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Abstract

Purpose

To report evidence for the concurrent validity and reliability of dynamic MRI techniques to
evaluate in vivo joint and muscle mechanics, and to propose recommendations for their use
in the assessment of normal and impaired musculoskeletal function.

Materials and methods

The search was conducted on articles published in Web of science, PubMed, Scopus, Aca-
demic search Premier, and Cochrane Library between 1990 and August 2017. Studies that
reported the concurrent validity and/or reliability of dynamic MRI techniques for in vivo evalu-
ation of joint or muscle mechanics were included after assessment by two independent
reviewers. Selected articles were assessed using an adapted quality assessment tool and a
data extraction process. Results for concurrent validity and reliability were categorized as
poor, moderate, or excellent.

Results

Twenty articles fulfilled the inclusion criteria with a mean quality assessment score of 66%
(£10.4%). Concurrent validity and/or reliability of eight dynamic MRI techniques were
reported, with the knee being the most evaluated joint (seven studies). Moderate to excel-
lent concurrent validity and reliability were reported for seven out of eight dynamic MRI tech-
niques. Cine phase contrast and real-time MRI appeared to be the most valid and reliable
techniques to evaluate joint motion, and spin tag for muscle motion.
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Conclusion

Dynamic MRI techniques are promising for the in vivo evaluation of musculoskeletal
mechanics; however results should be evaluated with caution since validity and reliability
have not been determined for all joints and muscles, nor for many pathological conditions.

Introduction

The term ‘musculoskeletal disorder’ refers to conditions, diseases, and injuries of bones, joints
and muscles. Musculoskeletal disorders can result from neurological diseases (e.g stroke, cere-
bral palsy) and orthopaedic disorders (e.g. anterior cruciate ligament injuries, osteoarthritis)
that alter the human musculoskeletal system and impair its functions. The world-wide preva-
lence of musculoskeletal disorders is high, and they cause 21.3% of the total years lived with
disability (ranked second after behavioral and mental health problems) [1-3]. Currently, stan-
dard static MRI sequences are used to provide a clinical diagnosis and an understanding of
bone and tissue pathology. However, it could be hypothesized from a functional perspective,
that abnormal or altered musculoskeletal mechanics cause musculoskeletal disorders. Further-
more, previous research has shown that images of static joint positions do not provide a com-
prehensive evaluation of the dynamic musculoskeletal system [4-9]. As a result, clinical, or
even surgical treatments may be inappropriate. Understanding normal and impaired musculo-
skeletal function during motion is a high radiological, biomechanical and clinical priority.
Accurate and reliable in vivo measurement of functional mechanics of the musculoskeletal sys-
tem is thus necessary: 1) to understand normal joint mechanics in asymptomatic individuals,
2) to predict, detect or diagnose musculoskeletal disorders (e.g. scapholunate subluxation),
and 3) to determine appropriate treatments for disorders using evidence based analysis.

Dynamic MRI techniques were originally developed for cardiovascular imaging to quantify
blood flow and to study heart valve functions [10]. Dynamic MRI sequences for the quantifica-
tion of functional joint motion were developed in the early 90’s [11-13]. As more dynamic
sequences are being developed, they are becoming an integral part of image-based musculo-
skeletal modeling pipelines that rely heavily on dynamic imaging data to input joint kinematic
parameters and predict patient specific outcomes [14]. However, controversial results have
been reported for dynamic MRI based studies of joint mechanics in comparison with static
studies. For example, the Achilles tendon moment arm determined using dynamic MRI by
Sheehan FT [15] was much varied at larger ankle angles than reported previously by Manga-
nais and colleagues [16] using static image based calculations. Despite an abundance of
existing literature on dynamic MRI [14,17], no systematic reviews of the validity of these tech-
niques have been carried out. Such a review is necessary to guide researchers and clinicians in
the selection of the best available and validated techniques.

Concurrent validity and reliability provide valuable information for the interpretation of
data. The aim of this systematic review was to report evidence of validity and reliability of
dynamic MRI techniques to quantify in vivo joint and muscle mechanics. The global aim of
this work was to identify gaps in the literature, to propose recommendations for the assess-
ment of both healthy and impaired musculoskeletal function using current dynamic MRI tech-
niques, and to make suggestions for future research in this field.
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Materials and methods
Database search strategy

Articles published between 1990 and August 2017 were identified through a systematic search
of the following five databases: (1) Web of science, (2) PubMed, (3) Scopus, (4) Academic
search Premier, and (5) Cochrane Library. In order to ensure the search was systematic, the
following combinations of keywords were used: 1) Keywords relative to acquisition method:
“MRI”, “cine”, “dynamic”, “volumetric”, “velocity”, “in vivo” 2) “muscle”, “joint”, “bone” 3)
“kinematics”, “displacement” 4) Keywords relative to metrological properties: “accuracy”,
“reliability”, “repeatability”, “validity”. The guidelines by Sampson and McGowan [18] were
used to reduce search errors. Search strings were formulated and tailored to the search syntax
of each database to ensure a common search strategy (SI Appendix). All keywords were trun-
cated to check for variants in Pubmed, then the search was carried out without truncation. In
this paper, validity refers to the general concept of concurrent validity [19] of the measurement
error relating to joint kinematics or skeletal muscle motion properties between a reference
method and the dynamic MRI method under evaluation. Reliability refers to intra/inter-rater/
session reliability [20] of the dynamic MRI method used in the study.

Study selection process

After removing duplicates from the search results, the titles and abstracts of the remaining
studies were assessed by two reviewers independently to determine if they fulfilled the inclu-
sion criteria. To be included in the review, studies had to fulfil three criteria: (1) the study was
performed using a dynamic MRI imaging technique, (2) the study focused on joints or skeletal
muscles and/or a moving phantom that mimicked joint or muscle movement, and (3) the
study focused directly on quantifying concurrent validity and/or reliability. Exclusion criteria
were: (1) the article was not published in English, (2) the article was categorized as a systematic
or narrative review article or an editorial or a letter to the editor or as an abstract from confer-
ence proceedings, and (3) the article focused on moving or rotating phantoms but did not
mimic skeletal joints or muscles. In the case of disagreement, consensus was reached by
discussion.

To complete the review process, the references of the selected articles were also checked
and articles found were included in the final selection. Four categories of data were extracted
and presented in standardized tables: study population and joint/muscle studied, study
description, dynamic tasks performed, dynamic MRI parameters, and results of concurrent
validity and/or reliability.

Quality assessment of selected studies

To the authors’ knowledge, no standardized tool for the assessment of quality of articles in this
field currently exists. Thus, a customized quality assessment tool was developed based on three
previously reported quality assessment tools for radiology and biomechanics related studies: 1)
QUADAS—a tool for quality assessment of studies of diagnostic accuracy [21], 2) STROBE
statement (STrengthening and Reporting of OBservational studies in Epidemiology) [22], and
3) quality assessment tools developed in recent systematic reviews of validity and reliability of
joint motion analysis [23] and radiological assessment of hip geometry [24].

Two categories of quality were rated for each selected article (Table 1):1) intrinsic quality
(Questions 1 to 11, Table 1), based on questions related to the study design, quality of report-
ing the methodology, and quality of reporting the results and findings/conclusion (maximum
score 24); and 2) metrological evidence (Questions 12 to 17, Table 1), based on the questions
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Table 1. Quality assessment score (QAS) questionnaire used to evaluate the quality of each selected
article.

Sr. Quality Question Score Criteria

No.

1

Are the aims of the study clearly stated?

Clear (2) Partial (1) No (0)

2 Is there an adequate description of the patients/ Clear (2) Partial (1) No (0)
radiographs/ recruitment and controls?
3 Was volunteer/patient consent obtained before the stated (2)/ not stated (0)
study?
4 Is the description of observer/reviewer/rater Clear (2) Partial (1) No (0)
provided?
5 Is there a clear description of equipment design and Clear (2) Partial (1) No (0)
set-up?
6 Is there a clear description of the measures? Clear (2) Partial (1) No (0)
7 Is there a clear statement of statistical analysis or Clear (2) Partial (1) No (0)
validity measures conducted?
8 Are details about sample size calculation provided? yes (2)/ partial (1)/ no (0)
9 Are the main outcomes of the study clearly stated? Clear (2) Partial (1) No (0)
10 Are the key findings supported by the results? Yes (2) Partial (1) No (0)
11 Is there a description of study limitations? Clear (2) Partial (1) No (0)
12 | Are the details of type of acquisition and acquisition Clear (4) Partial (2) No (0)
parameters provided?
13 Was the main aim metrological in terms of both (4)/just one (2)/ no (0)
evaluation of validity and/or reliability?
14 Was concurrent validity evaluated? yes (4)/partial (2)/ no (0)
15 Was inter-observer reliability evaluated? yes (4)/ without quantification/clinical

relevance (2)/ no (0)

yes (4)/ without quantification or
clinical relevance (2)/ no (0)

Yes with timing of tests or
methodology specified (4)/ no (0)

16 Was intra-observer reliability evaluated? OR Was
intra-subject reliability evaluated?

17 Are the criteria for the avoidance of test-retest bias
specified?

https://doi.org/10.1371/journal.pone.0189587.t001

related to quality of reporting the outcome measures and quality of metrological evidence to
support the conclusions (maximum score 22). The total score (maximum 46) was converted
into a percentage and named QAS (Quality assessment score). All the QAS values were
rounded off to nearest integers for simplicity.

