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Abstract

Introduction

Prosthetic alignment, positioning of a prosthetic foot relative to a socket, is an iterative pro-
cess in which an amputee’s gait is optimized through repetitive optical gait observation and
induction of alignment adjustments when deviations are detected in spatiotemporal and
kinematic gait parameters. An important limitation of the current prosthetic alignment
approach is the subjectivity and the lack of standardized quantifiable baseline values. The
purpose of this systematic review is to investigate if an optimal alignment criterion can be
derived from published articles. Moreover, we investigated the effect of alignment changes
on spatiotemporal, kinematic and kinetic gait parameters.

Results

A total of 11 studies were included, two controlled before-and-after studies and nine-inter-
rupted time series studies.

Discussion

The results demonstrate that alignment changes have a predictable influence on the
included kinetic parameters. However, the effect of alignment changes on spatio-temporal
and kinematic gait parameters are generally unpredictable. These findings suggest that it is
imperative to include kinetics in the process of dynamic prosthetic alignment. Partially this
can be established by communication with the prosthetic user in terms of perceived socket
comfort, but the use of measurement tools should also be considered. While current litera-
ture is not conclusive about an optimal alignment, future alignment research should focus
on alignment optimisation based on kinetic outcomes.
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Introduction

Individuals with a transtibial amputation (TTA) have an altered functioning ankle joint, result-
ing in the loss of important ambulation functions, including energy absorption, propulsion
and active push-off. To compensate for the functional loss, the human body adapts so that it
can perform the necessary functions despite the structural asymmetry between the prosthetic
limb (PL) and the non-prosthetic limb (NPL) [1].

During prosthetic fitting, the prosthetist will examine both the socket fit and the prosthetic
alignment. Prosthetic alignment involves altering the position of a prosthetic foot relative to a
socket. This process aims to reduce an amputee’s restrictions and discomfort during daily life
activity [2]. By changing the relative orientation of the foot in respect to the socket, a prosthet-
ist is able to influence spatiotemporal, kinematic and kinetic gait parameters in order to opti-
mize the dynamic balance and biomechanical function exhibited by the user [3]. One aspect of
the alignment process is dynamic alignment, where possible gait deviations are observed in a
clinical environment. Adjustments of the position and orientation of the foot relative to the
socket are applied in the sagittal-, coronal- and transverse-plane, so that the amputee’s gait is
influenced to achieve minimal optical gait deviations and to satisfy both user and prosthetist
with the resulting gait.

One limitation of dynamic alignment is its attempt to achieve a perfectly ‘normal’ symmet-
rical gait. Firstly, the prosthetic user’s personal limitations may require gait deviations. Sec-
ondly, increasing the symmetry in TTA gait does not necessarily result in gait improvement
[4]. Multiple studies reported dissimilarities between TTA gait and nondisabled gait. Lower
average cadence, velocity, stride length and single limb support time are observed in TTA gait
[5-8]. Additionally, the swing time and step length of the PL are found to be greater, and the
stance phase duration on the NPL are increased, compared to the PL [9,10]. Asymmetry may
be a prerequisite to achieve gait stability during ambulation [1]. Therefore, it may be argued
that kinematic and spatiotemporal symmetry should not be the goal of dynamic alignment of
the prosthesis.

A more extensive and objective interpretation of the effect of different prosthetic align-
ments on the gait pattern of TTA patients is desirable in an attempt to define optimal align-
ment. The current interpretation of optimal alignment is subjective, with both the prosthetist
and user indicating optimal gait through a trial-and-error process. As a result, the dynamic
alignment achieved by the conventional dynamic alignment process is found to be highly vari-
able, with a wide range of alignments tolerated by below knee prosthetic users [11]. Although
the prosthetist may observe an optimal gait after alignment alterations, the prosthetic user may
actually be maintaining the given gait pattern with strongly altered kinetics. Detailed examina-
tion of the generated joint moments required to produce the observed gait may reveal the
abnormalities [8]. The relationship between prosthetic adjustments, gait deviations and com-
pensatory mechanisms remain unclear.

This systematic review will examine the current literature of alignment changes on spatio-
temporal, kinematic and kinetic parameters in TTA gait. Secondly, the review will attempt to
find the most widely accepted definition of optimal alignment for TTA gait.

Methods

Our study was conducted and reported according to the Preferred Reporting Items for System-
atic Reviews and Meta-analysis Statement (S1 Checklist). A systematic search was performed
in the PubMed and Embase databases, from the initiation of the databases up to October 15™,
2014 (Table 1). Two reviewers, (N] and PvdW) independently screened each title to select
potentially relevant papers. The resulting abstracts were screened to select articles matching
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Table 1. Search strategy.

Database Search Strategy n-

hits
PubMed search ((“Trans-tibial” [Title/Abstract] OR Transtibial [Title/Abstract] OR “Below-knee” | 72
syntax [Title/Abstract]) AND (Amput* [Title/Abstract])) AND ((“Alignment” [Title/

Abstract] OR “Malalignment” [Title/Abstract] OR “Align” [Title/Abstract]) AND
(Prosthe* [Title/Abstract])).

EMBASE search ((‘Trans-tibial’:ti:ab OR Transtibial:ti:ab OR ‘Below-knee’:ti:ab) AND (Amput*: |75
syntax ti:ab)) AND ((‘Alignment’:ti:ab OR ‘Malalignment’:ti:ab OR ‘Align’:ti:ab) AND
(Prosthe*:ti:ab))

Total 147
doi:10.1371/journal.pone.0167466.1001

the research question (Fig 1). Only articles fulfilling both the in- and exclusion criteria follow-
ing a full text review were included in the systematic review. The references of the final selec-
tion of articles were reviewed to find potentially relevant articles, which may have been missed,
in the initial search.

Data extracted from the studies included: study design, population (sample size and age),
initial prosthetic alignment, prosthetic alignment adjustments, all reported spatiotemporal gait
parameters and kinematics and kinetics of both lower extremities during gait.

To the best of the authors’ knowledge, no validated critical appraisal has been published
which matches this review’s scope. As such, an adapted version of a non-validated critical
appraisal by van der Linde et al. was used [12]. Van der Linde et al. based their appraisal on the
integration of two existing criteria lists for quality assessments of randomized controlled trials
[13,14]. Each of those criteria were individually assessed and adapted to the relevance of this
systematic review, for both before-and-after study designs and interrupted time series designs.
Some criteria were removed or altered where they scored ‘0" or ‘1’ by definition. The adapted
critical appraisal evaluated a checklist of ten criteria (S1 Appraisal).

Inclusion criteria

—  Articles in English;
—  Subjects were unilateral transtibial amputees;

—  Measurements of spatiotemporal gait characteristics,

kinetics or kinematics of the prosthetic limb during gait;

- Walking speed;

—  Atleast two different prosthetic alignments were
assessed per subject;

—  Matching the research question;

— At least five participants.

a: Inclusion criteria

In order to be included in this review a potential article met all

of the abovementioned criteria.

