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Abstract
Background: Management of ﬂuid in the limbs is a challenge faced by people with disabilities. In prosthetics, a means for transtibial
prosthesis users to stabilize their residual limb ﬂuid volume during the day may improve socket ﬁt.
Objective: To determine if releasing the panels and locking pin of a cabled-panel adjustable socket during socket release signiﬁcantly
improved limb ﬂuid volume recovery and retention over releasing the panels alone.
Design: Repeated-measures experiment to assess the effects on limb ﬂuid volume retention.
Setting: Participants were tested in a laboratory setting while walking on a treadmill.
Intervention: Release of a locking pin tether during sitting as a limb volume accommodation strategy.
Main Outcome Measure: Percent limb ﬂuid volume retention for panel and pin release compared with panel release alone at
2 minutes (short term) and 50 minutes (long term) after subsequent activity. Limb ﬂuid volume was monitored using bioimpedance
analysis.
Results: Median percent limb ﬂuid volume retention for the panel and pin release was signiﬁcantly greater than panel release alone
for both anterior and posterior regions for the long term (P = .0499 and .0096, respectively) but not the short term (P = .0712
and .1580, respectively).
Conclusion: Augmenting panel release with pin release may be an effective accommodation strategy for prosthesis users with transtibial amputation to better retain limb ﬂuid volume.

Introduction
One of the most challenging problems faced by people
with lower-limb amputation is changes in socket ﬁt from
residual limb volume loss. Volume loss may change how
the residual limb ﬁts within the prosthetic socket and
lead to soft tissue injury or an unstable gait.1,2 Fit of the
prosthesis has been reported as the single most important
issue related to successful use of a prosthetic limb.3
Prosthesis users may accommodate residual limb volume loss by either decreasing the size of the socket or
by increasing the size of their residual limb (Figure 1).
Adding prosthetic socks or pads to the inside of the socket
is the most common means to decrease socket size. Useradjustable sockets with movable socket panels are also
used. They eliminate the need for socket dofﬁng to execute an adjustment.4–7 However, adding socks has been

© 2020 American Academy of Physical Medicine and Rehabilitation
https://dx.doi.org/10.1002/pmrj.12349

shown to decrease limb ﬂuid volume that is not easily
recovered.8 Elevated vacuum systems, which apply vacuum pressure between the socket and liner using an electronic or passive mechanical pump in some studies have
been shown to increase limb ﬂuid volume during walking9,10 and may improve limb health,11,12 but the technology requires careful evaluation and maintenance to
ensure a well-ﬁtting sealed socket environment.12–14
Another strategy is to facilitate limb ﬂuid volume recovery through socket release. Socket release is the temporary
relief of limb-socket pressures. Dofﬁng the socket between
periods of activity for 30 minutes, one means of socket
release, was shown to increase limb ﬂuid volume compared
with no dofﬁng in a group of 16 participants with transtibial
limb loss and, further, to retain signiﬁcantly greater
(P < .001) ﬂuid volume after 8 minutes and 24 minutes of
additional standing and walking.15 Six-hour studies
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Figure 1. Prosthesis users may accommodate for limb ﬂuid volume loss by (A) decreasing the size of their socket (eg, adding socks or pads; reducing an
adjustable socket), or (B) increasing the size of their residual limb (eg, using an elevated vacuum socket; conducting socket release).

conducted outside the lab demonstrated that dofﬁng the
socket for 20 minutes every 1.5 hours increased limb ﬂuid
volume over no dofﬁng for 7 of 9 locking pin users compared
with no intervention.16 Removing the socket during the day,
however, is inconvenient and may be socially unacceptable
for many people wearing a prosthesis. Releasing liquid from
bladders positioned inside of the socket, a socket release
technology that does not require the socket to be doffed,
did not signiﬁcantly increase limb ﬂuid volume retention
over no liquid release, but in this study the locking pin was
kept in the shuttle lock during socket release and may have
contributed to the lack of ﬂuid volume retention.17 With the
pin in the shuttle lock, the small distal socket may have contributed to high distal interface stresses. Further, the liner
may have pulled the distal limb, increasing pressures and
restricting ﬂuid volume recovery. Releasing the panel of a
“clamshell” socket that hinged about the posterior distal
region and at the same time releasing the locking pin tether
4 cm for 10 minutes signiﬁcantly increased short-term limb
ﬂuid volume retention (after 2 min of additional walking)
but not long-term retention (after 38 min of additional
walking and sitting) compared with projected no intervention results.18 Long-term retention was not more favorable
possibly because the hinged-panel socket design limited
the depth that recovered ﬂuid traveled into the residual
limb during socket release.
In this study we investigated a socket that allowed distal pressure relief and locking pin release without dofﬁng.
A cabled 3-panel adjustable socket with an adjustable
length pin tether was used. The objective was to determine if releasing the panels and locking pin during socket
release signiﬁcantly improved limb ﬂuid volume recovery
and retention over releasing the panels alone.
Methods
All study procedures were approved by an institutional
review board (protocol # 49624.5b). Written informed