Data analysis

Two observers independently reviewed the selected articles and rated the QAS. In case of sig-
nificant disagreements in scores, consensus was reached by discussion. The QAS rated the
overall quality of the selected article. To assess concurrent validity of techniques, the values of
the results reported in the article were analyzed. Validity was considered excellent if errors
were less than one millimeter or degree or cm/second, moderate if errors were in the order of
one millimeter or degree or cm/second, and poor if errors were around, or greater than, two
millimeters or degrees or cm/second. We acknowledge that this categorization has not been
validated, however we used it to provide clarity when reporting the results. For the assessment
of reliability, a Kappa coefficient (K), linear regression coefficient (r) or interclass correlation
coefficient (ICC) between 0 and 0.60 was considered as poor, 0.60-0.80 as moderate, and
0.81-1.0 as excellent [25-28]. Due to the different statistical methods used in each article, it
was impossible to directly compare or group the results. Thus, the results for validity and reli-
ability were directly reported from the articles.
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Fig 1. Flow chart of study selection.

https://doi.org/10.1371/journal.pone.0189587.g001

Results

The literature search identified 15854 articles from electronic databases, 6358 of which
remained after removing duplicates. After screening titles and abstracts, 73 articles were
found to be potentially eligible. Twenty articles were finally selected after verification of
inclusion and exclusion criteria (Fig 1). The data were then summarized in four tables.

PLOS ONE | https://doi.org/10.1371/journal.pone.0189587 December 12, 2017 5/26


https://doi.org/10.1371/journal.pone.0189587.g001
https://doi.org/10.1371/journal.pone.0189587

@° PLOS | ONE

Validity and reliability of musculoskeletal motion using dynamic MRI techniques: A systematic review

Table 2. Description of study population and joint or muscle studied for each selected article.

Sr. | Study Name
No.

1 Asakawa
et al.[29]

2 Benham
et al.[30]

3 Clark et al.

[31]
4 Drace et al.

[32]
5 Drace et al.
[33]
6 Draper et al.
[34]
7 Gilles et al.
[35]
8 Kaiser et al.
[36]
9 Langner
et al.[37]
10 | Linetal.[38]
1 Moerman
et al.[39]
12 Niitsu et al.
[40]

13 | Pierrartetal.
[41]

14 | Powersetal.

[42]
15 Rebmann
etal.[43]
16 Sheehan
et al.[44]
17 Sheehan
et al.[45]
18 Sinha et al
[46]
19 | Wangetal.
[47]
20 | Zhangetal.
[48]

Publication

year

2003

2010

2014

1994

1994

2008

2005

2016

2015

2013
2012

1992

2014

1998

2003

1998

2007

2004

2007

2011

QAS
(%)
65
75
80
48
48
85
53
65

68

68
65

51
61
73
66
53
79
70
73

71

Phantom
used

No

Moving
Phantom

No
No

Moving
Phantom

Moving
Phantom

No

Moving
Phantom

No

No

Moving
Phantom

Moving
Phantom

No
No
No
Moving
Phantom
No
Moving
Phantom

No

No

Number of
subjects
7H
26 H
10H
5H
4H
6H
6H
1H

14 H38 NH

3H
1H

H (number not
reported)
4H
12 H+3NH
8H
5H
10H
4 H + atrophied
+ rabbit

17 (7H 10 NH)

30H

Mean age (years) £ | Gender (M = males,

SD F =females)
Adults No data
24.9+5.1 13M/13F
29 (range =22 to 5M/5F
48)
No data No data
No data No data
2612 6F
No data No data
18 F
H=28+2.3 4M/10F 15M/23F
NH=44+11.2
23+0.0 No data
No data No data
No data No data
34.2 (range =30 to 1M/3F
45)
range = 23 to 38 12F
33.0+11.3 2M/6F
No data No data
25.5+3.9 IM/1F
28+8 3M/1F
No data No data
245+29 8M/22F

H: Healthy; NH: Non-healthy; QAS: Quality assessment score; SD: Standard Deviation.

https://doi.org/10.1371/journal.pone.0189587.t1002

Joint(s) or muscle(s)
studied

Biceps brachii and triceps
brachii muscles

Knee (patellofemoral and
tibiofemoral joint)

Foot (ankle joint) phantom
Forearm skeletal muscles
Lower leg; forearm skeletal
muscle; phantom
Knee (patellofemoral joint)
Hip
Knee (tibiofemoral joint)

Wrist (scapholunate)

Knee (femur, tibia)
Upper arm (biceps region)

Leg skeletal muscles
(various)

Shoulder (glenohumeral joint)
Knee (patelofemoral joint)

Knee (patello-femoral and
tibio-femoral joints)

Knee (patello-femoral joint)

Ankle (talocrural and subtalar
joint)
Leg muscles (gastrocnemius,
soleus)

Temporomandibular joint

Temporomandibular joint

Table 2 provides a description of study populations and designs, Table 3 provides details
of tasks and measurement methods, Table 4 reports concurrent validity measures and
Table 5 reports reliability measures. In the 20 studies, 1.5T and/or 3.0T MRI scanners were
used, from the three major original equipment manufacturers (Philips, GE and Siemens),
and for both open and closed bore types of scanner. This systematic review adheres to the
PRISMA guidelines and a PRISMA checklist is available as a supplementary material

(S2 Appendix)

PLOS ONE | https://doi.org/10.1371/journal.pone.0189587 December 12, 2017

6/26


https://doi.org/10.1371/journal.pone.0189587.t002
https://doi.org/10.1371/journal.pone.0189587

Validity and reliability of musculoskeletal motion using dynamic MRI techniques: A systematic review

©PLOS | ore

(panupuo))
{oos
/oWely/ 9 = sawel}
Jo Jaquinu ‘YN
=JUdA ‘WW Q| =
SSaUXOIY} dIIS ‘UN
=XaN :.08 = 9|bue
dilg ‘WWOo0S«0SY ‘Jo1 pue IHIN swi-jeal -sdiud
=N\O4 ‘swi’| uonisinboe ‘suel] eAle|al souenbas ‘wioyshs [selrere
N VN =3Lswse=4Hl [enuanbes gg Aupiren |euoiop 4N Inwisy/sined diH 3449 14N Ble| gt G002 s9IID L
'S/IGE pue 39
S/lj/p = sewelj Jo 29wy 8y} ‘Jauueds
Jaquinu ‘YN = duap JO 10S}j0 109sSIq 14N
‘ww/ ' = ssauqdIy} pue i sejjeyed -uado ds
891IS ‘dN = X3N :sjoalgng eubiS 160
‘YN =9jbue dij4 ‘toueld aousnbas pue 39
‘wogl/woQ L = AO4 A X ur woyueyd [eaids 2011s ‘Jauueos
‘09s ‘YN = 3L ‘Wwg'ee ainjdeo uonow © JO salojosfel) (yurof -o|Burs ‘4N 14N H Sl [vel'ere
02 VN Juwp Lz =HL [eondo ag enbyqo [eixy | ,090}.0 woueyd [eiowsjojjered) eauy 8)oXx3 16k | PUBGO 8002 Jedeiqg 9
uoixayy Jejueld
pue -Isiop apjue
‘26-91 = sawely ‘uoisusxe
Jo Jaquinu ‘s pue uoIXal}
JWIo0Z-G = JUBA ‘UN 1SUM pue
= SSaWOIY} dJI|S uonow Jabuy
‘T-1=XaN -.0¢ :spolang
=29jbue djj4 ‘wog| saloyoalen ‘aueld AX woyueyd =)
losuas = AO4 ‘swG|-g paALap ul juswaoe|dsip ‘ojosnw [ejooys ‘Jobew! [ecles
N ydesBowsAuyjuald | =3L ‘swee-zg=4HL AlreonAeuy Aupirea [eIxy dN :wojueyd wuealoy (Bo| Jemo] Od au1D eubis Sl 7661 aoeIQ [
‘2€—91 = sawely
Jo Jaquinu s
/WO0E-G = DU ‘HN
= SSauXdIy} 32IIS
‘2-L=X3aN:0¢ sum
=9|bue dij4 ‘wopg sal0joafen pue siabuly 14N
] Josuas -9L =AO4 ‘sw||-8 paALep [euipnybuo] JO uoIsuaxa sojosnw Dd duIo oyos Jauueods [zelee
€~¢ ydesbowsAyusld | =31 ‘swee-gz ="l AreonAeuy AupirepA 4N ‘uoixa|4 [e19[9%s wiealo4 -jusipely ae =) gt 661 adela 14
‘020l
= sawey} Jo Jaquinu
‘YN = QUBA ‘Wwy =
SSaW2IY} 82IIS ‘HN
=X3N ‘.0l = 8jbue oyoa Juaipeld
dild ‘wwoze«02e apjue (oquny) Zsdiiud
ulw = A\O4 ‘swyg’L [E)] [euoion 8y} JO UOISUB)IXd woyueyd isej-enin ‘louueds [Leltee
2> VN =3L1'swiesz=4l | Anowouobur ‘Aupirep ‘lenibes HN ‘uoixal4 (yuiof opjue) 1004 ‘swn-leas e | eAdIyoy oe vH02 xeln €
‘c = saweuyy jo
laquinu (yN = Suap
‘ww| = ssauyoiyy sniep !
“uw 221IS ‘2= XaN ‘uoixal4 {dv ‘IS
80’} 1,02 =albue di4 N -sdiud
pue 'dN = AO4 'swy'e o1 [enibes 10y dv ‘Jouueos [oelre1e
902 18661 [eORdo =31 'swg'9=YlL abew; suiy ‘Aupirep ‘[eIxy N ‘Y1 :AupleA | [elowsjojiered) sauy Od 8ulp BABIYOY o€ 0102 weyueg | g
2L
= sawey} Jo Jaquinu
S/WOQ | = JUIA uoIxa}
WO = SSauNaIY} MOq|9 JO
921IS "YN = XaAN .06-5¥ 01 39
‘YN = 9|bue dij4 uolsualxa sajosnw ‘Iauueds
098 ‘wogl = AO4 -UN moqie 1IyoeIq sdoowy Od HN [62]1e 10
ol 4N =31 'SWoE=HL Odaulp Aupirep [eixy 1IN} wo.4 uoixajy moq|3 awp-jeasised | I/AD eubig gl €002 emexesy 3
apnyjdwe pasn aweu (ersal)
awn wisjueyaapy siojeweled poyiaw juswssasse | uonisinboe Juonow paipms (s) anbiuyosy Jsuueds yibuans 1eak aweN ‘ON
ueosg Buiabbiiy asuanbag |4 aoualajey |eaibojoslay | elep jo aueld | jo abuey | palpnis uonoly | ajosnw o (shulor | [HIN dlweuhq 14N pIald [HIN | uoneaignd Apms 1S

