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A major problem among people with a lower limb amputation is maintaining socket fit. Long-
term and short-term changes of residual limb volume can alter socket fit resulting in pain, skin
breakdown, or falls. Several strategies are used to accommodate the lost volume; however, many
of these reduce the size of the socket potentially expediting long-term limb changes. Elevated
vacuum (EV) has been used to maintain suspension and manage limb volume by evacuating the
air between the prosthetic liner and the socket thus allowing fluid to be drawn into the limb. The
physiological and mechanical effects of EV are not well understood as several research studies
have evaluated the technique without a clear consensus. The aims of this dissertation were to
evaluate the effectiveness of EV to manage limb fluid volume, model the mechanics of EV
sockets, and optimize the effects of EV. A goal of this research was to better understand how EV

functions and work towards establishing clinical guidelines for its use.



The clinical effectiveness of EV to manage daily residual limb fluid volume was
evaluated with an in-socket volume measurement technique during a protocol representative of
daily activities. Bioimpedance analysis showed that rates of overall fluid volume change were
unaffected by EV use compared to suction suspension (SS) with both conditions resulting in
median rates of fluid volume loss. However, EV did reduce rates of limb fluid volume change
during the final portion of the protocol after an accumulation of daily activity, suggesting benefit
for high-activity users.

Components of EV sockets such as liner properties, socket fit, and socket vacuum
pressure interact to influence the physiological effects of EV such as limb fluid volume change
and limb health. A physical benchtop model of an EV socket was developed to evaluate the
ability of these EV components to influence physiology and to provide guidelines for clinical
implementation of EV. Testing of this model demonstrated the ability to predict tissue vacuum
pressure based on individual patient characteristics, prosthetic components, and socket fit.
Additionally, the effect of EV on the residual limb tissue was found to be primarily determined
by socket fit, while liner properties had minimal effect.

Ideal EV parameters may differ for each individual depending on suspension needs,
socket fit, prosthetic components, and health. Mechanical and physiological effects of EV were
evaluated for optimizing vacuum pressure for three individuals. Multiaxial limb-socket
displacement, limb fluid volume change, and user-reported socket comfort were measured at
different socket vacuum pressures. Optical coherence tomography (OCT) imaging was used to
measure skin perfusion at various tissue vacuum pressures, finding a potential dependency on the
state of perfusion prior to vacuum application. Limb-socket displacement was the only metric to

change consistently across participants. Changes to limb fluid volume and comfort suggested a



more complex relationship unique to each individual. Adjusting socket vacuum pressure to
balance the mechanical and physiological effects on individuals could improve EV

implementation.



TABLE OF CONTENTS

S o T U= TSR Vi
LESE OF TADIES ...t viii
(@8 T o) I 1] T [1 14 o o USSR 1
1.1 Problem StAteMENT........ccoooiiiiiiiee s 1
] 1= ox | T AN o 1SS 4

1.2.1 Aim 1: Assessing the Utility of Elevated Vacuum to Manage Daily Residual Limb
FIUI VOIUME .ttt b bbb ne e 4
1.2.2 Aim 2: Modeling the Mechanics of Elevated Vacuum in Prosthetic Sockets............ 5

1.2.3 Aim 3: Optimizing the Physiological and Mechanical Effects of Elevated Vacuum. 6

Chapter 2. BaCKOIOUN .........cuoiieiieie ettt s ra e te e e ta e be et e sreesreenee e 7
2.1 SIONIFICANCE. . ..te et ettt ae e a e re e e 7
2.2 Extracellular FIuid TranSpOrt..........cccooiiiiiieieiic e 8

2.2.1 Structure and Function of Extracellular FIUid .............ccoooiiiiiniiiiee 8
2.2.2  Fluid Exchange and MOVEMENL ...........cccooiiiiiie it 9
2.2.3  Response t0 EXLErNal PrESSUIE.........ccvcviiiiieeie ettt 9
2.3 Bioimpedance ANAIYSIS ........ccoieieiieiiee e 10
pZ0C I R I 110 Y TP UP P SPRRTR 10
2.3.2 Bioimpedance SPECIIOSCOPY ....uiiuieiuieiiieitie it esieeateesteeereesteeabeesteesseesraeabeesreeaneens 13
2.3.3  Applications IN ProStNELICS .......cccuiiiiiiiiieiie et 14
2.4 Residual Limb Fluid Volume Change ..........ccove i 16



2.4.1  Sources of VOIUME ChanQe .......cccoveieiieiiee et 16

2.4.2  Measurement TECANIGUES ......c.ccveiuieieiiesie e see e e e sreesre e ste s e e nne e 18
2.4.3  Management SIrAEGIES .....ccviveiierieeieseese e e s e ste et e e e e st esre e e sreesteareesreenreenee e 19
2.5 EIeVAtEd VACUUM ....iiiiicisic ettt bbb 20
2.5.1  SYStemM and THEOIY ....cveiieiecic et 20
2.5.2  Suspension and Limb Health ... 22
2.5.3 Limb Fluid Volume Management...........cccoevueiieiieiieiiese e 23
2.5.4 Other Negative Pressure ApPliCAtiONS.........ccccvevieiiiiieiecc e 25

Chapter 3. Assessing the Effectiveness of Elevated Vacuum to Manage Daily Residual Limb

FIUID WOIUME ... bbbt bbb 30
3.1l INETOUUCTION ...ttt b et n e 30
3.2 IMIBENOUS. ... bbb 32
3.3 RESUIES .t 37

3.3.1 Participant DemographiCS.........cceiieiiiieiecie s 37
3.3.2  Participant ProsthetiC SYStEMS.........ccviiieieiieiic e 38
3.3.3  ProtOCOI DEVIALIONS. ......cueieiiitiiieiieieiteieie sttt 40
3.3.4  SOCKEt VaCUUM PIESSUIE.......cviieuieiitiieieitest ettt ettt 41
3.3.5 Overall Limb Fluid Volume Change .........ccceoieiieiieiiesece e 43
3.3.6 Limb Fluid Volume Change by CYCIE........cceoieiieeceecececeeeee e 45
3.3.7 Limb Fluid Volume Change by ACHVILY ......cccoii i 47
34 DIESCUSSION ...ttt bbbt bbbttt et b b bbb 49
3.5 CONCIUSION ...t 53
3.6 ACKNOWIEAGEMENTS.......eiiiiciie et 53



Chapter 4. Modeling the Mechanics of Elevated Vacuum in Prosthetic Sockets...........c..ccccue.... 54

A1 INETOUUCTION ....eiuiiiiieiteeit ettt 54
4.2 IMEENOGS. .....coeieiicieiee et 58
4.2.1  SOCKEE IMOUEN ... 58
4.2.2 Socket and Tissue Vacuum Pressure Measurement...........cccoeevevreneneeenennesesennens 59
4.2.3 Liner Displacement MeasUremMeNt .........c.coveveiiereeiieiiese e seeseeseesee e snesnaeaeas 60
4.2.4 Dome Volume (SOCKEL Fit) .....c.cciviiieieiieii s 61
4.2.5  Liner Tension (LINEI Fit) ..o 61
4.2.6  Liner Sample Preparation .........c.cccccveiueiieieeiie e ee e sre e 63
4.2.7 Modeling TiSSUE RESISLANCE .......ccciveeieiieiieeieiie e ese sttt ste e sae e sre e 64
4.2.8  CaliDIALION. .....cuiiiiiiiii s 65
4.2.9  Datd COIECHION ......cviiiiiieicie e 66
4,200 Data ANAIYSIS .....cciuiiiiiieie e 67
B3 RESUILS ...t 67
4.3.1  LINEI SAMPIES ...ttt sttt e e e te e resreesae e e 67
4.3.2  TISSUE RESISTANCE .....cviviieeiiiteiteiieie sttt 68
4.3.3  SOCKEL VACUUM PIESSUIE. .......oviuieiiitiieiisiesi ettt 69
4.3.4 Dome Volume (SOCKEL Fit).....c.coiieiieiiiie it 70
4.3.5  LINEE TENSION ..ottt bbbt bbbttt 72
G B G I LT gl o (0] o T=T (=TSP OTP PP 73
A4 DIHSCUSSION ...tttk bbbttt bbbt bbbt n bbb 73
4.5 CONCIUSTON ...ttt bbb 78
4.6 ACKNOWIEAGEMENTS.....ciiiiiieiie ettt re e b e s be e e e ere e 78



Chapter 5. Optimizing the Physiological and Mechanical Effects of Elevated Vacuum ............. 79

5.1 INErOUUCTION ...ttt b bbb 79
5.2 IMBNOUS. ...ttt 83
5.2.1  PaITiCIPANTS. .. .eiieciieie ettt ettt et e e este e te e st e s re e teaneeereenreenee e 83
ST © | O LTSRS PRT PSPPI 83
5.2.3  IMAQE PrOCESSING ...oveeuieiieiieeiecieesie e e et te e e e te s esraesteeneeste e teaneesneenneenee e 85
5.2.4  SOCKEt SENSING SYSEIM ....eiiiiiiiiiieiiieiesee sttt e e e re e e e steaneesreeneeenee e 86
5.2.5 Residual Limb FIuid VOIUME..........cocoiiiiiiiiiiiieee e 89
5.2.6  TeSHNG PrOCEAUIE .....ecvviiieiece ettt ettt nre e 91
oI A N 0T 1 [ SRS 94
5.3 RESUIES ..t 95
TR N B o T (o] o=V ] SRS 95
ST 17 © | O L PP PT O PPPTOUR PR PPN 97
5.3.3 Limb Displacement, Limb Fluid Volume, User Comfort............ccccoevviiiiieinennenn, 99
5.4 DISCUSSION ...ttt sttt stttk b ettt bbbt b ettt b et bbbt b 103
ST R © 1 O L TP P T PP OPP PP 103
5.4.2 Limb Displacement, Limb Fluid Volume, User Comfort.............ccccoceevveivieinennn. 105
5.4.3  LIMITALIONS ....cuvititiiciiiteeeee ettt ettt 108
5.5 CONCIUSION ...ttt 109
5.6  ACKNOWIEAGEMENTS.......oiiiiiieiie et sae e reeeree s 109
Chapter 6. CONCIUSION........ciiiiiie it e et e s e e e e saeeaaeeaneas 110
6.1 SUMMIAIY .ttt ettt et e ettt e et e e e e ab e e ante e e sate e e anbeeennbeeennbeeennseeennenans 110



6.2 FUTUIE DITBCEIONS ..ttt ettt e e e e e e e et e e e e e e e ee e neeneeens

Bibliography



LIST OF FIGURES

Figure 2.1. Circuit modeling biological elements. ...........cccocveveeie i, 12
Figure 2.2. Current (dashed lines) moving through the body. .........cccccovviiiiiiiiiiniee. 13
Figure 2.3. Portable bioimpedance analysis SYStem. ..........ccocoriririiiniieienese e 15
Figure 2.4. Cross-section of the lower [imb...........ccccccooveii i, 16
Figure 2.5. Typical elevated vacuum system with limb-socket interface detail............... 21
Figure 2.6. Blood flow velocity in the dorsal pedis-posterior tibial artery....................... 27
Figure 2.7. Blood flow in mouse model using intravital microscopy..........cc.ccoeevvvrvrinne. 29
Figure 2.8. Result of various negative pressure in NPWT on blood flow. ....................... 29
Figure 3.1. Standardized activity protocol conducted each Session............c.ccceeveevervenen. 35
Figure 3.2. Example plot of extracellular fluid volume (Vecf).. ..o 37
Figure 3.3. Custom Style ProSthESIS. ..o s 39
Figure 3.4. Histograms of vacuum pressure samples for each participant. ..................... 42
Figure 3.5. Overall median extracellular fluid volume rate of change (%/h).................... 44
Figure 3.6. Median rates of percent fluid volume change during each cycle. .................. 45
Figure 3.7. Median cumulative extracellular fluid volume rate of change by activity..... 47
Figure 3.8. Median cumulative extracellular fluid volume rate of change by activity..... 48
Figure 4.1. Elevated vacuum socket with sealing sleeve. .........c.cccooevieviiiciicce e, 55
Figure 4.2. Diagram indicating components of the benchtop EV model..............cc.cc...... 59
Figure 4.3. Carbon fiber layup with central domed region. ..........ccccooeeienencnenencsene 60
Figure 4.4. Diagram indicating different dome volumes tested............ccoooveiiniiininnnn. 61
Figure 4.5. Stretcher apparatus to apply liner tension. ...........cccceev i, 62
Figure 4.6. Liner stretch measurement and limb mold.. ...........c.cccooeiiiiiicicc e, 62
Figure 4.7. Liner Sample detailS...........cooiiiiiiiiiiie s 64
Figure 4.8. Complete data collection set-up for stretched liner samples. ..........cc.ccoovvuenee. 67
Figure 4.9. Sample testing (WW3B) with various tissue volume containers. .................. 69
Figure 4.10. Tissue vacuum pressure prediction based on liner displacement.................. 69
Figure 4.11. Liner displacement and tiSSUE VACUUM PrESSUIE. .......ccccveuervereervereenierieneennns 70

Vi



Figure 4.12. Single sample liner displacement and tissue vacuum pressure. ................... 71

Figure 4.13. Liner displacement and tissue vacuum pressure for all samples................... 72
Figure 4.14. Relative liner displacement for all samples...........ccccoovviiiiiininciiniiee, 73
Figure 5.1. OCT system directed at the posterior aspect of the residual limb.................. 85
Figure 5.2. Components of the socket SENSING SYSIEM. .......ccvevveiiiie i 88
Figure 5.3. Instrumented EV tesSt ProsStNesis. .........ccocvveiieiiiiieie e 89
Figure 5.4. Electrode positioning for bioimpedance analysis. .........c.cccoeverencncniennnnnn. 90
Figure 5.5. Testing procedure executed for each participant.............ccccceeevencicnennnnnn. 91
Figure 5.6. OCT imaging results for each participant. .............cccccoevevieveiieiieene e, 99
Figure 5.7. Mean peak-to-peak (pk/pk) limb displacement.............c.cccooveiiiiieiineiecnnnnn, 100
Figure 5.8. Regional summary of mean pk/pk limb displacement. ...........c.ccccocvnvnininns 101
Figure 5.9. Rate of extracellular limb fluid volume (Vecf) change.............ccocvvvninnnnne 102
Figure 5.10. Change in socket comfort score (ASCS) from control to test walk............ 103

vii



Table 3.1.
Table 3.2.
Table 3.3.
Table 3.4.
Table 3.5.
Table 3.6.
Table 3.7.
Table 4.1.
Table 4.2.
Table 5.1.
Table 5.2.
Table 5.3.
Table 5.4.
Table 5.5.
Table 5.6.

LIST OF TABLES

Participant CharaCteriStiCS. .......c.civueiiirieiieie e 38
Prosthesis CharaCteriStiCS. ........cviuereiiriieie e e 40
Summary of vacuum pressure data. SD = standard deviation. ................c....... 43
Rates of overall fluid volume change for each test session. ...........cccccvevvvenee. 44
Rates of fluid volume change (%/h) for each cycle and condition. ................. 46
Comparison of rates of fluid volume change (%/h) within a single session.... 46
Cumulative fluid volume change (%/h) by activity.........ccccceoeienininiiiiinns 49
LINEI SAMPIES. ..ot 68
Liner StretCh MeasUrEMENTS. ........oiviiiieieieie e e 68
Spacer label and thiCKNESS. ..........coiiiiiiieee e 84
User comfort questions and potential reSPONSES.. .......cccvevvvriereeresieeseeniesneenns 94
Participant CharaCteriStiCS. .......c.cciveiiiiieie e 96
Prosthesis characteristics of participant's regular prosthesis. .............c.ccccv..... 96
OCT vacuum pressure metrics for each EV spacer interval.. ...........c.ccccoovneee 97
Socket vacuum pressures (inHg) measured for each EV test walk. ................ 97

viii



ACKNOWLEDGEMENTS

I would like to thank all of those who contributed to the development of this research
particularly my advisor, Dr. Joan Sanders, as well as my fellow lab mates and collaborators. |
would also like to acknowledge Richard Foster of TGG Prosthetics & Orthotics for his
contributions including participant management, discussions, and figures. Finally, I am thankful
for my family and friends for their support throughout my graduate school experience, particularly

Leigh who was with me every step of the way.