consent was obtained from participants before any study
procedures were initiated.
Participants
Participants were included in this study if they had a
transtibial amputation at least 18 months prior, regularly
used a deﬁnitive prosthesis and were capable of walking
continuously on a treadmill for at least 5 minutes and
intermittently for at least 2 hours. Participants were
excluded if they had sores on their residual limb or used
an assistive device while walking. Inclusion criteria were
evaluated by the study prosthetist during an initial session (described later).
Sockets
Test sockets duplicate in shape to participants’ traditional socket were fabricated. The traditional socket
was scanned using a commercial 3D scanner (FARO Platinum Arm, Faro Technologies, Lake Mary, FL), then from
the scan a foam positive was carved (C7, Provel, Cle
Elum, WA). A series of three layups was implemented. A
4-ply Nyglass stockinette was applied to the positive and
infused with resin. After the layers cured, an inductive
sensor that was used to identify stance phase in collected
data was placed in the posterior medial midlimb region. A
carbon ﬁber layer (1-ply) was applied, then once it cured,
tubing for the cable to adjust the panels was applied.
Finally, an outer layup of 1-ply carbon ﬁber, 2-ply Nyglass,
and 1-ply carbon ﬁber was applied, infused with resin,
and cured. The research prosthetist designed the shapes
of three panels cut in the socket wall at anterior medial,
anterior lateral, and posterior locations (Figure 2A). The
panel locations were strategically placed where practitioners typically add pads. These areas of the residual
limb are known to be load tolerant. Panel size was maximized in order to affect socket volume change while
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avoiding the bony prominences at the anterior distal
tibia, tibial crest, and ﬁbular head that may be sensitive
to compressive stress. The cable running through the
3 panels was connected to a motor. The motor and
mechanical hardware, developed in a previous study,19
were positioned beneath the socket. The motor and hardware weighed 648 g. The motor adjusted cable length in
4.75-mm increments at a rate of 38.0 mm/min using a
mobile phone app. A tether and custom connector to
the liner extended through the distal socket to a shuttle
locked mounted beneath the socket (Figure 2B). A clip
was put on the tether so that when the socket was doffed
and the pin released, the tether was controlled to a set
distance (approximately 5 cm) (Figure 2C).

Protocol
Participants visited the lab for an initial session to
ensure they met the inclusion criteria, to gather demographic information, and to obtain a digital scan of their
traditional socket. Participants returned to the lab for
testing after the investigational prosthesis was fabricated
and when they were available, which was a median of
7 months later (range 0.5 to 8 mo).
A testing strategy similar to that used previously to
evaluate limb ﬂuid volume recovery using clamshell
socket release/relock was implemented.18 A single
walk/sit cycle with the intervention was conducted in
between several walk/sit cycles without the intervention. If the intervention cycle caused disruption, it was
clearly distinguished in the data. Projected no intervention control data were generated from results from the
ﬁrst half of the intervention testing session as described
below. A protocol with extended walking periods
between sits, as executed in a previous socket release
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study,16 would be an appropriate next step if the intervention were shown to have a beneﬁcial effect here.
At the outset of each testing session, the research
prosthetist queried participants about recent changes in
limb health and ﬁt the investigational prosthesis to
ensure a proper ﬁt. If participants no longer met inclusion
criteria, then they were not continued in the study. Participants were instrumented for bioimpedance analysis
by placing thin tape electrodes on their residual limb.
Current injection electrodes were positioned on the proximal thigh and the distal end of the limb, as in our previous study.18 Voltage sensing electrodes were placed on
the anterior and posterior aspects. A small electrical current (~300 μA peak-to-peak) across a frequency range of
3 kHz to 1 MHz was injected and voltage sensed at a sampling rate of approximately 30 Hz.20 Current and voltage
data were demodulated, and a model implemented to
calculate extracellular and intracellular impedance
changes over time.21 Limb ﬂuid volume was calculated
from that data using an anatomical model.22,23 Fluid volume data were expressed as a percent change relative to
a reference partway through the testing session as
described later.
Participants donned the socket with the panels ﬂush
with the surrounding socket (neutral position). If they felt
comfortable walking, participants moved to the treadmill
where they self-selected an optimal size by instructing
the researcher to make changes as they walked. If the
participant was not comfortable starting to walk at a neutral position, they verbally instructed the researcher to
change the socket size while standing until they were
ready to start walking on the treadmill and self-select
an optimum socket size.
The test protocol consisted of 8 cycles of sitting and
standing (Figure 3). During each cycle, the participant sat
for 2 minutes while the socket volume was enlarged by