Abbreviations: km/h= kilometre per hour
Fig 1. Inclusion and exclusion criteria.

doi:10.1371/journal.pone.0167466.9001

Exclusion criteria

Walking on irregular or inclined surfaces;
Comparison of different prosthetic components;
Focus on ground reaction forces or foot pressure
distribution;

Muscle work or power;

Foot roll-over-shapes;

Case studies;

Data not presented in numeric values;

Running or imposed high walking speed.

b: Exclusion criteria

A potential article that met any of the criteria was excluded for

this review.
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To determine the risk of bias in this review we deviated from the Cochrane system because
this is primarily designed for intervention studies. Instead, we utilized the COSMIN system
box F: ‘Hypothesis testing’, to evaluate the risk of bias per studied measurement property
[15,16]. Each item is scored on a four-point scale (Excellent, Good, Fair or Poor) and the final
score is judged by using a ‘worst count score’. In accordance with previous studies we relin-
quish from judgements on sample size requirements in this quality assessment procedure
because it was expected that all studies contains less than 30 subjects [15]. Two reviewers inde-
pendently scored the included articles; any dissimilarity in an item assessment was resolved by
a consensus meeting.

Results

A total of 85 studies were identified using the search strategy as shown in Fig 2. After full text
assessment 7 studies were excluded [11,17-22] Followed by screening of the reference section
of the remaining 11 studies, this did not result in the inclusion of additional studies. The stud-
ies included in this review include two controlled before-and-after study design studies and
nine-interrupted time series design studies (Table 2).

Four studies scored a good and seven studies a fair for the hypotheses assessment by the
COSMIN guideline. The critical appraisal showed criterion specific shortcomings, which are
mainly present in the selection criteria. Due to a lack of descriptive data the homogeneity of
the investigated groups is questionable. The quality assessments of all the included studies are
listed in Table 2.

Of the included studies, three compared gait parameters of the NPL with the PL in unilat-
eral TTA [23-25], whereas the other eight only investigated the PL [26-33] Of the three studies
examining both the NPL and the PL, two included an additional group of abled-bodied per-
sons for comparison [23,24]. The relevant outcomes are subdivided into three result tables:
spatiotemporal (Table 3), kinematic (Table 4) and kinetic (Table 5) data.

Six of the included studies had an affiliation with Orthocare Innovations (OI) and pre-
sented data from two different cohorts: four studies obtained data from the ‘OI 2012’ cohort
[27,28,30,31] and two studies the ‘OI 2014’ cohort [26,33]. An additional two studies [23,24]
had an affiliation with ‘Centre de Readaptations Louis Pierquin’ and presented data obtained
from the same cohort, which will be called the ‘CRLP’ cohort in this review. The remaining
studies [25,29,32] appear to be based on unique cohorts.

Experimental Procedures

Two of the included studies[23,24] started from an alignment where no alternations had been
made on the participant’s own prosthesis. In eight studies [25-31,33] a visual dynamic align-
ment of the prosthesis of all participants was executed by experienced prosthetists before start-
ing the measurements, and was called the nominally or initial alignment. Given that both
nominally and initial alignment are one and the same starting point, this review only used
nominal alignment. One study [32] performed a static nominal alignment using the LASAR-
posture®) -system [34].

Alignment perturbations are reported as change of orientation of the foot in relation to the
socket or vice versa. Three studies investigated the influence of transverse alignment changes by
rotating the foot relative to the socket [23-25]. The studies of the CRLP cohort compared the
nominal alignment to a 6° external rotation and a 6° internal rotation [23,24]. One study com-
pared the nominal alignment to alignment changes of +18° and +36° external rotation [25].

Seven studies [26-31,33] included sagittal and coronal alignment changes on the socket rel-
ative to the foot. The studies of the OI 2012 cohort [27,28,30,31] made adjustments on the
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PRISMA Flow Diagram search strategy

Graphical representation of the systematic search

From: Moher D, Liberati A, Tetzlaff J, Altman DG, The PRISMA Group (2009). Preferred Reporting ltems for Systematic Reviews and Meta-
Analyses: The PRISMA Statement. PLoS Med 6(6): e1000097. doi:10.1371/journal.pmed1000097

Fig 2. PRISMA flow diagram.
doi:10.1371/journal.pone.0167466.9002

PLOS ONE | DOI:10.1371/journal.pone.0167466 December 6, 2016 5/18



Effect of Alignment Alternations on Amputee’s Gait

©PLOS | one

200v99%/91.0°8uod [euinol/| |0 }:10p

"'Smalnal oewalsAs 1oy auldapinb NIINSOD Aq Anjenb [eaibojopouis |y «

sondwy [eignsuel | = 11 ‘UoneIASQ PIEPUEIS = OS ‘[99H UOIYSND djuY PIIoS = HOVY'S ‘o7 oneyisold = d ‘peroday JON = UN ‘D97 oeyisold UoN = 1dN

‘alelN = I\ ‘subiseq saueg awi] paidnusiul = S| ‘ejewad = 4 199} uinyey pue abelolg ABiaug = 4S3 ‘ApniS Jely-pue-aiojeg pajjoiuo) = ygD ‘paipog pa|qy = gy :suoleinaiqay

‘Bunsal sisayjodAH 4 xog ‘1sIp19ayd NIINSOD aui Aq Ayjenb [eaibojopoyiew uo paiods

pue Alpi[eA pue sisAjeuy [EOIISIIE]LS ‘UOIUBAISIU| ‘BLIS}IIO 981U} UO PAI0IS SEM 9|91Le AI9AT "SUOY0D 9SO} OJUl PAPIAIPGNS 848 LOYOoD aWes 8y} pue auo Jo ejep pauodal Jey} saipnis
“Bupjem Bunnp siejewesed
1B [eojueyoBWOIq

pue uondwnsuoo
ABiaue oljoqejow

VL1l | 8y} uojuswubie oneyisoid
aregy € 4 L L 0 s 0 0 1 0 0 0 0 0 Sl (61 €T HOVS £ (V) 6 HN L Jo @ouanyjul ay} Buuyeq Hoyod enbiun [ee] zipWIYOS
sesndwe

[e4d3e|lun JO 1dN
8y} UO pue d 8y} UO Peo]
BAlBIUS) pue Juswubie

V1L oneyisoid usemiaq
e € L 0 0 L 4 L 0 0 L 0 0 0 0 Sl HN HOVS ¥1 (4N) S WeL/d2 | vi | diysuoneles oy} syebisanul Hoyoo anbiun [62] inzuid
Jusunsnipe

oy} Jo aueyd ayy ul
‘@s|ndwi Juswow uonoeas
18%00s 8y} uo sabueyo
poon L € L L ! 12 L L 0 L L 0 0 0 Sl uawubie jo 1083 [e€] useheqoy
“}@9} uinjal pue
abeiols ABiaus Buisn sjiym