DEDICATION

To my parents for always encouraging me to learn something



Chapter 1. INTRODUCTION

1.1 PROBLEM STATEMENT

Socket fit is reported as the most important problem facing individuals with lower limb
amputation using a prosthesis [1]. Residual limb volume changes both in the short- and long-term
are commonly associated with negatively influencing prosthetic socket fit [2]. Mechanical
coupling between the limb and socket is essential for a secure and comfortable prosthesis.
Oversized sockets weaken this coupling and potentially compromise the prosthesis user’s ability
to ambulate safely. Additionally, a properly fitting socket allows users to transfer forces, distribute
pressures, and minimize shear stress on the skin [3,4]. Poor socket fit may lead to discomfort and
skin breakdown [2,5,6].

Many strategies to accommodate volume change such as prosthetic socks [7], socket inserts
[8], and adjustable sockets [9,10], are reactive and function by further reducing the size of the
socket expediting volume loss [10,11]. Elevated vacuum (EV) is a prosthetic technology used to
secure the prosthesis to the residual limb and help manage residual limb volume changes [12]. In
theory, vacuum between the prosthetic liner and socket pulls the residual limb soft tissue towards
the wall of the socket. This tissue expansion lowers interstitial fluid pressure thus increasing fluid
volume transport to the interstitial space. This limits fluid loss out of the residual limb and better
maintains socket fit over time [13].

Several studies have evaluated the effectiveness of this technology to control residual limb
volume [13-17]. The results of these studies failed to reach a clear consensus on the capabilities
of EV to manage limb volume. Interpretation of the results were limited by study methods. With

the exception of Sanders et al. [13], each of these previous studies reported out-of-socket limb
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volume measurements which require the socket to be doffed [14-17]. Residual limb fluid volume
changes rapidly with the removal of the socket, and these changes vary by individual [18]. In-
socket residual limb volume measurements, such as those from bioimpedance analysis, are most
relevant for evaluating the effectiveness of volume accommodation strategies such as EV. Another
methodological limitation of these studies is that they primarily evaluated volume change during
a single activity (i.e. walking) over a short time period ranging from 3 minutes [13] to 30 minutes
[17]; therefore, results may not be indicative of volume changes over an entire day of various
activities using EV.

Research regarding the mechanisms of action and physiological effects of EV is also
limited. A recent systematic review emphasizes the need for more evidence-based research related
to the physiological effects of EV [19]. Only one group has quantitatively assessed limb health
and blood flow in lower-limb prosthesis users with EV compared to locking pin or suction sockets,
demonstrating that long-term use of EV may improve skin perfusion and preserve skin barrier
function [20]. Studies have investigated clinical uses of negative pressure outside of the field of
prosthetics. Specifically, lower body negative pressure (LBNP) [21-23], negative pressure wound
therapy (NPWT) [24], and intermittent negative pressure (INP) [25] have been used to influence
macro- and microcirculation. These studies provide physiological context to EV, yet additional
research is needed to verify specific physiological effects within the socket. Optical coherence
tomography (OCT) has been recently been introduced as a means of evaluating residual limb
health [26] and may have potential to evaluate the acute effects of tissue vacuum pressure that may
occur in an EV socket.

In a survey of 155 prosthetic professionals, many indicated that they agreed with the

benefits of EV such as decreased limb-socket displacement (pistoning) (97%), improved
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proprioception (93%), and improved overall quality of life (87%), among others. However, the
survey also indicated that many practitioners see the need for careful evaluation, training, and
maintenance when using EV (90%) [27]. In some cases, EV has caused the occurrence of skin
issues such as blisters [17,28]. This issue was identified by 78% of the surveyed practitioners [27].
Blisters from EV may develop into larger skin problems or prosthesis disuse if not addressed.
Despite these risks, limited evidence-based recommendations towards the use of EV have been
scientifically established or evaluated to guide the clinical implementation of EV. Socket vacuum
pressure used in EV varies among individuals both clinically and in research. Socket vacuum
pressure is often based on patient preference, but it is unknown if patient preference maximizes
beneficial physiological effects while minimizing limb-socket movement. Users are often unable
to distinguish between small changes in vacuum pressure, though these small changes may be
influencing residual limb mechanics and physiology [29]. Pressures between -7 inHg and -23 inHg
have been reported in the literature with little information on how changing pressure affects
physiology [27]. Research considering comfort as well as physiological and mechanical effects of
socket vacuum pressure would improve implementation of EV and help prevent improper use.
Residual limb fluid volume changes create prosthetic fit challenges for many individuals
with lower limb loss, and current accommodation strategies do not provide sufficient volume
recovery. While EV may provide benefit to many users, objective research is needed to support
broad clinical use. Beyond suspension and volume management, EV has also been useful for
improving balance, gait, transfers [30,31], and limb health [28]. Despite the perceived benefits,
many insurance providers consider EV investigational or unproven [32]. The purpose of this
research is to study the physiological and mechanical effects of EV in order to evaluate the clinical

utility of EV and target the optimization of EV in transtibial prosthetic users. This research will
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provide scientific understanding within a clinical context to the EV platform leading to more
efficient implementation of the technology ultimately improving prosthetic socket fit and leading

to better quality of life for people with transtibial limb loss.

1.2 SPECIFIC AIMS

The goal of this research was to provide an investigation regarding the clinical utility of EV by
seeking to better understand its physiological and mechanical effects. Ultimately, this work will
help to better inform the clinical implementation of EV. The following aims were completed

towards this goal:

1.2.1  Aim 1: Assessing the Utility of Elevated Vacuum to Manage Daily Residual Limb Fluid

Volume

A fixed-order crossover design was conducted to assess the clinical utility of EV to manage
residual limb fluid volume during the course of an approximately 5.5-hour activity protocol. Using
bioimpedance analysis, in-socket residual limb fluid volume was continuously monitored as
current electronic EV users (n=12) completed two sessions separated by approximately one week.
Participants used their standard EV system in the first session, and in the second session, the
vacuum pump was disabled to create a suction suspension system (SS) system, a common
suspension system in prosthetic practice [33]. In-socket vacuum pressure was recorded to ensure
appropriate vacuum was applied during each session. The following hypotheses were evaluated:
1. The use of EV will result in lower overall rates of residual limb fluid volume change during
the activity protocol compared to SS.
2. Rates of limb fluid volume change will not differ between cycles of the activity protocol

when using EV.



3. Rates of residual limb fluid volume change will vary by activity with EV and SS
a. Rates of limb fluid volume gain will be greater walking with EV compared to SS

b. Rates of limb fluid volume loss will be greater standing with EV compared to SS

1.2.2  Aim 2: Modeling the Mechanics of Elevated Vacuum in Prosthetic Sockets

Complex mechanical and physiological variables interact within an EV socket. An EV socket
model was developed using a domed carbon fiber layup to evaluate the relationship between liner
properties, dome volume (socket fit), socket vacuum pressure, and resulting tissue vacuum
pressure. Changes to tissue vacuum pressure and liner displacement were measured while liner
properties, dome volume (socket fit), and socket vacuum pressure were varied. The following
hypotheses were evaluated:
1. Tissue vacuum pressure within the modeled EV socket environment may be predicted based
on liner volume displacement
2. Tissue vacuum pressure may be modified by adjusting socket fit, socket vacuum pressure, and
liner tensile stiffness
a. Increasing socket vacuum pressure will linearly increase liner displacement
b. Increasing liner displacement results in linearly increasing tissue vacuum pressure
c. Liners with high tensile stiffness will have higher resistance to displacement under
socket vacuum pressure than liners with low tensile stiffness
d. Increasing dome volume (poorer socket fit) will result in increasing liner volume

displacement and tissue vacuum pressure at maximum socket vacuum pressure



1.2.3  Aim 3: Optimizing the Physiological and Mechanical Effects of Elevated Vacuum

This aim evaluates the potential to determine an optimum socket vacuum pressure from limb
movement, fluid volume change, skin perfusion, and user reported comfort. Current transtibial EV
users (n=3) visited the lab for two test sessions. The first session involved a socket scan and OCT
imaging. The scan was used to create an instrumented EV socket with inductive distance sensors
embedded into the socket wall. Skin perfusion was determined at various vacuum pressures from
OCT images using vessel area density (VAD). Once the socket was prepared, a second visit was
conducted to fit each participant to the instrumented socket. An activity protocol was then executed
while measuring limb movement, limb fluid volume, and user comfort as socket vacuum pressure
was varied. Using these data, the sensitivity of limb movement, fluid volume, skin perfusion, and
comfort to changes in vacuum pressure was identified for each individual to work towards an
optimal vacuum pressure. The following hypotheses were evaluated:

1. The effect of vacuum on skin perfusion will be based on a threshold vacuum pressure. Below
threshold, increasing tissue vacuum pressure will increase skin perfusion above baseline values
(i.e. atmospheric pressure). Above threshold, increasing tissue vacuum will decrease perfusion
below baseline.

2. Changing socket vacuum pressure while walking will influence limb fluid volume recovery,
limb-socket displacement, and user comfort.

a. Rates of limb fluid volume recovery will increase as vacuum pressure increases

b. Beyond initial vacuum application, user-reported comfort will be insensitive to changes
in socket vacuum pressure

c. Limb-socket displacement will decrease as socket vacuum pressure increases

d. Vacuum greater than -11 inHg will minimally decrease limb-socket displacement [34]



Chapter 2. BACKGROUND

2.1  SIGNIFICANCE

In 2005 over 600,000 people were living with major lower limb loss in the United States [35].
Prevalence is growing due to better trauma care and the rising rates of diabetes and vascular disease
[2,35]. Half of these major lower limb amputations occur at the transtibial level, and although
prosthetic technology allows patients to regain many lost functions, quality of life is often
negatively affected [5].

The transtibial prosthesis consists of three main components, the foot, the pylon, and the
socket. The socket is the most important aspect of the prosthesis, for it creates the interface between
the prosthesis and residual limb. In a survey of 92 individuals with lower limb amputation, the
most important issue when using a prosthesis was socket fit [1]. A significant contributor to poor
socket fit is limb volume fluctuation [1,2]. Many prosthesis users lose residual limb fluid volume
over the course of a day leading to poor socket fit [2,36]. As the socket becomes loose, pressure is
increased at bony prominences causing discomfort. If accommodations are not made, poor socket
fit can lead to skin breakdown and instability reducing user mobility and preventing normal daily
function [2,5,6].

Researchers have sought a better understanding of limb volume changes through the
measurement and monitoring of volume changes over time. Additionally, clinical strategies have
been developed to accommodate volume change in prosthesis users through behavioral
intervention or socket technology, yet the problem persists and remains an important issue among
prosthesis users. One of these technologies, elevated vacuum (EV), has been increasing in

popularity; however, the effectiveness and mechanism of action have been insufficiently
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investigated. Further research into this technology is needed to better inform clinical decisions

regarding its use in transtibial prosthesis users.

2.2 EXTRACELLULAR FLUID TRANSPORT

Extracellular fluid is the primary fluid responsible for residual limb volume change [18].

221 Structure and Function of Extracellular Fluid

Extracellular fluid (ECF) represents all body fluid outside of cells, approximately one third of the
total body water in humans. Conversely, intracellular fluid (ICF) consists of the fluid within cells
[37]. Plasma and interstitial fluid (including lymph fluid) are the main components of extracellular
fluid comprising of at least 97% of the ECF [38]. Interstitial fluid (IF) consists of water, proteins,
ions, and additional metabolic substrates surrounding the cells and is maintained within the
interstitium of various bodily tissues. Along with the fluid component, the interstitium has a
structural component consisting of collagen fibrils and glycosaminoglycans (GAGs) [39,40].
These structural components compose the “ground structure” of connective tissue in which cells
and microcirculatory elements function. The entangling of GAGs and collagen fibrils provide
elasticity to the structure to resist interstitial deformation and maintain interstitial volume [39].
Additional elements such as hyaluronic acid and proteoglycans are constrained to collagen fibrils
to form the interstitial matrix.

The transportation of nutrients and waste products between blood, interstitium, and cells is
essential to tissue viability [39]. ECF provides the medium for the exchange of substances between
cells through dissolving, mixing, and transporting. Complex homeostatic mechanisms function to

stabilize the ECF composition. The circulatory system consistently distributes ECF throughout the
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body. Hormones are able to be spread rapidly between cells, and waste products are distributed

and removed from circulation at key points ensuring no localized accumulation develops [38].

2.2.2  Fluid Exchange and Movement

Arterial blood plasma, interstitial fluid, and lymph interact at blood capillaries. Water can move
freely across capillary walls. Capillary blood pressure from the arterial end is greater than the
hydrostatic pressure in the tissues. Water and other small molecules thus move from the capillaries
to the interstitial fluid. This equalizes the crystalloid osmotic pressure [38,41]. Molecules that are
too large to cross the capillary walls are plasma albumin, plasma globulins, and fibrinogen. The
concentration of these substances increases as the blood moves to the venous end of the capillary.
This colloid osmotic pressure works to draw water back into the capillary. This constant and rapid
exchange as water moves out of and back into the capillary ensures that the ideal cell environment
is maintained. A small portion of fluid is not drawn back into the capillaries, but is collected by
the lymphatic system and eventually reenters the circulatory system. Lymph moves through lymph

vessels to lymph nodes where waste products are removed and white blood cells added [38,41].

2.2.3 Response to External Pressure

In normally hydrated tissue, 65% to 75% of an externally applied load is transmitted to the
interstitial fluid [39]. As described by Reddy [20], when external load, such as that occurring
within a socket, is applied to soft tissue, the tissue deforms based on the connective tissue matrix
resulting in the instantaneous occlusion of some blood vessels while other vessels are occluded
within a few minutes as the load propagates to deeper tissue [21]. Conversely, the slow viscous
movement of interstitial fluid and ground substance out of the region of pressure occurs in the

order of several hours [21-23].
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Volume loss due to external pressure may affect long-term tissue health and permanent
residual limb volume loss. Reddy proposes a damage mechanism of interstitial fluid volume loss
[20]. Interstitial fluid functions to provide cells with nutrients and a means of waste removal. As
interstitial fluid is forced out of a region under load, blood and lymph vessels are occluded and
contact stresses are induced between cells disrupting their normal functions. If enough interstitial
fluid is evacuated, microvasculature may be damaged during load removal inadvertently releasing
proteins to neighboring tissues. This, as well as lymphatic dysfunction and smooth muscle hypoxia
under load, contribute to an accumulation of waste products and enzymes ultimately resulting in
tissue necrosis. This tissue damage may cause high rates of atrophy in the residual limb quickly

degrading socket fit.

2.3 BIOIMPEDANCE ANALYSIS

Bioimpedance is the ability of biological tissue to impede electric current [42]. Bioimpedance
analysis, the non-invasive use of electrical current to measure characteristics of tissue, has been
used in a variety of clinical applications largely in determining body composition such as total
body water (TBW) and fat mass (FM) [43]. Most notable, bioimpedance analysis can be used to

assess ECF and ICF volume within living tissue even in specific limb segments of interest [44].

2.3.1  Theory

Electrical properties of biological tissue may be classified as active or passive. Active response
(bioelectricity) occurs when biological tissue elicits electricity from ionic activities inside cells
(e.g. electrocardiographs [ECG] and electroencephalograph [EEG]) [42]. When an external
electrical current source stimulates biological tissue, a passive response occurs. The concept of

impedance is generalized from Ohm’s Law for use with alternating current [44]. Impedance (Z) is
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a complex quantity constructed of resistance (R) from total body water and reactance (Xc) from

capacitance of the cell membrane shown in Equation 2.1 and Equation 2.2 [43].

Z=R+jX, (2.1)
1Z| = JR? + X2 (2.2)
The opposition to current flow, resistance (R), is characterized by the shape of an object and
depends on the length (L), surface area (A), and material type, described by resistivity (p). The
resistance to voltage change across an object defines reactance, which is inversely related to signal
frequency (f) and capacitance (C). Variations of resistance and reactance within different parts of
the body can be measured to quantify biological variables [45].

