Continuously	analyzed	(min/day)

		Dichotomous	analyzed	(sufficient	≥	20min/day)

0.004	 
(0.001)**

0.934 
(	0.121)**

1.004	 
(1.002-1.006)

2.545	 
(2.006-3.228)

0.000	 
(0.001)

0.215	 
(0.154)

1.000	 
(0.998-1.001)

1.240	 
(0.917-1.678)

Healthy diet score
		Continuously	analyzed	(1-12)

		Dichotomous	analyzed	(healthy	≥	9	points)

0.144	 
(0.040)**

0.568	 
(0.187)*

1.155	 
(1.069-1.249)

1.766	 
(1.224-2.546)

0.121	 
(0.042)*

0.464	 
(0.194)*

1.128	 
(1.039-1.225)

1.591	 
(1.087-2.329)

Interaction physical activity and healthy diet

  Dichotomous analyzed -0.580	 
(0.692)

0.560	 
(0.144-2.171)

-1.017 
(0.822)

0.361	 
(0.072-1.809)

a Good	cognitive	functioning=MMSE	score	of	≥27	 b adjusted	for	age,	BMI,	depressive	symptoms,	educational	level,	and	alcohol	use.	
*p-value	<.05	**	p-value	<.001
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Discussion

The	 results	 of	 our	 study	 indicate	 that	 a	 healthy	 diet	 and	 sufficient	 physical	 activity	 are	
independently associated with improved cognitive functioning. However, we did not find 
an	interaction	effect	between	adherence	to	a	healthy	diet	and	sufficient	physical	activity	on	
cognitive functioning. 

To the best of our knowledge only one previous study has investigated the synergistic 
effect of physical activity and diet with cognitive functioning . That prospective cohort 
study	 included	 1,880	 community-dwelling	 older	 people	 with	 a	 mean	 age	 of	 77.2	 years	
(SD=6.6).	In	that	study	both	an	additive	effect	(HR=	0.60,	p	for	trend	0.007)	and	an	interaction	
effect	 (HR=0.65,	 p	 for	 trend	 0.03)	were	 identified	between	high	 engagement	 in	 physical	
activities	 and	high	Mediterranean	diet	 scores	on	Alzheimer	disease	 risk.11	Our study does 
not	 support	 these	 conclusions.	 Significant	methodological	 differences	 could	 explain	 the	
discrepancies between the previous study and our study. First, in our study a healthy diet 
was defined as a diet that is rich in vegetable, fruit and fish, whereas the previous study 
utilized	a	Mediterranean	diet	 score.	 Besides	 including	 intake	of	 fruit,	 fish	 and	vegetables,	
this	Mediterranean	 diet	 score	 also	 includes	 other	 components,	 such	 as	 a	 high	 intake	 of	
seeds	and	nuts	and	a	low	intake	of	saturated	fat	and	red	meat	Because	the	combination	of	
B-vitamins,	antioxidants	and	monounsaturated	fatty	acids	act	to	protect	against	cognitive	
impairment,6 the interaction effect may be the result of accounting for a combination of 
these elements. Second, differences in the study sample might also have played a role in the 
different study outcomes. In the current study, dietary data were used from the LASA Lifestyle 
study.	Eligibility	criteria	to	participate	in	the	LASA	Lifestyle	study	were:	MMSE	score	of		≥24,	
age	<80	years	old	and	living	independently.	These	eligibility	criteria	led	to	the	inclusion	of	
both cognitive healthy subjects and subjects with mild cognitive impairment. This might 
explain	why	we	 failed	 to	 observe	 an	 interaction	 effect	 between	 adherence	 to	 a	 healthy	
diet	and	sufficient	physical	activity	on	cognitive	functioning.	Furthermore,	differences	in	the	
operationalization of cognitive functioning and the assessment of physical activity might 
also	 explain	 the	 different	 study	 outcomes.	 In	 the	 previous	 study,	 cognitive	 functioning	
was assessed by using standardized neurological and neuropsychological measures, such 
as	 neuropsychological	 tests	 and	medical	 imaging	 (e.g.	 computed	 tomography	 scans).	 In	
the	current	 study,	however,	 cognitive	 functioning	was	assessed	by	 the	MMSE.	This	could	
possibly	 explain	 the	different	outcomes.	What	 also	 could	 explain	 the	different	outcomes	
is the assessment of physical activity. In the previous study physical activity was assessed 
using	two	types	of	self-administered	physical	activity	questionnaires.	These	questionnaires	
only	inquires	about	leisure	time	physical	activities.	Therefore,	this	difference		might	also	have	
led to discrepancies between the studies in the estimation of physical activity.
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Though	 we	 did	 not	 find	 an	 interaction	 effect	 among	 sufficient	 physical	 activity,	 healthy	
diet adherence and cognitive functioning, we did find that adherence to a healthy diet is 
associated with improved cognitive functioning. Our results are in accordance with previous 
findings. Several prospective cohort studies have reported that the intake of fish,22,49-52 and 
fruits and vegetables19-21,53 may decrease the risk of dementia and cognitive decline. Whereas 
previous studies regarding the role of diet on cognitive functioning have primarily focused 
on	 the	 Mediterranean	 diet,	 this	 study	 investigated	 the	 role	 of	 a	 diet	 that	 is	 rich	 in	 fruit,	
vegetables and fish on cognitive functioning. The results of our study indicate that good 
cognitive functioning can be maintained by an ample intake of fruit, vegetables and fish. 

