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Abstract—This review is an attempt to untangle the complex-
ity of transtibial prosthetic socket fit, determine the most
important characteristic for a successful fitting, and perhaps
find some indication of whether a particular prosthetic socket
type might be best for a given situation. Further, it is intended
to provide directions for future research. We followed the
PRISMA (Preferred Reporting Items for Systematic Reviews
and Meta-Analyses) guidelines and used medical subject head-
ings and standard key words to search for articles in relevant
databases. No restrictions were made on study design or type
of outcome measure. From the obtained search results (n =
1,863), 35 articles were included. The relevant data were
entered into a predefined data form that incorporated the
Downs and Black risk of bias assessment checklist. Results for
the qualitative outcomes (n = 19 articles) are synthesized. Total
surface bearing sockets lead to greater activity levels and satis-
faction in active persons with amputation, those with a trau-
matic cause of amputation, and younger persons with
amputation than patellar tendon bearing sockets. Evidence on
vacuum-assisted suction and hydrostatic sockets is inadequate,
and further studies are much needed. To improve the scientific
basis for prescription, comparison of and correlation between
mechanical properties of interface material, socket designs,
user characteristics, and outcome measures should be con-
ducted and reported in future studies.

Key words: amputation, patellar tendon bearing socket, pros-
thesis, PTB socket, qualitative outcome, socket, total surface
bearing socket, transtibial, TSB socket, vacuum-assisted suc-
tion socket, VAS socket.
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INTRODUCTION

Prosthetic sockets seem to remain a top priority for
people using lower-limb prostheses. In a recent publica-
tion, Klute et al. presented needs assessment results of
people with a lower-limb amputation [1]. They used a
multistakeholder focus group approach to assess priority
areas in lower-limb prosthetic care and reported that
prosthetic sockets have top priority; users expressed their
wish for an adaptable prosthetic socket and suspension
system that responds to residual limb changes, heat, and
activity. Roughly 15 years ago, similar results were
reported by Legro et al. [2]. They analyzed issues of

Abbreviations: ABC = Activity Balance Confidence scale,
ADL = activity of daily living, AMPPro = Amputee Mobility
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importance to users with lower-limb prostheses, employ-
ing two outcome measures: 36-Item Short-Form Health
Survey (a multidimensional health status questionnaire)
and Prosthesis Evaluation Questionnaire (PEQ), with
four out of seven categories addressing aspects of pros-
thesis function and the remaining three addressing mobil-
ity and psychosocial issues. Of the study participants, 92
(roughly 98%) responded that the fit of the prosthesis
was their top issue. More than a decade later, little seems
to have changed in terms of user satisfaction in regard to
prosthetic sockets and their fit; the subject remains com-
plex and challenging.

A prosthetic socket is designed to fit around a resid-
ual limb, serving as a mechanical coupling between the
human and artificial limb. It transfers loads under static
and dynamic conditions. Therefore, the efficiency of this
coupling depends on minimal movement between the
residual limb and the prosthesis (i.e., coupling stiffness)
[3]. To create a stable connection, the prosthetic socket
must provide a snug fit around the residual limb. How-
ever, the residual limb is not physiologically designed to
tolerate forces and moments applied by the socket. Pros-
thetists are therefore faced with the challenge of creating
a viable interface between a relatively stiff environment
(the prosthetic socket) and a surface-changing environ-
ment with different and variable properties (the residual
limb). It is therefore understandable that the prosthetic
socket remains the number one priority for users, because
for most of them, wearing comfort depends on socket
shape and fit [2,4-5]. Poor socket fit will increase the
amount of unwanted forces over the residual limb, thus
adversely influencing a user’s comfort and increasing the
experience of pain and tissue breakdown. This could
influence the use of a prosthesis as well as the walking
pattern of a user, increasing the likelihood of other physi-
cal complications and disorders. Activities of daily living
(ADLs) and social participation may also be influenced
by a poor socket fit, thus decreasing quality of life (QoL)
[6].

When focusing on load transfer mechanisms, current
prosthetic socket designs for people with transtibial ampu-
tation can be categorized into four main groups:
(1) patellar tendon bearing (PTB), (2) total surface bearing
(TSB), (3) hydrostatic (HS), and (4) vacuum-assisted suc-
tion (VAS) sockets. These four main groups also represent
the development history of the sockets, shortly described
next. According to the PTB principles introduced by Rad-
cliff, the residual limb is loaded proportionally based on

gait biomechanics and soft tissue “pressure tolerance lim-
its” [7]. The load is applied to the patellar tendon, anterior
medial tibia flare, anterior muscular compartment, and
popliteal area while pressure is relieved on the fibular
head, anterior tibia crest, and anterior distal tibia. With the
introduction of liners made of elastomeric materials, the
TSB socket design became available, which claimed to
apply pressure more evenly over the entire residual limb
than PTB sockets [8]. The effectiveness of TSB sockets
relies mainly on the mechanical property of the liner mate-
rial. HS sockets were introduced later based on Pascal’s
principle of fluid dynamics; they are made by using a
pressure casting method in combination with an elasto-
meric liner [9]. By contrast, a VAS socket secures the limb
within the socket using elevated negative pressure [10]. A
first liner is rolled over the residual limb. This liner has
similar material characteristics as liners used for TSB and
HS sockets and stays in contact with the residual limb due
to its snug fit and the adhesion characteristics of the liner’s
surface [11-12]. The user then steps into the prosthetic
socket and pulls an additional rubber-like, open-ended
liner over the prosthetic socket and the brim of the first
liner, creating a seal. Negative pressure is then applied
between the prosthetic socket and the first liner to secure
the socket, thus providing an airtight suspension of the
prosthesis. VAS sockets increase the rate of fluid drawn
into the residual limb, thus minimizing residual limb
volume loss [13]. Improved proprioception, walking abil-
ity, and residual limb and socket coupling, as well as less
pain and lower interface pressure during stance phase,
have also been reported in connection with VAS sockets
[13—16]. However, a lack of evidence exists to support the
absolute indication of effect on satisfaction, comfort,
performance, mobility, and gait for these socket designs
[17-24].

The effect of prosthetic sockets on people with
amputation can be evaluated using quantitative outcomes
(e.g., gait analysis, interface pressure measurement) or
qualitative outcome measures (e.g., assessments of QoL,
ADLs, and/or overall satisfaction). In addition, compar-
ing the cost of prosthetic services with the results of sub-
jective and/or objective outcome measures will assist in
the management of prosthetic services in general, includ-
ing policy making. Further, the ability to solidify core
factors that characterize design features of “good” pros-
thetic sockets will provide direction for future innova-
tions in prosthetic socket design.
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This review is an attempt to untangle the complexity
of prosthetic socket fit and perhaps find some indication
of whether a particular prosthetic socket type might be
best for a given situation. We analyzed whether a combi-
nation of various outcome measures showed trends for the
strength of a particular socket type in relation to specific
outcome measures. We analyzed current evidence of the
effect of available prosthetic socket designs on the com-
bined characteristics of qualitative and quantitative out-
comes in persons with transtibial amputation. This article
represents the first part of this comprehensive review, pre-
senting the results of qualitative outcomes only.