*S9]o1Me Pajoa|as a9y} 1o} pasn siajoweled aouanbas (JHN) Buibewi asueuosal sijoubew pue pawaopad syse) olweulq g ajqeL

7/26

PLOS ONE | https://doi.org/10.1371/journal.pone.0189587 December 12, 2017


https://doi.org/10.1371/journal.pone.0189587

Validity and reliability of musculoskeletal motion using dynamic MRI techniques: A systematic review

©PLOS | ore

(panupuo))
‘g = saweul} Jo
Jaquinu (YN = SuUap
‘Wi = ssauyaiy}
9IS ‘L =X3aN o9uy 8y}
1,06 =9|bue dij4 40 j01 19shO 39
098 ‘woge = AOd 'swi'g 10981g pue 1L (uiof 14N ‘wiaysAs [evlter
14 YN =31 'SWG9=HL 4N Aunqeley [elxy .Gv01.0 ‘a|buy snojng [elowajoared) sauy oljewsury HIN ZHIN-¥9 gt 8661 slomod 148
it
= sawey} Jo Jaquinu
‘YN = DUBA ‘WWQ
= SSauwydly} adlIs IHIN dwii-jeal
‘UN=X3N:G9= aouanbes
albue dil4 ‘woge,Se uoljoaIp spe|q oyos jualpelb .39
‘09s =A\O04 ‘sweL anbijgo e|ndeos ay) ul (jurof resewnyous|6) paouejeq ‘walshs [Lvlele
8¢ VN =3Lswoe=4Hl 4N Aungeljey |euolod .09 0} .0¢ uofonpge wiy Jepinoys aeg aols-iinN eubis gl 102 Heusld €l
‘dN = saweu} Jo
Jaquinu ‘YN = JUaA
‘Wwg| = ssauyoly} |pjue ayy jo
901IS 1 = X3N (.02 uoixay} sejueld
1.0€ = albue dij4 [e10}) .0v+ pue -1siop
09s sos|nd Buibbe)} ‘ww9sz 821 = AO4 salojoafen 0} ,06-pue | :sjoalqns 101 39
e Jo1sinq 9|qipne SWy G-y =31 paAlep |euolo) wwGg 010 | 40 ‘suei}tesul (snouen) ‘1abew [ov]Tee
0161 e pasahibl | SWO'LI-G'8=HL AlreonAjeuy Aupiep ‘lenibes ‘wojueyd ‘wojueyd sajosnui [ejoexs 67 | 14N peBbeL | YN eubls St 2661 nsHIN (49
‘"N suonoaIIp Z'A'X
= sawiey} Jo Jaquinu ul juswaoe|dsip
‘UN = 9UaA ‘YN = sdeoiq
SSOUXIIL ANIS ‘HN :spoelang
=X3N ‘=9|bue di4 ‘suoloalp
‘WWEE 02«02k |euoiod Z'A'X 2sdiud
sw asind 11 =A\O4d ‘swgl’L Joyuspul ‘[esiansuel] ul Juswaoeldsiq (uoibau 14N pabbey ‘Jauueds [6el' e 19
L/} | pejesousBiouueds | =31 'SWEE'Z=HL pajjoiu0d Aupirep ‘lenibes dN ‘wopueyd sdeoiq) wie seddn NWVdS ae elau| 0e (4104 UewssoN | L
6LL—€01
= sawieyy Jo Jaquinu
‘HN = QUBA ‘wwg =
SSaWOIY} 321IS ‘UN
=XaN :.0z = 9|bue suonoalip Z
dild ‘Wwze | «26k ‘AX Ul "jol pue HSVY14
=\O4 ‘swgg "SuBJ} 98U puE [e1pes [JIN cSuswielg [g€]
N YN =31 'sWey=HL IHIN Oiels ae 4N .0801.0 eiqi Unwad (e10n “Inway) eauy ‘olaA 0'e €102 ‘e un [1]8
‘"N
= sawey} Jo Jaquinu uononpge
J1abuyy xapul ‘YN = QUBA ‘WwWo| = Jeujn
|eloye[enuod 8y} | SSaUXOIY} 3d1S ‘UN pue [elpe.
uo yun Bunoyuow | =X3N ‘YN = 9|bue EENVE]
uened [eijeydued dild ‘wwoe L x96 1 0} uoiysod gSuswals
‘098 Buisn Bunebbuy = A\O4 ‘swe'soy AydesBoipeisuid [ennau uofonpae Jeujn NJIEYN [zele10
Iy annoadsosey =31 ‘SWy9' | =YL {Adoosoiypuy |leuoiod wol4 pue [eipey (eyeunjoydeos) }SUA 14N BUID wojaubepy 0e Sl02 Jaubue 6
‘09 = saweu} Jo
JaquinN ‘gN = QUaA
‘WwS' | = ssauydIy}
201|S ‘YN = X3N °.8
(VO “Med AingmeN | = albuy dilg { woyg saloy09les wojueyd asuy IHIN duIo
“IOUCIDIN ‘0 LEHIN) =04 ‘swy'L panep 19ele1 Jo uoisusxe (urof HdIA-45dS 39 [ogl'e 1o
uwg | Jepoous Alejoy =3L'swy=4YL AreonAeuy pue Aypijea [enifes L LE0Y,0 -uoixaly [eJowsjoiqn) 88Uy olweuAQ ‘0SZHN o€ 9102 JENIY 8
apnyidwe pasn aweu (e1sal)
awn wisiueyosapy sJojoweled poyiaw Juswssasse | uonisinboe Juonow paipnis (s) anbiuyoa) Jauueds yibuans Jeak aweN ‘ON
ueos BuiabbliL @auanbag [HIN QouaIajey |leoibojona|y | elep jo aueld | Joabuey | palpnis uonoly | sPsnw Jo (shulof | |HIN dlweuiq 1HN pI9ld IHIN | uonealjgnd Apmis IS

(penunuo)) ¢ e|qeL

8/26

PLOS ONE | https://doi.org/10.1371/journal.pone.0189587 December 12, 2017


https://doi.org/10.1371/journal.pone.0189587

Validity and reliability of musculoskeletal motion using dynamic MRI techniques: A systematic review

©PLOS | ore

(panupuo))

Se VN

‘ulwig

uidg

ulw

o'}

:0d Buneb
auip aAnoadsolay

uonow 091ep

0} Ja661} jeondo

‘uw Buisn Buebbuy
r'e anoadsolal

uonow 08)9p
‘uw 0} Jab6uy jeondo
618 Buisn Bunebbuy
o1zl aAnoadsolal

“ui
8v'¢
'¢0d
-iseq
(e uw
€e's
20d
-8u)
(2w
6v'c uofiow 10918p
10d 0} 4a6613 jeondo
-aun Buisn Bunebbuy

(L aAoadsolal
awn wisiueyosapy
ueoss Bunabbii)

‘0e
= sawiey} Jo Jaquinu
‘YN = QUBA ‘ww/ =
SSaUXOIY} 32IIS 'HN
=XaN =2ajbue diiy
‘wog| = AO4 ‘sws9
=31 'swogll =HL
‘dN = saweu} Jo
Jaquinu JgN = Juap
‘wwg = ssauyoIy}
291IS ‘€ = XaN
'.21 =9lbuediy
‘WoZE = \Od 'swe'g
=31 'SWGG=HL
:6ey uidg
(2) 'uN = sawely
JO Jaquinu ‘s/woQ |
=JUdA ‘WwWQ|
-G = ssauyoIYy}
921IS 'z = XaAN :.0€
=9jbue dij4 ‘woze
-2 =N0d 'swe's
=3LsWELL=H1
:0d duio (1)

‘

i
= saweJ} Jo Jaquinu
{0€ = 9UdA ‘WWO0L
= ssauxoly} 90lIS
‘Z=XaN:.02=
albue dil4 ‘wo0g «0€
=AO4 'swey
=31'SW06=HL

{yg = sawely Jo
Jaquinu ‘YN = UaA
‘YN = ssawjoiyy
921IS 'UN = X3aN
',0€ = ajbue dij4
'HN = AO4 ‘N uw
=3Jlswig=HlL

Sw 6 =41 :Z=XaN
1g0d-Ised (€) 'sw
lg=dLZ=XaN
12dd-auId (2) 'sw
lg=HLL=XaN
110d-ud (1) g