Furthermore,	 we	 determined	 an	 association	 between	 sufficient	 physical	 activity	 
(≥20	 minutes/day)	 and	 better	 cognitive	 functioning.	 However,	 no	 association	 between	
physical	 activity	 (continuous	 scale)	 and	 cognitive	 functioning	 was	 found.	 Although	 the	
dichotomization of a continuous variable could possibly have led  have led to a loss of 
information,54 dichotomizing physical activity allowed us to investigate whether adherence 
to the Dutch guideline for physical activity is associated with good cognitive functioning. 
The findings of the current study are consistent with previous studies. In intervention studies, 
it	has	been	suggested	that	aerobic	exercise	training	and	engagement	in	physical	activities	
might improve mental and physical health.13,55 Furthermore, moderate physical activity 
(defined	as	being	physically	active	≥	3	times	per	week)	is	associated	with	a	decreased	risk	of	
cognitive impairment and dementia.56

In our study, the Dutch guideline for fruit, vegetables and fish was transformed into a healthy 
diet score. Utilizing the data of the LASA Lifestyle study, we were primarily interested in the 
food products fruit, vegetable and fish only, as the intake of fruit and vegetables19-21,53, and 
fish22,49-52 is associated with cognitive functioning. The healthy diet score partially overlaps 
with	well-known	methods	 like	 the	Healthy	 Eating	 Index-2010	 (HEI-2010),	 DASH,	 DQI,	 and	
HDI,57-59 however these scores also include the intake of e.g. saturated fat, nuts and fibers. 
Although	 the	 healthy	 diet	 score	 partially	 overlaps	 with	 these	 diet	 quality	 indices,	 the	
healthy diet score is not validated and is restricted to the intake of fruit, vegetables and fish. 
Therefore,	future	research	is	required	to	determine	whether	this	score	is	a	valid	method	to	
assess	diet	quality.

In	our	study,	we	defined	a	healthy	diet	as	having	a	score	of		≥	9	points.	Participants	with	ample	
fruit	and	vegetable	intake	(total	of	8	points)	could	compensate	for	their	 lack	of	fish	intake	 
(1	point)	and	still	be	categorized	as	healthy	eaters.	This	may	have	led	to	an	underestimation	
of the actual association between adherence to a healthy diet and cognitive functioning, 
as fish intake has been previously shown to be associated with cognitive functioning.22,50-52 
Furthermore, although we used a valid instrument to assess cognitive functioning in older 
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people, the participants did not undergo a clinical assessment for cognitive functioning 
and	decline.	Because	the	MMSE	has	several	limitations,	including	the	test-retest	effect	and	
the role of demographic factors and verbal response skills in the final score34, it might not 
be as accurate as a clinical assessment for cognitive functioning. Nevertheless, the distinct 
advantages of this study include its reliance on a representative sample of older adults in 
the Netherlands, its substantial sample size and its use of assessment tools that have been 
widely used and validated in previous studies.

In conclusion, our study indicates that there is no interaction effect between adherence 
to a healthy diet and physical activity on cognitive functioning.  However, we did find 
independent	 associations	 among	 adherence	 to	 a	 healthy	diet,	 sufficient	physical	 activity	
and cognitive functioning.  Future research should clarify whether physical activity and 
adherence	to	a	healthy	diet	are	 (synergistically)	associated	with	cognitive	 functioning,	by	
using	comprehensive	direct	measurement	 instruments	 to	examine	both	physical	 activity	
and adherence to a healthy diet. 
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Summary of main findings

This	thesis	determined	the	value	of	ultrasound	to	quantify	muscles	 (Chapters	2,	3,	and	4),	
evaluated	methods	to	assess	malnutrition	(Chapter	5),	and	determined	the	impact	of	diet	
and	physical	activity	in	relation	to	physical	and	psychological	frailty	(Chapters	6	and	7). 

One specific objective of this thesis was to determine the validity and reliability of 
ultrasound	 to	 quantify	muscles.	 For	 this	 purpose,	 a	 systematic	 review	was	 conducted	 in	
which	 the	 validity	 and	 reliability	 of	 ultrasound	 to	 quantify	 muscles	 in	 older	 adults	 was	
evaluated	(Chapter	2).	A	total	of	17	studies	were	included	in	the	systematic	review,	of	which	
13	 studies	 reported	 on	 the	 reliability	 and	 eight	 studies	 on	 the	 validity	 of	 ultrasound	 to	
quantify	muscles.	These	studies	evaluated	thickness,	cross-sectional	area,	and/or	volume,	of	
mostly	thigh	muscles.	Two	studies	examined	the	validity	of	ultrasound-derived	prediction	
equations.	 This	 systematic	 review	 showed	 that	 ultrasound	 is	 a	 reliable	 and	 valid	 tool	 for	
the assessment of muscle size in older adults. Nevertheless, most of the included reliability 
studies in the systematic review focused on the interpretation of ultrasound images instead 
of	 assessing	 the	 complete	 ultrasound	 procedure.	 Therefore,	 in	 Chapter	 3,	 the	 test-retest	
reliability and validity of ultrasound, using different transducers and methods for estimating 
rectus	 femoris	 size	 (thickness	and	cross-sectional	area)	and	echo	 intensity	was	evaluated.	
Ultrasound images of the rectus femoris were obtained with both a linear and curved array 
transducer	and	were	validated	against	MRI.	The	results	showed	that	the	test-retest	reliability	
and validity for estimating muscle size is good for both transducers. For echo intensity, 
reliability was moderate, and therefore further work needs to be done to establish whether 
ultrasound can be used to evaluate echo intensity.  