METHODS

To ensure transparency and comprehensive reporting
for systematic reviews, the guidelines and steps sug-
gested in the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA) statement were
followed [25]. We prespecified the review’s rationale and
methods in a protocol before the start of the study.

Eligibility Criteria

The review period was from 1998 to July 2013
(15 years). Both randomized and nonrandomized studies
that examined the benefit or harm of PTB, TSB, HS, and
VAS sockets were included. Studies for which results
were obtained from persons with unilateral or bilateral
transtibial amputations due to any cause of amputation
and with at least 6 mo of prosthesis experience (i.e., par-
ticipants having a mature residual limb) were considered.
No restrictions were made on the type of outcome mea-
sures used. Studies were excluded when no full text was
available, when not written in English, and when pub-
lished before 1998. Letters to editors were also excluded.

Sources of Information and Search

Studies were identified by searching the following
databases: Medline (PubMed) and EMBASE (Ovid Inter-
face). In addition, Google Scholar, the Cochrane Library,
and Web of Knowledge (WoK) were also searched.
Because the Journal of Prosthetics and Orthotics is not
indexed in any of these databases, the “journals@ovid”
search was also performed. Both medical subject heading
terms (MeSH and EMTREE) and standard key words
were used to locate relevant articles. The search strategy
was refined for each specific database. The search terms
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and strategy used for the databases can be found in
Appendix 1 (available online only).

Study Selection

Both authors read the titles and abstracts of the search
results and selected relevant studies based on the study
eligibility criteria. The authors worked independently to
minimize influential bias. In addition, the reference lists
of all included studies were checked for possible relevant
studies not returned by database searches.

Data Collection Process

The data extraction table specific to this review was
prepared using the Cochrane Data Collection Form for
nonrandomized studies [26] (Appendix 2, available
online only). The relevant information from the included
studies was extracted and data summary tables were gen-
erated for each study. Information about study type,
objective(s) of the study, participants, inclusion and
exclusion criteria, outcome measure, main results, find-
ings, and conclusions were entered. Data were collected
by the first author (M.R.S.) and then checked by the sec-
ond author (M.R.M.).

Assessing Risk of Bias in Selected Studies

The risk of bias of the included studies was assessed
using the checklist created and tested by Downs and
Black [27] (Appendix 2, available online only). The
checklist provides a scale for assessing the methodologi-
cal quality of both randomized and nonrandomized stud-
ies. The tool is easy to use and has a description for each
of its 28 items. The validity and reliability of the Downs
and Black tool has been reported to be reasonably high,
with the exception of the external validity assessment. In
a study evaluating 194 study quality assessment tools,
Deeks et al. reported that the Downs and Black checklist
is one of the “best” for use in systematic reviews [28].

RESULTS

The PRISMA flow diagram was used to summarize
the study’s selection process and reasons for exclusions
[25] (Figure).

Study Selection

After adjusting the results for duplicates, the search
of MEDLINE (n = 328), EMBASE (n = 349), jour-
nals@ovid (n = 732), Google Scholar (n = 778), WoK
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Figure.

Flow diagram of study selection. Amp = amputation, FEA = finite element analysis, WoK = Web of Knowledge.

(n=504), and Cochrane Library (n = 22) led to a total of
1,863 articles. After reviewing the titles and/or abstracts
of these studies, 1,776 studies were excluded because
they did not meet the inclusion criteria. After full-text
review of the remaining studies, 53 were further excluded
due to various reasons (Figure). One additional article
was included after checking the reference lists of the

included studies. This resulted in a total of 35 articles
considered for full review, with 19 articles that related to
qualitative outcomes only.

Study Characteristics
Tables 1 and 2 present the studies’ designs, settings, and
Downs and Black scores (DBSs). Appendix 3 (available
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online only) presents the summary data for each included
study using the PICOS approach (participants, interven-
tions, comparators, outcomes, and study design).

Methods of Studies

The methodological designs of the 19 articles that
focus on qualitative outcomes and prosthetic socket
design varied considerably across studies: crossover
designs (n = 5) [29-33], randomized crossover designs
(n=3) [24,34-35], and cross-sectional designs (n = 3)
[36-38] were the most frequent study methods used. The
remaining studies included case report or single-subject
design (n = 2) [39-40], case-series design (n = 1) [41],
survey (n = 1) [21], randomized controlled trial (RCT)
(n=2) [23], controlled trial (n = 1) [42], and prospective
study design (n = 1) [43] (Table 1).

Participants

A total of 790 adults with amputation, with an aver-
age age of 50.7 yr, participated in the included studies.
Studies that reported the sex of participants showed that
the majority were male (male: 592 vs female: 151). Most
study participants were amputated due to trauma (n =
513). The cause of amputation for 178 participants was

Table 1.
Study designs and settings.
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vascular insufficiency or diabetes, and 99 were ampu-
tated due to causes other than trauma, diabetes, or vascu-
lar insufficiency.

Intervention

The following socket types were used in the studies.
The TSB socket was used in eight studies, of which one
used the TSB socket only in combination with a silicone
liner. Seven of the eight studies compared the effects of
liner material, of which six analyzed the suspension pro-
vided by liners (Seal-In versus sleeve suspension [1
study] and pin lock versus Seal-In [4 studies]), one com-
pared silicone with urethane liners, and one compared
different liner thicknesses (3 vs 6 mm).

Five studies compared PTB and TSB sockets. The
type of suspension for PTB sockets was not reported;
however, the TSB sockets were used with either Dermo
pin lock and Seal-In liners (n = 1), Alpha liners (n = 1),
laminated silicone liners” (n=1), or silicon or urethane

*In order to achieve a TSB socket with a silicone liner, the prosthetist
in the reported study fabricated a soft inner socket by laminating a
silicone resin over the positive plaster model of the residual limb.

Study

Design

Setting

Brunelli et al., 2013 [33]
Eshraghi et al., 2012 [35]
Ali et al., 2012 [38]
Alietal., 2012 [30]
Gholizadeh et al., 2012 [40]
Gholizadeh et al., 2012 [32]
Boutwell et al., 2012 [31]
Ferraro, 2011 [37]

Sutton et al., 2011 [39]
Klute et al., 2011 [24]

Manucharian, 2011 [42]
Selles et al., 2005 [23]

Van de Weg & Van der Windt,
2005 [36]

Astrom & Stenstrom, 2004 [43]

Coleman et al., 2004 [34]
Yigiter et al., 2002 [29]
Hachisuka et al., 2001 [21]
Hachisuka et al., 1998 [41]
Datta et al., 2004 [22]

Crossover Trial
Randomized Crossover Trial
Cross-sectional Study
Crossover Trial

Case Report

Crossover Trial

Crossover Trial
Cross-sectional Study

Case Study

Randomized Crossover Trial

Controlled Trial
Randomized Controlled Trial

Cross-sectional Study

Prospective Study
Randomized Crossover Trial
Crossover Trial

Survey

Case Series

Randomized Controlled Trial

Italy

Department of Rehabilitation, Malaya University, Malaysia

The Janbazan Medical and Engineering Centre, Iran

Department of Rehabilitation, Malaya University, Malaysia

Department of Rehabilitation, Malaya University, Malaysia

Department of Rehabilitation, Malaya University, Malaysia

United States

Four physiotherapy centers, United States

Dayton Artificial Limb, United States

Household, community, and laboratory environments,
United States

Orthopedic Arts Laboratory, United States

Rehabilitation center and prosthetics and orthotics workplace,
the Netherlands

Dutch society for people with lower-limb amputation,
the Netherlands

Department of Orthopaedics, Lund and Helsingborg, Sweden

Community, United States

Laboratory, Turkey

Orthotics and prosthetics companies, Japan

Centre for the Disabled, Kitakiushu, Japan

Amputee rehabilitation and prosthetic center, United Kingdom
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liners (n = 1). One study did not report the type of liner
used for the TSB sockets.