The conducting components of the human body are known as fat free masses (FFM). FFM
conduct electrical current through electrolytes dissolved in body water [43]. Blood and muscle are
electrolyte-rich tissue, thus conduct current well and are considered electrically active.
Alternatively, fat, bone, and air filled spaces are poor conductors [46,47]. These conductive
elements of biological tissue in vivo are commonly modeled as an electric circuit (Figure 2.1) in
which resistance of extracellular fluid is arranged in parallel to the capacitance cell membranes
and the resistance of intracellular fluid [48,49]. In this model, the resistances are in opposition to
alternating current (AC) through extracellular and intracellular paths. Reactance is due to the

capacitive nature of the cell membranes creating a delay in conduction [44].
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Figure 2.1. Circuit modeling biological elements. Re = extracellular resistance; Cwm =

membrane capacitance; R = intracellular resistance. Adapted from [45].

Clinical applications of bioimpedance analysis have featured single-frequency
bioimpedance analysis (SF-BIA) and multiple frequency bioimpedance analysis (MF-BIA) in
which a range of frequencies is applied known as bioimpedance spectroscopy (BIS). Single-
frequency bioimpedance has primarily been used to estimate total body water (TBW) by
employing a 50 kHz AC current. BIS allows the differentiation between extracellular and
intracellular fluid by using a broad range of frequencies [43]. In addition to whole body
estimations, segmental bioimpedance allows individual segments of the body such as the trunk

and extremities to be analyzed [50].
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2.3.2  Bioimpedance Spectroscopy

BIS typically applies a frequency range from 4 kHz to 1 MHz. At low frequencies (<50 kHz), the
current does not penetrate the cell membrane and passes through the extracellular fluid and the
measurement corresponds primarily to ECF resistance. At high frequencies (>200 kHz), current
conducts through both ICF and ECF and corresponds to total resistance of all conducting tissue or

TBW (Figure 2.2).

Low Frequency High Frequency
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Figure 2.2. Current (dashed lines) moving through the body. During low frequency current
travels in the extracellular space, and during high frequency current conducts through both

intracellular and extracellular space. Adapted from [51].

The Cole model as shown in Figure 2.1 is based on the determination of resistance at zero
frequency (Ro) and resistance at infinity frequency (Rinf) to predict ECF and TBW, respectively
[49]. The impedance locus is fit with a least-squares nonlinear curve fit developed by Cole and
revised by De Lorenzo et al [49,52]. The determined electrical resistance is inversely related to
fluid volume [47]. Fluid volume is estimated by applying the values from the Cole model to
volume conduction models based on mixture theory. Mixture theory generalizes the conductivity

of a heterogeneous entity based on the distribution of conductive and non-conductive materials in
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the body [44,53]. Fenech and Jaffrin introduced Hanai’s conductivity theory for volumetric
calculations with Equation 2.3 to account for non-homogeneity of non-conducting tissue within

the limb [52-54]:

_ (PECFC 2/3 L5/3
Vecr = (RECF ) X @niE (2.3)

This equation assumes the limb segment to be a cylinder with an average circumference (C) and
length (L). ECF resistance (Recr) is determined from the Cole model in bioimpedance analysis,
and pecr is the specific resistivity of extracellular fluid.

In previous studies, TBW and ECF were significantly correlated with measured values
based on radioisotopic dilution of deuterium and bromide [46,48,55,56]. Additionally, limb-
segment muscle volume determined by bioimpedance calculations highly correlated with MRI-
determined muscle volume [57]. Segmental bioimpedance has been performed on the trunk, arm,

and leg [50,58,59].

2.3.3  Applications in Prosthetics

Blood plasma and interstitial fluid are the primary fluids responsible for residual limb volume
changes [18] suggesting changes in these fluids will be reflected in the Vecr measurement of
bioimpedance analysis. Sanders et al. first applied segmental bioimpedance analysis to the
prosthetics field, specifically in transtibial prosthesis users [60].

Previously a custom designed stationary unit was used to measure residual limb fluid
volume changes while transtibial participants walked on a treadmill, sat, and stood [61]. Long-
term, out-of-lab monitoring has been possible through the creation of a custom portable unit to
allow more clinically relevant monitoring of prosthesis users in free-living environments [62,63].

To conduct and measure signal from the residual limb, thin custom electrodes made of electrically
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conductive tape (ARCare 8881, Adhesives Research Incorporated, Glen Rock, PA, USA) (0.05mm

thickness) and hydrogel (9880, 3M, St. Paul, MN, USA) are placed on the limb according to
anatomical landmarks for consistency and validity. The electrodes are covered on the limb with
Tegaderm Transparent Film Dressing (3M, St. Paul, MN, USA) (thickness 0.03 mm). These
electrodes tolerate wear within the prosthetic socket and are thin enough not to disrupt socket fit
[61]. Thin wires (0.76 mm) from the electrodes run along the user’s leg and connect to the
bioimpedance system. The portable system is worn on a waist pack and weighs approximately

400g (Figure 2.3) [62,63].

Figure 2.3. Portable bioimpedance analysis system. Bioimpedance electrodes placed on a

residual limb (left) and a transtibial prosthesis user wearing a portable bioimpedance device on a
waist belt. From [62].

An alternating current (AC) stimulus of about 300 pA over a range of frequencies from 3
kHz to 1 MHz is injected across the current-injection electrodes placed proximally and distally on
the residual limb. Each frequency is applied for approximately 1 ms, and the entire sweep allows

sampling at 30 Hz [63]. Voltage is sensed by two pairs of voltage-sensing electrodes which span
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the measurement area of interest, the portion of the residual limb within the socket. Anterior and
posterior channels are measured. These regions within the limb are separated by fascial layers and
the interosseous membrane (Figure 2.4) [61]. Previous instruments have been capable of resolving

limb fluid volume changes of less than 0.1% [10].

Tibia  Anterior Region

——

Posterior Region  Fibula

Figure 2.4. Cross-section of the lower limb. Note the regions of bioimpedance measurement

(anterior and posterior) and the interosseous membrane (indicated by arrows). From [61].
2.4  RESIDUAL LIMB FLUID VOLUME CHANGE

2.4.1  Sources of Volume Change

Residual limb volume changes are typically most severe following the amputation surgery due to
post-operative edema and injury to the limb [64-67]. Edema is the pathological accumulation of
intracellular and extracellular fluid [68]. Muscle atrophy and general muscle activity also play a

factor in post-operative volume changes [64-66].
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Residual limbs reach maturity near 12-18 months when shape and volume reach relative
stabilization [2]. Changes still occur on a daily and long term basis, but vary greatly between
individuals depending on comorbidities, prosthesis fit, activity level, and dietary habits [2]. Limb
volume change in mature residual limbs is most often attributed to a combination of factors relating
to venous and arterial vasculature as well as fluctuations in interstitial fluid volume [18,69]. The
arterial system delivers blood to the residual limb, and blood is returned to the heart throughout
the venous system. Fluid moves from the vasculature at the capillaries where it enters the
interstitial space and the lymphatic system eventually re-entering venous vasculature. Rapid
changes are typically associated with the arterial and venous systems, while interstitial fluid moves
more slowly. Residual limb volume change likely occurs when the exchange of interstitial fluid
from the arterial system is out of balance with uptake to the venous system [18]. Therefore, the
interstitial fluid is important towards influencing socket fit [2].

Previous studies have shown activity and socket size to be key contributors to limb volume
changes. Comparing fluid volume changes in a normal and oversized (+6%) socket, Sanders et al.
found that participants experienced greater morning-to-afternoon rates of loss in the anterior and
anterior-distal regions of the limb [70]. These high rates of loss were attributed to focused interface
normal and shear forces anteriorly due to the high sagittal plane bending moment of the socket. In
addition, the use of prosthetic socks to accommodate the larger socket may have induced greater
stresses on the limb from reduced mechanical limb-socket coupling.

Daily activities such as standing, walking, and sitting have been shown to have varying
impacts on residual limb volume change [71]. Sanders et al. studied the residual limb fluid volume
changes of 24 participants over a protocol featuring equal durations of sitting, standing, and

walking [71]. Standing was the dominant force of limb volume loss. All of the participants lost



18

fluid volume while standing with equal weight bearing (average rate of -0.4%/min). Pressures
applied to the limb during weight bearing are transferred to the interstitial space in the residual
limb forcing fluid out of the limb through venous transport. Walking and sitting each averaged an
increase of 1% over the session. Surprisingly, 16 participant gained limb fluid volume while
walking. Muscle activity, elevated arterial drive, and pressure release during swing phase are
thought to contribute to fluid gain while walking [71,72]. Variability across subjects as to fluid
volume patterns of gain and loss led to the creation of fluid volume profiles, which may be helpful

for predicting volume change and creating accommodation strategies.

2.4.2  Measurement Techniques

The ability to measure and track changes to residual limb volume is important for understanding
sources of change and developing volume management strategies. A number of methods have been
developed for measuring residual limb volume in clinical studies including water displacement,
casting, anthropometric measurements, optical scanning, laser scanning, MRI, and bioimpedance
analysis [2].

Water displacement measures water displaced from a cylinder as the residual limb is
inserted into the cylinder. Fernie et al. found this method repeatable within about 1.0% [73].
Inconsistent vertical motion and surface tension may affect measurement accuracy [73,74]. A
variation of this technique first requires a cast of the limb. A positive model is created and then
measured using water displacement [2,75]. Anthropometric measurements feature the use of a tape
measure and calipers to record distances between anatomical landmarks and circumferences,
which are then inputted to an anthropometric model to calculate volume [64,67]. Error for this
method is estimated to be between 2.4% and 5.7% [2]. Optical scanning has allowed for repeatable

and rapid measurements using either a silhouetting [76,77] or fringe projection method [75,78]
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though positioning can be difficult. Laser scanning has also been used to measure the residual limb
volume [79-81]. This method minimized distortion but also required potentially difficult
positioning [2]. Magnetic resonance imaging (MRI) has been used to characterize residual limb
volume [82], but is not widely used due to temporal and financial requirements [2].

Volume change has been difficult to measure in the above mentioned methods largely due
to the need to remove the residual limb from the socket [2] which in itself causes major changes
in residual limb volume [18,83]. Segmental bioimpedance allows in-socket limb fluid volume
measurements by relating the electrical resistance of the residual limb to extracellular and
intracellular fluid volumes [52]. This method measures fluid volume, not total limb volume as with
most other techniques. This method has been highly correlated to limb segment muscle volume

determined from MRI [60] and has seen promising uses in prosthetics [10,36,60,62,70,83-85].

2.4.3 Management Strategies

Several means for accommodating for limb volume loss are available to prosthesis users. The most
common method for accommodating to residual limb volume change is the addition or removal of
prosthetic socks [7,86]. Prosthetic socks are woven fabric applied between the liner and socket or
between the limb and liner. Volume accommodations may be adjusted based on both the thickness
(i.e. ply) and layering of prosthetic socks [87-89]. Socks create a soft layer between the limb and
the socket, weakening the important mechanical connection [2]. Socks create a level of
inconvenience for the user in that they require the prosthesis to be removed to make
accommodations.

Other strategies involve socket inserts or the use of adjustable-paneled sockets. These
technologies change the shape and size of the socket to conform to the residual limb. The use of

both socks and adjustable-paneled sockets have been shown to further reduce the volume of the
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residual limb as socket volume is reduced [10,84]. Furthermore, these methods of volume
compensation are reactive and are limited in their capacity to induce volume recovery, thus further
propagating the problem and potentially increasing the need for a new socket.

Socket release (i.e. short-term removal or doffing of the prosthesis) is an alternative
strategy that may help prosthesis users recover fluid volume during times of resting [62,83,85]. In
a short-term laboratory evaluation, doffing the prosthesis or both the prosthesis and liner for 30
minutes improved residual limb fluid volume recovery and retention compared to leaving the
prosthesis on the limb [85]. During multiple 6-hour testing sessions, intermittent doffing was
compared to no accommodation strategy. Doffing the prosthesis twice for 20 minutes provided
accommodation by reducing overall fluid volume loss for traditional socket users (i.e. not elevated
vacuum or suction) [62].

Elevated vacuum systems have been indicated as a means to control residual limb volume
changes [14,15]. Clinical implementation of this technology can be difficult due to cost and
frequent maintenance of liners, sockets, and sleeves to prevent the loss of vacuum [17,27,28].
Gholizadeh et al. notes that elevated vacuum needs careful evaluation and can cause blistering if

used improperly [27].

2.5 ELEVATED VACUUM

2.5.1  System and Theory

Elevated vacuum (EV) describes a specialized technique used with artificial limbs to maintain
suspension and manage residual limb volume changes. A typical system, shown in Figure 2.5,

features a liner, a sealing sleeve, and an air evacuation pump.



21

[ ] Sealing Sleeve
[ Liner

[ ]Airgap

I Socket

[ ]Residual Limb

D B VVacuum Pump

Figure 2.5. Typical elevated vacuum system with limb-socket interface detail. Adapted from

Prosthetic Design Solutions, LLC.

The mechanical or electrical pump evacuates the air between the liner and the socket wall to
maintain a continuous negative pressure environment within the socket [90]. The socket is
typically sealed proximally with an external sealing sleeve, though some systems seal internally
with a hypobaric sealing membrane around the liner [27]. This approach is more proactive than
adjustable sockets and requires less maintenance from the user since it is acting continuously. EV
attempts to promote natural fluid exchange to regulate volume in the residual limb, reduce stresses

to the limb, and improve suspension and balance. As the pump removes air from between the
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socket and the liner, the liner and tissue within the liner are pulled to the wall of the socket limiting

movement in all directions.

2.5.2  Suspension and Limb Health

Elevated vacuum systems have become popular in populations desiring continued levels of
suspension during a variety of activities [91]. Studies have suggested that elevated vacuum acts a
powerful suspension method [14,90,92-94]. Board et al. measured vertical displacement with x-
ray and loads representative of swing phase to compare elevated vacuum and suction [14]. A
similar comparison was made by Gerschutz et al. using distally placed inductive sensors to
dynamically measure displacement [94]. Klute et al. employed a 12-camera motion analysis
system to compare limb displacements with elevated vacuum and locking pin systems [17]. Each
of these studies showed less vertical displacement with elevated vacuum suggesting improved
socket fit. The relationship between displacement and socket fit was investigated by Wernke et al.
using a benchtop set-up with a tension compression machine as vacuum pressure and fit were
varied [34]. The vacuum pressure-displacement relationship was dependent on vacuum level and
socket fit. The benefits of elevated vacuum have also led to some improved functional outcomes
and self-reported satisfaction in prosthesis users [27,28,30,95-98], though these have largely been
reported in case studies.

Elevated vacuum has been thought to improve overall residual limb health based on self-
reported questionnaires, clinical outcomes, and wound closure studies. Rink et al. quantitatively
assessed residual-limb circulation with elevated vacuum using a randomized crossover study
design [20]. Ten participants with lower limb amputation (five transtibial, five transfemoral) were
assessed to compare elevated vacuum with a non-elevated vacuum control over a 32-week study

period. Non-invasive measures included transepidermal water loss, laser speckle imaging, and
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transcutaneous oxygen. Functional hyperspectral imaging techniques were also used. Rink et al.
describes these measures in detail [99]. Following 16 weeks of EV use residual limb oxygenation
during treadmill walking was improved and prosthesis-induced reactive hyperemia was attenuated
compared to other suspension methods. Overall, outcomes suggest long-term use of elevated

vacuum helps to improve perfusion and preserve skin barrier function.

2.5.3  Limb Fluid Volume Management

EV is used clinically for maintaining residual limb fluid volume. The mechanism of this approach
to better maintain fluid volume is speculated to function by the negative pressure pulling the liner
to the wall of the socket and expanding the liner volume and the tissue within the liner. This tissue
expansion lowers interstitial fluid pressure thus increasing fluid volume transport to the interstitial
space limiting fluid loss out of the residual limb and better maintaining socket fit over time [13].
The expansion of the residual limb tissue due to the liner volume expansion is consistent with
Boyle’s law [34,100]. For comparing the same substance under two different volumes (V),
Equation 2.4 is applicable for pressure (P):
V,P, = V,P, (2.4)

Boyle’s Law states that as volume increases, the pressure of the gas decreases in proportion, and
as volume decreases, the pressure of the gas increases. As the volume contained within a liner
increases during vacuum application, the residual limb tissue expands due to the lower pressure.
This is assuming temperature and the amount of gas remains unchanged.