To gain insight into the relationship between peripheral muscle size and whole body muscle 
mass	 and	muscle	 function,	 an	 exploratory	 study	 in	 patients	 with	 COPD	was	 performed	
(Chapter	 4).	 Impaired	muscle	 function	 is	 a	 characteristic	 feature	 of	 COPD,	 and	 therefore	
the assessment of muscle mass and function are essential. In this study, the correlations 
between	 rectus	 femoris	 muscle	 size	 and	 fat-free	 mass	 index	 measured	 by	 bioelectrical	
impedance analysis, and muscle function assessed by handgrip strength and the five times 
sit	to	stand	test	were	explored.	Furthermore,	the	correlation	between	rectus	femoris	size	and	
maximal	exercise	capacity	measured	by	the	 Incremental	Shuttle	Walk	Test	was	evaluated.	
This	exploratory	study	shows	that	in	patients	with	COPD,	rectus	femoris	size	is	moderately	
correlated	with	(whole	body)	fat	free	mass	and	handgrip	strength.	Furthermore,	this	study	
suggests	 that	muscle	 size	 is	 not	 correlated	with	 the	 five	 times	 sit	 to	 stand	 test	 (muscle	
function)	and	maximal	exercise	capacity.	Therefore,	future	studies	should	focus	on	the	role	
of ultrasound in evaluating nutritional status. 
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To	adequately	diagnose	malnutrition,	the	criteria	that	are	used	for	evaluating	it	need	to	cover	
the	definition	of	malnutrition.	Therefore,	in	Chapter	5, a systematic review was conducted, in 
order to provide an overview of assessment methods of malnutrition in patients with cancer. 
Furthermore, the content validity of these methods was evaluated. This study showed that a 
large number of methods is used to assess malnutrition in patients with cancer. The content 
validity of these methods was variable and below acceptable levels when comparing with 
internationally accepted definitions of malnutrition. To increase the content validity of 
malnutrition assessment methods, items with regard to body composition and function 
should be included. 

In	 the	 study	described	 in	Chapter	6,	 the	prevalence	of	 low	protein	 intake	 in	older	 adults	
living in a deprived neighborhood was evaluated. In addition, correlations between 
dietary	protein	 intake,	muscle	mass,	 and	physical	 function	over	 time	were	explored.	 This	
study shows that protein intake remained stable over one year, and that protein intake was 
not associated with muscle mass and physical function. The large majority of the studied 
population complied with the Dutch protein recommendation for adults.

However, when applying a recommendation specifically aimed at older adults, low dietary 
protein	 intake	 was	 present	 in	 half	 of	 the	 studied	 population.	 In	 this	 one	 year	 follow-
up	 study,	we	determined	 a	decline	 in	muscle	mass	of	 3.2%.	 This	 loss	of	muscle	mass,	 in	
combination with the high prevalence of low protein intake suggests that this sample of 
community-dwelling	 older	 adults	 are	 at	 risk	 for	 developing	 nutrition-related	 conditions	
such as sarcopenia, malnutrition, and physical frailty. Therefore, further studies should focus 
on	strategies	for	improving	protein	intake	in	community-dwelling	older	adults.

It is well known that a low intake of protein is associated with an increased risk for physical 
frailty.	Since	a	healthy	diet	consists	of	a	complex	combination	of	nutrients	rather	than	isolated	
nutrients,	 it	 is	 difficult	 to	 assess	 the	 independent	 health	 effects	 of	 nutrients.	 Therefore,	
in	 Chapter	 7,	 the	 synergistic	 association	 between	 adhering	 to	 a	 healthy	 diet	 and	 being	
physically active and cognitive functioning in older adults was studied. We showed that 
both adhering to a healthy diet and being physically active are independently associated 
with improved cognitive functioning. However, they were not synergistically associated 
with cognitive functioning.  
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Interpretation of main findings

Muscle size versus muscle mass

Initially, low muscle mass was considered to be a key characteristic of sarcopenia.1,2 However, 
in	the	revised	consensus	definition	of	the	European	Working	Group	on	Sarcopenia	in	Older	
Adults	(EWGSOP2),	low	muscle	strength	rather	than	low	muscle	mass	is	considered	as	a	key	
characteristic of sarcopenia.3 Two factors have been contributed to this shift. First, a growing 
body of literature recognizes that low muscle strength is better in predicting adverse 
outcomes such as falls, disability and mortality.3-5 Second, the assessment of muscle mass 
might	not	be	 feasible	 in	daily	practice	due	 to	 technical	difficulties.6-8 Therefore, the shift 
from a focus on muscle mass to the focus on strength should facilitate early recognition 
of sarcopenia in daily practice. Nevertheless, the assessment of muscle mass still plays an 
important	 role	 in	 identifying	 sarcopenia.	 According	 to	 the	 revised	 EWGSOP	 definition,	
sarcopenia is present if both muscle mass and strength are low. When these two constructs 
lead to low physical performance, sarcopenia is considered severe.3	The	quantification	of	
muscle mass is not only a step in the diagnosis of sarcopenia. The Global Leadership Initiative 
on	Malnutrition	 (GLIM)	 recently	 proposed	 a	 set	 of	 criteria	 for	 diagnosing	malnutrition	 in	
adults	 in	 clinical	 settings.	 Within	 these	 GLIM	 criteria,	 the	 assessment	 of	 muscle	 mass	 is	
considered to be an important step in the diagnosis of malnutrition.9 

Both	consensus	groups	recommend	the	use	of	dual	energy	X-ray	absorptiometry	(DXA)	or	
bioelectrical	 impedance	analysis	(BIA)	for	the	assessment	of	muscle	mass.	DXA	is	a	widely	
used	method	for	the	assessment	of	lean	body	mass	(of	which	muscle	mass	is	a	major	part),	
and is proposed as a reference standard.7 A disadvantage of DXA is that it is not portable, 
and therefore not feasible for use in everyday practice. Another disadvantage of DXA is the 
unclear mathematical algorithm used by the manufacturers for the prediction of lean body 
mass.	Therefore,	Scafoglieri	and	Clarys	(2018)	conclude	in	their	response	letter	that	yet	it	is	
too early to propose DXA as a reference standard.10	BIA,	on	the	other	hand,	is	portable	and	
widely	available.	A	drawback	of	 this	 technique	 is	 that	 it	estimates	 fat-free	mass	based	on	
the	electrical	conductivity	of	fluid-rich	compartments	(such	as	muscles),	rather	than	direct	
measurement	of	muscles.	 Furthermore,	 the	validity	of	BIA	 is	dependent	on	 the	equation	
that is used and can be influenced by hydration status.11 