VAS sockets were used in three studies, where one
examined the effects of VAS sockets only and the other
two compared VAS sockets with TSB sockets with pin
lock liners. However, no information was provided for
the liner type used in the VAS sockets.

Three studies compared HS sockets with either PTB
or TSB sockets. Two studies used the Icex HS socket.
One compared it with TSB sockets with Comfort or Two
Color liners and the other one compared it with PTB
sockets with Pelite liners. The third study used the PTB
socket with sleeve suspension and compared it with
Hydrocast HS sockets with Pelite liners.

Differences existed in the acclimation times given to
the participants, ranging from 1 wk to more than 20 yr. In
three studies, the acclimation period of the test prosthesis
was not reported. Seven studies adopted a socket adapta-
tion time of less than 3 mo, and in four studies, partici-
pants used their study prosthesis for 3 mo or longer. In
the remaining studies (n = 5), the wearing time was not
consistent for participants, i.e., varied from less than
3 mo to 3 mo or longer.

Table 2.

Outcomes

Because the type of outcome measures used within
the studies was not considered a selection criteria, the
review identified 14 categories of outcome measures, of
which 5 were qualitative. They include (1) activity and
function, (2) prosthesis- and residual limb-related com-
plications, (3) comfort and pain, (4) satisfaction and pref-
erence, and (5) QoL.

Risk of Bias Within Studies

The maximum DBS is 32. For ease of analyzing the
results based on the level of evidence, we divided the max-
imum DBS into four equally strong evidence categories:
“insufficient” (DBS 0-7), “weak” (DBS 8-15), “moder-
ate” (DBS 16-23), and “robust” (DBS 24-32) [44]. We
excluded studies with a DBS from 0 to 7. The 19 articles
included in this review were categorized as follows: 4 as
weak, 14 as moderate, and 1 as robust (Table 2).

Syntheses of Results

A meta-analysis of the results was not possible
because the included studies varied too greatly in their
methodological design, intervention, participants, and
outcome measures. Therefore, a qualitative synthesis of

Risk of bias within included studies using Downs and Black score (DBS). For description of score items, see Appendix 2 (available online only).

Study Reporting External Validity
Rl R2 R3 R4 R5 R6 R7 R8 R9 RI10 SS EV1l EV2 EV3 SS

Brunelli et al., 2013 [33] 1 1 1 1 1 1 1 1 1 1 10 0 0 0 0
Eshraghi et al., 2012 [35] 1 1 1 1 1 1 1 1 1 1 10 0 0 0 0
Ali et al., 2012 [38] 1 1 1 1 0 0 0 1 0 0 5 0 0 1 1
Alietal., 2012 [30] 1 1 1 1 1 1 1 1 1 1 10 0 0 0 0
Gholizadeh et al., 2012 [40] 1 0 1 1 0 1 0 0 0 0 4 0 0 1 1
Gholizadeh et al., 2012 [32] 1 1 1 1 1 1 1 1 1 1 10 0 0 0 0
Boutwell et al., 2012 [31] 1 1 1 1 1 1 1 1 1 1 10 0 0 1 1
Ferraro, 2011 [37] 1 1 0 1 1 1 1 0 0 1 0 0 1 1
Sutton et al., 2011 [39] 1 1 1 1 1 1 0 1 1 0 0 0 1 1
Klute et al., 2011 [24] 1 1 1 1 1 1 1 1 1 1 10 1 0 1 2
Manucharian, 2011 [42] 1 1 1 1 1 1 1 0 1 1 9 0 0 0 0
Selles et al., 2005 [23] 1 1 1 1 1 1 1 1 1 1 10 0 0 1 1
Van de Weg & Van der Windt, 2005 [36] 1 1 1 0 1 1 1 1 0 1 8 1 0 1 2
Astrom & Stenstrom, 2004 [43] 1 1 1 0 0 0 0 1 1 0 5 1 1 1 3
Coleman et al., 2004 [34] 1 1 1 1 1 1 1 1 1 1 10 0 0 1 1
Yigiter et al., 2002 [29] 1 1 1 1 1 1 1 0 1 0 8 0 0 0 0
Hachisuka et al., 2001 [21] 1 1 1 1 1 1 0 0 0 0 6 1 1 1 3
Hachisuka et al., 1998 [41] 1 1 1 1 1 1 1 1 1 0 9 0 0 1 1
Datta et al., 2004 [22] 1 1 1 1 1 1 1 0 1 1 9 0 0 1 1

EV = external validity, IV = internal validity, P = power, R = reporting, SB = selection bias, SS = sum score.
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the results was performed. The results are listed in rela-
tion to the five categories identified previously, catego-
rized according to socket type and ranked within each
section in accordance to level of evidence.

Activity and Function

Eight studies reported activity, function, and mobility
of participants in regard to TSB, HS, VAS, and PTB
sockets. One study was scored as having robust evidence
[23], four as having moderate evidence [24,29,33-34],
and three as having weak evidence [37,39,43]. The
majority of these studies used patient-reported outcome
measures to report activity and function, with only a few
listing quantitative instruments. Since the majority of the
studies used qualitative measures, we decided to include
the results of the few studies using quantitative instru-
ments here to complete the analysis.

TSB. Moderate evidence—Based on a crossover trial
by Brunelli et al. (DBS 22), the score for the ambulation
section of the PEQ was significantly higher for people
using a TSB socket with a Seal-In liner than with sleeve
suspension (88 vs 79) [33]. Furthermore, the Houghton
Scale Questionnaire score for items such as duration of
prosthesis use, manner in which prosthesis was used, per-

Table 2. (cont)

ceptions of stability, and use of walking aids was signifi-
cantly higher for TSB sockets with a Seal-In liner.
However, no significant differences were found between
the two socket systems in the “Timed Up and Go” test
and Locomotor Capabilities Index (LCI-5) score of abil-
ity to perform motor tasks.