= sauwelj Jo Jaquinu
{09S/WO0Z = QUAA

‘ww Q| =ssauyoly}
91|S {.0¢€ = 9]bue
dild ‘wo §'22%0€
= AO4 ‘wnwiuiw

=3L'"N=HL

sisjoweled
aouanbag W

dN

Jspwonuajod
‘19}joWMol 4

owiely -awi} isily
By} Ul S80IMBA
usamiaq
aouelsiq

salojoafen
paAuep
AreonAeuy

dN

poyjaw
@oualajey

Aungeley [enifes

[eIXy

Aupirep

anbiigo

[enifes
isjualjed

saue|d
Aupirep

anbiigo

[enibes
‘leibes

Aunqeney

juswissasse

‘fenibes

[enifes

|Ie :wojueyd

uonisinboe
|eaibojosa|y | elep jo aueld

yinow
ayijo
Buisoo pue
Buiuado
wnuixep

wwg
:oposnw

suejue|d
Haqey

(205
[e10}) .2'2E
0},5°€k-
woi4

uoIxayy
40 .07 0}
uoISuaIxa
IN} wouy
:sjualjed
‘"N
‘wojueyd

,0€ 01,0}
apnyidwe
Juonow
Jo abuey

yinow
ay} jo Buiso|o
pue Buiuado

Boyj oy
JO SUOOBUOD
Ol}BWOS!
‘ajosnw
suejueld yqaes
Jo Buluapoys
pue Buiuayibus)
‘Ayoojen pin|4

eiqi 8y} 0}
OAIe|a1 J00} 8y}
Jo uoixajejueld

-IS10p JO
SOINO0IBA Z' A'X
pue olwoyeuy

Inway 1y
M1} PUE ISIM)
‘uoixay sejjored

:sjualled
‘sfelonpy
8y} JO ploAusd
By} Jo "sues}
A‘X ‘wojueyd

1SIM} ‘UOIXal}
1} :suoneloy

‘

palpms uono

juiof

Jengipuewolodws |

(snejos
‘snjwsuooised)
sajosnw ba

(urof sefergns

PUE [BInI00[e)}) BpuUY

(urol jesoway
-ojje1ed) aauy|

(siuiof jesowsy

-0Iq1} pue [eiowWway

-ojjored) aauy]

paipms (s)

ajosnuwi 1o (s)uiop

oaouenbes

J1SVH
olweuAq

bey
uids ‘|4 Od

14N
0Od aup jseq

Odaun

20d-isey
20d aur
10dauIy
pasn
anbiuyoay
14N olweuiq

cSuswalg
‘JouuBdS
ojueAy

=LA
X1 ‘4euueds
eubis

,39
‘lauueos

PNL'6-X

39
‘woishs
eubis

39
‘1abew
dIN X0

aweu
Jauueds
IHN

St

gl

gt

St

Sl

(e1say)
yibuans
pId1d IHN

6l

8l

Ll

9l

(penunuo)) ¢ e|qeL

9/26

PLOS ONE | https://doi.org/10.1371/journal.pone.0189587 December 12, 2017


https://doi.org/10.1371/journal.pone.0189587

Validity and reliability of musculoskeletal motion using dynamic MRI techniques: A systematic review

PLOS |ox

)

£00Y /8568 10'8uod feunol/|. /€10 }/610'10p//:sdny

Aueuney ‘uebuelig ‘ereoy)edH SUBWBIS,

spueliayleN ‘1seg ‘swaisAg [eoipsy sdiliud,

VSN ‘IM ‘@anemji ‘swaisAg [eoipsy 39,

01607 Jojsisuel] -J0isisued] 11

‘joys a|bue-moj i1se} :HSVY 14 ‘uoneziaubew ay} jo uonenpow [eleds ININVCS ‘0yos-uids oginy joys-a|buls pasinboe Jano4-jiey :31 SyH ‘uonosfoid oidosjosi pajdwesiapun Ajisep
‘HdIA ‘pajedal-luaipelb pajiods :HHJS ‘0ydo plal 1Se} paoueed :344q {ISeiuod aseyd :0d ‘Buipoou Aj100ja :0us Suonelox3 Jo JaquinN XN ‘MBIA JO plald :AOH ‘Uoiienoxg
joawi] 3] ‘A1enooay 0} swi] :H] ‘UOIX3|4 X8| 0LdJU|-I0UBNS :|S ‘[elpaw-[eialeT |\ Jousisod-lousiuy (dy ybiy-1e ;Y {puodas Jad Js1awijuad (S/wd (I8}aWwinua (wd

{1919 WI[IW (WL {SBINUIL (UIW ‘SPUODSS :08S SPU0IS-I|IL :SW ‘SUOIIBIOY :10J ‘suoie|suel] :suel} ‘9|qeolddy 10N YN ‘pauodal JON ‘YN ‘[euoisuswip-aa.iy} :d¢g {[eUOISUBWIP-oM} :(dg

09s/1jg
= saweu} Jo Jaquinu
‘HN = 9UdA ‘YN =
SSaWOIY} 391IS ‘UN yinow
=XaN .02 = 9|bue 8yijo
diid ‘wwgel <26k Buiso|o pue yinow oyos jualpelb | suswals
098 =A\O4 ‘swg'2 anbijgo Buiuado ay} jo Buisojo juiof HSVY14 [elpel ‘Iauueos [sv]Te1e
8¢ VN =31 swey=Hl dN Aungeley [enibes wnuwixep pueBuiuedo | teingpuewolodwa ) swilj-leay oujl wiy St 1102 Bueyz 0C
apnyidwe pasn aweu (e1sal)
swn wisiueyosay sisjoweled poyiaw juswissosse ns! Juonow paipnis (s) anbiuyoa) Jauueds yibuans Jeak aweN ‘ON
ueasg BunebbLil @auanbag [HIN aouaJajey |eoibojosla|\ | elep Josue|d | Joobuey | paipniS uonop | 9jasnw o (shulop | [HIN dlweuAg 14N pI9ld IHIN | uonealjgnd Apmis IS

(penunuo)) ¢ e|qeL

10/26

PLOS ONE | https://doi.org/10.1371/journal.pone.0189587 December 12, 2017


https://doi.org/10.1371/journal.pone.0189587.t003
https://doi.org/10.1371/journal.pone.0189587

Validity and reliability of musculoskeletal motion using dynamic MRI techniques: A systematic review

©PLOS | ore

(panupuoy)
(.02
abue ejo})
.0+ 01 .0¢g-
pue wwsg
0} 0 :wojueyd

dN

.0801.0
uononpae
Jeujn pue

[elpes awaixe
8y} o] uonisod
[elinau woi4

L'1E0}.0

dN

.0901.0

dN

dN

HN

4N
uoIxaly Moq|e
10 ,06-G¥
0} UOISUBIXD
moqe
fInj wo.4

uopow
jo abuey

.26'0 PUB WW 1£'0=(S 660 <4

wwez0=as
‘0t"0 = 10119 Juawade|dsIp 1BBJUN|OA ‘Wi
65°0=0S ‘¥¥'0 = 40119 Juswade|dsip :wojueyd

.8'1=¢'| pue Y0t .L'0—¥'0 pue
Wwg0-9'0 | PUBWWEO—H0 | WW /L I=L0
ISINY -.8'L ISINY L' JSINY .20
="} pue ww =0’} pue ww =0 pue ww
9'0—'0:dS 8'0—+'0:dS ¥'1-9°0:aS
Ly'0-L'0pUB | :g'0-00pue 1.2°0-1'0 pue
ww 9°0-2'0 ww e0-10 ww 6°0-€°0
110418 ues|y 110418 ues|\ :10J18 ues|\

KjoAnoadsal 91°0 pue G'g :Solies pooyiax| aAleBau
pue 8ANISOd ‘%06 = AHo10ads (%58 = AlAISusS
‘luswaalbe poob :1o/d uewye pue|g

.2L°0ww
¢S'0 ASNY

90°L
‘ww £'0 ISNH

L¥'0
‘ww 9'0 ISNH

,L'0PpUBWW | =S €'} PUB WW 8’| = 1olid ues|y

S/WW g€ Jopun SBINIO0[OA JOj W g UIYNM :1G'0 'S
JWW / | Z UBY} JOMOIS SBIHOO0IDA JOj WWZ UIYNM :1 G |

‘ww $0°0 ISINY

c0dsww | 3SINY

‘wwg'g o}
€' = 90UBPHUOD %G6 ‘WW 6°8 = JIP SAB Xew ‘ww
1’2 =3S ‘Ww g'g = Ueaw ‘ww g'c = ISINY uea\

ww /g0
10118 8IN|0sqQy

wwolo

9¥°0 1019 8)n|0sqy

S/WO L' (SYNsa1 papodal wouy) 10118 Ues|y
4 A X

(s10443) synsas Aypljiep

wojueyd
B JO "JOI pue ‘suel} g
suonoalp Z°AX
u| sdaiq ay} Jo sjosnw
[eyojeys pue wojueyd
e Jo Juawaoe|dsiq

suonoalIp
Z'A'X Ul "Jo1 pue ‘suel}
93Uy pue elqn Inwa4

aoue}sIp ayeunjoydeos

solewaun|
Joxlew [eonpy
1O "J0J pue "suel]

"J0J puy ‘sues}
|81 Inwiay/sIned

oAl

aueld A‘X ur woyueyd
®e Jo sauojoefel |

wojueyd e
JO uofow [eplosnuls 0g
wojueyd e uo
paoe|d anssi ajosnw
BUIAOQ JO "suel} 02

swe jJuswow
uopusa) sa|IYoY

woueyd 8y} Jo o1
pue ‘suel} 4y pue Y

1yoeuq sdaoiq
B} ulym 1saleiul
Jo uoibai e ul SBIIO0IDA

S9|geLEeA 9WOIIN0

dN

sjepow
uelssnesn
Jo Bumi

4N
sjod

uewy|y-pue|g

‘}se} joexe
sJaysi4
1881

dN

dN

dN

dN

dN

dN

dN

dN

joo}
[eousnels

as

BRUETITETe]

uolje[a1100
Jeaur

3SINY

3SINY ‘as
‘10118 ues|y
onel
pooyai|
pue
‘Aoioads
‘Aunmsueg
S
901y} Jano
pabelone
3ISNY

as
‘1040 ues|\

3ISNY

3SINY

ERNE]
10 ‘WP

ajnjosqe xew

‘gs ‘ueay
‘ISINH

ERIEIENTS)
sInjosqy

senjea

10118 uBB)\

poyjaw
Aupijep

EEORET T
paAap
AlleonAjeuy

Jojuapul
pajjoiuod

IHIN dels e

Aydeiboipesauip
pue Adoosoiyuy

|opow suoq
[eJowa}-o1a1 L

uolysinboe
lenuanbas gg

aindeo
uonow [eando e

salojo8lel)
panuap
AlleonAjeuy

sal0jo8lel)
paAulap
Areonfjeuy

Aiowouobu |

sabew| aul)