Figure 2. (A–C) Instrumented prosthesis. (A) Anterior media panel is shown. (B) The tether attached to the distal end of the locking pin and exited
through a hole in the distal socket. (C) The tether exited through the side of the instrument box. A clip was attached to limit tether extension to 5 cm.
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4.0%, using the phone app to operate the motor. The
researcher pulled radially outwards on the panels to ensure
the enlarged socket was achieved since during sitting pressure from the limb on the panels may not have been sufﬁcient to overcome friction in the cable that might
otherwise restrict panel radial motion. During sitting, participants’ feet were on the ﬂoor and the knees were in
approximately 120 of ﬂexion. Participants sat for
10 minutes with the socket enlarged and sat for 2 more
minutes while the phone app was used to return the socket
to its original size. The basis for using 10-minute sits was
that in prior socket release/relock investigation most participants demonstrated ﬂuid volume recovery and retention for this duration of socket release.18,24 We did not
conduct shorter durations of socket release (eg, 90 s as
used in some prior limb ﬂuid volume testing protocols25–27)
because participant physiologic variables may have confounded the results. Participants then stood for 10 seconds
before walking on the treadmill for 2 minutes at a selfselected walking speed. For each participant, the same
walking speed was used throughout testing. The sit and
walk cycle was repeated three more times. The intervention was executed during the sitting portion of the ﬁfth
cycle. During the ﬁfth cycle upon sitting, the locking pin
tether was immediately released to 5 cm, and the socket
size was enlarged by 4.0% by releasing the panels
(~2 min). After the participant sat for 10 minutes with the
pin and panels released, the researcher pulled the pin into
the shuttle lock using the tether. Some of the participants
needed to stand to push the pin all the way into the shuttle
lock. In all cases, stomping the socket on the ﬂoor was
avoided. After the pin was in the shuttle lock, the participant sat while the socket panels were returned to their
original position (~2 min). The participant stood for 10 seconds before walking on the treadmill for 2 minutes. Three
more cycles identical to the ﬁrst 4 cycles were executed
for a total of 8 cycles.
Three participants underwent a second test session, a
protocol with no intervention, so that the curve ﬁtting
projection strategy could be evaluated. A curve ﬁtting
projection strategy was executed in our previous study.18
Only three participants were tested because most of the
participants could not be scheduled for a second session
in a timely manner. The protocol described previously

was conducted except that no intervention was executed
during the ﬁfth cycle. All 8 cycles were identical to the
ﬁrst cycle described.
Data Processing and Analysis
Limb ﬂuid volume data during the walking portions of
the 8 cycles were segmented into steps, using procedures
executed in our prior study.28 One step was deﬁned as the
time between two adjacent maxima in inductive sensor
data, identiﬁed using the MATLAB ﬁndpeaks function
(Mathworks, Natick, MA). Minima, which occurred during
stance phase, were calculated for each step and a mean
value from all steps in each cycle was calculated. The ﬁrst
cycle was removed from analysis because it typically
showed much variability.18,26,29
The mean stance phase minima from cycles 2, 3, and
4 were used to create the no-intervention projection for
walks from cycles 5 through 8. We tested the performance of two modeling algorithms to create the projection. The two curve ﬁtting functions used were a linear
ﬁt to data from cycles 3 and 4 (linear) and a logarithmic
function ﬁt to cycles 2 to 4 and then a linear continuation
through to the end of cycle 8 (logarithmic/tangent)
where the linear portion had a slope equal to the derivative of the logarithmic curve at cycle 4.18 Performance of
the two algorithms was tested by calculating the rootmean-square (RMS) error of the projected data compared
with the experimental data for cycles 5 to 8. For the linear ﬁt strategy, results demonstrated a median root mean
square error (RMSE) of 0.35% ﬂuid volume for the anterior
region and 0.38% ﬂuid volume for the posterior region,
respectively. For the logarithmic/tangent strategy,
results demonstrated a median RMSE of 0.71% for the
anterior region and 0.63% for the posterior region,
respectively. Because of its lower RMS error, the linear
ﬁt strategy was used to create projected results from
testing session data.
Test (intervention) and projected (no intervention)
data from cycle 5 (short-term) and from cycle 8 (longterm) were compared. Shapiro-Wilk tests were used to
assess normality for the groups. Several of the groups
were found to be non-normally distributed thus we chose
to use the more conservative Wilcoxon signed rank test