Weak evidence—In a prospective study by Astrom
and Stenstrom (DBS 15), participants used their new
prosthesis with a TSB socket and a polyurethane liner
[43]. Out of 29 participants, 20 had residual limb prob-
lems, with 18 claiming pain as a limiting factor for ambu-
lation. By switching to the new prosthesis, 67 percent
rated it as being better or much better for physical activ-
ity than their previous prostheses (Icelandic Roll-On Suc-
tion Socket [ICEROSS], n = 18; ethylene vinyl acetate
(EVA), n = 9; or suction socket, n = 2), while 9 percent
reported their previous socket to be better or much better.
Sixteen percent did not report any differences between
the new and old prosthesis socket.

PTB versus TSB. Moderate evidence—In a random-
ized crossover trial by Coleman et al. (DBS 22), study
participants were given both a TSB socket with an Alpha
liner (a mineral oil-based elastomeric liner) and a PTB

Risk of bias within included studies using Downs and Black score (DBS). For description of score items, see Appendix 2 (available online only).
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socket to use for 3 mo each [34]. Results from step activ-
ity monitoring indicated that participants spent 82 per-
cent more hours per day and took 83 percent more steps
per day in the PTB socket. Participants wore the PTB
socket more full days than the TSB socket. This could be
the reason why higher activity levels were recorded and a
greater numbers of steps were counted with the PTB
socket. In days where sockets were worn, comparisons
between the PTB and TSB sockets revealed that partici-
pants spent 72 percent more time in high-intensity activi-
ties and took 49 percent more steps per day with a PTB
socket. However, during the time participants were active
in each socket, the intensity distribution was not signifi-
cantly different between sockets. The PEQ score for
“ambulation” was not significantly different between
PTB (mean =+ standard deviation: 78.6 £ 17.5) and TSB
(71.6 + 24) sockets. In an open-ended feedback section,
participants reported that performance with a PTB socket
was not as good for some activities and not as bad for
others, but a combination of features were given that
seem to make the PTB socket more versatile for daily
use, whereas the TSB socket was preferred for some
activities but not for others. Coleman et al. noted that the
baseline distribution was not equal and the number of
subjects was too small to draw a conclusion toward the
previous prosthetic experience.

In a crossover trial, Yigiter et al. (DBS 19) reported
that the time for ascending and descending 10 steps and
an incline was significantly shorter when participants
used a TSB socket than a PTB socket, but no significant
difference between the two sockets was found in time
required for crossing obstacles [29]. The type of liner
used for TSB sockets was not mentioned for this study.

PTB versus VAS. Weak evidence—Sutton et al.
(DBS 13) assessed the long-term functional capability of
one participant (K3 activity level) after he changed from
a PTB socket with ischial weight-bearing features to a
VAS socket [39]. They reported that the scores of loco-
motor capability (LCI-5) and ADL were 56 and 8,
respectively, after 1 wk of prosthetic use, indicating high
functional capabilities. The scores did not change after
1 mo or 1 yr of use with the VAS socket. However, the
Amputee Mobility Predictor with Prosthesis (AMPPro)
score improved from 1 mo to 1 yr of use from 44 to 48
points. Sutton et al. indicated that the higher AMPPro
score suggests an improvement in balance task perfor-
mances and therefore could be an indicator for improved
proprioception. After 1 wk of VAS socket use, in which

the participant used his prosthesis for at least 6 h/d, he
reported adequate knee stability, no irritation or discolor-
ation, and no longer any pain in the contralateral limb.
After 1 mo, the prosthesis was used 10 h/d and the partic-
ipant walked at least 6 mi/d. The participant reported
improved prosthesis linkage and no swelling or pain in
the contralateral limb. A better gait symmetry was
observed by the clinician. Results now suggested a K4
level activity. After 1 yr, the participant used the VAS
socket occasionally 24 h/d, hair regrowth was observed,
and he expressed confidence in stability at work. He
reported no pain but was still unable to stand unsupported
on his prosthetic limb.

TSB versus HS. Robust evidence—In an RCT using
activity monitors, Selles et al. (DBS 25) reported that the
HS Icex socket was no different from the TSB socket in
any variables measured, including time spent in dynamic
activities, time spent walking, number of walking peri-
ods, number of body posture transitions, and overall
mobility [23]. Furthermore, the score for the ambulation
section of the PEQ was not significantly different
between the two sockets.

TSB versus VAS. Moderate evidence—In a random-
ized crossover trial, Klute et al. (DBS 22) compared the
activity levels of participants when wearing either a VAS
socket or TSB socket with pin lock liner [24]. Results
were obtained using a step counter over a period of at
least 2 wk and showed that participants were twice as
active when using TSB sockets than when using VAS
sockets (73,000 + 18,000 steps and 38,000 + 9,000 steps,
respectively). In addition, although not statistically
tested, the scores on the ambulation section of the PEQ
were higher for the TSB socket (95 + 6) than the VAS
socket (67 = 22).

Weak evidence—In a cross-sectional study con-
ducted by Ferraro (DBS 15), participants reported a
reduced fear of falling during ADLs when using the VAS
socket than when using their previous TSB socket with
pin lock system [37]. The Activity Balance Confidence
scale (ABC) scores 80 £ 10 and 65 £+ 20 in VAS socket
and TSB socket with pin lock system, respectively. A
higher score on the ABC for VAS socket correlates to the
lower possibility of future falls. Ferraro reasoned that this
could be due to the better socket fit of the VAS system,
with less pistoning, a more secure hold and, perhaps,
improved proprioception.
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Prosthesis- and Residual Limb-Related Complications

Thirteen studies reported results relating to outcomes
of prosthetic sockets and complications of the residual
limb. Among these, 1 study was classified as having
robust evidence [23], 11 as having moderate evidence
[21,24,29-30,32-36,38,41], and 1 as having weak evi-
dence [43].

TSB. Moderate evidence—Hachisuka et al. (DBS
23) analyzed advantages and disadvantages of TSB sock-
ets and their effect on clinical implications [41]. Based on
their case series, perspiration, odor, and staining of the
silicone liner incorporating a laminated silicone liner
with a pin lock system were regarded as “poor” or
“somewhat poor” by more than 20 percent of participants
and “good” or “somewhat good” by less than 40 percent.
The appearance of the TSB socket, durability, and skin
irritation were regarded as “good” or “somewhat good”
by more than 75 percent of participants. However, don-
ning and doffing were significantly related to “dissatis-
fied” and “somewhat dissatisfied” and were considered
the main disadvantage of the TSB socket. Hachisuka et
al. (DBS 21) followed up on their results in a later study
and sent a questionnaire with hygiene-related questions
to participants (n = 83) who had used a TSB socket with
silicone liner for an average of 2.9 + 1.5 yr [21]. They
reported that participants experienced perspiration
(47%), eruption (46%), itching (60%), and odor (43%).
Perspiration had a direct relationship to hours of pros-
thetic use (odds ratio [OR] =2.01) and was reported to be
less prominent in women than men (OR = 0.10). Skin
eruption increased in relation to age (OR = 1.11), but
washing the liner decreased the probability of eruption
(OR = 0.28). Itching decreased with age and the hours of
prosthetic use; however, its probability increased with
increased intensity of ADLs (OR = 8.65). Odor also
decreased with age.