Jdaup

@ousiayey
10 poyleI

(snouea) sajosnw
|e1o|eys ba

(uoibai
sdaoiq) wie sjaddn

(e1g1 ‘Inwisy) ssuy

(eyeunjoydeos)
SUM

(yurof
[eJowajoiqly) sauy]

diH

(yuiof
|esowdjo||9yed)
Y]

wojueyd
‘olosnwi [e}o[eys
wJealo} (63| JloamoT

sejosnw
[e1o]9Ys Wieaio

wojueyd
(3urof opyue) 1004
(qutof
[eJowajoiql} pue
|esowajo|eyed)
auy

sajosnw
1yoelq sdaouy
pue lyoeuq sdeoig

palpms julor

[ov]Tele
14N pabbe 2661 NSHIN 4!
14N pabbe) [6e]Te 10
NWYJS ag 210z uewisop | LL
useld [elpel [gel
14N dwi-leay €102 ‘e u | ot
[2€]1e1e
14N BUID 5102 loubuel | 6
IS
HdIA-"9dS [oel1ere
olweuiq 9102 Josiey 8
14N Bw
-[eas eouanbes [cele1e
3449 5002 L
aousnbas
|eaids
o0)|s-9|BuIS [rel'ele
‘|HIN dwii-eay 8002 jedeig | 9
[eeltere
Od au 7661 aoeIq S
14N
0d 8uip oyos [eelele
-jusipely dg 66} aorIQg v
oyoa jusipeld
(oquny)
isej-enn [1e]
‘awi-leas ag 7102 ‘eyen | €
[oel'lele
Od duip 0oz weyusg | g
Od [62]'1e 10
awi-[ess ise €002 emexesy | |
pasn
aouanbag JeaA ‘ON
1IN dweuAg | uonednand | Apmg | s

*AJIpIleA JUa1INdU0D 10} SHNSaY " d|qel

11/26

PLOS ONE | https://doi.org/10.1371/journal.pone.0189587 December 12, 2017


https://doi.org/10.1371/journal.pone.0189587

Validity and reliability of musculoskeletal motion using dynamic MRI techniques: A systematic review

PLOS |ox

)

¥00¥ /8568 10"auod [eunol/|.2g L0 1/B10°10p//:sdny

s|eAl8]ul 8duaplu0) 1| ‘uonosfold oidoilosi pajdwesiapun

Ansen HdIA ‘0yoe pial) 1se} peoueled :344q ‘uoissaifial Jo JUaIoe0) 1Y JUsIONe00 UOIE|8I00 1l {lolle alenbs ueaw J00Y :JSINY UOHEBIASP PIepUElS :dS ‘uonezisubew

8y Jo uoienpow [eneds NINVJS ‘oyoe-uids oginy Joys-s|buls palinboe Jauno4-jiey 131 SVH ‘1oys abue-mo| 1se4 :HSV 14 1Seliuod aseyd :Dd ‘puodss Jad Jajawi|iw :S/ww
‘puooas Jad Jajewiuad (Ss/Wod LWl W ‘suoleloy :JoY ‘suolie|suel] :suel] Buibew) eoueuosal oneubel (JHIN ‘[euoisuswip-eaiy) :ag ‘[euoisuswip-om} :ag ‘pauodal 10N HUN

ajosnw suejueld

wwg :8josnwi Jqqeu jo Ajoojen (snsjos
suejued UBDS [BIXE U} Ul 86°0 = Y pue ueods pue wojueyd ay} Y uoissaibal Jejwonusiod ‘sniwaudoliseb) bey [o¥]
uaqey [eniBes aus Ul $6°0 = Y 1dgeY ‘666'0 = Y ‘Wojueyd Jo moj} AyoojeA pinj4 dN J0Jusiole0) -Jajowmol4 sajpsnw o ulds 4N Od 002 el eyuls | Gi
awelj awi}

18114 B} Ul SBOILBA JO
souejsip 8Injosqe 8y}
0} OAl}e|eJ BWRL) dW}

(.2°0G obues ww 12’0 =ds ‘ww9p0’0 1018 eiqi ues|y UoBa Ul S80IMaA [elqi) awrel) awn
[e10}) .2 L€ "wwi 8g'0 = dS ‘WWSZ00 0~ 1041d snjej ues|y pue ‘Jefe} ‘|eauedjed 1su1} @Y} Ul S8IUBA | (julof Jejeigns pue 14N [svlTee
0} ,G'€l-Woi4 | ‘ww ez 0=3as ‘wwgo00 0 10118 snauedje)d Ues|y 2y} usamiaq aouessiq 4N JolB UBB) | UsaM}Bq douUBlSI | [Blnioofe}) apuy Od duiseq 1002 ueysays | vt
uoixal} o 0%
0] UOISUBIXd
1IN} wouy s[elonply lols sal0jo8lel)
:sjusned ‘YN wwog"0 ww 650 BU3 JO PI0JUBD BY} ainjosqe paALap (3urof resoway [rrlTese
‘wojueyd dN /WW 2670 UBSIN | /W 290 UBB\ | JO "SUEl} A'X ‘Wojueyd dN abesony AlreonAjeuy -ojjoyed) dauy| Od dun 8661 ueysays | €1
z A X pasn
uonow 100} poyiaw aoualajey aouanbag Je9A "ON
jo abuey (s10.113) synsai Aupijep S9|qeleA 3wodIno leonsnels Aupiep Jo poylaN palpmsiulor | |[dNolweukq | uoneodlgnd | Apmis | IS

(ponunuo)) v a1qeL

12/26

PLOS ONE | https://doi.org/10.1371/journal.pone.0189587 December 12, 2017


https://doi.org/10.1371/journal.pone.0189587.t004
https://doi.org/10.1371/journal.pone.0189587

=
Q0
>
o
Q
m (panupuo))
2 ‘pae
2 HD ‘SVS ‘weishs
»n 21euIpI00d
A.n. .2 L—pge plous|b uo Jeusd 14N dwii-[ea.
% HD ‘Ww 'L = SYS peay [esowiny anfea 9ousnbas
w. ‘W g-A ‘W g'g Jo uonoaloid ayy abeiane pue (yuof oyos juaipelb
‘g -X :Ayjiqnonpouadas 0} Buipuodsaliod | awalxe usamiaq uolssas| 1onpoida. |esownyoua)|b) paoueeq [Lv]1ere
5 .09-0€ 19A195q0 eau| HN suonoaIP Z ‘A ‘X soualaylg ‘sieut 9 VN VN Janiesgoelu| Japjnoys ag d21s-nnN 7102 Heusid 8
L ewaoe|dsip
o pjel 6ey ueaw
= wr 16 10 SuoIed0|
Q pue wrl gg = uoistoaid juiod Bey
IS juawaoedsip suonoaIP Z ‘A ueauw ay) yum
m puE UoIed0]| ‘X ur sdenoiq ayy pasedwod spjay
.W. 499unjop wrl |9 JO BjosnwW [e1aI9MS Jswaoe|dsip
o)) pue wrl p¥ = uoisioaid pue wojueyd be)
W Juswaoe|dsip pue ®© JO Juswaoe|dsip Jo uoneoo| iod | (uoibal sdeoiq) 14N pabbey [6ele 10
S HN uoneoo| wojueyd HN pue uoyeoo as N dN dN Be} wopuey wue seddn WINVJS ag [414 UBULIBOW | L
.m 510l suonoallp
°© .£°0 wouy pabuel 101 Z A X urol yse|4
£ pue ww g’ ojwwego pue ‘suei} ssu uoisses (e1an [elpes [HIN [s€]
;Inm .08-0 wouy pabuel ‘suel | °N pue eiqn ‘inwa as ebeseny | ‘sfeui g VN VN Aungereaday ‘Inway) Uy awi-eay €102 ‘R0 UM 9
m uononpage
5 Jeun
o pue [eipe.
3 awanxe Alonnoadsal
% |yl 18'0pUBEE0=M uosbins
IS o} uomsod :Ayyeay uou pue puey |
S |esnau Auyeay Joy Juswaalibe aoue)sip uolssas 1sibojoipes “sibojoipe. Juswaalbe (eyeunjoydeos) [2e]1e10
> woli4 UN J9)elIsiul Jus||9oXg ajeunjoydeos eddey | ‘sfeur g 10} A2 L JENINENT]] 1SUM 4N BuID S1L02 Jaubue [
3 seuoq uo (yuof IHIN BuIo
M uolxaj} uoissas slay ew [eonply [eJowsjoIqH) HdIA-HDdS [oel e 1o
Q L HN ww /y°0 pue, 18’0 S80UaJayIp JO s uoistoaid I ‘sieur e VN VN Jo Bupjoe. | oduy olweukg 9102 Jesiey 14
m saj0ho
© UOISUS)Xd 931U}
= wioJj solewaury
2 painseaw
W SsIaujWexa
om} :Ajigeras ERITEIET ) [e=TEY]
.8'0pue Janiasqoaau| SINY obelene Janiasqoiaul
%9 sem Ayjigeyeada 1 sejered pue
Janiasqoeul puE 19s}40 109sIq JanI9sqOIBIU| Janiasqgoeiul 9ousnbas
116°0:.28°0 pue .2'€ PUE %8'G Sem JO JuswiaInseaw ‘aoueleA :Apnis oain (yurof Jeads 901|s
%.Z" | Sem Ayjigeyeada. JBAIBS0 g Usamlaq HSTITCETEY :Aungernjas suoIssas ur ‘Ayigereadas | esowsjojiered) | -sjbuis ‘|HN [velere
.09-0 JEVNEELTN T 9oualalip SINY Jansasqoesju| Janiasqoeu| € ‘lem VN VN ‘wojueyd oauy] 8002 Jadeig €
snjesedde oyos juaipelb
(wwg'e=as) uolepI|eA 8y} 1o} (oquny)
ww G'6E = wie WwJe Juswow ay} uoissas wojueyd (yuiof 1sej-enn [Lelele
UN Juswow uespy dN JO SjuswaINSES|N uesjy | ‘sfe L VN VN Aungejeaday ayjue) 1004 ‘awi-eas ge 102 Men 4
w
z
(o) [eJowsjo||eyed soljewauy (yuof
_ .8/°0 > pue ww 10 "j01 3| pue obeione |esowjoiqn
£9°0 > [eI0WB0IqN “100 AN HBINT 8y} Jo uoneInep pue
s L0 >puBWWELQ ‘UOISUS)X3-UOIX3]} plepuels sy} uoissas Angeyeadas [elowsjo|jared) [ocl1ele
o dN >—|elowsdjo||ered “'sues dv ‘S| ‘N1 | Jo uBew puein L ‘s[eul g VN VN 1algng 28Uy Qd 8uip 0L0g weyusg 3
suolssas
L spnyduwe Jo Jaquinu @oualladxa
P Juonow Aungeljas wexa Aungeljas wexa ‘uoissas J0 s1eak pue pasn
Jo abuey “EAul Jo Jsjes-eul -i9jul 1o I3je-sequl s|qelien JUETEIITELE) Jad sjely | suoneoyljenp | sioulwexy anbiuyoay Jeap ‘ON
o@. unsai Aunqeray sawoanQ Aunqenay JO JaquinN Jaujwex3 JO JaquinN POURIN palpnis ulor | 4N dlweukq | uonesliand Apmig IS
L]
i *Auiqeljai 104 synsay "G ajqeL