Several studies have examined the effect of elevated vacuum on residual limb volume with
mixed results. Board et al. compared limb volume change using alginate casting and water
displacement techniques after 30 minutes of treadmill walking in suction suspension and EV

suspension (-23 inHg) [14]. Suction suspension uses a one-way valve expulsion port, sealing
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sleeve, and the user’s body weight to expel air through the valve to create a small negative pressure
during swing phase [33]. With elevated vacuum, participants (n=10) not only lost less residual
limb volume than when using suction suspension, but actually gained volume. Beil et al. measured
interface pressures during ambulation with suction and EV prosthetic sockets using liners
instrumented with force sensing resistors [101]. They found that the EV socket created
significantly lower positive-pressure impulses and peak pressures during stance phase. Beil et al.
believe the lower positive pressures during stance phase with the EV socket reduce the amount of
fluid forced out of the limb. Goswami et al. evaluated residual limb volume changes with alginate
casting and water displacement techniques under elevated vacuum (-23 inHg) in different socket
sizes finding that after walking for 18 minutes the fluid balance of the residual limb experienced a
net gain in all socket sizes [15]. Gerschutz et al. examined the limb volume changes of one
transtibial prosthesis user after doffing the socket and 10 minutes after doffing the socket using an
optical limb-scanning technique. Comparisons were made with the absence of elevated vacuum
(i.e. suction), 10 inHg of vacuum, and 15 inHg of vacuum. Results suggest volume retention was
improved with elevated vacuum.

A randomized cross-over study by Klute et al. showed no effect of elevated vacuum when
limb volumes (n=5) after 30 minutes of treadmill walking were no different compared with using
a locking pin suspension system [17]. All five participants wore locking pin systems at the time of
recruitment and received a three-week acclimation period for each study intervention. Limb
volume was measured using an optical measurement system before and after walking for 30
minutes. Other outcome measures included activity level, residual limb vertical displacement

(pistoning), and a self-report questionnaire, the Prosthesis Evaluation Questionnaire (PEQ) [102].
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Activity levels were significantly lower with EV, though pistoning was slightly less with EV.
Many PEQ results favored the locking pin suspension.

A major limitation of these previous studies was that the limb had to be removed from the
socket before the volume measurement, for volume is known to change rapidly upon socket
removal [2,83]. Using bioimpedance analysis, Sanders et al. showed residual limb fluid volume
increased during short term walking for healthy subjects (i.e. no vascular disease or diabetes) using
various elevated vacuum devices in a small case study, though this trend often persisted when
vacuum was off or lock-and-pin was used [13]. All of these studies only examined a single activity
(i.e. walking) over a small segment of an amputee’s day and should not be used to generalize the
effect of elevated vacuum on daily limb fluid volume. Sanders et al. identified a number of
variables as potentially influential when comparing to elevated vacuum [13]:

e Limb soft tissue mechanical consistency

e Size of residual limb relative to size of socket

e Socket shape

e Subject health

e Time after doffing when using out-of-socket measurement techniques

e Time into session when measurements are made

e Ordering of interventions within a session

e Time of testing

e Use of elevated vacuum as the regular prosthesis (i.e. subject accommodation)

e Weight differences between prostheses being tested
2.5.4  Other Negative Pressure Applications

The use of air pressure to influence peripheral circulation was introduced in the 1800’s [103].
Expanding from this, Sinkowitz and Gottlieb used a constant negative pressure to improve

peripheral circulation in lower limbs [104]. This exposure to negative pressure as it relates to lower
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body negative pressure (LBNP) and leg negative pressure (LNP) has demonstrated the ability to

alter local vascular transmural pressure and result in increased fluid volume [21-23]. However,
constant application of negative pressure has been shown to elicit a vasoconstrictor reflex resulting
in a reduction of blood flow in some cases [25,105]. Early studies alternating positive and negative
pressure demonstrated increased skin temperature, improved wound healing, and improved pain
management [106,107]. Short oscillations of intermittent negative pressure (INP) applied to
extremities have been shown to increase arterial blood flow [108-110]. INP applied using cycles
of 10 seconds at -40 mmHg (1.6 inHg) and 7 seconds at atmospheric pressure has been suggested
to bypass the vasoconstrictor effect of the venoarterial reflex [25,110,111]. Sundby et al. evaluated
blood flow in the foot at various sequences of negative pressure showing the timescale of expected
changes with negative pressure application (Figure 2.6). Peak blood flow velocity (44% from
baseline) occurred approximately 4 seconds after application of negative pressure. The authors

noted the importance of arteriolar vasomotion and capillary flow motion to tissue viability [25].
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Figure 2.6. Blood flow velocity in the dorsal pedis-posterior tibial artery. Blood flow velocity
was measured by ultrasound Doppler during various sequences of negative pressure. Gray

indicates negative pressure application. From [25].
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Another clinical application of negative pressure is negative pressure wound therapy
(NPWT), which is used to treat acute and chronic wounds. Continuous or intermittent negative
pressure is applied to a sealed wound dressing to facilitate drainage and expedite the rate of healing
particularly in compromised patient populations [112]. Of particular interest, a specific range of
NPWT has been shown to increase blood flow in the vicinity of the wound site [112-118].
Morykwas et al. used a porcine model to demonstrate increased blood flow in both subcutaneous
tissue and muscle using laser Doppler needle probes [112]. Incrementally increasing negative
pressure from 0 mmHg to -400 mmHg (0 inHg to -15 inHQ), authors saw peak flows at -125 mmHg
(-5 inHg). These flows declined after 5 to 7 minutes of continuous negative pressure application.
While the multimodal mechanisms of NPWT are still being researched, the application of negative
pressure displaces excess fluid around the wound to decompress small blood vessels [112].
Studies have also used visualization techniques to evaluate the effect of negative pressure on
microcirculation. Ichioka et al. used intravital microscopy on the wound bed of a mouse model at
0 mmHg, -125 mmHg (4.9 inHg), and -500 mmHg (-20 inHg). The -125 mmHg group increased
local blood flow while the -500 mmHg group gradually decreased. The control group showed no
significant changes (Figure 2.7).

Researchers have continued to seek an understanding of the impact of varying negative
pressure in NPWT applications [119]. Compiling of these studies indicate that the therapeutic
range of negative pressure is -50 mmHg to -150 mmHg (Figure 2.8). These studies reinforce the
notion that negative pressure may be used to positively influence local blood flow; however, care
must be taken not to exceed the therapeutic range. The concept of a therapeutic range is likely to

apply to elevated vacuum use in prosthetics as well.
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Figure 2.7. Blood flow in mouse model using intravital microscopy. -125 mmHg increased in
blood flow while -500 mmHg decreased in blood flow after negative pressure application. No

changes were seen in the control. From [114].
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Figure 2.8. Result of various negative pressure in NPWT on blood flow. Green indicates
ranges of beneficial effects. Red indicates ranges of no effect or detrimental effect. * indicates
that higher levels may be effective (arrow), but no further benefit. The gray region shows the

proposed therapeutic range of negative pressure based on previous studies. Adapted from [119].
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Chapter 3. ASSESSING THE EFFECTIVENESS OF ELEVATED

VACUUM TO MANAGE DAILY RESIDUAL
LIMB FLUID VOLUME

3.1 INTRODUCTION

Daily limb volume loss is a challenge for many individuals with transtibial amputation [2].
Residual limb fluid volume loss is not only detrimental to limb health [39], but greatly impacts the
fit of the prosthetic socket [1]. As the residual limb reduces in volume, the socket may become
loose adversely affecting interface pressures and shear stress distributions [120]. Poor socket fit
may lead to skin breakdown, poor gait, and injurious falls [2].

Advances in prosthetic socket technology have served to increase the number of volume
accommodation strategies available to individuals with lower limb amputation. Strategies such as
prosthetic socks, pads, and adjustable paneled sockets are only temporarily effective and often lead
to additional volume loss [10,11]. Other strategies, such as socket release [62,85,121], may be
effective but are not always convenient for many users. Elevated vacuum (EV), a suspension
method that applies continuous negative pressure between the liner and socket [14,17,90,93,94],
has been suggested as a strategy for preventing or slowing daily residual limb change [14]. In
theory, EV has been suggested to influence fluid volume by reducing residual limb pressures
during stance phase loading and increasing negative pressure during swing phase. The reduced
pressure between the prosthetic liner and the prosthetic socket lowers interstitial fluid pressure.
This results in increased fluid volume transport to the interstitial space, reducing residual limb
volume loss and better maintaining socket fit over time [13]. Beil et al. measured interface
pressures during ambulation with suction suspension and EV prosthetic sockets using liners

instrumented with force sensing resistors [101]. Suction suspension (SS) uses a one-way valve
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expulsion port, sealing sleeve, and the user’s body weight to expel air through the valve to create
negative pressure during swing phase [33]. They found that the EV socket created significantly
lower positive-pressure impulses and peak pressures during stance phase. Beil et al. suggested that
the lower positive pressures during stance phase with the EV socket reduce the amount of fluid
forced out of the limb.

Research assessing the effectiveness of EV in managing residual limb volume has shown
inconsistent results [13-17]. Board et al. compared prosthesis users’ limb volume change using
alginate casting and water displacement techniques after 30 minutes of treadmill walking in SS
and EV (-23 inHg) [14]. Participants not only lost less residual limb volume with EV but gained
volume. Goswami et al. evaluated residual limb volume changes with alginate casting and water
displacement techniques under EV (-23 inHg) in different socket sizes, finding that increasing
socket size resulted in increasing volume gains after walking for 18 minutes [15]. Gerschutz et al.
examined limb volume changes of one transtibial EV prosthesis user with an optical limb-scanning
technique. Results suggested volume retention was improved with EV compared to SS. Using
bioimpedance analysis during short-term walking segments, Sanders et al. showed that the
effectiveness of EV to reduce residual limb fluid volume losses or increase gains was inconsistent
among EV users in a series of case studies [122]. A randomized cross-over study by Klute et al.
showed no effect of elevated vacuum when limb volume changes (n=5) after 30 minutes of
treadmill walking were no different compared with using a locking pin suspension system [17].
Limb volume was measured using an optical measurement system before and after walking.

With the exception of Sanders et al. [13], each of these previous studies reported out-of-
socket limb volume measurements which require the socket to be doffed [14-17]. Residual limb

fluid volume changes rapidly with the removal of the socket and these changes vary by individual
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[18]. In-socket residual limb volume measurements, such as those from bioimpedance analysis,
are most relevant for evaluating the effectiveness of volume accommodation strategies such as
EV. Another methodological limitation of prior EV studies is that they primarily evaluated volume
change during a single activity (i.e. walking) over a small time period ranging from 3 minutes [13]
to 30 minutes [17]; therefore, results may not be indicative of volume changes that might occur
over an entire day of performing various activities.

The goal of this study is to determine if EV more effectively maintains residual limb fluid
volume compared to a control condition, SS. This study will overcome a number of
methodological limitations of previous studies by using an in-socket volume measurement
technique (i.e. bioimpedance analysis) and by incorporating activities that are more representative
of typical daily activities and therefore have greater ecological validity. This study will improve

understanding of EV as a clinical accommodation strategy for managing residual limb volume.

3.2 METHODS

Volunteers were recruited from the local amputee population as well as from a single prosthetic
clinic located in Edmond, OK. Inclusion criteria for participation in this study were a transtibial
amputation of at least 18 months and classification as a limited community ambulator with a
Medicare Functional Classification Level (MFCL) of K-2 or higher. Participants were required to
report using a properly fitting EV socket with an electronic vacuum pump for at least 6 hours per
day. Electronic vacuum pumps provide a more controlled and continuous level of vacuum in the
socket compared to mechanical vacuum pumps. Exclusion criteria included actively undergoing
socket revisions and any presence of skin breakdown. A University of Washington Institutional
Review Board approved the study procedures, and informed consent was obtained from each

participant before beginning.
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The study used a fixed-order crossover design consisting of two visits spaced apart by
approximately one week. On the first test day, the participants used their regular EV system at the
maximum vacuum setting within the allowable range established by each participant’s prosthetist.
For the second test day, the pump was turned off (i.e. standby mode) before donning the socket to
begin the activity protocol, preventing vacuum regulation and creating SS. The vacuum system
was returned to each participant’s normal vacuum setting following the second test session.
Suction was deemed an appropriate control due to its popularity as a standard suspension method
[33]. Using suction also ensured that the same socket and components were used for each test
condition. A fixed-order design was selected for safety to ensure participants were comfortable
completing the protocol with their standard prosthesis before using a modified suspension during
the SS condition. Test sessions were conducted remotely in Edmond, Oklahoma, as well as locally
at the University of Washington campus in Seattle, Washington. During each visit, a 5.5-hour
standardized protocol was conducted outside of the lab environment along indoor hallways. During
the protocol a portable bioimpedance analyzer monitored residual limb fluid volume [61-63].
Within-socket vacuum pressure was also recorded to ensure proper EV and SS function. For
participants using the WillowWood LimbLogic EV system (The Ohio Willow Wood Company,
Mt. Sterling, OH, USA), the LimbLogic Communicator and data logging software were used to
record vacuum pressure at 20 Hz. For other EV systems, vacuum pressure was measured with a
differential pressure sensor (Honeywell, Morris Plains, NJ, USA) and a custom data acquisition
unit.

Fluid volumes in the anterior and posterior regions of the residual limb were measured
using versions of custom, portable, multi-frequency, bioimpedance analyzers developed in our lab,

as described previously in detail [62,63]. Bioimpedance analysis allows for continuous in-socket
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limb fluid volume measurements by relating the electrical resistance of the residual limb to
extracellular fluid volumes [52] and has been highly correlated to limb segment muscle volume
determined from MRI [60] and has seen promising applications in prosthetics [10,60,83-85]. Thin
electrodes were custom produced with a layer of electrically conductive tape (ARCare 8881,
Adhesives Research Incorporated, Glen Rock, PA, USA) and a layer of hydrogel (9880, 3M,
Maplewood, MN, USA). Electrodes placed on the proximal thigh and distal residual limb injected
a small electrical current, approximately 300 pA peak-to-peak, across multiple frequencies
between 3 kHz and 1 MHz. Additional electrodes were placed over the regions of interest on the
residual limb that are within the socket, across the anterior lateral surface and centered along the
posterior surface to measure voltage changes. De Lorenzo’s form of the Cole model was used to
determine extracellular fluid resistance values from the current and voltage values [52] and a
geometric volume conduction model was then applied to determine limb extracellular fluid volume
[53,54]. Sampling frequency for the instruments was 30 Hz.

Upon arriving at the testing location, participants sat for 10 minutes with their prosthesis
donned to reach a homeostatic state. Then participants removed their prosthesis and bioimpedance
analysis electrodes were applied to their residual limb before beginning the activity protocol. Each
test protocol was broken into three cycles (Figure 3.1). These cycles consisted of three, half-hour
intervals of varying activity compositions. The first two intervals were of low activity, and the
third interval was of high activity. The low activity interval included a total of 2 minutes of
walking, 22 minutes of sitting, and 6 minutes of standing. The high activity contained 15 minutes
of walking and 15 minutes of standing. Participants were asked to stand with equal weight for
several seconds at the start and end of each stand period. Brief equal-weight stands were also

executed before and after each period of sitting. The equal-weight stands were essential for the
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analysis of bioimpedance data. Twenty-minute seated rests were placed between each cycle. A
low sodium meal (i.e. lunch) was provided for the participants during the first rest of each session.

The participants were provided the same meal for both test sessions.

CYCLE 1 CYCLE 2 CYCLE 3
LOW1 (30 min) LOW1 (30 min) LOW1 (30 min)

, REST 1 , REST 2 , REST 3
Lowz2 (30 min) | {55 iy | [LOW2 (30 min) | 15700 | LLOW2 (30 min) | |55 i)
HIGH (30 min) HIGH (30 min) HIGH (30 min)

Figure 3.1. Standardized activity protocol conducted each session. Each cycle consisted of
two low activity intervals (largely sitting, some walking and standing) followed by a high
activity interval (walking and standing). Twenty minute seated rests were conducted between
each cycle.