JUBIOW UONOEI J9%00S 102
V1L [eula)xa 8y} uo sebueyo ‘H0Y02 UoleAOUU|
poon L € L L L 14 L L 0 L L 0 0 0 Sl Wi 21 ys3ok (1) 0s N9 /dv oL Juswubie Jo 10943 areooyuo | [9g] useheqoy

swieped Buesuadwod
pue siajowered yieb uo
Vil Juawubife Jooj oneyisoid
Jred 9 (AN L o e |t L L 0 [ L 0 sl (oonger HOVS 8 (6) 6% Ws 8 9s18ASUEI} O BOUBN|U| Hoyoo anbiun [se] uewpuy

‘Juswow
U010 19008 [BUISIXD
8y} Jo JuswaINSEaW
Aq suoneqinued yuawubije
Jred S € L L L 4 L 0 0 L 0 0 0 0 sl 0} asuodsal [enpiApu| [8c] ysekeqon
‘suonoeisul
juswouw uonoeal
195008 [BUOI0D puB
[enibes uo suoneqinuad
arey 9 4 0 L s 12 L L 0 b L 0 0 0 Sl juawubile o 10aye 8y [22] seheqoy
‘saaindue [ejqi-sues yum
“BSI9A 90IA PUB SjusWOW
uoljoeal 19008

sebueyo Juawubife [euoiod
poon L € 3 3 3 14 3 3 [ 3 3 [ 0 0 Sii onewalsAs o 10048 8y L [1€] useheqoy
“}9¥00s 8y} Jo aseq
8y} Je painseauw sjuawow cLoe
Vil auy} uo sabueyo Juswubije ‘HOY0D uolleAouU|
pooo 9 € 3 3 3 € 3 0 [ 3 3 [ 0 0 Sl HN HOVS L+ (€1 2 oL /4L 33 [elqu-suesy JO joa)3 81e00ylo [0e] auoog

“Juawubife 100}
oneyisoid asiansuel) Aq
paonpul 1eb ajgenojwooun

VLl 03 esuodsal uy
Jreq 8 € L L L S L L L L L 0 0 0 vao Hus3slL (z1)s¥ uN £1 | uonouny diy Aiojesusdwiod [e2] sonnwnin
‘uonequnuad
Juawubife Jooj oneyisoid 8002
8sIaAsuel) 0} pajejal ‘uoyon :_:U‘_w,&
av TdN ey jo Uil eawsayy | sinoT uoneldepesy
e 8 € L L 3 S L I I L L 0 0 0 vao (21) 29k HOVS 2 (91) o HN St 4o uoouny Asojesuadwiod ap anuey [vz] voekeg
4xog O |60 |8 | 20| 8 |98 | a@se | vsa va €8 |V |2V | IV
«921s a|dwes Jo aAIsn|oxa Jeak (gs) ueapy 1994 aeak (as)
m:_amwu m_m0:«02>—._ 2100g |ejoL >«_E_m> |eansneis uonuansRu| uond9les :m_mwﬂ >ﬂ:—w I} aouIsawill I} d ueaw mW( As_\uv xas N SNJ0} ydieasay Hoyod Joyine isiaig4

*M3JAJ d1jeWwd)sAs ul papnjoul saIpnis " a|qel

6/18

PLOS ONE | DOI:10.1371/journal.pone.0167466 December 6, 2016



@ PLOS | o

Effect of Alignment Alternations on Amputee’s Gai

€00 99%/910"auod eunol/L g1 01:10p

UONIPUOD SWES B} Ul TdN PUE d Usamiag (G0‘0>d) SoUaIapip JuediIUbIS +
uonipuod paubiejew pue Juswubife [euiwou usamiag (G0‘0>d) aouaiapip Jueoiubis
UBaW 8y} JO 10418 pJepuUBlS = [NJS ‘SPU0Das = S ‘quii 9118YIS0ld = Td ‘Wuediubis 10N = S/N ‘pauoday 10N = YN ‘quiT 2118Yis0id UON = TdN ‘@Inuiw = “ulw ‘puodas Jad aiaw = s/w

‘alPWi||iw = WW ‘8119w = W “IN0Y B 8J19WO|1y = Y/Wy ‘UolEloY [eulalu] = Y| Quawublly [eniu] = | ‘9joAD e = QY ‘UoljeloY [eulaxd = Y3 ‘a4}19wijuad = W :SUolelnaIqqy