Within	 the	 EWGSOP2	 definition	 of	 sarcopenia,	 also	 alternative	 tools	 for	 the	 evaluation	
of muscle mass are described.3 One of the alternative tools that has been described is 
ultrasound, and the findings of this thesis suggest that ultrasound is a valid and reliable 
tool	 for	 the	assessment	of	muscle	 size	 (Chapters	2	and	3).	Nevertheless,	 to	estimate	 total	
muscle	mass	by	ultrasound,	more	 research	 focusing	on	the	validity	of	 these	equations	 in	
different populations is needed. Therefore, in the current operational criteria of sarcopenia 
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of	the	EWGSOP2,	ultrasound	is	not	included.	Since	it	has	been	shown	that	the	loss	of	muscle	
mass is not uniform across all muscles, it is of great value to evaluate peripheral muscles.12 
In	general,	the	loss	of	muscle	mass	of	the	lower	 limbs	usually	 is	mainly	a	consequence	of	
inactivity whereas the loss of muscle mass in the upper limbs is more prone to nutritional 
depletion.13	Evaluating	peripheral	muscle	size	facilitates	targeted	interventions	based	on	the	
affected body region. Therefore, a paradigm shift from the total muscle mass to peripheral 
muscle	size	is	suggested	in	Chapter	2b.	To	apply	this	paradigm	shift,	normative	data	need	
to be available. A first step for normative data for muscle thickness has been proposed in 
a study of Arts et al.14 In this study, healthy volunteers from different age groups living in 
a	Western	European	country	were	included.	The	thickness	of	five	different	muscle	groups	
was assessed in both the upper and lower limbs. To date, no normative data of muscle 
cross-sectional	area	are	available.	As	this	parameter	is	less	operator	dependent	than	muscle	
thickness	 (Chapter	3),	and	therefore	a	better	parameter	 for	 the	estimation	of	muscle	size,	
normative data of a heterogeneous population of this parameter are needed. 

Muscle ultrasound in daily practice 

Need for a standardized protocol

Recently, a review for evaluating appendicular muscles in older adults has been published. 
This review provides an overview of the different measurement procedures and, based 
on this overview, offers a standardized way for the assessment of appendicular muscles 
in older adults.15 The proposed standardized way consists of four steps, starting with the 
positioning of the subject before scanning, followed by the measurement procedure. 
One	part	of	the	measurement	procedure	is	the	selection	of	the	type	of	parameters	(or	so	
called	components).	Within	this	thesis,	the	validity	and	reliability	for	the	estimation	of	three	
parameters	was	evaluated,	namely	 thickness,	CSA,	and	echo	 intensity	 (Chapters	2	and	3).	
Nevertheless, as shown by Perkisas, et al., ultrasound can also be used to evaluate pennation 
angle and fascicle length. Pennation angle has been defined as the angle of insertion of 
muscle fiber fascicles into deep aponeurosis.16 This angle is closely related to the capacity 
of the muscle to generate force and, therefore, is considered to be a measure of muscle 
quality.16,17	Also	fascicle	length	(i.e.,	the	length	of	the	fascicular	path	between	insertions	of	
the fascicle into the superficial and deep aponeurosis15)	 is	associated	with	muscle	quality	
since	it	 is	proportional	to	the	extensibility	and	contractility	of	the	muscle.16,18 In summary, 
different types of ultrasound parameters can be used, however, before ultrasound can be 
used in daily practice for the assessment of sarcopenia and malnutrition, reference values 
and	cut-off	points	for	the	diagnosis	of	these	nutrition(-related)	disorders	are	needed.	
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The role of the ultrasonographer

A	repeatedly	reported	disadvantage	of	(muscle)	ultrasound	is	the	role	of	the	ultrasonographer	
or rater. Indeed, the rater plays a crucial role in the entire ultrasound procedure, unlike other 
methods	 such	 as	 BIA.	 In	 both	 research	 settings	 and	 daily	 practice,	muscle	 ultrasound	 is	
performed by different professionals such as radiologists, radiographers, physical therapists 
and	 dietitians.	 In	 this	 thesis,	 both	 a	 radiographer	 (Chapter	 3) and	 dietitians	 (Chapter	 4) 
conducted the scans. In a pilot study in Portuguese nursing home residents, different 
aspects	of	inter-rater	reliability	were	studied.	This	pilot	study	suggests	that	the	agreement	
for performing the complete ultrasound procedure between two dietitians trained in 
muscle ultrasound for the estimation of  biceps thickness in older adults was moderate to 
good. In addition, the agreement for the interpretation of ultrasound images between the 
dietitians	and	a	radiographer	with	three	years	research	experience	in	muscle	ultrasound	was	
good	to	excellent.	This	pilot	suggests	that	the	agreement	between	different	raters	is	good	
and additional training may further improve the reliability of ultrasound.19 

In	 the	 systematic	 review	described	 in	 Chapter	 2,	 four	 studies	 focusing	 on	 the	 inter-rater	
reliability of ultrasound for the assessment of muscle size were included.20-23	Remarkably, 
two	of	these	studies	did	not	report	information	with	regard	to	the	background,	experience,	
or training of the raters.20,23 This is remarkable, because these studies were primarily aimed 
at	 investigating	 the	 inter-rater	 reliability,	 hence,	 detailed	 information	 with	 regard	 to	 for	
example	 background	 and	 experience	 is	 essential	 for	 the	 interpretation	 of	 the	 results.	 In	
contrast, in the study of Cho, et al., this information is well described and, therefore, might 
serve	as	an	example	for	future	publications	about	the	inter-rater	reliability	of	ultrasound.22 