Figure 3. The protocol included 8 cycles of sitting (S) and walking (W). The panels were released during every sit. During cycle 5 of the intervention
protocol, the locking pin was also released. The projected no intervention control included 8 cycles of panel release only.
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for all comparisons. A Wilcoxon signed rank test with a
test statistic of 0.05 was used to test the hypothesis:
The true median of the difference between the mean
measured data and projected data is equal to zero.
Results
Twelve individuals with transtibial amputation participated in this study. All had their amputation as a result of
trauma. Ten were male, 2 were female. Median age was
45 years (range 26 to 75), median time since amputation
was 19.5 years (range 2 to 49), and median weight was
84.3 kg (range 63.8 to 132.7). Three participants were
classiﬁed at a functional classiﬁcation level K4 and the
remaining 9 were classiﬁed at K3. Median residual limb
length was 15.0 cm (range 11.5 to 21.8), and median limb
circumference was 27.6 cm (range 26.6 to 36.9).
For all 12 participants, variability (SD as percentage of
the mean) in stance phase minima for a cycle averaged
0.32% (SD 0.29) at anterior sites and 0.27% (SD 0.11) at
posterior sites.
Qualitatively, participants demonstrated two ﬂuid volume responses to the intervention compared with the
earlier cycles: (1) an immediate ﬂuid volume increase
that was maintained over time (through cycle 8)
(Figure 4A) — 9 of 12 participants demonstrated this
response at anterior and/or posterior locations; and
(2) a decrease in rate of ﬂuid volume loss over time
(through cycle 8) (Figure 4B) — 7 of 12 participants demonstrated this response at anterior and/or posterior locations. Data of percent ﬂuid volume change as a function
of time for all participants are provided in Appendix S1.
In the short term, the median percent ﬂuid volume for
the test (intervention) and projected control
(no intervention) were 0.21% and −0.50% for the anterior
region, respectively (Figure 5A). They were −0.12% and
−0.57% for the posterior region, respectively. The measured limb ﬂuid volume was not signiﬁcantly different
from the projected limb ﬂuid volume (P = .0712 for anterior, P = .1580 for posterior) in the short term.
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In the long term, the median percent ﬂuid volume for
the test (intervention) and projected (no intervention)
were −0.32% and −1.95% for the anterior region, respectively (Figure 5B). They were −0.29% and −2.12% for the
posterior region, respectively. The measured limb ﬂuid
volume was signiﬁcantly different from the projected
limb ﬂuid volume (P = .0499 for anterior, P = .0096 for
posterior) in the long term.
Discussion
The purpose of this study was to determine if pin
release executed with panel release facilitated limb ﬂuid
volume recovery and retention over panel release alone
in people with transtibial limb amputation. Findings
may facilitate the development of accommodation strategies to overcome diurnal ﬂuid volume loss, one of the
most challenging problems faced by prosthesis users.3
Unlike adding socks or reducing socket size to accommodate volume loss, pin and panel release were expected
to increase instead of decrease limb ﬂuid volume.
In the present study, conducting both pin release and
panel release likely improved subsequent percent ﬂuid
volume retention over panel release alone because interface stresses were better relieved during sitting. This
relief may have allowed greater ﬂuid volume recovery
deep into the residual limb during the 10-minute sits. A
locked pin keeps the residual limb pressed into the socket
and may apply stresses distally, retarding ﬂuid volume
recovery. Further, the liner pulling the anterior distal
limb may apply compressive stress and accentuate this
behavior. This interpretation is consistent with results
from a prior investigation where no improvement in limb
ﬂuid volume retention was observed when pin lock was
maintained during sitting and liquid was removed from
bladders inside the socket.17
It is unknown why long-term percent ﬂuid volume
retention was signiﬁcantly improved but short term was
not. We note that more than half of the participants demonstrated a more positive slope during cycles 5 to 8 for