(90°0) #£°0 (50°0) €20 (#0°0) €2°0 (50°0)S2°0 (50°0) €20 (w) wbus| epuis
(90 0'g (0) 1's (S0 +S voes (90)2's (uy/w) peads Bunjiepm
uole|sues} uole|sues}
uoixay} Jejueld QL+ UOIX3[}ISIOP O |+ JOLRIY WWQZ JouLv)sod wwog Hoyoo anbiun [ze] zrewyos
((n3s)
((n3s) ¥8'6) ¥8'0 ¥8'6) 80 ((W3s) v8'6) 280 ((W3s) v8'6) £8°0 ((Was) +8'6) £8°0 (s) ey souels
uoisuaIx3 04+ uoixa|4 04+ uonaNpay .01+ uonaNppY 01+ Hoyod enbiun [62] Inzuig
Juawubife [euiwou 0} pasedwod suolpuod paubiiefew 4 |[e ul abueyd jueoyiubis oN (21) yoL (uiwysdeys) eouapen [e€] yseheqoy
Juawubife [euiwou 0} pasedwod suolipuod paubifefew g |[e ul abueyo jueoiubis oN (o) 220 (s) awy @ouEB)S 102 "HOY0D UoeAouU| 8/B00YHO [92] yseAeqoy
«(20°0) 26°0 (80°0) ¥6'0 (20°0) 96'0 (1d "sA1dN) ones AnewwAs 6o
«(21e)es's (85°9) L9Y (e6'7) 9k'E (wo) aouaiayip yibua| days Baj Jaju|
. (5'8) €9'65 L(6L2)€re (80°2) 90'€9 (wo) TdN Jo wibua) daig
. (£6'01) 01°G9 . (£0°04) 92°99 (9z'01) 92729 (wo) 7d o yibus) darg
+(800) £68°0 (80°0) 286'0 (60°0) 256'0 (1d "sA1dN) onres AnewiwiAs 67
«(10°0) 50°0 (€0°0) €00 (+0°0) 200 (s) duaiayp wn Bums Bo Jeju| obed snoiaid woy senupuon
+(¥0'0) 6€°0 (€0°0) 70 (¥0°0) 70 (S) TdN Jo awi Bums
(50°0) v°0 (¥0°0) ¥°0 (50°0) €0 (s) 1d Jo swn Buimg Hoyoo anbiun
«(80°0) 26°0 (90°0) 60 (90°0) 86°0 (1d "SA 1dN) ones AewiwAs Be
«(20°0) 900 (50°0) €00 (50°0) 200 (s) @ousiayp awn souess Ba Jeju|
L(Lro)6L0 (Lro)8L0 (60°0) 820 (s) TdN uo awi souelS
(6000 €2'0 (60°0)52'0 (80°0) 22'0 (s) 1d uo awy sduelS [ge] uewpuy
43 .9e+ 43 8L+ uoyod anbiun
SL 9L 17 9L YL 17 SL 9L 9L PO1INJ20 JUBWOW LOISUBIX “XBW (D) 4O %) eseyd aouels
1€ ce Sk 62 Se 0 0g 82 e Pa1inoo0 Juswow snbjea/sniea “xew (D9 Jo %) aseyd souels
dN HN HN °N HN uN dN dN (91) 60+ (uiwysdeys) eousped
wwol wwg wwo} wwg wwo wwg wwol wwg
uone|suel}
uolje|suel) [esaje] oIN uolje|suel} JoLa)sod uolje|suel} Jouajuy
SL SL 9L 9L €L €L 1L 9L 9L PO1INJ20 JUBWOW LOISUBIX “XBW (D) JO %) eseyd souels
18 148 € e 92 2 62 [ e Pa1Inoo0 Juswow snbjea/sniea “xew (DY) Jo %) aseyd aouels
HN +(61) €01 HN uN «(51) 001 «(21) 101 +(€1) vOL dN (91) 601 (uiwysdeys) sousped [1€] luseAeqoy)
& £ £ £ ) £ & £ [82] yseAeqoy
uoloNppY uonoNpay uoisuaixg uoixal4 2102 HOY0 UojeAouU| 21890ULO [22] ysekeqoy
(@) v9 (@) 9 (@) e9 (09 40 %) TdN eseyd souelg
(@19 +(1) 09 @19 (0D 10 %) 1d @seyd souelg
+(80°0) ¥¥°0 . (€00) ¥¥°0 (€0°0) ¥°0 (s) 1dN @seyd poddns ajbuis
+(¥0°0) 170 ++(v0°0) 0¥°0 (€0°0) 20 (s) 1d eseyd poddns a|buig
(6L0) Lt'L (8L0) 05"+ (61°0) 1S+ (w) ybua) apirs
(8) 801 (8) 601 (8) 601 (ulwy/sdays) souspen [e2] 4 nio
(02°0) ¥€'+ (8L0)sE'L (02°0) 9€°+ (s/w) paeds Bunirem [v2] noekeg
43 .9t 1.9+ 800g ‘Hoyo) uinbiald sinoT uoneidepesy ap aue)
(as)anjep
uonpuo) (@s) wawubije [euiwou anjep ajqeneA awoanQ uoyo (s)ioyine 1saig

-si919weised yeb jeijodwajoneds "¢ ajqel

7/18

10.1371/journal.pone.0167466 December 6, 2016

PLOS ONE | DO



Effect of Alignment Alternations on Amputee’s Gait

PLOS |on

)

¥00Y99%/910"auod [eunol/L g L0 1:10p

‘[S1] 1B 18 saiwinig pue [91] “|e 18 waeAag Joj ajgedldde AjuQ "dnoub |013u0d pue 1d usamiaq (S0 0>d) @oualafip Juedyiubis s
UOIPUOD BWES 8y} Ul TdN Pue d usamiag (S0°0>d) 8ousiapip Jueoyubis

uolIpuod paubijerew pue Juswubije [euiwou usamiaq (1.0'0>d) 8ousiayip JUBDHUBIS 4«
uopuod paubijejew pue juawubije [euiwou usamiaq (G0°0>d) aouaiayip JueoliubiS «

uoljelineq pJepuels = as

‘UONO 40 8BuBY = NOY ‘quiIT] OHBUISOId = Td ‘Gl D118YISOId UON = TdN ‘UOHEIOY [BulBlu| = Y| ‘B]0AD HED = 0D ‘UONE}0Y [euIiXT = Y ‘9J)oWiuaD = WO :SUOHeINSIqAY

(69) L1t
s+(6'1)58
¢+ (97) 926

s+ p) 292
v L 1e
s+ G2)e
s+ GL)er-

ez
@)1

(6) 6-
x©@el-
43 .9+

«(GeL)gez
+we6)Lel-
++66) 126
43 .9¢,

¢+ (8°6) L2V
s+ (€118
s+ (1'V) G526

s+ 81 €8
g Lez
s+ xx(6T)9F
s 8106

V¥4
++@®ot

(6) 8-

%82

i .9+
(as) anjep
uonpuod

W26 B9lce
L0l rL- (Lg)6el-
+x(e9)ezee (zs)60L-
43 .81,
(9'v) 8'8¢ (29) 'Ly
(0v) 216 s+(€1)82
(0v) 216 s+ (07) 226
(o) ete s+ 0€) 822
(ov)eLe- (8v)zze-
(oee s 610
(o1 ee s+ L D)6
(v) 61 Wrve
() 61 6) st
(v) 8- (6) 8-
(¥) 8- ©)e-

dnoJb jonuo)

(as) yuswubie
|euiwiou anjep

(,) @ouaiapip Baj-1eyu)

(,) 1dN uonesol 1004

(,) 1d uonelol 1004
(uonejol [eulaixa = -) }004

(.) 1dN ¥e uoixa|4 diH “xe|y

(09 40 %) 1dN ¥e pa.ndoo uoixa|4 diH "Xep
(DD 40 %) T1d 1e Pa1ind20 uoixa|4 diH "Xep
(uoisuaixe = -) uoixal4 diH

(.) 0D 40 %0g—8 Buunp TdN Jo oY [enbes
(.) 0D 40 %0g-8 Buunp 1d Jo oY [enbes
(,) 09 40 %8-0 BulNP 7dN Jo NoY [ewbes
(.) 0D 40 %8—0 Buunp 1d Jo oy [enbes
(uoisusajxa = -) Noy diH

(.) 1dN uoixayy 28U "XEN

(.) 1d uoixayy eaUY "XEN

(uoisuajxa = -) aauy|

(.) 1dN @jbue 1004

(.) 1d aibue 1004

(uoleyol [eusdixa = -) J004

d|gelieA sawod1nQ

1oyo9 enbiun [62] uewpuy

[ez] sannwnin

8002 ‘HoyoY umnbisid sinoT

uoneldepeay ap asjua) [v2] weeheg

uoyoo (s)loyine 1sai4

‘sio1oweled yeb onewsury p ajqel

8/18

PLOS ONE | DOI:10.1371/journal.pone.0167466 December 6, 2016




Effect of Alignment Alternations on Amputee’s Gait

©PLOS |on

(penunuoy)
uolje|suel) jeiajeT]