Training in muscle ultrasound

Primarily,	 radiographers	 (in	 Dutch:	 Medisch	 Beeldvormings-	 en	 Bestralingsdeskundige)	
can	be	considered	as	experts	 in	the	field	of	performing	ultrasound	scans.	During	the	first	
and	second	year	of	the	bachelor’s	programme	of	Medical	Imaging	and	Radiation	Therapy,	
the students are introduced in the physics behind ultrasound and trained in performing 
ultrasound scans. This allows the radiographers to adjust system settings in order to 
optimize	image	quality.	During	the	programme,	the	students	can	choose	a	specialization	in	
ultrasound. Nevertheless, musculoskeletal ultrasound is only a small part of the programme 
of	 Medical	 Imaging	 and	 Radiation	 Therapy.	 Furthermore,	 at	 this	 time,	 radiographers	 are	
primarily employed in hospitals and limited in the primary care. Therefore, from a technical 
perspective, radiographers are best trained to perform ultrasound scans. From a more 
practical perspective, however, other professionals might be better suited to perform 
muscle	ultrasound.	As	experts	in	movement	and	exercise,	who	are	provided	with	in-depth	
anatomy training, physical therapists might play an important role in the assessment of 
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muscles.	Furthermore,	physical	therapists	already	use	ultrasound	as	a	diagnostic	technique	
particularly in sports medicine and, therefore, might also be interested in utilizing this 
technique	for	the	quantification	of	muscles.23	Dietitians	are	experts	in	the	field	of	nutrition	
and body composition and, therefore, they also might be interested in the use of ultrasound 
for evaluating body composition.   

In brief, radiographers, physical therapists, and dietitians can learn much from each other’s 
expertise,	and	interprofessional	collaboration	between	these	professionals	will	help	facilitate	
improved healthcare. Therefore, an interprofessional collaboration must be embedded 
in	 the	different	 Bachelor’s	 programmes.	 To	 achieve	 this,	 joint	 interprofessional	 education	
should	be	offered.	For	example,	a	body	composition	module	could	be	developed	in	which	
students from different study programmes participate. In addition, training courses for the 
evaluation	of	muscles	for	professionals	in	primary	care,	for	example,	physical	therapists	and	
dietitians, is needed to improve knowledge and skills regarding muscle ultrasound. 

Prevention of frailty: the role of a healthy diet 

Identifying	physical	frailty	is	important;	its	prevention	and	early	treatment	might	be	of	even	
greater importance. Adherence to a healthy diet can play an important role for the prevention 
of	frailty.	For	example,	in	Chapter	7,	it	is	shown	that	adherence	to	a	healthy	diet	(i.e.,	sufficient	
intake	of	 fruit,	 vegetables,	 and	fish)	 is	 associated	with	good	cognitive	 functioning.	Other	
studies	also	show	that	a	healthy	dietary	pattern,	such	as	the	Mediterranean	diet,	is	linked	to	
frailty prevention.25,26	However,	in	practice,	it	can	be	difficult	for	older	adults	to	adhere	to	a	
healthy	eating	pattern.	For	example,	nutrition	impact	symptoms	such	as	loss	of	appetite,	dry	
mouth,	and	swallowing	problems	may	hinder	sufficient	dietary	intake.27 Not only physical 
but also psychosocial factors such as the loss of a family member and loneliness might lead 
to a decreased intake.28,29 Decreased intake may lead to malnutrition,30 and thus, screening 
for	malnutrition	in	community-dwelling	older	adults	is	important.	Healthcare	professionals	
could play an important role in preventing and recognizing malnutrition and should be 
aware of their role within this process. Above all, older adults should understand the 
relevance of a healthy diet. 

Informing	older	adults	(and	their	family	care	givers)	helps	them	to	recognize	and	become	
aware	that	a	healthy	diet	helps	to	prevent	or	delay	the	onset	of	nutrition-related	disorders	
such as malnutrition and sarcopenia. 
Initiatives such as the website ‘https://www.goedgevoedouderworden.nl’ might help to 
create awareness and should be further developed and promoted.
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Methodological considerations

Causal interpretation was limited in this thesis, as the results were all based on observational 
studies,	 mostly	 with	 cross-sectional	 designs.	 Therefore,	 it	 remains	 unclear	 whether	 low	
muscle	size	was	a	cause	or	consequence	of	(whole	body)	fat-free	mass	or	muscle	function	
in	Chapter	4.	Moreover,	 the	observed	associations	 in	Chapter	7	between	adherence	 to	 a	
healthy	 diet	 and	 being	 physically	 active	 could	 be	 a	 cause	 or	 consequence	 of	 cognitive	
functioning. Furthermore, observational studies are prone to unmeasured confounding. 
This	 type	 of	 bias	 should	 especially	 be	 considered	 in	 Chapter	 6,	 as	 unmeasured	 factors	
such as physical activity, malnutrition and social economic status could have affected the 
correlations between protein intake, muscle mass, and physical function. 

Another important methodological consideration is the healthy diet score, that was 
developed	 in	 Chapter	 7	 to	 assess	 diet	 quality	 in	 community-dwelling	 older	 adults.	 This	
predefined score includes the intake of fruit, vegetables, and fish and is based on the Dutch 
dietary	guideline.	Although	the	healthy	diet	score	partially	overlaps	with	well-known	diet	
quality	scores	such	as	the	Healthy	Diet	Indicator,31 and the Diet	Quality	Index,32 it provides a 
global	overview	of	the	diet	quality.	It	has	been	suggested	that	there	are	several	key	issues	in	
the	construction	of	diet	quality	scores. The choice of the components to include in the score, 
is one of these key issues.33	The	consumption	of,	 for	example,	dairy	and	meat,	fibers,	and	
alcohol is not included within the healthy diet score, although these variables may have an 
impact on the association between diet, physical activity, and cognition.34,35 Furthermore, 
the healthy diet score was not adjusted for energy intake which is also considered to be a 
key	component	 in	 the	construction	of	a	diet	quality	 score.33 Individuals with higher total 
consumption will more easily meet the dietary guidelines and, as a result, will be assigned a 
higher	healthy	diet	score.	This	might	have	led	to	an	overestimation	of	the	diet	quality	in	our	
studied population. Nonetheless, despite the limitations of the constructed score, we were 
able to find associations between adhering to a healthy diet and cognitive functioning. 