Four crossover trials dealt with the effect of the sus-
pension provided by different socket liners. Gholizadeh
et al. (DBS 21) reported that participants significantly
experienced fewer noise problems with TSB sockets in
combination with Seal-In suction liners than with Dermo
liners and pin lock systems (PEQ score: 74.85 vs 95.50)
[32]. The use of Dermo liners, however, resulted in more
satisfaction with donning and doffing (PEQ score: 87.5
vs 35.44). In addition, differences were reported between
the two liners in terms of sweating, sores, odor, swelling,
and irritation, but these differences did not reach signifi-
cant levels. However, Ali et al. (DBS 22) stated that par-

ticipants experienced significantly fewer irritation, sores,
swelling, and odor problems with the Dermo liner [30].
Although participants reported significantly fewer over-
all problems with Seal-In liners than Dermo liners (over-
all PEQ score: 83.0 vs 79.2), the problem with sweat was
not significantly different between the two socket types,
thus supporting the results from Gholizadeh et al.’s study.
Based on a study by Eshraghi et al. (DBS 22), partici-
pants indicated fewer problems with sweating, sores, skin
irritation, swelling, odor, and noise with the TSB socket
and a Seal-In liner than either a magnetic liner or a
Dermo pin lock liner; sweating, swelling, and noise were
significantly less when wearing the magnetic liner than
the Dermo liner [35]. Satisfaction with donning and doff-
ing was rated significantly higher with the Seal-In liner,
followed by the magnetic liner and then the Dermo liner.
Brunelli et al. (DBS 22) showed that there was no signif-
icant difference between a TSB socket with a Seal-In
liner and a TSB socket with sleeve suspension when ana-
lyzing the scores from the PEQ, except for appearance,
which favored the Seal-In liner [33]. The inconsistencies
in the findings of these studies could perhaps be
explained by short study durations. An accommodation
period of 4 wk was reported by Gholizadeh et al. [32],
Ali et al. [30], and Eshraghi et al. [35], which, based on
clinical experiences, seems to be a relatively short period
of time for a user to adapt to a TSB socket.

Weak evidence—In a prospective study by Astrom
and Stenstrom (DBS 15), 52 percent of participants
reported “better” or “much better” ease of donning with
their new TSB socket incorporating a polyurethane liner
than with their previous socket (ICEROSS, VAS, or
EVA), while 41 percent reported “better” or “much bet-
ter” ease of donning with their previous socket [43].

PTB versus TSB. Moderate evidence—Based on a
randomized crossover trial conducted by Coleman et al.
(DBS 22), there was no significant difference between a
TSB socket with a mineral oil-based elastomeric liner and
a PTB socket with a Pelite liner when analyzing PEQ
scores [34]. However, in the open-ended feedback section,
study participants reported that skin irritation, perspira-
tion, and prosthesis durability were less of a concern with
the PTB socket. They considered donning of the TSB
socket to be difficult and time consuming and the mainte-
nance, prosthetic care, and hygiene to be burdensome.
Similar results were reported in a cross-sectional study by
Van de Weg and Van der Windt (DBS 17) in which three
different suspension systems were investigated: PTB
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sockets with Pelite liner (n = 62), TSB sockets with sili-
cone liner (N = 94), and TSB sockets with polyurethane
liner (n = 62) [36]. They reported that there was not a sig-
nificant difference between the three socket suspension
systems in either the sum score of perceived problems (a
section of the PEQ) or in any individual items such as
problems with odor, skin rashes, blisters, pimples, noise,
swelling, satisfaction with the look of the prosthesis, and
donning and doffing. Although not significant, the two
types of TSB sockets were associated with fewer prob-
lems than the PTB socket. Interestingly, more sweating
was reported when wearing the PTB socket with Pelite
liner (36%) than the TSB socket with silicone liner (21%)
or polyurethane liner (24%). The daily maintenance time
was considered to be significantly longer for the two TSB
sockets than for the PTB socket. Also, more recent studies
state similar results. In a survey conducted by Ali et al.
(DBS 16), participants reported that wearing a TSB socket
combined with a Seal-In liner creates significantly fewer
problems with items such as skin irritation, sores, piston-
ing, rotation of the socket, inflation, odor, pain, and noise
than wearing a TSB socket with pin lock liner or PTB
socket with a Pelite liner [38]. Compared with the PTB
socket, sores, irritation, pistoning, and odor were also sig-
nificantly less of a problem in the TSB socket with pin and
lock system. However, socket rotation and residual limb
inflation were significantly less problematic in the PTB
socket than the TSB socket. There was also a significant
difference between the three suspension systems in regard
to maintenance time: the pin lock system required the lon-
gest maintenance time (2.98 + 2.63 h/yr) followed by the
Seal-In liner (2.53 + 1.52 h/yr), while the Pelite liner
required the least maintenance time (0.54 + 0.45 h/yr).
Contrary to the results of Coleman et al. [34] and Van de
Weg and Van der Windt et al. [36], Yigiter et al. (DBS 19)
reported that the time for donning and doffing a TSB
socket was shorter than for a PTB socket [29]. However,
the type of liner used, which may have had an influence on
the results obtained, was not mentioned in the study.

TSB versus HS. Robust evidence—Selles et al.
(DBS 25) conducted an RCT and reported that the HS
Icex socket was not different from the TSB socket with
silicone liner when analyzing the overall PEQ score or
prosthetic-related items of the PEQ such as transpiration,
odor, residual limb swelling, and skin problems [23].

TSB versus VAS. Moderate evidence—In a random-
ized crossover trial, Klute et al. (DBS 22) compared VAS
sockets with TSB sockets with Alpha Spirit pin lock lin-

ers [24]. Participants expressed that their residual limb
was healthier (PEQ score: 90 = 5 vs 77 £ 20) and that
they experienced less frustration (PEQ score: 91 &+ 11 vs
43 + 29) while using the TSB pin lock system compared
with the VAS socket.

Comfort and Pain

Eleven studies reported the participants’ perceived
residual limb pain and comfort of using prosthesis in
relation to TSB, HS, and PTB sockets. Following assess-
ment of study bias, one study was scored as having
robust evidence [23], nine as having moderate evidence
[22,30,32,34-36,38,41-42], and one as having weak evi-
dence [43].

TSB. Moderate evidence—In a case series, Hachis-
uka et al. (DBS 23) reported that more than 75 percent of
their study participants (n = 32) expressed pain during
walking but reported comfort wearing the prosthesis to
be “good” or “somewhat good” with a TSB socket with
laminated silicone liner [41]. Participants’ opinions about
their previous PTB socket were not reported.