*(¥E1L0) (rEL0) (6L1°0)
S06°0 1180 5580
*x(EV1°0) | %%(S91°0) | ««(6¥L°0)
€9€°0 81E'0 862°0
»%(9€1°0) | »+(8€1°0) | «(OVL0)
€LLo- 8€EL°0- 651°0
«(200°0) | «(800°0) (600°0)
¥00°0- S00°0- £00°0-
#%(6£0°0) | %%(€20°0) | ««(090°0)
L€2°0 €020 9810
wwg| wwol wwg

uolje|SuBl} J0LIBISOd

»(80°0)
290°0- »(€£0°0) €20°0-
»(980°0)
910°0- »x(280°0) 601°0-
wwol wwg

uone|suel} [eiajeT]

(880°0)
1200 (52009100
(€£0°0)
2L00- (£90°0) 0900~
wwo|l wws
uolje|sue.} J01481S0d

(¥61°0)

S€L°0 (S21°0) 2220
(S01°0)

1120 (¥21°0) 0520
(0g1°0)

LEL0- (Lero)ezho-
wwol wwg

uone|suel} [eiajeT]

»»(6¥1°0)
1280 «(€51°0)922°0
(2510
1820 (811°0) 2520
»»(021°0)
650°0- »(211°0) 5660°0-
wwoL wwgs
uoljejsuel)} J0181sod

uol

Iye|suel} [elpaly
»%(060°0) | »+(880°0)

»(201°0)
¥69°0 [ WA Lo
+(051°0) (Sv1°0) (0210
2510 2810 orz'0
*%(261°0) | »+(b¥1°0) | x«(LELO)
v.2°0- A 612°0-
»%(GL0°0) | x«(€10°0) | (01L0°0)
810°0- S10°0- L10°0-
»%(2€80°0) | »+(110°0) | «(110°0)
LLLO €EL'0 yIN]
wwg| wwo wwg
uoljejsuel} Jousiuy
»(090°0)
960°0 +(890°0) ¥50°0
»(690°0)
6200 +%(980°0) €€0°0-
wwo wwg
uone|suel) [eIpa|\
(+90°0)
2000 (920°0) 0L0°0
(9200
G500 (980°0) 2900~
wwo L wwg
uolje|suel; Jousiuy
6€1°0)
8120 (251+°0) 0€L°0
(21270
¥0€'0 (k2H°0) ¥ve0
(VANNO)]
2eLo- (860°0) 6110~
wuwo wwg
uone|suel} [eipaN
»x(€G1°0)
£19'0 (€51°0) £69°0
(9g1°0)
€020 (624°0) £22°0
(¥EL'0)
2810~ (LEL'0) €910~
wuwo} wwg

uolje|SUBJ} JOLIBIUY

*#(611°0)
869'0

+(#01°0)
610

(t2+0)
922°0-

(200°0)
800°0-

(5v0°0)
2910

++(580°0)
LLL'O

+%(820°0)
¥20°0

9

(€90°0)
610°0-

+(120'0)
620°0-

.9

(#21°0)
62L°0

(08+°0)
6%2°0

(8L1+°0)
2rL0-

9

»»(€22°0)
609°0

+(621°0)
69€°0

(9010
8510
9

(as) ueapy

uonipuo)

uononppy
»%(201°0) | »+(L2L°0)
0S2'0 660
«(2€1°0) (05+°0)
90€'0 1120
(reL0) (se1°0)
v12°0- 210"
(600°0) (+10°0)
600°0- 600°0-
(870°0) (8v0°0)
G910 2910
R4 2
uolsuax3y
+(€20°0) 6+0°0
»»(€20°0) 900°0-
uononppy
(890°0) 900°0-
+(520°0) £20°0-
uoisuaxg

(921°0) 8020

(221°0) 5520

(r11°0) LEL O

uofonppy

(€81°0) 2290

»+(521°0) €9€°0

(91L1°0) v1 0

uoIsua)xgy

(8€1°0)
0580

(261°0)
€91°0
»+(2v1°0)
201°0-
(S10°0)
£00°0-
(520°0)
2810

»%(0L1°0)
680°0-

»%(990°0)
L10°0-

9

(€90°0)
€000

(€20°0)
2L0°0-

(2910
22L0

(£21°0)
692°0

(LLH0)
2r10-

(ev+0)
€6L°0

(e810)
0910

»»(021°0)
120°0-

uononpay
(Z21'0) (v2+o0)
8€8°0 1€8°0
(ser0) ((S4%0)}
2020 1€2°0
(99+°0) ((S4%0)}
SPL0- G51°0-
(0100 (800°0)
£00°0- £00°0-
(290°0) (550°0)
€L1°0 010
R 2
uoixa|q
+(060°0) 9%0°0-
»»(220°0) €1L0°0-
£
uononpay

(590°0) 1000

(6£0°0) £20°0-

.£
uoIxa|4

(S91°0) 9220

(e€1°0) 8¥2°0

(601°0) 8210~
£
uononNpay

(£51°0) 8620

(£210) 9210

»%(9L1°0) ¥O1L°0-
£
uolixa|4

(660°0) 0€8°0

(551°0) S¥2°0

(9€1°0) 0810~

(110°0) 6000~

(150°0) 9940

(550°0) €100

(820°0) ££0°0~

(550°0) €100

(820°0) ££0°0~

(£210)6LL°0

[(R250) PATA)

(2LL0) 2sh0-

(£21'0) 61270

(L71°0) LL20

(Z1L1°0) Zv10-

(as) ueapy

jJawubie
|euiwiou anjep

(B5t/wN)

JUSWIOW WiNWIXep
(65

/W) :9seyd eouels
40 %SGt e JusWo
(B/wN)

JJuswiow wnwiul
(63/s-wN) :@sindwi
Juswow uoIxs|4
(63/s-wN) :@sindwi
juswow uoisusixg

(uoixajy =-) lenibes

(B

JWN) :9seyd aouels
BU}JO %G/ e JUsWON
(6

/W) :9seyd eoue)s
B4} JO %0€ e JusWwo

(B

JWN) :0seyd aouels
BU} 4O %G/ 1e JUsWo
(6

/W) :9seyd eoue)s
94} JO %0€ e JusWwo
(snsea

=-) aueyd jeuoiod

(B3/wN)
;Juswiow wnwixen

(6%
/W) :9seyd eoue)s
40 %Gt e JusWo

(B31/wN)
JJuswiow wnwiuliy

(B51/wN)
‘Juswiow wnwixen

(6%
/W) :9seyd eoue)s
40 %S ¥e JUSWON

(B51/wN)
JusWOW WNWIUIN

(uoixay) = -) lenibes

a|qeleA awoaInQ

abed snoinaid
wioy senunuo)