13/26

//doi.org/10.1371/journal.pone.0189587 December 12,2017

PLOS ONE | https



https://doi.org/10.1371/journal.pone.0189587

Validity and reliability of musculoskeletal motion using dynamic MRI techniques: A systematic review

©PLOS | ore

G00Y /8568 L0"auod-[euinol/|./¢1'01/B10"10p//:sdny

‘uonosloid oidosyosi pejdwesiopun Ajjsep ‘HdIA ‘0yoa pjal} ise} paoueleq :344q ‘uoieznaubew ay) jo uolenpow [eneds :NINYJS ‘oyoe-uids oginy
Jjoys-s|Buis paiinboe Jeuno4-jley :31SYH ‘10ys a|bue-mo| s :HSV 14 ‘1SBJIU0D 8SByd :Dd ‘JUSI0Ie00 UOoIIe|a1I00 SSBI0ISIU| :DD| ‘UoioNpge [eiawnyouslf Jo [oAs] = pge HY) ‘eoeds

[BIW0JoBgNS JO YIPIM = SYS 4uiol Jejngipuew-oiodwsa ] :PALL ‘Buibew soueuosal onsube ([HIA ([euocisuswip-aaiy} ;¢ [euoisuswip-om} :gg ‘ejqedlidde JoN :¥N ‘peurodal JoN ‘HN

yinow
ay1jo
Buiso|o pue
Buiuado
winwixepy

yinow
8y jo
Buiso|o pue
Buiuado
wnuwixep

(.L'08
abuel
[e101) ,2°2€
0}.G€L-
wolq

.0e-.0}

G0

apnyidwe
Juonow
Jo abuey

dN

dN

Biqu 8y}

0} BAl}E|2. SN[e)} BU} J0}
wuw Z' | pue seaibep
6'C pue eiqi sy}

0} 8Al}E[9) Shaued|ed
BUIOj WW G|
pue saa.bop g'| ueyy
J9n9q :Ayjiqereadals
199lqns enuj

®lqn 104 .£9°0 0}
.£€°0 WOy puB INWB8)
104 .£5°0 01 ,£€°0
woyj :uoisivaid 2od
au1d ‘eq) 10} 88°0 O}
.9F°0 Wolj pue INWa}
10} ,89°0 01 ,GE'0
woyj :uoisivaid 1od
auId ‘eI 1o} 91"} O}
6770 WO pue INWay
10} G0 O} ,22"0 Wouj
:uoisivaid 9d ised

G8'0 =200l 9S40
109819 :6.°0 =00l
WL:29°0=00I
a|buy snojng

Aypqerjal wexa
-BJjul 10 Jajes-eau|

*(€8°0 = M) Juswenow
8|Apuod pue (16°0 = M)
juswaoe(dsip osIp
120 F£0°2 =28l00s
'68°0 = X :AM|IqeI08Iep
|eolwojeue
G9°0F 1O’} 84008
'€9°0 = Y JoejE
{$9100s pue juswaaibe
J0aad }sow|e 0} poox)

uoljeuiwexa
oljels 10} L£2°0 =M
pue uoljeuiwexs
olweuAp 1o} €10 =)

wweg
0} WW G'Z pue saaibep
6°G 0} seaibep 0'g wouy
pabues :Ay
199lgns-1a1u|

[elowsjoiqn
10} ,8'201,9°} woly
pue [ejowsajo|jeyed Jo}
1’901 p'g WOl IATIS
20d 3uId [eiowsjoiqi
10} ,G'€ 0} €'} woly
pue [ejowsjo||eyed Jo}
L7 0},£°¢ WO ATIS
10d 3uId eiowisjoiqi
10} 201 .8°0
woJj pue [elowsyo|jered
104 42019}
woly :A3IS Od ised

dN

Aungeljas wexa
-19]ul 10 Jajei-IaMu|

unsai Aunqerey

osIp Je[nolye
pue ajApuod

Je|ngipuew ayj Jo

suoiysod aAiejey

anbiuyosy onels
pue ojweuip
104 PINL 8Y1 JO
Buryes uoneoolsip
oy} usamiaq
Juswaalby

a|qelen
onewsuy
yoea :Ajjiqerien
10lans
-13ju| eiqn
2y} 0} aAlea)
Snaueoled
pue snje}
Y} Jo sonewauy
as :Aypqeyeadal
1alans

e||e1ed pue
ANWa} IO} ISIM]
pue uoIxal} ‘HiL
:uois|oa.d ‘sjiol
[elowajolqi) pue
[esowsajo|jayed
104 1SIM} pUE
uoixaj} ‘UL :AJIS
sjuswalinsesw
G uo pabelane
195Hj0 100819
pue L ‘elbuy
SnJING 40 OO

a|qeneA
SawooINo

sanfea
eddey Jeyel-nnpy

{(peq ¥ 0} poob 1)
2100S dAlRNEND

eddey

abeione
|syjoas

sawel)
¢ Jano se|bue
uolyejusLIo
abelane ay)
Jo S :uoisioald
‘108lgns swes
oy} 1o} SWExa
2 usamiaq
uolejusLIo
[elowsjolqi pue
[esowajo|jayed
VIE=IVEIETITo
8Injosqe :A3IS

[6v]
|e 1o oyleg Jad
se (1) 021) 09I

1UBI1}J909

dN

°N

suolsses
L/sleul g

ejep
passaocoid
jsod jo

sasAleue o}

:uois1oa.d
F_O_wwww
L ur sjeuy
2:A3IS

suolsses
2 ‘sleul g
suolssas

Jo Jaquinu
‘uolssas
1ad sjeuy

Jo JaquinN

dN dN
dN dN
VN VN
VN VN
VN 5
aouapadxa
Jo sieak pue
suonesyllenp | sisujwexy
Jaulwexy Jo JaquinN

Aungenen
JoAIesqoIBlUl

suoljeujwexs
8y} usamiaq
SaoualayIp
ajenjeAs
0} 339 ‘sedfy
uoljeulwexas

Usem}aq s8100s

20UBPHUOD

Jopeal asedwod

ol Aujiqerjos
JaAlasqoiaiu|

90IMm) payeadal
saouanbag

uoisioaid ‘A3IS

Aungeyeadey

pouisi

PNL

rNL

(yuiof Jejeygns
puUE [eJnJoO[E))
|Spuy

-oj|e1ed) aauy]

(quof
|eJowsjoeyed)
EEY]

paipmis Julop

oyos juaipelb
HSV14 [elpel
swi-lesy 1102
oouenbes
31SVH
olweuAq 2002
14N
Od duid jseq 2002
20d-ise}
20d 8up
‘10deun €002
19N
olewsuy 8661
pasn
anbiuyoa} Jed A
14N olweukq | uopedlgnd

€l

(43

Ll

oL

‘ON
S

(penunuo)) °g sjqeL

14/26

PLOS ONE | https://doi.org/10.1371/journal.pone.0189587 December 12, 2017


https://doi.org/10.1371/journal.pone.0189587.t005
https://doi.org/10.1371/journal.pone.0189587

@° PLOS | ONE

Validity and reliability of musculoskeletal motion using dynamic MRI techniques: A systematic review

Quality assessment

The mean QAS of all the selected articles was 66% (+ 10.46%) (Table 2). Two of the selected
articles had a QAS of 80% or more and both these studies reported the concurrent validity of a
real-time dynamic MRI technique [31,34]. Six studies had a QAS between 70% and 80%
[30,42,45-48]. Seven studies had a QAS ranging from 60% to 70% [29,36-39,41,43]. Three
studies had QASs between 50% and 60% [35,40,44]. The other two studies had QASs of 48%
[32,33]. All the articles selected are presented to provide an all-inclusive review of the available
literature on the metrological assessment of dynamic MRI techniques. Details of the scores of
each article are provided in the supporting document S3 Appendix.

Concurrent validity and reliability

Four studies [30,34,36,39] (mean QAS 73%) evaluated the concurrent validity of the technique
in question using a moving phantom and later determined its reliability on healthy volunteers
(Tables 4 and 5). Seven studies [29,32,35,40,44,46] (mean QAS 55%) evaluated only concurrent
validity either using a moving phantom or another imaging technique as a gold standard
(Table 4). Five studies [41-43,47,48] (mean QAS 69%) reported reliability using either
repeated measures or multiple observers (Table 5). Four studies [31,37,38,45] (mean QAS
74%) reported both concurrent validity and reliability using measurements on healthy volun-
teers (Tables 4 and 5).

Dynamic MRI techniques used and joints and muscles studied

Concurrent validity and/or reliability was determined for eight dynamic MRI techniques
(Table 3): cine MRI [36,37], kinematic MRI [42], Ultrafast MRI [31], Cine Phase Contrast
(PC) MRI [30,32,33,43-45], dynamic HASTE MRI [47], real-time MRI [34,35,38,41,48], real-
time PC MRI [29], and Spin-tag or tagged MRI [39,40,46] (See S4 Appendix for a short
description of each technique). The names of the sequences are reported as stated in the
respective articles. The knee joint was the most frequently studied (seven studies), followed by
the ankle and temporo-mandibular joints (two studies each), and the shoulder, wrist and hip
joints (one study each). Three articles studied upper limb muscles and three studied lower
limb muscles.