Figure 4. (A, B) Example data demonstrating two common ﬂuid volume responses to the intervention. The intervention was executed at approximately 110 minutes. Filled circles are intervention session test data. Open circles and dashed line are projected no intervention data. Data at approximately 110 minutes are coincident. In (A) there was an immediate ﬂuid volume recovery that was well-maintained for the rest of the session. In (B) the
rate of change of percent ﬂuid volume increased.
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to 3.47%/h for anterior; median of −1.14%/h, range
− 4.16%/h to 1.25%/h for posterior) than that in a prior
investigation where no panel release was made during
cycles 2 to 418 (median of −2.73%/h, range of −9.92%/h
to −0.13%/h for anterior; median of −2.78%/h, range of
−11.65%/h to 0.96%/h for posterior). A rigorous investigation on a group of people with transtibial limb loss comparing panel release to no adjustment would need to be
conducted to verify this result.
A variable that should be tested in future clinical
research is the duration of pin and panel release. It also
needs to be determined how long volume preservation
lasts. In studies to date, 10 to 30-minute durations of
socket release have been investigated.15,16,18,24 However, results from 2 week monitoring 21 people with
transtibial amputation in their free-living environments
demonstrated that 50% of the doffs executed were less
than 10 minutes long.30 Does pin and panel release for
durations less than 10 minutes also demonstrate
improved ﬂuid volume retention in the long term? It
would also be relevant to determine if the speed of ﬂuid
volume recovery and the magnitude of retention can be
accentuated by actively pulling the panels and liner outward during pin and panel release, inducing a vacuumlike action on the limb during sitting.
Figure 5. (A, B) Percent ﬂuid volume changes for intervention and projected no intervention. (A) Short term (after Cycle 5). (B) Long term
(after Cycle 8). The box height represents the ﬁrst to third quartile
range. The whiskers represent the maximum and minimum values
excluding outliers. The “x” within a box is the mean. The solid line
within a box is the median. The open circles outside of the box are outliners in the data, that is, their distance from the edge of the box is more
than 1.5 times the interquartile range (height of the box).

the intervention than the projected control. We propose
a reason for this result is that the limb and socket were
mechanically conﬁgured differently in the socket after
the intervention. After pin and panel release were completed, socket re-donning was executed by ﬁrst drawing
in the locking pin tether, pulling the residual limb and
liner deeper into the socket. Because socket volume was
not yet reduced (the panels were still open), more residual limb soft tissue volume and more of the liner were in
the distal socket than would have been if the panels had
been closed before drawing in the tether. Subsequently,
the panels were moved radially inward, applying compressive stress and holding deep in the socket distal residual limb soft tissues. This biomechanical conﬁguration
may have better retained limb ﬂuid volume during subsequent activity. This explanation is conjecture and would
need to be tested through rigorous scientiﬁc analysis.
Although the focus of this study was on comparison of
panel and pin release to panel release alone, panel
release alone may have improved limb ﬂuid volume
recovery and retention over no adjustment. The rate of
limb ﬂuid volume loss during cycles 2 to 4 in the present
study was less (median of −2.10%/h, range of −3.53%/h