[ee] useheqoy

7102
‘40oY09 uoleAouU|

2/B00YHO [92] useAeqoy

[1e]useleqoy

[0e] suoog

[82] useheqoy

2oz TEleEA

‘U0oY0d uoleAOuU| Lcllusefeqoy
8Ie00YHO

Hoyod loyine isi14

'sia1owesed yeb anaury "G ajqel

9/18

PLOS ONE | DOI:10.1371/journal.pone.0167466 December 6, 2016



Effect of Alignment Alternations on Amputee’s Gait

@ PLOS |one

»(160°0)
1810

»%(€60°0)
6220~
»%(920°0)
S0L°0-

(0)0
wwg |

++(060°0)
621°0-

++(260°0)
¥81°0-

++(£20°0)
¥20°0-

(0o
wwol

»(560°0)
1010

»(180°0)
0€L0-
»+(£20°0)
€50°0-
+(200°0)
100°0
wwg

»(80°0)
890°0

»(120°0)
250°0
»%(200°0)
200°0-
»x(220°0)
¥€0°0
wwg|

+(880°0)
£€20°0

++(590°0)
6000

»%(500°0)
900°0-

»#(10°0)
810°0
wwol

»(080°0)
81L0°0-

»(20°0)
€40°0-
»%(110°0)
S10°0-
+(200°0)
200°0
wwg

*+(011°0)
80L°0

»+(190°0)
¥80°0

»%(£00°0)
200°0-
++(820°0)
€50°0

9
(as) ueapy

uopipuoy

»»(101°0)
¥50°0

»(950°0)
1€0°0
»%(500°0)
#00°0-
»»(610°0)
820°0
R4

++(880°0)
100°0-

+%(950°0)
€20°0-
#%(110°0)
L10°0-
(600°0)
1100
2

»(260°0)
802°0-

»»(921°0)
92’0~
»»(2v0°0)
€10

(0)0
9

»(880°0)
8v1°0-

»(280°0)
€61°0-
»»(¥20°0)
980°0-

(0o
R

»+(680°0)
y0L°0-

»%(920°0)
6¥1L°0
»%(920°0)
850°0-
+(100°0)
100°0
2

(280°0) 9¥0°0-

(#90°0) +80°0-

(£10°0) 820°0-

(#00°0) £00°0-

(as) ueapy

jawubie
|euiwou anjep

G00¥'99%/910'auod [eunal/| /g 01:10p
uopuod paubijejew pue Juswubije [eujwou usamiaq (10"0>d) aoualayip JUBOUBIS 4«

uolpuod paubijejew pue juswubije [euiwou usamiaq (G0°0>d) aoualayip Jueoliubis .
uoneinaq piepuels = s ‘puodss = s ‘queoliubls JoN = S/N ‘@jew uomeN = ByywiN ‘enjawiiw = ww ‘welbojy = by :suoneineiqqy

(&

JWN) :oseyd aouels
B} JO %G/ 1e JusWwoW
(B>

JWN) :oseyd aouels
9U}1 40 %0€ e JUsWoW
(63/s-wN) :osindwi
juswow sniep
(63/s-wN) :osindwi
yuswow snblep

(snJea =-) jeuoso)d

a|qeleA awoaInQ

Hoyon

[eeTuseheqoy

vi0e

‘40oyo9 uoleAouu|
21B00YHO

[92] useAeqoy

loyine jsiig

(penunuo)) °g ajqel

10/18

PLOS ONE | DOI:10.1371/journal.pone.0167466 December 6, 2016



@° PLOS | ONE

Effect of Alignment Alternations on Amputee’s Gait

nominal alignment by 3°/6° flexion/extension/abduction/adduction and 5mm/10mm ante-
rior/posterior/medial/lateral translation. These changes are consistent with the adjustments
applied on the OI 2014 cohort: 2°/4°/6° flexion/ extension/abduction/adduction and 5mm/
10mm/15mm anterior/posterior/medial/lateral translation. Larger adjustments have been
investigated by Pinzur et al. with a change of the nominal alignment by 10° flexion/extension/
abduction and adduction of the socket relative to foot [29].

Schmalz et al. applied all alignment changes in the sagittal plane. They changed the foot rel-
ative to the socket by: 2cm anterior and posterior translation and 10° dorsiflexion and plantar
flexion of the foot [32].

With the exception of Schmalz et al. [32], all the studies used a self-selected walking speed
for the reported outcome measurements [23-31,33]. This single study of Schmalz et al. per-
formed measurements at two pre-set speeds: a walking speed of 4.0 km/h for five minutes
directly followed by 4.8 km/h for five minutes [32].

Spatiotemporal gait parameters

The extracted spatiotemporal gait parameter data from the included studies are shown in
Table 3. Three studies [23-25] included the influence of the transverse plane adjustments by
rotating the foot relative to the socket. These studies also compared the PL to the NPL in differ-
ent alignment conditions.

Transverse plane. The studies of the CRLP cohort [23,24] reported a significant longer
single support phase and a higher percentage of the stance phase during the gait cycle at the
NPL compared to all three PL conditions: nominal alignment, 6° internal rotation and 6°
external rotation. Moreover, Fridman et al. reported a significantly larger step length for all
three conditions of the PL (nominal alignment, +18° and +36°" external rotation), compared to
the NPL [25].

Fridman et al. demonstrated a significant decrease of leg symmetry between PL and NPL at
+36° condition, for stance time, swing time and step length, compared to the nominal alignment
condition. The PL stance time was significantly shorter than the stance time on the NPL and the
PL swing time was significantly longer compared to the NPL. An increase in external rotation
resulted in a significant decreased step length for both the PL and NPL. No significant differences
have been found in spatiotemporal gait parameters in the +18° external rotation condition [25].

Additionally, both studies of the CRLP cohort included the effect of internal rotation and
reported a significant decrease in single limb support phase of the PL, compared to the nomi-
nal alignment [23,24].

Sagittal plane. Seven studies [26-29,31-33] investigated the influence of sagittal plane
adjustments on the spatiotemporal gait parameters. One study [32] investigated the influence
on velocity and step length after sagittal plane adjustments and reported no significant change
in any alignment condition compared to the nominal alignment. Pinzur et al. also did not
report a significant difference compared to the nominal alignment when evaluating the stance
phase time [29]. Both OI 2012 cohort studies [27,31] investigated cadence and reported a sig-
nificant decrease after 3°/6° extension and 6° of flexion, compared to the nominal alignment.
Furthermore, a significant positive correlation of the maximum sagittal ESRM to cadence was
reported, where an increased cadence induced an increased ESRM [28].

Coronal plane. Six studies investigated the influence of coronal plane adjustments on the
spatiotemporal gait parameters [26-29,31,33]. Pinzur et al. [29] and the OI 2014 cohort studies
[26,33] did not report a significant change of the spatiotemporal gait parameters after align-
ment perturbation, compared to the nominal alignment. This is in contrast to three studies
using the OI 2012 cohort, where two [28,31] reported a significant reduction in cadence at an
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alignment of 3° adduction, compared to the nominal alignment. The remaining study [27]
from the OI 2012 cohort reported an earlier occurrence of the maximum varus/valgus ESRM
during stance phase after the alignment changes of 3°/6° adduction and 10mm medial transla-
tion, compared to all other alignment conditions.