Three studies reported the difference between the
types of suspension provided by the liners used in the
TSB socket. Based on a crossover trial by Gholizadeh et
al. (DBS 21), participants reported fewer pain-related
problems with a TSB socket with Seal-In liner than a
TSB socket with a pin lock liner (Dermo liner) [32]. In a
randomized crossover trial by Eshraghi et al. (DBS 22),
participants expressed fewer pain-related problems with
a TSB socket with distal magnetic lock liner than with
Seal-in liner or pin lock liner [35]. Participants experi-
enced less pain with a Seal-In liner than the pin lock sys-
tem. However, based on a crossover trial by Ali et al.
(DBS 22), participants reported more pain-related prob-
lems with a TSB socket in combination with a Seal-In
liner than with a pin lock liner (Dermo liner) [30]. The
authors stated that more pressure and liner tightness at
the middle region of the socket triggered by the five seals
of the Seal-In liner could be a reason for this difference.

Weak evidence—Based on a prospective study by
Astrom and Stenstrom (DBS 15), 82 percent of study
participants reported “better” or “much better” comfort
with their new TSB prosthesis incorporating a polyure-
thane liner than with their previous socket (ICEROSS,
suction, or EVA socket), while 6 percent reported “bet-
ter” or “much better” comfort with their previous socket
[43]. The Socket Comfort Score (SCS) was not different
between the old and new prostheses in 12 percent of par-
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ticipants. Note that 69 percent of participants (20 out of a
total of 29 people) had residual limb problems before
they switched to the new prosthesis. Eighteen partici-
pants mentioned pain as a limiting factor for ambulation.
The results reported in Astrom and Stenstrdm were pre-
sented with descriptive statistics only.

PTB versus TSB. Moderate evidence—According
to a randomized crossover trial by Coleman et al. (DBS
22), participants scored a higher SCS when using a PTB
socket with Pelite liner (7.23 + 2.5) than when using a
TSB socket with a mineral-oil-based elastomeric liner
(6.84 + 3), but the difference was not significant [34].
Furthermore, there was no difference between the two
sockets in participants’ experiences of pain. In an open-
ended feedback section, participants expressed that the
TSB socket comfort was good for a short period of time
but that comfort reduces over time [34,38]. Based on the
results of a cross-sectional study, Van de Weg and Van
der Windt (DBS 17) stated that there was no significant
difference in pain experience for participants wearing the
PTB socket with Pelite liner (n = 62), TSB socket with
silicone liner (n = 94), or TSB socket with polyurethane
liner (n = 64) [36]. However, Ali et al. (DBS 16) reported
in a cross-sectional study that participants had fewer
pain-related problems with a TSB socket with Seal-In
liner (PEQ score: 92.67) than either a TSB socket with
pin lock liner (PEQ score: 80.62) or a PTB socket with a
Pelite liner (PEQ score: 81.18) [38].

PTB versus HS. Moderate evidence—Datta et al.
(DBS 23) reported that participants expressed higher
SCSs for their Icex HS (mean: 8.2, range: 6—10) than for
their previous PTB socket (mean: 7.2, range: 5-9) [22].
However, the statistical significance of the difference was
not tested. In a controlled trial, Manucharian (DBS 20)
compared participants’ SCS trends at initial fitting and
after 1 mo follow-up in regard to PTB and HS sockets,
both incorporating a soft Pelite liner [42]. The SCS in the
HS socket group significantly decreased after 1 mo (dif-
ference: —1.13 = 0.65), while the PTB socket users did
not show a difference in SCS between initial and final
values (difference: 0.09 + 0.54). Furthermore, Manuchar-
ian reported that SCS was higher for participants who
were given a socket not different from their previous. It is
worth noting that a Pelite liner was used in both sockets,
although the use of such liners in an HS socket is not
common practice. Further, the author used a water tank to
shape the plaster cast over the residual limb, which again,
is not common practice when creating a HS type socket.
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TSB versus HS. Robust evidence—Selles et al.
(DBS 25) state the results from an RCT and reported that
participants’ pain and phantom pain were not signifi-
cantly different between an Icex HS socket and a TSB
socket with either a comfort liner or two-color liner”
[23]. All liners had pin lock systems.

Satisfaction and Preference

Eleven studies reported participants’ satisfaction and
preference with their prosthesis, from which one study
was scored as having robust evidence [23], nine as hav-
ing moderate evidence [29-32,34-36,38,41], and one as
having weak evidence [43].

TSB. Moderate evidence—A crossover trial by
Boutwell et al. (DBS 20) reported that participants with
bony residual limbs preferred using a TSB socket with a
9 mm thermoplastic elastomer liner despite no improve-
ments in gait characteristics [31]. The authors stated that
this may be a result of decreased pressure over bony
prominences. However, participants with padded residual
limbs expressed a mixed preference toward either liner
thickness. The authors indicated that, compared with par-
ticipants with bony residual limbs, other factors such as
weight of the liner and the perceived compliance of the
socket and limb may have been influential for partici-
pants with padded residual limbs in deciding which liner
to choose.

Three crossover trials reported participant satisfac-
tion with different liner suspension all used in combina-
tion with a TSB socket. Ali et al. (DBS 22) reported that
participants were most satisfied with the TSB socket with
Dermo liner for prosthesis fit, level walking, and walking
on uneven terrain [30], while Gholizadeh et al. (DBS 21)
stated that the TSB socket with Seal-In liner resulted in
more satisfaction in participants for these items [32].
Both studies reported that satisfaction with stair ascend-
ing and descending and cosmesis of the prosthesis was
not significantly different between the two liners tested.
Eshraghi et al. (DBS 22) stated that satisfaction with
prosthetic fit, sitting, and walking on uneven terrain was
higher for Seal-In liners, but while walking on level ter-
rain, participants were more satisfied with a TSB socket
with Dermo liner than a TSB socket with Seal-In liner
[35]. Eshraghi et al. also stated that the TSB socket with

A pin lock silicone liner with a distal stabilizing matrix, with or without
a covering fabric. Stabilizing matrix is stated to minimize pistoning.
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distal magnetic liner provided the least prosthetic fit sat-
isfaction, whereas satisfaction with level walking and
walking on uneven terrain was highest with a TSB socket
with magnetic liner. All three studies reported that partic-
ipants rated the overall satisfaction with the TSB socket
with Dermo liner significantly higher than with the TSB
socket with Seal-In liner. However, Eshraghi et al. stated
that a TSB socket with distal magnetic liner resulted in
more overall satisfaction than the TSB socket with
Dermo liner. Note that relatively short acclimation peri-
ods of 4 wk were adopted by these studies.

Weak evidence—In a prospective study, Astrom and
Stenstrom (DBS 15) interviewed participants about their
view on their new TSB socket incorporating a polyure-
thane liner compared with their old prosthesis with either
an ICEROSS, VAS, or EVA socket [43]. After 3 yr, 20
out of 24 participants, and after 5 yr, 19 out of 20 partici-
pants still used the polyurethane liner and expressed that
it was the best they had been using. Participant comfort
increased considerably and physical activity improved
after changing to the polyurethane liner, with improve-
ments remaining throughout the tested 5 yr.