Additionally, a heterogeneous study population consisting of participants from different 
age categories and with different health status’ would have provided more insight in the 
validity	and	reliability	of	ultrasound	(Chapter	3).	Within	this	study,	only	14	healthy	adults	were	
included. Therefore, generalizations towards other populations are debatable. Nevertheless, 
it has been shown that muscle size is associated with ageing.14,36	For	example,	the	size	of	
the	rectus	 femoris	 is	bigger	 in	adults	at	 the	ages	of	20	to	40,	compared	to	older	adults.14 
Chapter	3	showed	that	the	validity	and	reliability	of	ultrasound	is	good	for	estimating	rectus	
femoris	 size	 in	a	population	with	a	median	age	of	32.5	 years.	 Based	on	 these	findings,	 it	
can be argued that this method is also suitable for older populations and, therefore, it is 
plausible	that	the	conclusions	drawn	in	Chapter	3	for	the	estimation	of	rectus	femoris	size	
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also apply to older populations. For echo intensity, on the other hand, the results cannot be 
generalized since ageing is associated with an increase in echo intensity.14,37 

In the current thesis, different ultrasound devices were used to estimate muscle size. 
In	 Chapter	 3,	 a	 portable	 ultrasound	machine	was	 used	 and,	 in	 Chapter	 4	 a	 tablet	 based	
ultrasound machine was used. The possibilities of the latter are limited to evaluating muscle 
size and, therefore, other parameters such as echo intensity, i.e., the reflection of the emitted 
ultrasound signal,38 could not be assessed within this study. 

As a measure of intramuscular fat and interstitial fibrous tissue, echo intensity is an important 
parameter since intramuscular fat is associated with impaired physical functioning,39-41 and 
mortality.41,42 A previous study in patients with COPD showed that increased intramuscular 
fat is more strongly correlated with muscle weakness and mobility than with muscle size.43 
Therefore,	the	lack	of	information	about	the	echo	intensity	might	be	a	potential	explanation	
for	the	lack	of	strong,	significant	correlations	between	rectus	femoris	size,	fat-free	mass,	and	
function	in	patients	with	COPD	(Chapter	4).	

Future research

This thesis provides information on tools to identify sarcopenia and malnutrition. In 
addition,	the	findings	of	this	thesis	suggest	that	adherence	to	a	healthy	diet	and	sufficient	
protein intake play an important role in the prevention of frailty. As stated earlier, most of 
the	 associations	 found	 in	 this	 thesis	were	based	on	cross-sectional	observational	 studies	
and, therefore, prospective studies are needed to draw causal conclusions. In particular, 
additional research in the field of muscle ultrasound and assessing a healthy diet is needed, 
and implications for future research are provided. 

•	 Evaluating	echo	intensity	by	ultrasound
As	 indicated,	 echo	 intensity	 is	 an	 important	 parameter	 for	 evaluating	 the	 quality	 of	 the	
muscle.	Chapter	3	suggests	that	the	test-retest	reliability	is	moderate,	however	since	these	
findings are based on a small and homogenous sample size, more research is needed on the 
test-retest	reliability	of	this	method.	For	this	purpose,	a	standardized	measurement	protocol	
should be developed. A first step towards a standardized protocol was made, however 
this protocol is not specifically aimed at evaluating echo intensity.15 Influencing factors of 
echo	 intensity	such	as	 frequency,	gain,	and	transducer	type	should	be	addressed	 in	such	
a	protocol.	Since	echo	intensity	depends	on	the	equipment	that	is	used,44 further studies 
should focus on the comparability of different ultrasound machines. This study could have a 
similar design as a previous study in which two ultrasound machines were compared,45 and 
should use a realistic phantom and the developed standardized protocol.
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•	 Normative values for muscle size
The	next	step	should	be	to	provide	normative	values	for	the	quantification	and	qualification	
of muscles using ultrasound. For this purpose, the size of different muscles should be 
assessed in a heterogeneous population. It would be interesting to develop normative 
values	 for	 different	 size	 measurements,	 such	 as	 the	 cross-sectional	 area,	 thickness,	 and	
volume.	Not	only	normative	values	for	quantifying	muscles	should	be	developed,	but	also	
normative	values	 for	qualifying	muscles	 (i.e.,	echo	 intensity,	pennation	angle,	and	 fascicle	
length)	 should	be	developed.	 These	data	 could	be	 used	 for	 the	development	 of	 cut-off	
values for the diagnosis of sarcopenia. 

•	 Development of a standardized protocol 
The recently published consensus approach for muscle ultrasound by Perkisas et al. should 
be	 further	developed	 to	provide	directions	 for	everyday	practice.	For	example,	 the	exact	
measurement procedure for the different parameters or components should be stated. 
Therefore,	developing	a	protocol	for	each	parameter	in	which	the	procedure	is	explained	and	
illustrated	step-by-step	is	recommended.	Further	studies	should	also	focus	on	the	feasibility	
of the protocol, as highlighted by Ticinesi et al.46	Quantitative	and	qualitative	 information	
on the ultrasound procedure in daily practice could be used in the further development of 
the	protocol.	For	example,	experiences	of	 the	raters	 in	performing	the	protocol	could	be	
examined,	together	with	the	inter-	and	intra-rater	reliability.	Lastly,	 it	might	be	considered	
to study the effect of training in applying the protocol by different healthcare professionals. 
This data could be used in the development of a tailored training for the different healthcare 
professionals	and	gives	insight	into	the	inter-rater	reliability	of	muscle	ultrasound.	