At the initial visit, the researchers collected participant health history, date of birth, activity
information, date of amputation, amputation etiology, height, weight, residual limb length, and
mid-limb circumference. Researchers also recorded notes on the characteristics of each prosthesis
including EV type, sock use, EV settings, and prosthetic components such as liner type. All aspects
of the prosthesis (e.g. socket, sleeve, socks, and liner) were maintained across test sessions.
Participants were asked not to consume caffeine or alcohol and to maintain a consistent diet for
each test day.

Times of equal-weight standing were used to track fluid volume changes over the test
session. A sample plot of extracellular limb fluid volume (Vecf) over a session is shown in Figure
3.2 with the cycles and activity intervals within each cycle indicated. The fluid volume after the
first cycle was considered the reference volume for each participant, consistent with previous
efforts that used a similar activity protocol [62]. Fluid volume was then expressed as a percentage

of that reference using Equation 3.1 [83]:
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Voo (£) = 100 x ‘e~ Vmeres (3.1)

mL,ref

The overall rate of limb fluid volume change (%/h) was calculated as the percent change
from reference volume to the end of the protocol divided by elapsed time to account for slight
protocol variations. For each region (i.e. anterior and posterior), the overall rate of fluid volume
change for each test condition (i.e. EV and SS) was compared with the Wilcoxon signed-rank test.
Non-parametric statistical tests were used because of the small sample size and non-normal
distribution of the data (as determined by the Shapiro-Wilk test of normality). A significance level
of 0.05 was used for all comparison expect where a Bonferroni correction for multiple comparisons
was applied. Statistical tests were conducted using SPSS (IBM SPSS Statistics, Version 24.0,
Armonk, NY, USA).

The rate of fluid volume change during each of the three cycles was determined to assess
how the shot-term rates differed between test conditions and throughout the protocol. A linear
regression was applied to the equal-weight standing points of each cycle, and a Wilcoxon signed-
rank test was used to compare rates of fluid volume change during corresponding cycles across
test conditions for each limb region. A Friedman test with pairwise comparisons evaluated if the
rates of fluid volume change within each condition differed by cycle.

For each limb region, fluid volume change for each activity (i.e. sit, stand, walk) was
segmented and summed following the reference volume after Cycle 1 and divided by the time
spent conducting each activity. This cumulative fluid volume rate of change for each activity was
then compared between test conditions with the Wilcoxon signed-rank test. When the distribution
of median differences between test conditions was not symmetrical, the sign test was used to

evaluate differences.
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Figure 3.2. Example plot of extracellular fluid volume (Vecf). Plot shows data from
Participant 5 using SS.
3.3 RESULTS
3.3.1  Participant Demographics

Overall Rate of Fluid Volume Change
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Twelve individuals with transtibial amputation were tested, including nine males and three females

(Table 3.1). Five participants were diabetic and none self-reported peripheral vascular disease

though four reported cardiovascular complications such as blood clots, heart attack, use of blood

thinners, heart bypass, and stents. Based on reported activity, the research prosthetist classified all

participants as K-3 Medicare Functional Classification Level (MFCL) except for two who were

classified as K-4. Body mass index (BMI) ranged from normal (18.5-24.9) to obese (>30).



Table 3.1. Participant characteristics.
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ID# Gender DBelvOi_ze MFCL Tobacco (I:D\'/a ?:;S:/s Etiology (y?gss) Am?)t]t(;ion I\(/ka;s)s H((e:'ngq;]t BMI LLeInrgEc)h '\él:gclzém;)
Version (years) (cm)

1 F A K-3 Y N/Y Infection  41.7 5.5 78.0 1778 247 135 311
2 M A K-4 N N/N  Traumatic 51.7 26.7 989 1753 322 13.2 29.5
3 F A K-3 Y Y/N  Traumatic 405 13.7 780 1600 305 16.2 26.7
4 M A K-3 N N/N  Traumatic 40.1 8.8 1315 1880 37.2 195 321
5 M A K-3 N Y/N  Traumatic 66.6 46.9 102.1 1676 363 15.2 294
6 M B K-3 N YIY Infection  70.9 7.0 816 1727 274 105 28.9
7 M B K-3 N YIY Infection 725 7.6 1275 1956 333 16.5 30.7
8 F B K-3 N YIN Infection  52.6 4.0 776 1676 276 16.0 27.0
9 M B K-3 N N/N Infection  64.8 45.0 971 1778 30.7 10.0 313
10 M B K-4 N N/N  Traumatic 36.8 14.8 90.0 189.2 251 11.0 31.6
11 M B K-3 N N/Y  Traumatic 68.9 16.1 101.8 180.3 313 15.0 30.2
12 M B K-3 N N/N  Traumatic 48.3 3.9 1229 1727 412 19.0 37.0
Mean 54.6 16.7 989 1771 315 14.6 30.4
Median 52.1 11.3 98.0 1765 31.0 15.1 30.4
SD 13.4 15.1 19.5 10.1 5.0 31 2.7
Min 36.8 3.9 776 160.0 247 10.0 26.7
Max 725 46.9 1315 1956 412 19.5 37.0

BioZ: bioimpedance; Circ: circumference; CV: cardiovascular; M: male; F: female; Y: yes, N: no

3.3.2  Participant Prosthetic Systems

Prosthesis characteristics for each participant are shown in Table 3.2. All participants in this study

used the WillowWood LimbLogic EV system. Three participants used a traditional configuration

with the pump mounted below the carbon fiber socket with an outer sealing sleeve. One participant

used the WillowWood One system which featured the distally mounted pump with an inner

flexible socket (thermoplastic polymer) and inner sealing sleeve. Eight of the participants used a

custom prosthetic system featuring both vacuum and pin suspensions, shown in Figure 3.3. This

system included an inner flexible socket attached to the WillowWood LimbLogic vacuum system.

An inner sealing sleeve was applied over this inner socket, which was then inserted into a

laminated carbon fiber frame with a locking pin.
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For all participants, the socket environment was sealed proximally with gel-to-gel contact between
a sealing sleeve and the liner. For fabric-backed liners, this required the proximal edge of the liner
to be rolled down to expose the underlying gel. Sock use was consistent between and during
sessions for each participant. Sock use ranged from no socks to two gel socks. Eleven participants
used a user max value of -20 inHg while one participant used -10 inHg. The range value indicates

how much vacuum may be lost before the pump is activated to return pressure to the set point.

Inner Cushion Liner

Sheath

Inner Flexible Socket

Sealing Sleeve

LimbLogic Vacuum Pump

4-Hole Plate with Pin

Pin Lock Mechanism

4-Hole Mounting Plate

Laminated Frame

Figure 3.3. Custom style prosthesis. Eight participants used this style of socket featuring
inner flexible socket with vacuum and pin suspension. Adapted from Prosthetic Design
Solutions, LLC.
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Table 3.2. Prosthesis characteristics.

User Max  Range

ID # Suspension EV System (inHg) (inHg) Seal Type Socks Liner

1 Vacuum/Pin WillowWood LimbLogic -20 6 Inner sleeve 3 sheaths Ottobock Uneo Unique
2 Vacuum/Pin WillowWood LimbLogic -20 4 Inner sleeve 1ply Ottobock Uneo Unique
3 Vacuum/Pin WillowWood LimbLogic -20 4 Inner sleeve 2 sheaths Ottobock Uneo Unique
4 Vacuum/Pin WillowWood LimbLogic -20 6 Inner sleeve 4 sheaths Ottobock Uneo Unique
5 Vacuum/Pin WillowWood LimbLogic -20 6 Inner sleeve 4 sheaths Ottobock Uneo Unique
6 Vacuum/Pin WillowWood LimbLogic -20 6 Inner sleeve 1 sheath Ottobock Uneo Unique
7 Vacuum WillowWood LimbLogic -20 6 Outer sleeve 1 sheath Ottobock Uneo Unique
8 Vacuum/Pin WillowWood LimbLogic -20 6 Inner sleeve 1 sheath Ottobock Uneo Unique
9 Vacuum/Pin WillowWood LimbLogic -20 6 Inner sleeve 2 sheaths Ottobock Uneo Unique
10 Vacuum WillowWood LimbLogic -20 5 Outer sleeve None Ossur Iceross Dermo
11 Vacuum WillowWood LimbLogic -20 4 Outer sleeve None Ossur Iceross Dermo
12 Vacuum WillowWood LimbLogic -10 4 Inner sleeve 2 gel socks WillowWood Alpha Duo

3.3.3 Protocol Deviations

Several deviations from the stated protocol were noted. A pump malfunction required Participant
6 to remove the inner socket from the carbon fiber frame to reset the pump early in the second
cycle of the EV session, shifting residual limb fluid volume. As a result, the first equal weight
stand point following the pump reset was selected as the reference fluid volume for this participant.
All other analyses involving the second cycle of both the EV and SS session of Participant 6 began
at this reference point. The pump malfunction also resulted in socket vacuum pressure outside of
the indicated range in Table 3.2. Poor model fit resulted in bioimpedance signal noise in the
posterior channel of Participant 9. To acquire acceptable measurement quality, data processing
was modified to include a limited range of current frequencies in the model. The anterior channel
was unaffected. Participant 3 and Participant 11 reported consuming caffeine on the day of the
first test session. Caffeine consumption was asked to be repeated for the second test session for
these participants. Restroom breaks differed for each participant causing slight variations in

activity protocol timing.
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3.34 Socket Vacuum Pressure

Because many of the LimbLogic units were enclosed in the carbon fiber socket, Bluetooth
communication between the LimbLogic Communicator and the socket vacuum pressure sensor
located in the pump unit was inconsistent. This wireless connectivity issue resulted in missing
socket vacuum pressure data. The number of samples varied among participants. Additionally, the
vacuum pressure sensor was limited to a range of -20.4 inHg to 0 inHg. Pressures above and below
this range likely occurred during the course of each test condition; however, they were not
recorded. Socket vacuum pressure distributions for each test condition are shown in Figure 3.4.
These histograms indicate the number of samples (20 Hz sampling rate) recorded at each socket
vacuum pressure (bin size is set to 1 inHg). A summary of socket vacuum pressure samples is
presented in Table 3.3. Socket vacuum pressure among all participants averaged -15.7 + 1.0 inHg

in the EV condition and -3.3 + 1.3 inHg in the SS condition.
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Table 3.3. Summary of vacuum pressure data. SD = standard deviation.

Session EV (inHg) SS (inHgQ)
ID # Mean SD  Median Min Max Samples Mean SD Median Min Max Samples
1 -17.4 0.9 -17.3 -204  -137 157699 -3.4 1.1 -3.7 -8.2 0.0 217074
2 -16.6 0.4 -16.6 -203  -159 27213 -1.7 1.0 -15 -5.9 0.0 10739
3 -18.7 0.8 -18.8 -204  -16.0 9195 -3.3 1.2 -3.9 -5.8 0.0 9043
4 -17.1 13 -17.1 -204  -140 103773 -4.3 11 -45 -8.8 0.0 127284
5 -16.8 1.3 -16.5 -204  -141 65392 -1.3 1.1 -1.0 -6.7 0.0 40302
6 -15.3 20 -15.7 -204  -115 122430 -2.9 11 -3.0 -7.6 -1.0 125374
7 -15.7 11 -15.6 -204  -13.8 341305 -3.2 14 -3.1 -13.6 0.0 311899
8 -14.8 0.4 -14.8 -204  -138 137580 -4.9 19 -5.7 -14.7 0.0 189898
9 -14.4 0.4 -14.4 -204  -139 179940 5.1 1.2 -5.3 -11.0 0.0 239188
10 -16.5 13 -16.3 -204  -134 380109 -3.8 1.4 -3.9 -10.5 0.0 403856
11 -16.8 0.7 -16.6 -204  -155 390874 5.1 1.9 -6.1 -111 0.0 365380
12 -7.9 14 7.7 -154  -38 380432 -0.8 15 0.0 -10.8 0.0 347085
Mean -15.7 1.0 -15.6 -200 -133 191329 -3.3 13 -35 -9.6 -0.1 198927
Median -16.6 1.0 -16.4 -204  -139 147640 -3.3 12 -3.8 -9.7 0.0 203486
SD 2.7 0.5 2.7 14 3.2 143412 14 0.3 1.9 2.9 0.3 139357
Min -18.7 0.4 -18.8 -204  -16.0 9195 5.1 1.0 -6.1 -14.7 -1.0 9043
Max -7.9 20 -1.7 -154  -38 390874 -0.8 1.9 0.0 -5.8 0.0 403856
3.3.5  Overall Limb Fluid Volume Change
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Participants experienced a greater rates of relative fluid volume loss in the SS condition than in

the EV condition. Median overall fluid volume change for the EV condition was -0.88 %/h and -

1.05 %/h in the posterior and anterior regions, respectively. The SS condition resulted in a median

change of -1.51 %/h posteriorly and -1.19 %/h anteriorly (Figure 3.5, Table 3.6). The Wilcoxon

signed-rank test showed that no significant differences existed in either limb region between EV

and SS. Examining individual results (Figure 3.5), eleven participants experienced limb fluid

volume benefit (i.e. less fluid volume loss) when using EV in at least one region of the limb. Seven

experienced benefit in both anterior and posterior limb regions, and only one user lost more overall

fluid volume in both regions with EV. Six participants benefited when using SS in at least one

limb region.
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Figure 3.5. Overall median extracellular fluid volume rate of change (%/h). Calculated from
the reference point for both anterior and posterior limb regions (A). Median overall extracellular
fluid volume change (%/h) over the course of each session for each participant (B). Vecf =

extracellular fluid volume change.

Table 3.4. Rates of overall fluid volume change for each test session.

Rates of fluid volume change (%/h)
Median (Min, Max) Mean (SD)  p-value*

Posterior
EV -0.88 (-3.25, -0.03) -1.15 (0.92) 039
SS -1.51 (-3.31, 0.25) -1.27 (1.02)

Anterior
EV -1.05 (-2.52, -2.72) -1.07 (0.86) 0.16
SS -1.19 (-2.72, 0.08) -1.20 (0.80)

*Wilcoxon signed-rank test
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3.3.6  Limb Fluid Volume Change by Cycle
Median fluid volume losses were greater earlier in the protocol for both EV and SS conditions
(Figure 3.6, Table 3.5), though the only within-session significant difference occurred between
Cycle 2 and Cycle 3 of the EV condition, and only in the posterior limb region (Table 3.6). Losses
in each cycle were less for EV than SS; however, the only statistically significant difference

between EV and SS occurred in Cycle 3 in the posterior limb region.
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Figure 3.6. Median rates of percent fluid volume change during each cycle. Vecf =

extracellular fluid volume change.



Table 3.5. Rates of fluid volume change (%/h) for each cycle and condition.