PTB versus TSB. Moderate evidence—In a case
series by Hachisuka et al. (DBS 23), 16 (50%) partici-
pants were “satisfied” and 8 (25%) were “somewhat sat-
isfied” with the TSB socket with laminated silicone liner
[41]. Two (6%) participants were “dissatisfied” with the
TSB socket and decided to go back to the PTB socket,
and two (6%) were “somewhat dissatisfied” with the
TSB socket. A subgroup of nine participants used both
sockets during a 2 mo testing period. All reported being
either “satisfied” or “somewhat satisfied” with the TSB
socket and all decided to use the TSB socket as their cho-
sen socket at the end of the study. The authors reported
that comfort to wear, ease to swing the limb, and piston-
ing were significantly related to overall “satisfied” or
“somewhat satisfied.” These items were regarded as the
advantages of the TSB socket. Donning and doffing was
significantly related to “dissatisfied” and “somewhat dis-
satisfied” and was thus considered to be the disadvantage
of the TSB socket. Complaints of odor, staining, and per-
spiration did not affect the overall satisfaction or dissatis-
faction of the TSB socket.

In a randomized crossover trial by Coleman et al.
(DBS 22), participants were given both a TSB socket
with mineral-oil-based elastomeric liner and a PTB
socket with Pelite liner [34]. After using each socket for
3 mo, 10 (out of 13) participants preferred the PTB

socket as their only socket of choice. In contrast, Yigiter
et al. (DBS 19) reported that 75 percent (15 out of 20)
participants chose a TSB socket over a PTB socket at the
end of the study [29]. Unfortunately, the type of liner
used with the sockets was not mentioned.

In a cross-sectional study by Van de Weg and Van der
Windt (DBS 17), there was no significant difference
reported in the overall satisfaction score of participants
wearing a PTB socket with Pelite liner (n = 62), a TSB
socket with silicone liner (n = 94), or a TSB socket with
polyurethane liner (n = 62) [36]. Further, no significant
differences were found in the scores for satisfaction of
the PEQ except for walking on uneven terrain and sitting,
which were rated in favor of the PTB socket. However, in
a survey by Ali et al. (DBS 16), participants rated the
overall satisfaction with the TSB socket with Seal-In
liner higher (PEQ score: 83.1) than either the TSB socket
with pin lock liner (PEQ score: 75.94) or the PTB socket
with Pelite liner (PEQ score: 63.14) [38]. Participants
rated the TSB socket with Seal-In liner highest of all in
relation to all satisfaction questions, including prosthetic
fit, sitting, walking, walking on uneven ground, stair
ascending and descending, suspension, and cosmesis.
The TSB socket with pin lock liner was given higher sat-
isfaction scores than the PTB socket with Pelite liner in
most questions related to individual satisfaction. Com-
pared with Van de Weg and Van der Windt, participants
in Ali et al. represent a younger (44.02 + 6.26 yr) and
more homogenous group (all trauma-related amputa-
tions), whereas participants in Van de Weg and Van der
Windt were older (62.1 £ 17.5 yr) and included amputa-
tion due to vascular-related (37.7%) and traumatic
(42.3%) causes.

TSB versus HS. Robust evidence—Selles et al.
(DBS 25) reported results from an RCT stating that scor-
ings of PEQ items related to prosthesis satisfaction were
not different for the HS ICEX socket compared with the
TSB socket [23].

Quality of Life

Two studies, both having moderate evidence, were
found for this outcome [33-34].

TSB. Moderate evidence—Brunelli et al. (DBS 22)
reported that there was a significant difference in well-
being scores between TSB sockets with Seal-in liner (PEQ
score: 87) and TSB sockets with sleeve suspension (PEQ
score: 76) [33]. Participants also scored the ambulation
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and appearance scales higher for the TSB socket with
Seal-In liner.

TSB versus PTB. Moderate evidence—Based on
results of a study with randomized crossover trial conducted
by Coleman et al. (DBS 22), there were no significant dif-
ferences between TSB sockets with mineral-oil-based elas-
tomeric liner and PTB sockets in the QoL and well-being
scores of the PEQ [34].

DISCUSSION

Nineteen studies summarizing the scientific work of
15 years were reviewed in terms of the effects of transtib-
ial socket designs on various outcomes. Recent studies
suggest that outcomes related to the prosthesis and resid-
ual limb such as odor, ease of donning and doffing, stain-
ing, sweat, skin irritation, and sores seem to depend on
the material and/or the type of liner used, but most stud-
ies measuring these variables in different liners have a
relative short accommodation period with inconsistent
results; therefore, firm conclusions cannot be drawn
[30,32-33,35,38]. Older studies indicate that participants
had more perspiration, soreness, creasing, and itching
with ICEROSS TSB sockets but the intensity of sweating
and itching decreased after a few months [17—-18]. More
perspiration and skin irritation were reported while par-
ticipants used a TSB socket with mineral-oil-based elas-
tomeric liner than a PTB socket with Pelite liner [34].

Ease of donning and doffing could be one of the main
factors affecting participant satisfaction and preference
with the socket type [41,45]. Some evidence exists about
a positive relationship between satisfaction and ease of
donning and doffing with TSB sockets compared with
PTB sockets; however, controversy still remains. This
could perhaps be due to the diverse liner types and/or dif-
ferent suspension systems used within the different stud-
ies. The review revealed that doffing and donning was
difficult in TSB sockets with laminated silicone liners
[41]. Another study revealed that donning and doffing
was better for TSB sockets with polyurethane liners than
for ICEROSS and EVA liners [43]. Further, pin lock lin-
ers were shown to be easier in donning and doffing than
Seal-In liners [32,35,38]. In addition, donning and doff-
ing may also be influenced by the suspension system
used in a prosthesis, influencing how many steps and tri-
als are required to complete the task.

This review shows a potential benefit of TSB sockets
over PTB sockets. Results related to outcome variables
such as physical activity and participant preference and
satisfaction are similar to, and in some cases better for,
TSB sockets than for PTB sockets. The results depend on
factors such as participant activity level and age, cause of
amputation, residual limb characteristics, interface mate-
rial, and type of suspension provided by the liner. More
active persons or younger users and those with a trau-
matic cause of amputation appear to benefit from using
TSB sockets. Moreover, participants with problems with
PTB sockets and those with skin problems or grafts as
well as skin tenderness seem to perform better with TSB
sockets [17-19,36,38,41]. However, long residual limbs
and those with excess soft tissue may not be suitable for
TSB sockets [18,41]. The rate of skin problems could be
lower when participants wear a TSB ICEROSS socket
than when wearing a PTB socket [18]. Overall comfort
and pain were not reported to be different between TSB
and PTB sockets, but comfort experienced during
ascending and descending stairs could be higher while
using a TSB socket [18—-19,34,36]. Studies comparing the
effect of TSB sockets with different liners indicate that
participants with bony residual limbs could benefit from
a thicker elastomeric liner. Liners made from polyure-
thane are generally better accepted than silicone or EVA
liners, especially in participants with residual limb pain
and skin problems.