Kinematic gait parameters

All kinematic gait data extracted from the included studies are shown in Table 4. Three studies
[23-25] included kinematic gait parameters in their research and made adjustments in the trans-
verse plane by rotating the foot relative to the socket. The studies using the CRLP cohort mea-
sured a significant change in the foot progression angle, more externally orientated at external
rotation condition and more internally orientated at internal rotation condition [23,24]. In con-
trast, Fridman et al. did not include internal rotation however, they adjusted the nominal foot
alignment to an extra 18° and 36° external rotation, which resulted in a smaller external rotation
than the expected sum [25]. Consequently, the difference of the external foot rotation between
PL and NPL increased significantly in both conditions compared to nominal alignment.

A single study included knee kinematics and reported a significant decrease of the maximal
knee flexion angle at the PL during internal rotation condition compared to both the nominal
alignment and the control group. The maximal knee flexion of the NPL was significantly
higher at the internal rotation condition, compared to the nominal alignment, PL and control
group [24].

The hip kinematics after alignment adjustments was investigated in Grumillier et al. At the
PL the sagittal range of motion (ROM) during 0-8% of the gait cycle appeared significantly
more extension-orientated regardless of the alignment condition, compared to the control
group. During this initial gait cycle phase (0-8%) the NPL hip was significantly more flexion-
orientated, compared to the control group and the PL conditions in the TTA group. Internal
rotation of the foot resulted in a significantly more flexion-orientated NPL ROM at 0-8% of
the gait cycle compared to the ROM of the NPL during nominal alignment. The same study
investigated the hip ROM during 8-30% of the gait cycle and concluded a significantly
increased extension-orientated ROM at all three conditions of the NPL, compared to all PL
conditions and the control group [23].

Grumillier et al. also investigated the occurrence of maximal hip flexion during the gait
cycle. The maximal hip flexion at the PL occurred before initial contact of the PL and that of
the NPL after initial contact of the NPL. Additionally, a significant increase of the maximal
knee flexion at the NPL was observed at internal rotation-condition, compared to the nominal
alignment and the control group [23].

Kinetic gait parameters

The kinetic gait data extracted from the included studies is shown in Table 5. A total of six
studies included kinetic data, divided into two cohorts: the OI 2012 and OI 2014 cohort.

Of the six studies, five studies (concerning two cohorts) reported the influence of an align-
ment adjustment in a given plane on the kinetics in that same plane (e.g. the influence of sagit-
tal alignment adjustments on sagittal kinetics) [26-28,30,33]. Kobayashi et al. [27] and
Kobayashi et al. [28] both focus on a graphical interpretation of the OI 2012 cohort whereas
Boone et al. investigated the quantitative interpretation of the same cohort [30]. Therefore this
review’s kinetic section will focus on three studies: one of the OI 2012 cohort [30] and two of
the OI 2014 cohort [26,33].

Only one study investigated [31] the out-of-plane socket ESRM’s, the influence of sagittal
alignment on the coronal plane and vice versa.
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Sagittal plane. Two studies [30,31] of the OI 2012 cohort and one study [26] of the OI
2014 cohort investigated three parameters in the sagittal plane: the maximal and minimal
ESRM and ESRM at 45% of stance phase. The other study of the OI 2014 cohort investigated
the sagittal ESRM’s impulse [33].

A significant reduction of the minimal sagittal ESRM has been reported in the OI 2012
cohort after an adjustment by: 3° flexion, 6° flexion and 5mm and 10mm posterior translation,
compared to nominal alignment. Similarly, a significant reduction of the minimal sagittal
moment after alignment perturbations of 6° flexion and 5/10/15mm posterior translations,
compared to the nominal alignment was reported by Kobayashi et al. [26] (OI 2014 cohort).
Additionally, Kobayashi et al. reported an increase of the sagittal minimum ESRM after 5mm/
10mm/15mm anterior translation [26].

A significant decrease of the maximal sagittal ESRM (OI 2012 cohort) has been reported
after 6° extension and 10 mm anterior translation [30]. Similarly, a 2°/4°/6° extension as well
as a 5/10/15mm anterior translation induced the same results for Kobayashi et al. [26] (2014
cohort). The latter also reported a larger maximal sagittal ESRM after an alignment perturba-
tion of 15mm posterior translation, whereas two earlier studies on the OI 2012 cohort had
reported the same results following a smaller (5mm/10mm) posterior translation.

A significantly more extension-orientated ESRM at 45% of the gait has been reported on
the OI 2012 cohort by Boone et al., after an alignment perturbation of 3° and 6° extension
[30]. Likewise, Kobayashi et al. (OI 2014 cohort) reported the same for five alignment pertur-
bations: 4°/6° extension and 5mm/10mm/15mm posterior translation [26].

Coronal plane. Three studies reported the coronal ESRM, two [30,31] investigating the OI
2012 cohort and one [26] investigating the OI 2014 cohort. In both cohorts each coronal align-
ment perturbations induced a significant change of the coronal ESRM at 30% and 75% of the
stance phase. One of the studies on the OI 2014 cohort [33] investigated the ESRM impulse, mea-
sured in the coronal plane.

At 30% of the gait the ESRM was significantly more varus-orientated after abduction and
lateral translation changes for both cohorts. The ESRM was significantly less varus-orientated
after 3° adduction and 5mm medial translation in the OI 2012 cohort and after 2° adduction
and 5mm medial translation in the OI 2014 cohort. A sign change is reported on both cohorts
after alignment perturbations greater than 3° adduction and 5mm translation, respectively
from varus- to a valgus-orientated ESRM [26,30].

At 75% of the gait the ESRM at the nominal alignment was valgus-orientated for the OI
2012 cohort and all perturbations by adduction and medial translations induced a significantly
larger valgus moment. Additionally, a significant change from valgus to varus was reported at
75% of the gait after all abduction and lateral translation perturbations [30]. With respect to
the OI 2014 cohort [26], a varus-orientated ESRM was reported at nominal alignment, where
2° adduction and 5mm medial translation produced a significantly smaller varus ESRM.
Larger perturbations in adduction and medial translation resulted in a significant change from
varus to valgus. Moreover, significantly larger varus moments were reported after all abduc-
tions and lateral translations.

Only Kobayashi et al. (2014 cohort) investigated the ESRM impulses, separated into valgus
impulse (0-30% of stance phase) and the varus impulse (30-100% of stance phase) [33]. Only
seven coronal perturbations, 2°abduction, 4°/6° adduction, 5mm lateral translation and 5mm/
10mm/15mm medial translation, influenced the valgus ESRM impulse during gait. All 12 cor-
onal alignment perturbations produced a significant change in the varus ESRM impulse[33].