Median (Min, Max) Mean (SD) p-value*
Posterior
Cycle 1
EV -1.19 (-8.96, 0.93) -1.56 (2.64) 0.24
SS -1.59 (-9.79, 2.49) -2.14 (3.56)
Cycle 2
EV -1.09 (-6.35, -0.13) -1.57 (1.64) 0.75
SS -1.61 (-4.15, 1.31) -1.65 (1.67)
Cycle 3
EV -0.72 (-1.99, 2.22) -0.58 (1.06) 0.03
SS -1.36 (-1.99, 1.14) -1.13 (0.92)
Anterior
Cycle 1
EV -1.99 (-4.00, 2.02) -1.62 (1.88) 0.81
SS -2.11 (-7.11, 1.30) -2.27 (2.32)
Cycle 2
EV -1.59 (-3.56, 1.30) -1.64 (1.20) 0.24
SS -1.77 (-3.24,0.19) -1.73 (1.04)
Cycle 3
EV -1.02 (-1.84, 0.13) -0.92 (0.53) 0.24
SS -1.22 (-2.70, -0.05) -1.16 (0.80)

*Wilcoxon signed-rank test

Table 3.6. Comparison of rates of fluid volume change (%/h) within a single session.

p -value** Pairw[se p-value***
Comparison
Posterior
EV
Cycle 1 c2-C1 0.221
Cycle 2 0.0498 C2-C3 0.014
Cycle 3 Cl-C3 0.221
SS
Cycle 1
Cycle 2 0.21 N/A N/A
Cycle 3
Anterior
EV
Cycle 1 Cc2-C1 0.838
Cycle 2 0.046 C2-C3 0.025
Cycle 3 Cl-C3 0.041
SS
Cycle 1 c2-C1 0.838
Cycle 2 0.046 C2-C3 0.025
Cycle 3 Cl-C3 0.041

Cl=_Cyclel1; C2=_Cycle2; C3=Cycle 3

**Friedman test
***Pairwise comparison with Bonferroni correction (a = 0.017)
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3.3.7  Limb Fluid Volume Change by Activity
In the posterior region, EV and SS demonstrated minimal median differences in limb fluid volume
change by activity as EV slightly increased limb fluid volume recovery when walking (Figure 3.7).
SS increased limb fluid volume loss while standing, and EV increased limb fluid volume loss
during sitting. EV increased median fluid volume recovery while walking in the anterior region (-
4.6 %/h for SS to 9.6 %/h for EV). EV also increased fluid volume loss while standing and sitting
compared to SS. Mean fluid volume trends for each activity were more consistent across limb
regions (Table 3.4). None of the differences were statistically significant determined by the
Wilcoxon signed-rank test. Individual results (Figure 3.8) show that only Participant 2 lost fluid
in a region of their limb when walking with EV, and only Participant 9 gained fluid volume while

standing under either test condition.
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Figure 3.7. Median cumulative extracellular fluid volume rate of change by activity.
Calculated from the reference point to the end of each session. Vecf = extracellular fluid volume
change. Note that because each activity was normalized to time individually, the activities will

not sum to the overall median rate of change in Figure 3.5.
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Figure 3.8. Median cumulative extracellular fluid volume rate of change by activity.
Calculated from the reference point to the end of each session for each participant. Vecf =

extracellular fluid volume change.
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Table 3.7. Cumulative fluid volume change (%/h) by activity.

Median (Min, Max) Mean (SD) p-value*
Posterior
Walk
EV 11.24 (0.63, 26.92) 13.46 (10.02)
Ss 11.12 (-8.24, 31.57) 10.42 (12.22) 014
Stand
EV -10.20 (-23.00, 1.80) -11.37 (7.25)
Ss -10.91 (-21.55, 7.42) -10.03 (8.57) 0.24
Sit
EV -1.31 (-8.99, 1.63) -1.56 (3.04)
Ss -1.15 (-8.40, 4.68) -1.39 (3.38) 100
Anterior
Walk
EV 9.51 (-10.15, 39.75) 9.77 (11.53)
Ss 3.72 (-9.54, 27.47) 5.55 (12.66) 0.1
Stand
EV -11.94 (-16.38, -4.90) -10.82 (4.36) 0.24
SS -7.66 (-16.87, -3.94) -9.56 (4.74)
Sit
EV -0.87 (-6.62, 5.22) -0.70 (3.65) 038
SS -0.25 (-5.12, 5.02) -0.20 (3.02)
* Wilcoxon signed-rank test (unless otherwise noted)
**Sign test

3.4 DISCUSSION

The purpose of this study was to compare the effectiveness of EV and SS in managing residual
limb fluid volume during various activities over multiple hours of a day. Studies have
demonstrated the effectiveness of EV to secure the limb within the socket [14,17,90,93,94];
however, limitations such as the use of out-of-socket volume measurements and short, single-
activity protocols have made interpretation of limb volume studies regarding limb volume
management difficult [13-17]. This study further contributes to the evidence regarding the ability

of EV to influence residual limb volume. A better understanding of how EV affects residual limb
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fluid volume will allow prosthetists to make more informed clinical decisions regarding
accommodation strategies to improve daily socket fit.

In this study of EV users with transtibial amputation, the use of EV significantly reduced
posterior residual limb fluid volume rate of change after activity accumulation during the final
cycle of an approximately 5.5-hour protocol. Overall limb fluid volume rate of loss was reduced
in at least one limb region in 11 of the 12 participants. Other limb volume studies comparing the
use of EV with SS have also shown less volume loss with EV [14,15]. However, exact volume
change values are difficult to compare to prior studies due to the differences in protocol length and
volume measurement techniques; i.e. limb fluid volume was measured in the current study, and
total limb volume was measured in previous studies.

The posterior median rate of fluid volume change was significantly less in the final cycle
of the EV condition after an accumulation of activity. Though the clinical significance of this
difference is unclear, this may suggest that EV may be more effective as a volume management
strategy in high-activity users. This is important because excess daily activity may lead to
discomfort for prosthesis users as they are likely reaching their lowest limb fluid volume [62]. The
significant difference measured in this study likely occurred posteriorly due to the large amount of
soft tissue in this region relative to the anterior region. The posterior soft tissue may expand to the
wall of the socket more easily, increasing tissue volume and likely lowering the pressure in the
interstitial space to encourage volume recovery [13]. In a prior study, a similar protocol with the
same activity regimen was used to evaluate how periodic doffing affected limb fluid volume
changes over the course of a day using bioimpedance analysis [62]. A majority of the participants
in the previous study used a locking pin suspension system (9 locking pin, 3 mechanical EV, 1

SS). The median rates of limb fluid volume loss posteriorly for each cycle were greater in the
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previous study compared to those rates of loss in the EV condition of the current study.
Additionally, Cycle 1 rates of posterior limb fluid volume loss in the prior study were greater than
those in the SS condition of the current study. The high incidence of locking pin use may account
for the higher rates of posterior limb fluid volume loss in each cycle. This comparison to the prior
study suggests residual limb fluid volume results may have differed had EV been compared to a
suspension featuring no negative pressure (i.e. locking pin). Even in the SS condition of the current
study, participants averaged -3.3 inHg of socket vacuum pressure, and socket vacuum pressures
peaked between -14.7 inHg and -5.8 inHg during swing phase of gait.

Of the five participants that experienced higher rates of overall fluid volume loss with EV
in at least one region of their limb, three had a history of cardiovascular complications. Of those
three participants, two were also diabetic. Comorbidities such as these have been suggested to
influence fluid volume change [2,122]. The magnitude of differences between overall residual
limb fluid volume change under EV and SS varied greatly between individuals, suggesting that
there may be opportunity to optimize vacuum to each individual by tuning EV system parameters
to meet each individual's needs. Factors such as socket fit, socket components, socket vacuum
pressure, individual health, and residual limb tissue content could affect each user's limb fluid
volume management and suspension.

Contrary to prior studies, walking with EV did not significantly improve limb fluid volume
recovery in either posterior or anterior limb regions [13-15]. Further, no significant differences
were found between EV and SS regarding rates of limb fluid volume change by activity type (i.e.
sitting, standing, or walking). The length of activity bouts likely influenced the rate of limb fluid
volume change. In prior studies, single bouts of an activity such as walking were compared,;

whereas, bouts of activity in the current study varied throughout the protocol and were summed
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for analysis. Consistently longer bouts of an activity may be required to observe differences
between EV and SS. Rates of limb fluid volume change did vary by activity type. As indicated by
previous bioimpedance studies, gaining limb fluid volume while walking is not uncommon and
may be due to the increased muscle activity in combination with larger arterial-to-interstitial
transport [123].

In this study, the higher vacuum pressures of EV were shown to affect limb fluid volume
changes compared to SS. As determined by their prosthetists, the EV systems typically operated
at the highest available vacuum pressure setting (-20 inHg) for the majority of study participants.
Though actual vacuum pressure distribution over the session varied by individual, this allowed for
a comparison between the two ends of the EV spectrum but does not permit the evaluation of
intermediate vacuum pressure settings. Intermediate vacuum pressures may improve residual limb
fluid volume management in cases where EV resulted in higher rates of loss than SS. Nonetheless,
a higher range of vacuum pressure has been shown to result in less limb displacement during
ambulation [94]. Even if intermediate or low vacuum pressures benefit residual limb fluid volume
management, the effects on suspension may be detrimental. Thus, finding the potential balance
between the limb fluid volume management and the limb displacement of EV could be valuable
to maximize patient care.

This study had several limitations including that the order of intervention was not
randomized, thus an order effect cannot be evaluated and day-to-day variations in limb volume
may have influenced results. In addition, participants were existing users of EV systems and no
accommodation period was implemented for the SS condition. Results may be different when first
transitioning people with transtibial amputation to EV sockets from alternative suspension

systems. The EV socket designs used in the study were not consistent as many participants used a



53

custom system with EV and a locking pin. Also, the EV socket with the deactivated pump may not
have been an ideal representation of SS, due to added weight and potentially different ideal socket
designs. The protocol likely required more activity than a typical day for many individuals using
a prosthesis; therefore, the study protocol best matched activity likely experienced by K-3 and K-
4 users. Further research will be need to determine the effectiveness of EV to manage residual
limb fluid volume in lower activity users. Furthermore, this study investigated only daily residual
limb fluid volume changes. The long-term impact of EV on residual limb size and shape should

be studied further.

3.5 CONCLUSION

EV reduced posterior limb fluid volume change compared to SS during the final cycle of a 5.5-
hour activity protocol after an accumulation of activity. This suggests EV may be more effective
than SS in managing daily residual limb fluid volume particularly in high-activity users.
Additionally, EV effectiveness appeared to vary by individual and activity. This may indicate that
EV can be further optimized for individual users. Additional research into balancing the limb fluid
volume and suspension benefits of EV across a range of vacuum pressures could further inform

the clinical implementation of EV.
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Chapter 4. MODELING THE MECHANICS OF ELEVATED

VACUUM IN PROSTHETIC SOCKETS

4.1 INTRODUCTION

A secure and comfortable socket fit is essential for lower limb prostheses users to establish optimal
coupling between the prosthesis and residual limb. This coupling allows the user to transfer forces,
maintain suspension during ambulation, and distribute pressures on the skin during weight-bearing
[3,4]. One of the most common problems facing individuals with lower limb amputation is residual
limb volume change as it relates to socket fit [1]. Volume changes throughout the day occur as
fluid shifts within the residual limb soft tissue as a result of prosthetic socket stresses [2]. These
changes in volume and shape degrade socket fit, potentially leading to discomfort, skin breakdown,
poor gait patterns, and falls [2,5,6].

Elevated vacuum (EV) is a prosthetic technology used to secure the prosthesis to the
residual limb and help manage residual limb volume changes, leading to a more stable socket fit
[12]. A typical elevated vacuum system features a liner, a sealing sleeve, and an air evacuation
pump (Figure 4.1). The mechanical or electrical pump evacuates the air between the liner and the
socket wall to maintain a continuous negative pressure environment within the socket [90]. The
socket is typically sealed proximally with an external sealing sleeve, though some systems seal
internally with a hypobaric sealing membrane around the liner [27]. As the pump removes air from
between the socket and the liner, the liner and tissue within the liner are pulled to the wall of the
socket limiting movement in all directions. EV has been suggested for use in populations desiring

continued levels of suspension during a variety of activities [124].
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Sealing Sleeve
Liner
Air gap

- Socket
Residual Limb

- Vacuum Pump

Figure 4.1. Elevated vacuum socket with sealing sleeve. (A) Before vacuum application.
Green arrows indicate vacuum pull on liner as air is removed from the socket. (B) After vacuum
application. Liner and soft tissue have been pulled to the socket wall. Adapted from Prosthetic
Design Solutions, LLC.

One of the primary benefits of EV is a superior mechanical connection between the residual
limb and prosthesis. The use of EV has demonstrated less vertical limb displacement compared to
other suspension methods suggesting improved socket fit [14,17,90,93,94]. EV may also benefit
limb physiology. Studies have shown that using EV resulted in less residual limb volume loss
compared to suction suspension [13-15]. Additionally, limb health while using EV has been
evaluated [20,28,97]. One study quantitatively assessed residual limb circulation through non-
invasive methods, finding EV use over 16-weeks enhanced perfusion and preserved skin barrier
function compared to non-EV use (i.e. suction and locking pin) [20]. The physiological
mechanisms of EV are likely related to the stronger limb-socket coupling leading to less

mechanically-induced instances of skin breakdown. Furthermore, tissue expansion to the socket
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wall likely helps draw fluid into the limb and maintain socket fit [13]. These effects of EV may

account for improved functional outcomes and self-reported satisfaction reported in EV studies
[27,28,30,95-98].

Despite the benefits of EV, clinical implementation of this technology can be difficult due
to cost, maintenance, and potential for blistering [17,27,28]. Frequent maintenance of liners,
sockets, and sleeves is necessary to prevent the loss of vacuum. In a survey of 155 prosthetic
professionals, nearly 90% thought the use of EV needed careful evaluation and maintenance [27].
Additionally, Klute et al. found that EV prostheses required more check sockets and time to
adequately fit compared to prostheses with pin suspension [17]. In some cases, elevated vacuum
has been associated with skin issues such as suction blisters [17,27,28,30]. This issue was
identified by 78% of the surveyed practitioners [27]. Blisters from elevated vacuum may develop
into larger skin problems or prosthesis disuse if not addressed. Suction blister formation is
dependent on a variety of physiological factors related to the mechanical integrity and strength of
the adhesion between dermis and the epidermis. Individual health characteristics such as age,
disease, and smoking are known to affect the adhesion strength. Additionally, external factors such
tissue vacuum pressure, area of application, time of application, and temperature also influence
the suction blister formation [125,126].

Within an EV socket, suction blisters may occur at voids of localized shape mismatch
between the limb and the socket. As the liner moves radially to fill the socket void during vacuum
application, liner volume increases, creating a vacuum pull on the residual limb tissue below the
void. This relationship is demonstrated by Boyle’s Law which states volume and pressure of a gas
are inversely related [34,100]. Liner properties, size of the void (i.e. socket fit), and socket vacuum

pressure magnitude affect the vacuum pressure experienced by the residual limb tissue and the
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resultant physiological impact. Currently, little is known about how these variables interact within
the socket to affect tissue vacuum pressure and the overall function of EV systems. This is partly
due to the complex shape and intimate fit of prosthetic sockets, complicating direct measurement
of these variables. As a result of this, few evidence-based recommendations regarding the clinical
use of EV have been established to guide practitioners. For example, socket vacuum pressure
selected for individual users may vary and is often based on patient preference and prosthetist
experience, but it is unknown if preferred vacuum pressure corresponds to the pressure that is ideal
for limb health.

The purpose of this study was to investigate the effects of EV socket variables such as liner
properties, socket fit, and socket vacuum pressure on liner expansion and the creation of tissue
vacuum pressure on the residual limb. A geometrically simplified benchtop model was developed
to emulate an EV socket with the hypothesis that, by modeling the EV socket environment, tissue
vacuum pressure occurring within an EV socket may be studied. This tissue vacuum information
could then be applied to future studies to determine physiological effects on the residual limb.
Additionally, in developing the model, we hypothesized that the relationships between liner
displacement and tissue vacuum pressure would follow Boyle’s Law. Once the liner expands to
the walls of the socket, liner volume displacement and tissue vacuum pressure would remain
constant with increasing socket vacuum pressure. The characterization of these variables (i.e. liner
properties, socket fit, socket vacuum pressure, and tissue vacuum pressure) would enhance
understanding of the mechanism of EV to influence suspension and limb physiology. Additionally,
results from this model could aid practitioners when configuring EV prostheses. A goal of this

research was to move towards optimizing the EV socket environment for individuals based on
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their prosthetic components and specific physiological responses in order to avoid blister

formation and improve physiological benefits of EV.