Results of studies with weak evidence indicate that
active participants with short and pressure-sensitive resid-
ual limbs and skin problems could also benefit from VAS
sockets [39]. Generally, it was reported that they feel more
confident in performing ADLs when using VAS sockets
[37]. Although the level of evidence on VAS sockets is not
strong enough yet, the results are promising. The observed
benefits of the VAS socket could be because of the ele-
vated vacuum and/or the socket shape.

Robust evidence is available demonstrating that
elderly persons with amputation (>58 yr old) with long-
time prosthesis experience (>13 yr) show no difference in
physical capability, mobility, satisfaction, experience of
pain, or phantom limb pain when using either TSB or
Icex HS sockets [23]. The Icex HS socket’s shape and
volume depends on, among other things, the response of
the residual limb soft tissue to the equal pressure applied
to it. The shape capturing process for an Icex HS socket
is thought to be more objective and thus repeatable than
manual shape capturing, but studies on HS sockets are
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relatively scarce and more research is required to validate
this concept.

In order to correctly measure the benefit or harm of a
socket design, one must consider the characteristics of
the participants more systematically. In many of the
included studies, factors such as age, activity level, resid-
ual limb features, cause and level of amputation, time
period between new sockets and old sockets, patient body
changes that might result in a poor fit, patient tissue type,
and the typical life expectancy of a socket, as well as
geographical, social, and cultural aspects, are either
neglected or not explored and reported. However, each of
these factors (by itself or in combination) can directly or
indirectly affect the possible effect of a socket design. We
therefore suggest adopting well-defined participant inclu-
sion and exclusion criteria in designing future studies,
taking into account as many as possible of the often
neglected factors mentioned.

In addition to these factors, experience with a previ-
ous socket can also influence the outcomes of a new
socket, in particular for patient-reported outcomes. For
example, the SCS was higher for participants who were
given a socket not different from their previous socket
[42]. Moreover, the new and/or different socket is usually
connected to higher expectations, a factor that is difficult
to control for. Unfortunately, study participants cannot be
made blind to socket intervention studies.

Baars and Geertzen and Klute et al. concluded, based
on two separate literature reviews on interface liners, that
little evidence exists to inform liner prescription [46—47].
Several years have passed since these reviews, but prob-
lems persist in regard to clinical guidelines for liner pre-
scription. No measure is available for clinicians to test
whether a material for a given liner is the same between
the various manufacturers. Variations in the chemical
compound can lead to different material properties,
although the material is classified under the same name.
Material properties can have an effect on outcome vari-
ables such as skin irritation and comfort. Some liners
incorporate an outer or cover fabric that could influence a
liner’s mechanical properties. Although some studies
report durometer ranges for liners, these ranges are not
consistent and thus not comparable between manufactur-
ers. Therefore, some form of standard, universally
accepted property measures for liners must be defined and
used by the manufacturer for a reliable and valid quantifi-
cation of liners across manufacturers. Such a measure may
include values of viscoelasticity and shock absorption

capability of liner materials. For example, Lo et al. devel-
oped a set of test methods to quantify mechanical property
and thermal comfort variables of materials used in dia-
betic shoe insole fabrication [48]. These variables
included force reduction, compression stress, coefficient
of friction, shear, moisture regain, and water vapor trans-
mission. Using a combination of test results, a “perfor-
mance index” was proposed to categorize materials based
on three key clinical and insole user requirements: accom-
modation, cushioning, and control. A somehow similar
quantitative approach could be developed to create a clas-
sification system for liners used in prosthetics. With such
a classification system, future research could focus on
testing associations between variables. For example, test-
ing the quantified mechanical properties of an interface
material, together with a given socket design, participant
background characteristics, and given residual limb char-
acteristics, could be related to an outcome measure. The
obtained results could be used to create a matrix, which in
turn could be used as a baseline for socket design and
interface material prescription.

Another issue in prosthetic studies is the inconsis-
tency in socket manufacturing and fitting, which makes
comparison between socket designs challenging. Product
manufacturing consistency is a priority for examining
and comparing effects of different designs. Manucharian
and Boutwell et al. both stated that the lack of socket
shape and volume consistency could adversely affect the
results because socket manufacturing relies to a great
extent on the prosthetist’s skills, knowledge, and past
experiences [31,42]. These factors, which have a great
effect on the socket fit success, are rarely reflected upon
and reported by journal articles. Previous studies showed
that the socket shape-capturing process (casting) and the
subsequent plaster mold rectification lack inter- and
intrasocket shape consistency for HS and PTB socket
designs but the inconsistencies were less for HS sockets
than for the corresponding manually casted and fabri-
cated prosthetic sockets [49-51]. Additionally, the effect
of prosthetic alignment also has an effect on socket fit
and the related outcomes, such as interface pressure. This
stage of prosthesis fitting also lacks consistency due to its
subjective nature [52].

Another point this review highlights is the inconsis-
tent socket adaptation time used by many studies (n =
17). Based on the first author’s (M.R.S.) clinical experi-
ence and other anecdotal evidence, at least 3 mo seems to
be required for a user to adapt to a new socket design,
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especially when he or she changes to TSB or VAS sock-
ets. The existing controversies mentioned in the
“Results” section perhaps would have been resolved if
researchers had allowed for a longer (>3 mo) socket
adaptation period.

Moreover, small sample size, and hence the possible
low statistical power associated with it, are another con-
cern with the analyzed studies. RCTs stand at the top of
the hierarchy of scientific evidence. However, due to cost
and time factors and the relatively small number of eligi-
ble participants, RCTs are challenging to conduct in the
prosthetics field. One possible alternative study design
could be a randomized crossover trial in which partici-
pants act as their own controls, therefore reducing con-
founding covariables. Further, randomized crossover
designs are statistically efficient [53]. Conducting ran-
domized crossover studies as multicenter studies would
further increase external validity.

CONCLUSIONS

The included studies have low to moderate method-
ological rigor. Most studies were conducted on PTB and
TSB sockets. From the results, we can concluded that
TSB sockets provide greater activity level and prosthesis
satisfaction than PTB sockets for active users, those with
a traumatic cause of amputation, and younger users. Per-
spiration and sweating were higher in the TSB socket,
but this did not influence satisfaction as much as donning
and doffing did. The type of liner used with a TSB socket
greatly influences the results of the socket fitting. There-
fore, further and especially more systematically con-
ducted studies are recommended in order to explore the
influence of liner type on socket fitting.

The HS socket, however, has not been shown to be
different from a PTB socket or TSB socket for patient-
reported outcome measures in older users. However, it
has the potential to create a more consistent socket fit-
ting, a variable that greatly influences the successful out-
come of prosthetic fitting.

In order to draw a firm conclusion about the benefit
or harm of socket designs, and thus provide a base for
socket type indication, one must set clear, well-defined
participant selection criteria to control variability on the
results. To increase methodological rigor, randomized,
multicentered crossover study designs could be consid-
ered. Furthermore, to provide a scientific basis for pre-

scription, comparison of and correlation between
mechanical properties of interface material, socket
designs, user characteristics, and outcome measures
should be measured and reported.
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