Limitations
Most of the participants in this study had their limb
amputation as a result of trauma; thus, it is unknown if
comparable results would be achieved for people whose
limb amputation was the result of a different etiology.
Sockets worn in the present study were heavier than participants’ normal socket, which may have inﬂuenced the
results. The curve ﬁtting strategy used here may have
affected the results. However, using the alternative strategy of a logarithmic function ﬁt to cycles 2 to 4 and then a
linear continuation through to cycle 8 produced a comparable interpretation. Posterior short-term and anterior
long-term test statistic changes were not meaningfully different (from 0.158 to 0.209 for posterior short term; from
0.0499 to 0.0120 for anterior long term). Anterior shortterm test statistic changes decreased (from 0.0712 to
0.0340) whereas posterior long-term changes increased
(from 0.0096 to 0.0770). Although both of the anterior variables crossed the 0.05 test statistic criteria, one to statistical signiﬁcance and one away from it, the changes are
not drastic. Our interpretation of the data is consistent
with either curve ﬁtting strategy - adding pin release to
panel release may enhance limb ﬂuid volume recovery
and retention. An appropriate next step is to test it under
conditions more representative of regular use.
Conclusion
Releasing the panels and locking pin of a cable-driven
adjustable socket during sitting signiﬁcantly improved
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limb ﬂuid volume retention over panel release alone in
the long-term in the present study, suggesting that panel
and pin release may be an effective accommodation
strategy for prosthesis users. A next step is to evaluate
use of panel and pin release and relock on participants
who typically lose limb ﬂuid volume over the day to determine if it improves their limb ﬂuid volume retention,
socket ﬁt, and comfort over their current strategy for
accommodation.

12.

13.

14.

Acknowledgment
15.

Any opinions, ﬁndings, and conclusions or recommendations expressed in this material are those of the authors
and do not necessarily reﬂect the views of the USAMRAA.
Supporting Information
Additional supporting information may be found online
in the Supporting Information section at the end of the
article.

16.

17.

18.

References

19.

1. Sanders JE. Stump-socket interface conditions. In: Bader DL,
Bouten C, Colin D, Oomens CW, eds. Pressure Ulcer Research: Current and Future Perspectives. Berlin: Springer Berlin Heidelberg;
2005:129-145.
2. Hoaglund FT, Jergesen HE, Wilson L, Lamoreux LW, Roberts R. Evaluation of problems and needs of veteran lower-limb amputees in the
San Francisco Bay Area during the period 1977-1980. J Rehabil R D.
1983;20(1):57-71.
3. Legro MW, Reiber G, del Aguila M, et al. Issues of importance
reported by persons with lower limb amputations and prostheses.
J Rehabil Res Dev. 1999;36(3):155-163.
4. Dillingham T, Kenia J, Shofer F, Marschalek J. A prospective assessment of an adjustable, immediate ﬁt, transtibial prosthesis. PM R.
2019;11(11):1210-1217.
5. Kahle JT, Klenow TD, Highsmith MJ. Comparative effectiveness of
an adjustable transfemoral prosthetic interface accommodating
volume ﬂuctuation: case study. Technol Innov. 2016;18(2–3):
175-183.
6. Mitton K, Kulkarni J, Dunn KW, Ung AH. Fluctuating residual limb
volume accommodated with an adjustable, modular socket design:
a novel case report. Prosthet Orthot Int. 2017;41(5):527-531.
7. Paterno L, Ibrahimi M, Gruppioni E, Menciassi A, Ricotti L. Sockets
for limb prostheses: a review of existing technologies and open challenges. IEEE Trans Biomed Eng. 2018;65(9):1996-2010.
8. Sanders JE, Harrison DS, Allyn KJ, Myers TR, Ciol MA, Tsai EC. How do
sock ply changes affect residual-limb ﬂuid volume in people with
transtibial amputation? J Rehabil Res Dev. 2012;49(2):241-256.
9. Board WJ, Street GM, Caspers C. A comparison of trans-tibial amputee suction and vacuum socket conditions. Prosthet Orthot Int.
2001;25(3):202-209.
10. Goswami J, Lynn R, Street G, Harlander M. Walking in a vacuumassisted socket shifts the stump ﬂuid balance. Prosthet Orthot Int.
2003;27(2):107-113.
11. Rink C, Wernke MM, Powell HM, et al. Elevated vacuum suspension
preserves residual-limb skin health in people with lower-limb