4.2 METHODS

42.1 Socket Model

A benchtop model (Figure 4.2) was created to represent an elevated vacuum socket. A 0.6 cm
thick, 30 cm by 30 cm nylon sheet was used as a base raised approximately 4 cm with leveling
mounts. The purpose of the base was to provide a stiff interface for the liner elastomer that would
not flex under vacuum pressure. Liner samples of various materials were cut to flat sheets and
placed on top of the base. A square (20 cm by 20 cm) carbon fiber layup with a central domed
region (7.6 cm dome diameter, 1 cm dome height) was placed over the liner to represent the carbon
fiber socket. The diameter of the domed region was selected to fit within the posterior width of a
residual limb approximately 30 cm in circumference, the mean midlimb circumference in Chapter
3. The flat region of the domed layup was required to seal with the underlying liner. A threaded
barbed valve was inserted in the center of the domed region. An electronic vacuum pump was
controlled by a digital pressure sensor and custom LABVIEW program to apply vacuum pressure

to the domed region as a prosthetic vacuum pump would in an elevated vacuum socket.
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Figure 4.2. Diagram indicating components of the benchtop EV model. A demonstration of
the effect of socket vacuum applied in the dome region to alter the volume below the liner

resulting in a pressure change.
422 Socket and Tissue Vacuum Pressure Measurement

To control the vacuum pump operation, pressure was measured between the domed carbon fiber
layup and liner sample with a Honeywell TruStability Board Mount Differential Pressure Sensor
(Honeywell, Morris Plains, NJ, USA) and a custom data acquisition unit. This measurement is
referred to as the socket vacuum pressure. At the center of the nylon base, a threaded barbed valve
was inserted to allow vacuum pressure measurements underneath the liner in the space that would
be occupied by residual limb tissue in a socket. This pressure was also measured with a Honeywell
TruStability Board Mount Differential Pressure Sensor (Honeywell, Morris Plains, NJ, USA) and

a custom data acquisition unit. This measurement is referred to as the tissue vacuum pressure.
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4.2.3  Liner Displacement Measurement
The inductive distance sensor-target system develop previously [127] was used to record the
displacement of the liner towards the interior of the domed carbon fiber socket model. An inductive
sensing chip (LDC1614, Texas Instruments, Dallas, TX, USA), a custom flexible coil antenna, a
capacitor, and a magnetic target create the system. The antenna and capacitor operate as an
inductor—capacitor (LC) tank oscillator to generate a magnetic field. When the target enters the
magnetic field, the field and thereby the sensor oscillation frequency is altered as a function of the
target’s distance. This has been used in previous lab efforts to measure socket to limb distance and
limb movement within a prosthetic socket. The low-profile flexible coil was embedded in the wall
of the flat socket model (Figure 4.3), centered in the domed region. Using a geometric model of a
spherical cap and a cylinder, volume displacement was estimated from the one-dimensional liner

displacement measurement.

Figure 4.3. Carbon fiber layup with central domed region. (A) Top side of domed carbon

fiber layup. (B) Thin inductive distance sensor embedded between layers of carbon fiber and

Nyglass on bottom side of dome.



61
4.2.4  Dome Volume (Socket Fit)
Dome volume was varied to represent different sizes of voids due to varying degrees of socket fit
that may exist in a prosthetic socket. Four dome volumes were evaluated (Figure 4.4) with each
liner sample. Three rigid inserts were three-dimensionally (3D) printed (Objet30 Pro, Stratasys,
Eden Prairie, MN, USA). The center thickness of the inserts measured 2.5 mm, 5.0 mm, and 7.5
mm. These inserts allowed four different volumes to be tested 23.3 cm? (no insert), 17.3 cm® (2.5
mm insert), 11.4 cm® (5.0 mm insert), and 5.7 cm® (7.5 mm insert). These volumes were selected
to represent various degrees of socket fit that may create localized pressure within the socket.
Fernie and Holliday noted that sock ply between 0% and 5% of the residual limb volume
represented a “good” fit, 5% and 10% represented an “acceptable” socket, and greater than 10%
signaled that a new socket was needed [66]. Previously, a 1.8 mm radial socket size adjustment
was suggested to correspond to a socket volume change of about 6% [70]. The inserts used in this
study therefore represent both acceptable socket fit (7.5 mm insert) and varying degrees of
unacceptable fit (no insert, 2.5 mm insert, and 5.0 mm insert).

NO INSERT 2.5 mm 5.0 mm 7.5 mm

Figure 4.4. Diagram indicating different dome volumes tested. Red text indicates thickness at

the center of the insert. Black text and gray bar indicate size of void from the center of the dome.
4.2.5  Liner Tension (Liner Fit)

Liner samples were stretched to represent the tension present in a donned liner. Unstretched liners
were also tested to evaluate the effect of liner fit. A liner tension apparatus was developed from a
t-slot aluminum building system (80/20 Inc., Columbia City, IN, USA) to stretch liners over the

benchtop setup (Figure 4.5). To determine the appropriate liner tension, five silicone limb molds
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were sized for a silicone liner. Marks were made at various locations on the unstretched liner, the
liners were donned on the limb molds, and distances between marks were measured to quantify
liner stretch in two directions (Figure 4.6). Liner stretch was averaged across the limb molds and
recreated with the liner tension apparatus for the liner samples before data collection. Based on
this evaluation, approximately 3 mm of fabric stretch was applied in the medial/lateral (X)

direction. Stretch in the proximal/distal () direction was held at 0 mm.

Figure 4.5. Stretcher apparatus to apply liner tension. Device allowed controlled stretch in

both X and Y directions to replicate liner stretch recorded from limb molds.

Figure 4.6. Liner stretch measurement and limb mold. Distance between marks were

measured before and after the liner was donned to the limb models to quantify liner stretch.
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4.2.6  Liner Sample Preparation
New liner samples of varying combinations of fabric and elastomeric material were tested. Two
liners of each type were collected for a paired liner tension comparison. One of the two liner
samples of each type was placed under tension using the liner stretcher apparatus for the test, while
the other was tested unstretched. The thicker of the two was stretched due to the thinning that
occurred during stretching. Unstretched liner samples were secured to the base with clamps.
WillowWood liners were used in this study due to their popularity [128] and previously
characterized range of material properties [129,130]. Additionally, gel profiles, gel thicknesses,
and methods for liner sample preparation could be kept relatively consistent. Thermoplastic
elastomer (TPE) liners were expected to provide the least resistance to socket vacuum pressure
and liner displacement due to their low tensile stiffness (294 kPa, 6 mm sample). Conversely,
silicone-based liners with higher tensile stiffness measurements (3,450 kPa, 4 mm sample) would
show the greatest resistance to displacement by socket vacuum pressure. Hybrid liners (2,280 kPa,
6 mm sample), a TPE variant, would demonstrate intermediate resistance. Liner samples were
prepared as 16.5 cm by 16.5 cm squares with 5.7 cm extended edges on each side to resemble a
plus sign. The extended edges were to accommodate stretcher fixtures (Figure 4.7). These samples
were cut from the posterior proximal area of full liners. This area was chosen because the fabric
style and elastomeric material thickness of these prosthetic liners are more consistent. In addition,
this area is near the posterior midlimb where a majority of the soft tissue of the residual limb is
located. Using Loctite 409 (Henkel Adhesives, Rocky Hill, CT, USA), Delrin bars were adhered
to the four extended edges of liner samples that were to be stretched. These Delrin bars were used
to fix the liner to the stretcher apparatus. A polyurethane sealing ring 11.4 cm in inner diameter

was cured on the fabric backing of each liner to create an airtight seal with the carbon fiber layup.
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The ferrous polymer target consisted of polymer (Septon 4044), iron powder (85% by weight),

and mineral oil. The circular target is formed to approximately 4.1 cm in diameter and 0.5 mm
thickness. The target is covered by a thin circular piece of cotton fabric to allow air movement
over the target in the EV socket model. Then using heat the target is embedded into the center of
the fabric surface of each liner. When required, an elastomeric ring (Septon 4044) approximately
11.4 cm in inner diameter and 0.5 mm thick was placed between the liner and the base to create a

seal below the liner.

STRETCHER FIXTURES
. . TARGET
SEALING RING o o FABRIC
o] [ o]
4. _] [_ .
o (o]
GUIDE LINES

Figure 4.7. Liner sample details. Layers of ferrous polymer target application. Liner sample

after being removed from the stretcher apparatus.
4.2.7  Modeling Tissue Resistance

As the liner displaces to the walls of the socket, the skin follows. Displacement of the liner depends
on liner resistance which includes liner properties (i.e. fabric and elastomer elasticity), physical
constraints (i.e. dome and insert height), and tissue properties (i.e. soft tissue content, skin
elasticity). Tissue properties are not clearly specified in this model. By altering the volume of air

under the liner using various sizes of tissue volume containers (Figure 4.2), we were able to
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modulate resistance to liner displacement without changing liner properties or physical constraints.
This technique was used to represent tissue resistance in the current model. Tissue resistance varies
by person and is affected by age, health, soft tissue content, and location on the limb (i.e. over
muscle or over bone) [131]. In order to find the tissue volume that best represents the resistance
of human tissue without biological variability, we worked with Center for Research in Education
and Simulation Technologies (CREST) to formulate a silicone slab that mimics soft tissue
properties of the posterior lower limb while featuring a large, flat surface that could be used with
the socket model. A mixture of PlatSil Gel-25 Silicone Rubber Part A, Part B, and Smith’s
Theatrical Prosthetic Deadener (Polytek Development Corp., Easton, PA, USA) was combined
with a weight ratio of 1:1:0.8 to create at 34 cm by 22 cm by 4 cm slab of simulated soft tissue.
Similar combinations have been used to create representative human soft tissue [132]. Using the
simulated soft tissue with the benchtop model, we measured liner displacement at various socket
vacuum pressure and compared this displacement to the displacement that occurred with various
tissue volumes. Volumes of capped polyvinyl chloride (PVC) segments were determined by
measuring the weight of the mass of water need to fill the chamber and dividing by the density of
water. Volume of the tubing used to connect these chambers to the system was also geometrically
estimated. The tissue volume that best matched the simulated soft tissue was used with all liner

samples for benchtop model tests.

428 Calibration

Because the inductive distance sensing system is sensitive to sensor-target alignment, a calibration
procedure was conducted before each data collection trial to account for potential liner shifts on
the base. The distance from the liner target to the inside top of the dome was measured to establish

a starting calibration point. This distance would vary for each liner due to gel profile and sealing
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ring variations. Dome inserts of known thickness (2.5 mm, 5.0 mm, and 7.5 mm) were used to
calibrate the inductive distance sensor by placing the insert under the dome and applying -20 inHg
vacuum pressure with an open base port (no tissue resistance) to pull the liner to the top of the
dome. No dome insert was used to find the 0 mm point. A calibration curve (interpolant — shape

preserving) was fit to these 5 points.

429 Data Collection

A twenty-five pound weight was placed over the carbon fiber layup to produce consistent pressure
on the liner sample. A 21 cm tall acrylic tube was used to space the weight out of range of the
inductive distance sensor as to not interfere with the liner displacement measurement (Figure 4.8).
The outer diameter of the tube (18 cm) was selected to sit outside of the domed region and place
pressure over the sealing ring. Due to an uneven gel profile, some liner samples required additional
clamps to apply sufficient pressure to seal with the carbon fiber layup. For each liner sample,
vacuum pressure was stepped from 0 inHg to -20 inHg by increments of -2 inHg with the custom
electronic vacuum controller. The change in tissue vacuum pressure and liner displacement was
recorded. -20 inHg was selected because that is the highest vacuum pressure setting available on

commercial elevated vacuum pumps used in prosthetic devices [133].
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Figure 4.8. Complete data collection set-up for stretched liner samples.

4.2.10 Data Analysis

Three separate trials were conducted with each liner sample. Data from the three trials were
averaged for analysis. Plots were analyzed to evaluate the relationship between liner types, dome

volume (socket fit), socket pressure, liner displacement, liner tension, and tissue pressure.

4.3 RESULTS

4.3.1  Liner Samples

Eight total liners were tested, including two liners of each fabric and elastomer combination (Table
4.1). One liner sample of each combination was placed under tension using the liner stretcher
apparatus. Based on liner stretch on five limb models, the average fabric marker stretch was 3 mm

in the X direction (medial/lateral) and 0 mm in the Y direction (proximal/distal) (Table 4.2).
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Table 4.1. Liner Samples. (S) = Stretched thickness, TPE = Thermoplastic Elastomer

Sample Manufacturer Model Th(lr%I:Tr:)ess Gel Profile Fabric Size Type Tension
WW2A WillowWood Alpha Silicone 3.06 Progressive Select M+2 Silicone Unstretched
Ww2C WillowWood Alpha Silicone 3.13/2.63(S) Progressive Select L2 Silicone Stretched
WWS3A WillowWood Alpha Classic AK 3.87/3.17(S) Symmetrical Select L+ (z_lraslszl)c Stretched
WW3B WillowWood Alpha Classic 3.69 Progressive Select M (z_lraslszl)c Unstretched
WW4A WillowWood Alpha Hybrid 3.91 Uniform Select M '?.?_/gg;j Unstretched
WW4B WillowWood Alpha Hybrid 4.11/3.30(S) Uniform Select M+ T¥EE$ Stretched
WW5A WillowWood Alpha Classic 3.30 Uniform Original M+ %.Il_asg)c Unstretched
WW5B WillowWood Alpha Classic 3.45/2.60(S) Uniform Original M+ C(ITasIszl)c Stretched
Table 4.2. Liner stretch measurements.
Limb AVG X AVGY
Model (mm) (mm)
A 3 0
B 4 0
C 5 0
D 3 0
E 3 1
AVG 3 0
SD 1 0
4.3.2  Tissue Resistance

Liner sample WW3B was used to compare tissue volumes as varying degrees of tissue resistance.

Figure 4.9 shows the relationship between socket vacuum pressure and corresponding liner

displacement to the top of the domed layup without a dome insert using various tissue volumes.

The lower tissue volumes required higher socket vacuum pressure to displace the liner while larger

volumes required low socket vacuum to saturate the liner to the top of the dome. The simulated

soft tissue is compared to these various volumes and most closely matched the 275.75 cm® volume.

Various tissue volumes and their resulting tissue vacuum pressure at maximum socket vacuum

pressure were predicted based on liner expansion using Boyle’s Law (Figure 4.10).
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Figure 4.9. Sample testing (WW3B) with various tissue volume containers. No dome insert
was used. CREST is simulated soft tissue sample. Tissue vacuum pressure could not be

measured with the CREST sample.
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Figure 4.10. Tissue vacuum pressure prediction based on liner displacement. Theoretical and

experimental max tissue vacuum pressure experienced at each tissue volume.

4.3.3 Socket Vacuum Pressure

In all samples, as socket vacuum was applied to the domed region, the liner displaced towards the
inside of the carbon fiber dome until the liner reached the top of the dome (Figure 4.11). The
increased volume beneath the liner resulted in reduced tissue vacuum pressure underneath the liner

as socket vacuum pressure increased (Figure 4.11). Once liner displacement ceased due to the
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physical barrier, tissue vacuum pressure remained constant. This occurred at socket vacuum
pressures less than or equal to -6.5 inHg. Liner displacement volume was calculated by using the
liner displacement distance measurement to model a geometric volume with no dome inserts. The
theoretical and experimental vacuum pressure resulting from the liner displacement volume is

plotted in Figure 4.11.
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Figure 4.11. Liner displacement and tissue vacuum pressure. (A) Plot of liner displacement v.
socket vacuum pressure with no insert. Plot of tissue vacuum pressure v. socket vacuum

pressure. (B) Plot of experimental and theoretical Boyle’s Law.

4.3.4  Dome Volume (Socket Fit)

The center of the dome was 10 mm high without an insert. The largest insert reduced the dome to
2.5 mm high while maintaining dome diameter. Some variation occurred as a result of the sealing
ring applied to the fabric backing. Final heights ranged from 11.3 mm to 13.3 mm from the liner

target to the top of the dome. The liner samples contacted the dome surface both with and without
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dome inserts. As dome insert thickness increased, the liner was limited as to how far it could
displace towards the sensor (Figure 4.12). Because less volume was displaced by the liner with
increasing insert thickness, lower tissue vacuum pressure was recorded. Although absolute
displacement varied for each liner sample due to the sealing ring thickness variation, relative
maximum between each insert was consistent at 2.5 mm. With no insert, maximum tissue vacuum
pressure averaged -3.6 £ 0.2 inHg. The largest insert, representing minimal limb-socket mismatch,

maximum tissue vacuum pressure averaged -2.3 + 0.2 inHg.
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Figure 4.12. Single sample liner displacement and tissue vacuum pressure. Socket vacuum
pressure was increased with dome inserts of various thicknesses for liner sample WW2C

stretched.
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435 Liner Tension

Unstretched liners demonstrated less resistance to socket vacuum pressure compared to stretched
liners (Figure 4.13). With no insert, stretched liners averaged a lower initial displacement (42.2%
+ 2.9%) compared to unstretched liners (56.6% + 5.3%) at the first interval (-2 inHg set point).