Joint evaluations

Measurement of knee joint mechanics. Of the seven articles that studied the knee joint
(Tables 3, 6 and 7), three reported concurrent validity and/or reliability using cine PC MRI
[30,43,44] (mean QAS 65%), two using real-time MRI [34,38] (mean QAS 77%) and one each
using kinematic MRI [42] (QAS 73%) and cine MRI [36] (QAS 66%).

Among all the cine PC MRI techniques used, in-plane mean concurrent validity was excel-
lent and out-of-plane mean concurrent validity was moderate to excellent [30,44] (mean QAS
64%) on 3.0T scanner. Furthermore, Benham et al. [30] reported that between no signal aver-
aging and two signal averages, translational accuracy increases as much as 3.5 times, whereas
rotational accuracy remains unchanged. Reliability of the cine PC MRI technique was reported
by comparing knee kinematics (patellofemoral and tibiofemoral) from two acquisitions col-
lected during same session. Reliability was moderate for rotations and excellent for translations
[30,43] (mean QAS 71%).

For real-time MRI, the concurrent validity for tibio-femoral kinematics was moderate to
excellent [38] (QAS 68%) [34] (QAS 85%) using a 3.0T [38] and 1.5T [34] scanner respectively.
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Table 6. Concurrent validity for each joint and muscle studied.

Joint or skeletal Dynamic MRI techniques—Concurrent Validity
muscle studied Cine Kinematic | Ultrafast Cine PC dynamic Real-Time Real-time Spin Tag or
HASTE PC Tagged
Knee trans +++ in-plane +++ (2); out trans and rot +++
(1); rot +++ of plane ++ (1) (1); position
(1) trajectory ++ (1)
Ankle moment
arm + (1)
Temporo-
mandibular
Shoulder
Hip trans ++ (1);
rotations ++ (1)
Wrist
Lower limb displacement +++ (1); muscle
muscles displacement ++ (1) displacement +++
2
Upper limb velocity ++ muscle
muscles (1) displacement +++

(1)

+++: Excellent evidence; ++: Moderate evidence; +: Poor evidence; Trans: Translations; Rot: Rotations; SLD: Scapholunate Dissociation; TMJ:
Temporomandibular Joint; Numbers in brackets indicate the number of studies reporting the evidence.

https://doi.org/10.1371/journal.pone.0189587.t1006

Intra-observer reliability was excellent and inter-observer reliability was poor for bisect offset
and patellar tilt respectively [34] (QAS 85%).

For kinematic MRI, reliability was excellent for bisect offset measurements and moderate for
patellar tilt and sulcus angle measurements [42] (QAS 73%). An average of two measurements

Table 7. Reliability for each joint and muscle studied.

Joint or skeletal Dynamic MRI techniques—Reliability
muscle studied Cine Kinematic Ultrafast| Cine PC dynamic Real-Time Real- | Spin Tag or
HASTE time PC Tagged
Knee cartilage contact | bisect offset +++ trans +++ intra +++ (1); inter ++
precision +++ (1) | (1); patellar tilt ++ (2); rot ++ (2) (1)
1
Ankle intra ++ (1);
inter + (1)
Temporo- TMJ open- | inter (motion artifact) +
mandibular close +++ (1) | (1); inter (disc motion)
+++ (1)
Shoulder intra ++ (1)
Hip
Wrist inter +++ (1);
SLD +++ (1)
Lower limb tracking ++ precision
muscles (1) +++ (1)
Upper limb precision
muscles +++ (1)

+++: Excellent evidence; ++: Moderate evidence; +: Poor evidence; Trans: Translations; Rot: Rotations; SLD: Scapholunate Dissociation; TMJ:
Temporomandibular Joint; Numbers in brackets indicate the number of studies reporting the evidence.

https://doi.org/10.1371/journal.pone.0189587 1007
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within each session was recommended to produce adequate ICC values on bisect offset and
patellar tilt whereas an average of four measurements was recommended to yield consistent sul-
cus angles.

For cine MRI, concurrent validity and reliability for tibiofemoral kinematic tracking were
both excellent, using a 3.0T scanner [36]. The same study also reported excellent concurrent
validity for determining tibiofemoral cartilage contact location.

Measurement of ankle joint mechanics. Ankle joint evaluations (Tables 3, 6 and 7)
included talo-crural and subtalar kinematics [45] (QAS 79%) as well as quantification of mus-
cle moment arms [31] (QAS 80%).

Sheehan and colleagues [45] (QAS 79%) reported moderate intra-subject reliability for the
evaluation of ankle joint kinematics using Cine PC MRI on a 3.0T scanner. Clarke et al., [31]
(QAS 80%) used ultrafast MRI to study the Achilles tendon moment arm using the ‘geometric
method’ of measuring the distance from the joint axis to the muscle-tendon line-of-action and
reported poor concurrent validity on a 3.0T scanner.

Measurement of temporo-mandibular joint (TMJ) mechanics. Since standard static
clinical examinations cannot reliably assess TM] disorders, dynamic MR imaging has become
standard in the evaluation of TMJ problems. Two studies carried out metrological evaluation
of dynamic MRI sequences based on quantitative parameters of TM] mechanics (Tables 3
and 7). For dynamic HASTE sequence (half-Fourier acquired single-shot turbo spin-echo)
acquired on a 1.5T scanner, Wang and colleagues [47] (QAS 73%) reported excellent reliability
for the evaluation of maximal TM]J opening and closing. Zhang and colleagues [48] (QAS
71%) used real-time MRI with a radial data encoding scheme, and reported excellent reliability
for visual assessment of the dynamic positions of the TM]J.

Measurement of shoulder, hip, and wrist joint mechanics. The metrological properties
of dynamic MRI sequences at the shoulder, hip and wrist joints were each assessed in one
study. For real-time MRI techniques, moderate reliability was reported for shoulder joint kine-
matics using a 1.5T scanner [41] (QAS 61%) and moderate concurrent validity was reported
for hip translations and rotations using a 1.5T scanner [35] (QAS 53%). Gilles et al. further
reported that an optimized protocol with reduced acquisition time and lowered image resolu-
tion (4 X 4 mm) resulted in poor concurrent validity for both translations and rotations of the
hip joint [35].

For cine MRI, Langner et al. [37] (QAS 68%) reported excellent inter-rater reliability for
the evaluation of scapholunate distance based on wrist joint motion and scapholunate dissoci-
ation (SLD) detection in healthy volunteers, as well as in individuals with clinically suspected
SLD.

Skeletal muscle mechanics

Six studies evaluated skeletal muscle motion using three different dynamic MRI techniques
(Tables 2, 6 and 7). A spin tag or tagged MRI sequence was used in three studies [39,40,46]
(mean QAS 62%), a cine PC MRI sequence was used in three studies [32,33,46] (mean QAS
55%), and a real-time PC MRI sequence was used in one study [29] (QAS 65%).

Using the Spin Tag technique, tagging pulse studies were performed for different lower leg
muscles (gastrocnemius and soleus) [40] (QAS 51%) and for the biceps brachii [39] (QAS
65%) in healthy subjects. Both the studies showed excellent concurrent validity for the mea-
surement of muscle displacement, as well as excellent reliability on a 1.5T scanner [40] and a 3.
T scanner [39]. Sinha and colleagues [46] (QAS 70%) reported excellent concurrent validity
for in-plane motion using MR-visible fluid following comparison of a velocity encoded PC
MRI technique with spin tag MRIL
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Drace and colleagues published two studies [32,33] (mean QAS 48%) of a velocity encoded
cine PC MRI technique. In the first study [32] (QAS 48%), they reported excellent concurrent
validity and excellent prediction of the sinusoidal displacements of a moving phantom, and in
the second study [33], they reported moderate concurrent validity for 2D trajectory-tracking
of skeletal muscles. Asakawa and associates [29] (QAS 65%) compared real-time PC MRI with
cine PC MRI to determine the velocities of the biceps brachii, and found moderate concurrent
validity for peak velocity values within the volunteers.

Discussion

This systematic review reports current evidence regarding the metrological properties of
dynamic MRI techniques for the measurement of joint and muscle mechanics. Eight dynamic
MRI techniques identified from 20 selected articles were reported. Image acquisition tech-
niques, output parameters, post-processing requirements, and metrological outcomes varied
across studies. Moderate to excellent concurrent validity and reliability were reported for vari-
ous MRI techniques in different studies for joints, moving phantoms, and muscles. However,
only four out of 20 selected studies included subjects with musculoskeletal disorders, thus evi-
dence for the metrological parameters of these techniques in clinical practice is currently lack-
ing. Based on the current level of metrological evidence, the most valid and reliable techniques
appear to be cine-PC and real-time MRI for joint mechanics and Spin tag MRI for muscle
mechanics.

Joint kinematics

The findings of this systematic review highlight that the concurrent validity of the different
dynamic MRI techniques has not been evaluated for all joints (Tables 6 and 7). Concurrent
validity was mostly evaluated using moving phantoms (Table 4), whereas reliability studies
involved repeated measures in the same subject, or reporting observer reliability with image
processing (Table 5). Overall, the largest number of joints were studied using cine PC and
real-time MRI (three for cine PC and four for real-time), with good to excellent levels of valid-
ity. For knee joint kinematics, concurrent validity (2 studies, [30,44]) and reliability (2 studies
[30,43]) were mostly evaluated using cine PC MRI compared to real-time MRI [38], cine MRI
[36] and kinematic MRI [42]. However, excellent concurrent validity and reliability measures
were reported for all the techniques used for knee joint evaluation. Fewer studies were carried
out for the other joints. Furthermore, no studies evaluated concurrent validity for kinematic
MRI or dynamic HASTE MRI, and no studies evaluated reliability for Ultrafast MRI and real-
time PC MRI. Since the clinical evaluation of functional joint kinematics using dynamic MRI
techniques is likely to expand (diagnosis, pre-operative planning, rehabilitation and clinical
follow-up), it is necessary to assess the metrological evidence of the techniques used. Dynamic
MRI techniques have been used to evaluate joint kinematics in the case of disorders of the
knee joint [50-54], the wrist joint [37], the TMJ [47], the shoulder joint [55], and the spine
[56-60]. However, no one dynamic MRI technique has been evaluated for concurrent validity
and reliability for all joints. Further studies are thus required in both healthy subjects, and
those with pathology.