•	 Further development of the healthy diet score 
There is no doubt that adherence to a healthy diet plays a pivotal role in successful ageing. 
However,	a	diet	is	a	complex	combination	of	food	groups	and,	therefore,	difficult	to	assess	
with	a	questionnaire.	Although	a	number	of	studies	have	been	performed	on	diet	quality	
indices,	 such	 as	 the	Healthy	 diet	 score	 in	 Chapter	 7	 of	 this	 thesis,	 there	 continues	 to	 be	
insufficient	 knowledge	 regarding	 the	 content	 validity	 of	 the	 constructed	 healthy	 diet	
score. This score has been developed to provide an overall impression of adherence to the 
Dutch Dietary Guideline but is limited to the evaluation of fruit, vegetable, and fish intake. 
Although these components are core elements of the guideline, it might be of great interest 
to further develop this score, first, by updating the score according to the Dutch Dietary 
Guidelines	of	2015.47 Second, the healthy diet score may be further developed by including 
the total intake of carbohydrates, fat, and protein, to ensure an overall balance. Lastly, the 
predictive capacity of this score relating to disease and mortality should be considered. For 
this purpose, a longitudinal study design could be used, such as the Longitudinal Aging 
Study Amsterdam or the LifeLines Cohort Study.48,49  
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Concluding remarks 

Considering the worldwide growth in the number of older adults, the prevalence of frailty 
and related conditions such as sarcopenia and malnutrition will increase dramatically in 
the	 next	 few	 years.	 This	 thesis	 provides	 information	 on	 tools	 to	 identify	 physical	 frailty.	
The	findings	indicate	that	ultrasound	can	play	an	important	role	in	quantifying	peripheral	
muscles. However, ultrasound is not included within the current operational criteria of 
sarcopenia. Normative values, therefore, are likely to contribute to the early identification 
of sarcopenia. This thesis furthermore contributes to more insight in the role of diet in 
successful ageing. The findings indicate that adherence to a healthy diet is associated 
with good cognitive functioning. Furthermore, this thesis suggests that low protein intake, 
together with a decrease in muscle mass, is prevalent in older adults. Dietary interventions 
targeted	at	older	adults	and	aimed	at	 improving	diet	quality	and	 increasing	muscle	mass	
can be helpful in the prevention of frailty. 
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Samenvatting

Kwetsbaarheid	 (‘frailty’)	 wordt	 omschreven	 als	 een	 proces	 waarbij	 sprake	 is	 van	 een	
opeenstapeling	 van	 fysieke,	 psychische	 en/of	 sociale	 tekorten	 in	 het	 functioneren.	 Deze	
opeenstapeling kan leiden tot een hoger risico op beperkingen in het dagelijks functioneren, 
ziekenhuisopname en overlijden. Naar verwachting zal het aantal mensen dat kwetsbaar 
is fors toenemen, als gevolg van de toegenomen levensverwachting. Het algemene doel 
van dit proefschrift was om bij te dragen aan de vroegtijdige herkenning van fysieke 
kwetsbaarheid. Fysieke kwetsbaarheid wordt gekenmerkt door een verlies van spiermassa, 
een afname in spierfunctie, of een combinatie daarvan. Het bepalen van de spiermassa is 
één	van	de	diagnostische	criteria	voor	fysieke	kwetsbaarheid,	sarcopenie	en	ondervoeding.	
Spierechografie	 kan	 hierin	 mogelijk	 een	 belangrijke	 rol	 spelen	 Voor	 dit	 doel	 werden	 in	
Hoofdstuk	 2,3	 en	 4	 de	 validiteit	 en	 betrouwbaarheid	 van	 spierechografie	 onderzocht.	
Daarnaast	zijn	methoden	voor	het	bepalen	van	ondervoeding	in	kaart	gebracht	(Hoofdstuk	
5)	en	is	onderzocht	wat	de	invloed	is	van	voeding	en	beweging	op	fysieke	en	psychosociale	
kwetsbaarheid	(Hoofdstuk	6	en	7).	

Hoofdstuk 2 beschrijft een literatuurstudie naar de betrouwbaarheid en validiteit van 
echografie	voor	het	meten	van	spieren	bij	ouderen.	In	totaal	werden	17	studies	geïncludeerd,	
waarvan	13	studies	de	betrouwbaarheid	en	acht	 studies	de	validiteit	van	spierechografie	
beschreven.	 De	 geïncludeerde	 studies	 rapporteerden	 over	 verschillende	 parameters	
die met echografie gemeten kunnen worden, namelijk spierdikte, spieroppervlakte en 
spiervolume. De meeste studies hebben zich gericht op de bepaling van de omvang van 
de bovenbeenspieren. Twee studies onderzochten het gebruik van spierechografie voor 
het schatten van totale spiermassa. Deze literatuurstudie laat zien dat echografie een 
betrouwbare en valide methode is voor het bepalen van spieromvang. 

Hoofdstuk 3 beschrijft	de	test-hertest	betrouwbaarheid	en	de	validiteit	van	spierechografie.	
In deze studie werd de betrouwbaarheid van  verschillende parameters onderzocht, te 
weten	 spieromvang	 (spierdikte	 en	 spieroppervlakte)	 en	 echogeniteit	 van	 de	 m.	 rectus	
femoris. Daarnaast is de invloed van het type transducer onderzocht. De lineaire en de 
curved	 transducer	 werden	 gebruikt	 in	 dit	 onderzoek.	 Deze	 studie	 laat	 zien	 dat	 de	 test-
hertest betrouwbaarheid en de validiteit van deze transducers geschikt is voor het meten 
van	 spieromvang.	 Voor	 echogeniteit	 was	 de	 betrouwbaarheid	 matig.	 Vervolgonderzoek	
moet zich richten op de validiteit en betrouwbaarheid van spierechografie voor  het bepalen 
van de echogeniteit van de spier in een grotere studiepopulatie.
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Hoofdstuk 4 geeft inzicht in de relaties tussen spieromvang, vetvrije massa en spierfunctie 
bij	 patiënten	 met	 Chronic	 Obstructive	 Pulmonary	 Disease	 (COPD).	 In	 deze	 studie	 is	
onderzocht of spieromvang  samenhangt met vetvrije massa en spierfunctie. De omvang 
van	 de	 musculus	 rectus	 femoris	 (een	 spier	 aan	 de	 voorzijde	 van	 het	 bovenbeen)	 werd	
bepaald	middels	echografie.	Vetvrije	massa	werd	bepaald	met	behulp	van	bio-impedantie	
analyse. Spierfunctie werd gemeten met behulp van handknijpkracht, spierkracht van de 
onderste	extremiteiten	(‘5	 times	sit	 to	stand	test’)	en	 inspanningsvermogen	(‘Incremental	
Shuttle	Walk	Test’).	Deze	studie	bij	patiënten	met	COPD	suggereert	dat	de	omvang	van	de	
m.	rectus	femoris	geassocieerd	is	met	vetvrije	massa	en	knijpkracht.	Vervolgonderzoek	moet	
uitwijzen wat de rol van spierechografie kan zijn bij het diagnosticeren van ondervoeding 
en sarcopenie. 