Furthermore, Kobayashi ef al. [31] investigated the influence of sagittal alignment changes
on the coronal ESRM was studied. A significant reduction of the ESRM at 30%, after sagittal
perturbations of 3° and 6° extension, was found.
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Discussion

In this review, the effects of alignment changes in coronal/sagittal and transverse direction
have been assessed. Changes in the transverse plane demonstrated a clear effect on foot pro-
gression angle and internal hip rotation angle. Coronal and sagittal plane adjustments showed
an important influence on external socket reaction moments and impulses. A remarkable
result from this review is the observation that a predetermined alignment change did not result
in a predictable kinematic or spatiotemporal change.

This systematic review’s results report no considerable changes in kinematic and spatio-
temporal gait data after alignment changes. These observations suggest that patients with a
TTA appear to minimize the effect of alignment changes by kinetic adaptions. For example, a
rotation change of the prosthetic foot in the transverse plane does not result in a predictable
change of the foot progression angle during gait [23-25]. It appears that TTA patients com-
pensate for the latter alignment changes by additional internal hip rotation. While at first the
alignment is satisfactory for both the prosthetist and amputee, since optical gait observation
suggests a correct alignment, it may induce stump problems later on during more extended
walking periods [9,22]. In order to produce consistent spatio-temporal and kinematic gait
parameters adjustments are required in the TTA’s kinetic parameters. This is supported by
this review, since alignment alternations result in a predictable change in kinetic data, reported
as ESRM’s.

Interestingly, kinetic parameters are also subjected to compensatory mechanisms. A consider-
able alignment change of 4°/6° abduction and 10/15mm lateral translation in the OI 2014 cohort
did not produce a significant change in the ESRM impulse, compared to nominal alignment
[33]. However, consistent significant changes are reported for ESRM parameters after smaller
alignment changes in the same study. Additional muscular forces may have been induced to
change kinetic force patterns on the lower limbs to obtain a more comfortable magnitude.

It is not known what an ideal moment and impulse should be in each phase of the gait.

The OI 2012 and OI 2014 cohort studies describe the nominal alignment as a standardized
position and determine a perturbations’ influence significance by a subjective starting point. It
could be expected that the timings of ESRM measurement be in the same order of timing as
the moments working in the same plane on the knee joint. However, the magnitude of the
moments will differ at the knee joint compared to the base of the socket. Whereas the magni-
tude of the ground reaction force is the same, the distance for the calculated moment around
the base of the socket is likely different from the distance to the knee joint centre.

The ESRM is influenced differently by angulations and translations. In the included studies,
angulations changes have a slightly bigger influence on ESRM compared to translations. This
may be expected where an angulation in the coronal plane is producing both a translation and
a foot eversion (or inversion) and a sagittal angulation will induce a translation and a foot
plantar flexion (or dorsiflexion). Therefore, it may be interesting to investigate the changes
separately or present the flexion/extension and abduction/adduction data as the change of foot
position relative to the socket. Study data should be consistently presented to allow compari-
son of studies in meta-analysis and consensus evaluations, which would help to improve the
analysis of an optimal alignment approach.

Although most studies examined the effect of alignment changes in a given plane on kine-
matics and kinetics in the same plane, one study focused on out-of-plane effects. Kobayashi
et al. reported an effect of sagittal alignment angulation on coronal kinetic data and vice-versa
[31] The findings may have important implications for the clinical alignment process. These
results imply that it is preferable to start the alignment process with transverse plane adjust-
ments, influencing sagittal and coronal parameters, followed by sagittal adjustments and
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ending with coronal adjustments [31]. However, since only one study to date has reported
out-of-plane adjustments, further research is required to evaluate these effects in detail.

At present, there is no golden standard to achieve an optimal prosthetic alignment, since
alignment is performed on an individual basis, where the end-point resulting in a perfect fit is
unknown. An indication of a correct prosthetic alignment may be provided by an increase in
symmetry between the PL and NPL. However, increasing gait symmetry for TTA does not nec-
essarily result in an improvement of gait [4]. Moreover, asymmetry may even be a prerequisite
to achieve gait stability during ambulation [1]. Reported studies question if current prosthetic
alignment approaches are the correct method to optimize prosthetic alignment, since the current
approaches are based on achieving symmetry in spatiotemporal and kinematic gait data [35,36].

A limitation of prosthetic alignment research is that gait deviation can be related to pros-
thetic socket-fit as well as to prosthetic alignment. Ideally, the socket-stump interface is as stiff
a coupling as the normal abled-bodied leg. This is not the case, as such, movement inside a
socket will result in unwanted error at alignment measurements through the resulting stump
volume change, improper use of stump socks or an insufficient prosthetic fit. It is especially
interesting regarding this review, and for future alignment studies, to find a way to quantify
both alignment and prosthetic fit. Moreover, socket fit and alignment are potentially inter-
linked, where alignment could provide an approach to solve socket-fit mismatches.

Several interesting results are seen in the critical appraisal results (Table 2). Most of the
appraised studies did not adequately describe the patient population, of which only one pro-
vided a clear description of the study sample. It is therefore advised to expand the methodology
sections to properly describe the study’s in- and exclusion criteria and to include a detailed
baseline table in original research articles. Which should include items such as: age, weight,
height, gender, level of amputation, residual limb length, reason for amputation, activity level
of the amputee, time since onset and stump condition. Additionally, an improvement on con-
trolled interventions is desirable with a minimum of variables influencing the outcome mea-
surements. For example, a considerable amount of research is executed on different prosthetic
components, e.g. prosthetic feet, shoes, socket fittings. It is highly recommended that pros-
thetic research aims towards an overall improvement of the methodology in addition to the
use of quantifiable outcome measurements.

One limitation of this systematic review is potentially having missed relevant literature
on the chosen subject and might be subjected to selection bias through the exclusion of
articles other than the English language. Although a reference check did not result in new
studies, the possibility of having missed relevant literature cannot be excluded. Another lim-
itation is the lack of published standardized critical appraisal available for the chosen sub-
ject. A validated scoring system would have helped to better identify methodologically
sound, or potentially less strong, data. However, an adjusted critical appraisal in addition
with the validated COSMIN checklist led to a clear view on the methodological quality of
the included articles.

The results described in this review highlight that alignment changes have a consistent
influence on the kinetic parameters: ESRM and ESRM impulse. However, individuals may
respond differently towards alignment adjustments [28]. The results suggest that an acceptable
range, instead of an exact value, may be established as an ideal alignment criteria, where the
range can be varied depending on the function and perception of the individual. [27]

Conclusion

Prosthetic alignment changes have no consistent influence on spatio-temporal and kinematic
gait data. This is in contrast to kinetic parameters that show significant clinical relevant
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changes after alignment adjustments. It is highly recommended that prosthetic research should
aim towards an overall improvement of the study design. The findings from this review suggest
that it is imperative to include kinetics in the process of dynamic prosthetic alignment. While
current literature is not conclusive about an optimal alignment, future alignment research
should focus on alignment optimization based on kinetic outcomes.
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