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

7

amputation: randomized clinical trial. J Rehabil Res Dev. 2016;53
(6):1121-1132.
Traballesi M, Delussu AS, Fusco A, et al. Residual limb wounds or
ulcers heal in transtibial amputees using an active suction socket
system. A randomized controlled study. Eur J Phys Rehabil Med.
2012;48(4):613-623.
Klute GK, Berge JS, Biggs W, Pongnumkul S, Popovic Z, Curless B.
Vacuum-assisted socket suspension compared with pin suspension
for lower extremity amputees: effect on ﬁt, activity, and limb volume. Arch Phys Med Rehabil. 2011;92(10):1570-1575.
Gholizadeh H, Lemaire ED, Eshraghi A. The evidence-base for elevated vacuum in lower limb prosthetics: literature review and professional feedback. Clin Biomech. 2016;37:108-116.
Sanders JE, Hartley TL, Phillips RH, et al. Does temporary socket
removal affect residual limb ﬂuid volume of trans-tibial amputees?
Prosthet Orthot Int. 2016;40(3):320-328.
Youngblood RT, Hafner BJ, Allyn KJ, et al. Effects of activity intensity, time, and intermittent dofﬁng on daily limb ﬂuid volume
change in people with transtibial amputation. Prosthet Orthot Int.
2019;43(1):28-38.
Sanders JE, Redd CB, Cagle JC, et al. Preliminary evaluation of a
novel bladder-liner for facilitating residual limb ﬂuid volume recovery without dofﬁng. J Rehabil Res Dev. 2016;53(6):1107-1120.
Brzostowski JT, Larsen BG, Youngblood RT, et al. Adjustable sockets
may improve residual limb ﬂuid volume retention in transtibial prosthesis users. Prosthet Orthot Int. 2019;43(3):250-256.
Sanders JE, Garbini JL, McLean JB, et al. A motor-driven adjustable
prosthetic socket operated using a mobile phone app: a technical
note. Med Eng Phys. 2019;68:94-100.
Hinrichs P, Cagle JC, Sanders JE. TA portable bioimpedance instrument for monitoring residual limb ﬂuid volume in people with transtibial limb loss: a technical note. Med Eng Phys. 2019;68:101-107.
De Lorenzo A, Andreoli A, Matthie J, Withers P. Predicting body cell
mass with bioimpedance by using theoretical methods: a technological review. J Appl Physiol. 1997;82(5):1542-1558.
Fenech M, Jaffrin MY. Extracellular and intracellular volume variations during postural change measured by segmental and wristankle bioimpedance spectroscopy. IEEE Trans Biomed Eng. 2004;51
(1):166-175.
Hanai T. Electrical properties of emulsions. In: Sherman P,
ed. Emulsion Science. London, England: Academic Press; 1968:
354-477.
Sanders JE, Harrison DS, Cagle JC, Myers TR, Ciol MA, Allyn KJ. Postdofﬁng residual limb ﬂuid volume change in people with trans-tibial
amputation. Prosthet Orthot Int. 2012;36:443-449.
Sanders JE, Youngblood RT, Hafner BJ, et al. Effects of socket size on
metrics of socket ﬁt in trans-tibial prosthesis users. Med Eng Phys.
2017;44:32-43.
Sanders JE, Cagle JC, Allyn KJ, Harrison DS, Ciol MA. How do walking, standing, and resting inﬂuence transtibial amputee residual
limb volume? J Rehabil Res Dev. 2014;51:201-212.
Sanders JE, Allyn KJ, Harrison DS, Myers TR, Ciol MA, Tsai EC. Preliminary investigation of residual-limb ﬂuid volume changes within one
day. J Rehabil Res Dev. 2012;49:1467-1478.
McLean JB, Redd CB, Larsen BG, et al. Socket size adjustments in
people with transtibial amputation: effects on residual limb ﬂuid
volume and limb-socket distance. Clin Biomech. 2019;63:
161-171.
Sanders JE, Cagle JC, Harrison DS, Myers TR, Allyn KJ. How does
adding and removing liquid from socket bladders affect residuallimb ﬂuid volume? J Rehabil Res Dev. 2013;50(6):845-860.
Sanders JE, Redd CB, Larsen BG, et al. A novel method for assessing
prosthesis use and accommodation practices of people with transtibial amputation. J Prosthet Orthot. 2018;30(4):214-230.

8

Pin Release

Disclosure
J.B.M., B.G.L., E.J.W., R.V.C., K.J.A., J.L.G. and J.E.S. Department of Bioengineering, University of Washington, Seattle, WA. Address correspondence to:
J.E.S., Department of Bioengineering, University of Washington, Seattle, WA
98105; e-mail: jsanders@uw.edu
Disclosure: nothing to diclose

Funding: This research was based on work supported by the US Army Medical
Research Acquisition Activity (USAMRAA) under contract no. W81XWH-16-C-0020.
Any opinions, ﬁndings, and conclusions or recommendations expressed in this material are those of the authors and do not necessarily reﬂect the views of the USAMRAA.
Submitted for publication August 28, 2019; accepted February 12, 2020.