Hoofdstuk 5 geeft een overzicht van de methoden die in onderzoek worden gebruikt 
voor het vaststellen van ondervoeding bij patiënten met kanker. Ook beschrijft dit 
hoofdstuk de inhoudsvaliditeit van deze methoden, dat wil zeggen de mate waarin deze 
methoden overeenkomen met internationaal geaccepteerde definities van ondervoeding. 
Ondervoeding werd gedefinieerd als een multidimensionaal construct, waarbinnen 
drie	 domeinen	 (voedingsstoffenbalans,	 lichaamsvorm,	 -omvang	 en	 –samenstelling	 en	
lichaamsfunctie)	 kunnen	 worden	 onderscheiden.	 Per	 domein	 werden	 sleutelbegrippen	
geformuleerd die vervolgens werden gebruikt om de overeenstemming tussen de definities 
en de  methoden te bepalen.  Deze studie laat zien dat er veel verschillende methoden 
gebruikt worden voor het vaststellen van ondervoeding bij patiënten met kanker. De 
inhoudsvaliditeit van deze methodes is beperkt en wisselend. Om de inhoudsvaliditeit te 
verbeteren moet het bepalen van lichaamssamenstelling en functie worden opgenomen in 
de methoden voor het vaststellen van ondervoeding.  

Hoofdstuk 6 beschrijft de eiwitinname van thuiswonende ouderen. Daarnaast beschrijft 
deze studie de associatie tussen eiwitinname, spiermassa en spierfunctie bij thuiswonende 
ouderen. In deze studie is eiwitinname geëvalueerd door deze te vergelijken met 
verschillende richtlijnen. Deze studie laat zien dat de meerderheid van de deelnemers 
voldoet aan de algemene richtlijn voor eiwitinname voor volwassenen van de Nederlandse 
Gezondheidsraad.	 Echter,	 wanneer	 een	 internationaal	 geaccepteerde	 richtlijn	 specifiek	
voor ouderen werd toegepast, voldeed minder dan de helft van de deelnemers hieraan. 
Daarnaast	laat	deze	studie	zien	dat	in	deze	groep	de	spiermassa	met	3,2%	afneemt	binnen	
één	 jaar	tijd.	Deze	afname,	 in	combinatie	met	de	hoge	prevalentie	van	 lage	eiwitinname,	
suggereert dat deze groep van thuiswonende ouderen een risico loopt op het ontwikkelen 
van sarcopenie en kwetsbaarheid. Daarom zou vervolgonderzoek zich moeten richten op 
strategieën om eiwitinname bij deze groep te verhogen.  
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Hoofdstuk 7 beschrijft een studie naar het verband tussen voeding, beweging en 
cognitief	functioneren.	Voor	deze	studie	werd	een	‘healthy	diet	score’	ontwikkeld;	een	score	
die	de	mate	waarin	iemand	voldoet	aan	de	richtlijnen	Goede	Voeding	van	de	Nederlandse	
Gezondheidsraad gericht op groente, fruit en visinname meet. Deze studie laat zien dat een 
hoge ‘healthy diet score’ geassocieerd is met goed cognitief functioneren. Ook voldoende 
lichamelijke	activiteit	blijkt	geassocieerd	te	zijn	met	goed	cognitief	functioneren.	Echter	laat	
deze studie ook zien dat er geen synergistisch verband is tussen voeding, beweging en 
cognitief functioneren.  

Op basis van dit proefschrift kan geconcludeerd worden dat spierechografie een valide 
en betrouwbare methode is voor het bepalen van spieromvang. In de huidige definities 
van sarcopenie en ondervoeding speelt totale spiermassa een belangrijke rol. Op basis van 
de resultaten van de studies in het proefschrift wordt echter een pleidooi gehouden voor 
het	meten	van	lokale	spieromvang	(Hoofdstuk	2b).	Het	bepalen	van	lokale	spieromvang	is	
belangrijk, aangezien het verlies van spiermassa niet gelijkmatig over het gehele lichaam 
is maar juist vaak lokaal optreedt. Het in kaart brengen van lokaal verlies kan handvatten 
bieden voor het starten van gerichte interventies. Als er vooral sprake is van verlies van 
spieromvang in de onderste ledematen kan een beweeginterventie als onderdeel van 
de	 behandeling	 geïndiceerd	 zijn.	 	 Een	 belangrijke	 aanbeveling	 uit	 dit	 proefschrift	 is	 dat	
normwaarden	voor	verschillende	parameters	(o.a.	spierdikte,	spieroppervlakte,	spiervolume,	
echogeniteit	van	de	spier)	bepaald	dienen	 te	worden,	zodat	 spierechografie	kan	worden	
opgenomen in de criteria van sarcopenie en ondervoeding. Dit proefschrift suggereert 
daarnaast dat gezonde voeding een belangrijke rol speelt bij cognitief functioneren en dat 
eiwitinname bijdraagt aan het behoud van spiermassa. Daarom zijn interventies gericht op 
het verbeteren van eiwitinname bij ouderen nodig. 
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