Skeletal muscle tracking

Many musculoskeletal and neurological disorders lead to changes in muscle properties and
function that are still not well understood. Skeletal muscle tracking can be used to evaluate
shear strain, tensile strain, and strain rate, along with regional deformations [32] and thus,
could play a major role in understanding the pathophysiology of muscle disorders. However,
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very few studies and research groups use dynamic MRI techniques to study skeletal muscle dis-
orders. For example, dynamic MRI techniques have been employed to determine impaired
muscle mechanics in the Achilles tendon [61], gastrocnemius [62,63] and soleus muscles [63],
however the validity of these techniques has been scarcely reported. Spin tag MRI is the only
technique that consistently showed excellent concurrent validity and reliability for both upper
and lower limb muscles. Tagged MRI sequences allow the measurement of deformation by
tracking a tagged pattern on the muscles [39,46]. No other dynamic MRI techniques were used
for muscle tracking/strain/displacement except cine PC MRI [46] and real-time PC MRI [29].
Furthermore, non-invasive measurement of the mechanical properties of muscles requires
detailed in vivo measurements of skeletal muscles deformation. Thus, although the results of
this study suggest spin-tag MRI is currently the most valid and reliable technique for the evalu-
ation of muscle, further studies are required to confirm this.

Limitations—Systematic review

This systematic review presents some limitations. The review protocol was not registered a pri-
ori in an international prospective register of systematic reviews, such as PROSPERO (https://
www.crd.york.ac.uk/PROSPERO/). We did not use MeSH terms in the search strategy as
MeSH terms were not consistent across the search engines and some search engines do not
have controlled vocabulary (for e.g., Web of Science). However, the search strategy was cross-
checked for common errors, according to the guidelines by Sampson et al. [18], and was made
reproducible by providing the search strings used for each database (S1 Appendix). However,
it is possible that certain keywords or word variants were missed. Certain databases, such as
the Cochrane Library, automatically search for word variants in terms of linguistic variants,
spelling (British vs American) variants, or even non-standard plural variants, however the
other databases do not have this function, which could be a potential limitation of the search.
Another limitation of this review was that the questionnaire (Table 1) used to determine QAS
was not validated, although it was based on validated questionnaires. Thus, the QAS should be
interpreted with caution.

Limitations and improvements—Metrological studies

The main limitation of this review was the heterogeneity of MRI parameters, experimental
designs, methods employed, and non-reported parameters due to manufacturer-specific
sequences, which made it impossible to use a common scale for comparison. Even if studies
used the same sequences, the parameters were heterogeneous since they are scanner depen-
dent. Thus, although we recommend use of certain techniques, we cannot recommend a
generalized set of parameters. To understand basic differences in these techniques, a brief
methodological overview for each of these techniques with their trade names used by different
manufacturers is provided in the S4 Appendix. Furthermore, not only did the metric quantifi-
cation methods differ, different statistical methods were used to report concurrent validity
(coefficient of regression (r), standard deviation, absolute differences, root mean square error,
mean error values etc.) and reliability (standard deviation, absolute differences, interclass cor-
relation coefficients, kappa statistics, root mean square, etc.).

Most in vivo tests were conducted on healthy volunteers. Only four studies (Table 3)
included subjects with musculoskeletal disorders [37,42,46,47], and the data acquired was
mostly used for feasibility or proof of concept. Despite the challenges relating to magnetism
and scanner bore size constraints, it is now possible to mimic standing in an open MRI scan-
ner or weight-bearing in a closed scanner. These conditions are considered to increase under-
standing of musculoskeletal disorders [17,64]. The literature suggests that researchers have
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succeeded in determining in vivo healthy joint kinematics for weight-bearing [65-67] and
non-weight bearing conditions [15,68-71] that would evoke joint pain in pathological popula-
tion. However, there are no studies of concurrent validity and reliability in persons with mus-
culoskeletal disorders and abnormal joint kinematics. Future studies to evaluate dynamic
MRI techniques should therefore involve patients with musculoskeletal disorders or mimic
pathology.

With regard to the statistical analysis, which is a key point when reporting metrological
studies, no exhaustive recommendations are available. However, for future reliability studies,
we recommend reporting the standard error of measurement (SEM) or the minimal detectable
difference of the measures. Reporting these metrics would allow the readers and users to attri-
bute the observed difference to a true measurement of change, or a measurement error [27].
Furthermore, none of the studies carried out an a priori sample size calculation. This is impor-
tant to ensure the study has adequate power [72,73].

This review highlighted that the most optimal way to evaluate the concurrent validity of
dynamic MRI was by using motion phantoms that mimic joints or muscles. Search strategy
found three studies [74-76] that reported the concurrent validity of cine PC MRI by using the
known movement of specially designed motion phantoms, without mimicking joint or muscle
motion. Since these studies did not fit in the aim of this systematic review, they were not
included in the selected articles. We highly recommend the use of joint or muscle motion
mimicking phantoms to evaluate all the dynamic MRI sequences using a single scanner in
order to evaluate their concurrent validity.

Future development

Future developments in this field can be classified into two categories: MRI sequence and
post-processing techniques. Dynamic MRI sequences are evolving rapidly with advances in
imaging technology. The typical fast imaging sequences based on balanced steady state free
precession techniques, originally used for cardiac exams, are insufficient to obtain a total vol-
ume acquisition within a single breath hold for cardiac MRI [77]. A number of strategies have
been developed to further reduce the acquisition time. These include, but are not limited to 1)
k-t BLAST/SENSE (Sensitivity Encoding)/ASSET (Array coil Spatial Sensitivity Encoding)
[78,79], 2) k-t FOCUSS [80], 3) parallel imaging techniques like GRAPPA (Generalised auto-
calibrating partially parallel acquisition)/ARC (Autocalibrating Reconstruction for Cartesian
imaging) [81], and 4) Echoplanar imaging (EPI). [78]. [82] All these imaging techniques and
sequences are promising for the investigation of joint and muscle mechanics.

Although the focus of this review was not improving post-processing techniques, post-pro-
cessing is key with regard to the feasibility and clinical utility of dynamic MRI. One such area
that should be targeted is artifacts produced by eddy currents. In all types of imagery, eddy cur-
rents produce typical image artifacts that include image shearing, image scaling, and global
position shifts. Thus, it is important to minimize the systematic error induced by eddy cur-
rents, which is possible using several techniques including 1) slotted coils and shields to inter-
rupt current loops, 2) active shielding of gradients, and 3) image post-processing to correct for
frequency/phase shifts. None of the selected articles reported the use of any of these techniques
to minimize the eddy current error. However, one of the non-selected phantom studies [74]
stated the use of post-processing techniques to reduce eddy current error.

Perspectives for the evaluation of musculoskeletal disorders

Dynamic MRI-based evaluation of musculoskeletal disorders could have huge impact on
understanding of the pathomechanics of the musculoskeletal system as well as to guide
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surgery [37] and rehabilitation [83]. Individuals with musculoskeletal disorders often expe-
rience joint pain and/or weakness during simple daily tasks or motions. Pain-inducing tasks
would provide the most relevant dynamic MRI data, however, if such tasks are used, it is
essential that the technique is quick and non-repetitive. While cine-PC and real-time MRI
techniques stand out for the evaluation of skeletal joint mechanics, their use in the clinical
setting is limited. For example, cine-PC MRI needs tasks to be repeated for up to two min-
utes (Tables 4 and 5) to acquire dynamic data. This is inappropriate in the case of pain.
Real-time MRI can acquire dynamic data in single cycle, however requires slower joint
motion, making the movement quasi-static. Future studies should focus on eliminating
these limitations.

The most difficult challenge is to obtain physiological joint loading conditions inside the
constrained space of the scanner, whether a horizontal close-bore system or upright open-bore
system. Weight bearing MRI of joints is suggested to identify conditions that are otherwise
challenging to diagnose using non-weight bearing MRI [64]. Weight bearing joint kinematics
are different from non-weight bearing kinematics [4,5,7,9,84,85]. Furthermore, weight bearing
joint kinematics are load dependent and change significantly with variations of the applied
load [86]. Active in vivo joint kinematics are significantly different from passive or static
analyses [8,87]. To reproduce physiological joint loading, special loading fixtures are needed
which makes the experimental set-up complex and uncomfortable. Moreover, it is difficult to
derive accurate and reliable joint kinematics from the acquired images because the quality of
dynamic MR images is always lower than for static images. This is because fast image acquisi-
tion sequences with lower TR and TE values are typically used for dynamic MRI. Standardized
processes for weight-bearing MRI have not yet been defined and their use for diagnosis, treat-
ment and post-surgical follow-up remains to be specified.

In summary, dynamic MRI techniques may have potential to be used as clinical tools (for
diagnosis or follow-up). However, there is a lack of metrological evidence for their use in the
evaluation of musculoskeletal disorders. Moreover, due to the high costs involved, lack of stan-
dardization, lack of research demonstrating diagnostic value, post-processing time and com-
plexity, manufactures are not developing and including standardized dynamic sequences for
the study of musculoskeletal disorders. Thus, the role of dynamic MRI for the diagnosis of
challenging cases is currently uncertain, and this technique is at an early stage of development.
At the very best, dynamic MRI techniques can be used in the research setting to answer clini-
cally important research questions such as understanding pain mechanisms [88] or evaluating
functional anatomy [55,71] etc. Nevertheless, the results of this study regarding the validity
and reliability of dynamic MRI techniques for the assessment of the musculoskeletal system
are encouraging.
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