This difference had little effect on the tissue vacuum pressure as both stretched and unstretched

liners averaging -2.2 = 0.1 inHg tissue vacuum pressure at the same interval with no insert.
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4.3.6  Liner Properties

Based on previous work to characterize liner properties [129,130] higher resistance to liner
displacement was expected to correspond to higher tensile stiffness. Liner displacement did not
vary greatly between liner types, particularly stretched liners. At the first interval (-2 inHg set
point), WWS5 liner displaced the most for stretched (46.1%) and unstretched (62.9%), while WW3
liner displaced the least (39.2% stretched, 50.0% unstretched). By the second interval (-4 inHg set
point), stretched WW?2 liner was the only liner not to have saturated the dome suggesting a higher

resistance to socket vacuum pressure than the other samples.
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Figure 4.14. Relative liner displacement for all samples. (A) Stretched samples and (B)

unstretched samples. S = stretched, U = unstretched

4.4  DISCUSSION

The purpose of this research was to model the mechanics of an elevated vacuum socket to better
understand how the various components such as socket vacuum pressure, socket fit, liner fit, and
liner properties interact within the socket to influence suspension and limb physiology. This
information may assist practitioners when configuring EV prostheses to avoid blister formation

and improve physiological benefits of EV by optimizing the socket environment for individuals
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based on their prosthetic components and specific physiological responses. Additionally, this
model may be used as a platform to further investigate how elevated vacuum influences the socket
environment in people with lower limb amputation.

Relatively low levels of socket vacuum pressures were needed to maximally displace both
stretched and unstretched liners used in this study. Liners extended to the dome in a linear manner.
Maximum vertical displacement of at least 99% of the dome height with no insert occurred by -6.5
inHg for stretched liners and -5.3 inHg for unstretched liners. Commercial prosthetic elevated
vacuum pump systems reach -20 inHg [133], substantially higher that what is required to pull the
liner to the wall of the socket. While further liner displacement may not occur, greater socket
vacuum pressures increase the force required to remove the limb from the socket. Socket vacuum
pressures greater than -6.5 inHg may be important for limiting limb movement and thus improving
suspension and comfort.

Higher vacuum pressures may not affect liner displacement or limb physiology (i.e. tissue
vacuum pressure) in a properly fitting socket due to limited liner expansion. Once liner
displacement ceased due to a physical barrier, tissue vacuum pressure remained constant
suggesting that tissue vacuum pressure change is dependent on liner displacement. This is
consistent with Boyle’s Law, which states that volume and pressure are inversely related (Figure
4.11) where Py is the initial pressure and V1 is the initial volume. As volume increases (V2),
pressure decreases (P2) as demonstrated by Equation 4.1:

ViP, =V,P, (4.1
However, in the case of a poorly fitting socket with global or localized limb-socket mismatches,
the liner may continue to displacing toward socket wall, linearly increasing vacuum pressure on

the residual limb tissue. We used dome inserts to represent various level of socket fit that may
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occur. As expected the inserts limited liner expansion volume and resulted in lower tissue vacuum
pressures. Actual socket fit, especially in undersized sockets, which are common when using
elevated vacuum [27] likely create even less liner displacement and subsequently lower tissue
vacuum pressures. The current inserts provide a starting point to establish tissue vacuum levels in
improperly fitting or oversized sockets. By varying dome volume, we are able to demonstrate how
limb volume loss over the life of a socket may affect elevated vacuum mechanics by establishing
a range of tissue vacuum pressures as socket fit changes.

The increased liner displacement and larger tissue vacuum pressure in poorly fitting
sockets is likely the cause of blisters from elevated vacuum use. In the current study, the maximum
tissue vacuum pressure resulting from the largest liner displacement (i.e. no insert) averaged -3.6
inHg. With the insert representing acceptable socket fit (7.5 mm thick), maximum tissue vacuum
pressure averaged -2.3 inHg. Suction blister formation has been studied to occur in less than 3
hours at pressures between -7 inHg and -20 inHg [126]. While these vacuum pressures are higher
than those observed using the current model, many other factors such as individual health, area of
vacuum pressure application, and temperature also influence the suction blister formation timing
[125,126]. The elevated temperature within the prosthetic socket environment along with all-day
wear time and compromised skin health could lead to blistering at lower tissue vacuum levels.

This model may be used to identify the maximum vacuum pressure experienced by the
tissue from liner expansion based on socket fit. With more information on the physiological effects
of vacuum pull on the tissue, we may be able to identify a liner expansion threshold that would
indicate injury. This would provide practitioners with more guidelines on how to size elevated
vacuum sockets to optimize patient benefits and limit blisters from elevated vacuum excessive

vacuum pressure in poorly fitting sockets. We demonstrated the ability to predict the resulting
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tissue vacuum pressure as the liner expands using Boyle’s Law. By knowing the initial tissue
volume and geometrically estimating the change in liner volume after liner expansion into the
dome, we accurately predicted tissue vacuum pressure values. A similar exercise may be
conducted when evaluating a patient’s socket for use with elevated vacuum to identify what levels
of tissue vacuum pressure may be expected. Future studies could observe the physiological
response caused by these tissue vacuum pressures when applied directly to the skin outside of the
socket environment.

Liner type demonstrated limited impact on tissue vacuum pressure based on current model
parameters suggesting liner properties may be less important when configuring EV sockets.
Prosthetists may focus on selecting liners based on other desirable features such as limb coupling
or stress distribution. Liners with thermoplastic elastomers (TPE) which have the highest measured
elasticity [129] showed slightly less resistance. In addition, the silicone-based liners with the
lowest elasticity demonstrated higher resistance as hypothesized. However, as identified by Cagle
etal., the fabric backing appears to play a role in elasticity [129]. WW3 and WWS5 samples featured
the same elastomer (TPE) but different fabric configurations. Liner tension produced similar
effects by slightly increasing resistance to liner expansion for each liner type tested. These results
indicated that liner size and type minimally influence elevated vacuum socket mechanics;
however, these results may vary at lower tissue volumes when more tissue resistance is present.
Additionally, the current model reproduces localized mismatch within the socket with the liner
expanding in one direction. However, within the socket the liner may be expanding radially as
vacuum is applied to the entire limb. Further research is needed to understand how the mechanics

of this situation compare to results from the current model.
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The model developed in this study may aid practitioners in configuring elevated vacuum
sockets for their patients by informing them how individual patient, socket, and liner properties
alter the effect of elevated vacuum on the residual limb. By better understanding the mechanics of
an elevated vacuum socket, we can begin to study the resulting physiological response. This
research is working towards optimizing the clinical use of elevated vacuum and providing
guidelines for its use based on individual patient characteristics and specific prosthetic
components.

This study had several limitations. The simulated soft tissue used to select a tissue volume
was created as an approximate representation of soft tissue properties knowing that this varies
greatly on the residual limb and between individuals. More work should be completed to
characterize residual limb soft tissue properties and verify the simulated soft tissue. Additionally,
only one tissue volume was used to compare across liner samples. Tissue response will vary across
the limb and should be further studied. We chose to focus on tissue properties over muscle in this
study because this tissue will experience the most expansion under vacuum and is primarily
responsible for volume change in the residual limb. Future uses of the model could be to assess
elevated vacuum at different locations and in different types of underlying tissue. Since tissue
properties vary with age and comorbidities (e.g. diabetes), different tissue volumes than what was
used here may be used to represent varying tissue resistances. Area over bone on the residual limb
is more resistant to stretch than areas over muscle. Because of this, tissue over bone may be more
susceptible to higher tissue vacuum forces as indicated by the results from lower tissue volumes
indicating higher tissue resistance (Figure 4.9). This study only evaluated four different liners from

a single manufacturer. Additional liner types and sizes from various manufacturers should be
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evaluated. The current model does not represent radially expanding liners likely to occur in an

elevated vacuum socket as vacuum is applied over the entire limb.

45 CONCLUSION

A benchtop model was created to study the mechanics of an elevated vacuum socket. Tissue
vacuum pressure increased linearly with socket vacuum pressure until the liner extended to the
wall of the representative socket. At this point, the liner could not increase volume and maximum
tissue vacuum pressure was reached. The larger the volume of the dome, the higher the vacuum
pressures applied underneath the liner. Theoretical tissue vacuum pressure matched well with
experimentally measured tissue vacuum pressure based on the liner volume displacement. Liner
properties had minimal effect on liner displacement though liners under tension showed increased
resistance to displacement. Regardless of liner type and socket vacuum pressure, liner volume
displaced was the determining factor for tissue vacuum pressure. The model may be used to
optimize elevated vacuum based on individual characteristics and further develop guidelines for

the clinical use of elevated vacuum use in lower limb prosthetic devices.
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Chapter 5. OPTIMIZING THE PHYSIOLOGICAL AND

MECHANICAL EFFECTS OF ELEVATED
VACUUM

5.1 INTRODUCTION

The coupling between the residual limb and the lower limb prosthesis relies on a secure socket fit
and is critical to a comfortable and functional prosthesis [3,4]. Obtaining and maintaining optimal
socket fit over the short- and long-term remains challenging despite recent advances in socket and
suspension technology. Limb volume change is a significant contributor to poor socket fit [1,2].
As limb volume loss occurs, socket fit degrades, leading to relative motion between the residual
limb and socket. Subsequently, poor socket fit may result in user discomfort, skin breakdown, gait
instability, and even prosthesis disuse [2,5,6].

Elevated vacuum (EV) uses a mechanical or electrical pump to evacuate the air between
the liner and the socket wall, maintaining a continuous negative pressure environment within the
socket [90]. EV acts to secure the prosthesis to the residual limb and help manage residual limb
volume changes [12]. A typical EV system uses an external sealing sleeve to seal the socket
proximally, though some systems seal internally with a gasket sealing ring around the liner [27].
Within the socket, the liner and tissue are pulled to the wall of the socket as the vacuum pump
evacuates air between the liner and socket, limiting limb movement relative to the socket during
gait.

Studies have shown the mechanical impact of EV on reducing limb movement relative to
other suspension methods [14,90,92-94]. Board et al. measured vertical displacement with x-ray
under displacement loads representative of swing phase to compare EV and suction [14]. A similar

comparison was made by Gerschutz et al. using distally placed inductive sensors to dynamically
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measure limb-socket displacement [94]. Klute et al. employed a 12-camera motion analysis system
to compare limb displacements between EV and locking pin systems [17]. These studies all
showed less vertical displacement with EV, suggesting improved suspension. The relationship
between displacement and socket fit was investigated by Wernke et al. using a benchtop set-up
with a residual limb model and varying vacuum pressure and fit [34]. The relationship between
vacuum pressure and displacement was found to be dependent on socket fit. Based on an
improvement in socket fit, several case studies have suggested EV improved functional outcomes
and self-reported satisfaction in prosthesis users [27,28,30,95-98].

Related to socket fit and suspension, EV has been suggested to provide physiological
benefits. Several studies have shown EV to better limit limb volume loss compared to suction
suspension, particularly during walking [14,15]. EV has been thought to improve overall residual
limb health based on self-reported questionnaires, clinical outcomes, and wound closure studies
[28,95,97]. Rink et al. quantitatively assessed residual-limb circulation with EV compared to non-
EV suspension systems (i.e. locking pin and suction) [20]. Non-invasive measures included
transepidermal water loss, laser speckle imaging, transcutaneous oxygen, and functional
hyperspectral imaging techniques [99]. Following 16 weeks of EV use, residual limb oxygenation
during treadmill walking was improved and prosthesis-induced reactive hyperemia was attenuated
compared to after 16 weeks of using a non-EV suspension method. Donning the socket was found
to decrease perfusion in EV and non-EV suspension systems. Overall, outcomes suggested long-
term use of EV helps to improve perfusion and preserve skin barrier function. Other clinical uses
of negative pressure have examined blood flow in response to various negative pressure magnitude
and application profiles. Studies in negative pressure wound therapy (NPWT) have identified a

recommended therapeutic range of negative pressure between -50 mmHg and -150 mmHg (-2
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inHg to -6 inHg). Above or below this range creates no effect or detrimental effects [119].
Additionally, research studies have demonstrated that intermittent negative pressure increases skin
blood flow [111].

Recently, optical coherence tomography (OCT) has been introduced as a method to
measure residual limb health [26] and may have potential capability to evaluate the acute effects
of tissue vacuum pressure during EV on skin perfusion. From results testing the benchtop EV
socket model (Chapter 4), depending on the fit of the socket, approximately -4 inHg may be applied
to the underlying tissue. OCT is a non-invasive and non-contact optical imaging modality used to
capture in-vivo cross-sectional volumetric images of biological tissue with 1 to 10 pum resolution
[134]. OCT-based angiography (OCTA) allows for non-invasive three-dimensional (3D)
visualization of the cutaneous microvasculature using moving cells, such as red blood cells, as a
contrast agent. Multiple images (B-scans) are taken over a single location and compared to identify
movement reflecting blood flow which can then be quantified as vessel area density (VAD)
[26,135]. Compared to other measurement methods of functional characteristics of vasculature
such as those used by Rink et al. [20], OCTA offers the advantage of precise depth information
[136]. OCTA has been used previously in people with lower limb amputation to assess post-
occlusive reactive hyperemia (RH), a measure of residual limb tissue health [26], and OCT has
even been integrated with a vacuum system to visualize the formation of suction blisters in human
skin [137].

Currently, minimal guidelines exist regarding the ideal socket vacuum pressure setting in
EV systems, though it is recognized that optimal socket vacuum pressure may be different for each
individual depending on socket fit, component selection, and residual limb tissue [94,138].

Establishing the vacuum pressure setting relies on subjective feedback and clinical experience. In
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the literature, pressures have principally been reported between -7 inHg and -23 inHg, though not
all studies report vacuum pressure [27]. Wernke et al. noted that at vacuum pressures greater than
approximately -11 inHg relatively similar levels of suspension were created in a benchtop
experiment [34], but it remains to determine how different vacuum levels influence limb
physiology. An optimal EV system should provide maximum suspension by minimizing residual
limb movement within the socket and deliver physiological benefits to improve limb health and
limb volume management without causing blistering. While previous studies have evaluated the
in-socket effect of changing vacuum pressure by focusing on a singular aspect (e.g. only limb
movement), a multimodal approach may be more appropriate to determine the optimal vacuum
pressure setting for individual EV users, considering both the mechanical (i.e. limb movement)
and physiological effects (i.e. skin perfusion, limb fluid volume).

The purpose of this study is to investigate the sensitivity of variables such as skin perfusion,
limb fluid volume, limb movement, and socket comfort to changes in vacuum pressure. This
research works towards determining if socket vacuum pressure can be optimized on an individual
basis to maximize beneficial physiologic response and comfort while minimizing movement
within the socket. We measured physiological effects such as perfusion and limb fluid volume
changes through OCT imaging and bioimpedance analysis, respectively. Extending from previous
work [127,139,140], multiaxial limb displacement during ambulation was measured with in-socket
inductive displacement sensors, and patient-reported measures of comfort were collected across
various socket vacuum pressures. Results from this study are important for the development of
recommendations for use of EV systems and improving clinical care through more informed

clinical decision-making regarding vacuum pressure settings.
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5.2 METHODS

5.2.1  Participants

Volunteers were recruited from the local amputee population and study registry. For this pilot
study, we targeted a sample size of 3 volunteers. Inclusion criteria for this study were individuals
with transtibial amputations of at least 12 months prior. Volunteers must have been successfully
using an electronic EV system with a sealing sleeve for at least 6 months. Exclusion criteria
included the presence of diabetes due to the potential effects this condition has on limb sensation
and microvasculature [141]. Skin breakdown and excessive scarring at the imaging site were also
grounds for exclusion. Prior to enrollment, each participant provided informed consent. A
University of Washington Institutional Review Board approved the testing procedures before study

initiation.

522 OCT

The effects of various vacuum pressures on skin perfusion were evaluated using OCTA. A
commercial Swept-Source OCT (SS-OCT) system (OCS1310V1, Thorlabs Inc., Newton, NJ,
USA) was used to capture images (Figure 5.1). Images were taken using 2 mm by 2 mm field-of-
view with 200 by 200 pixel resolution. Three-dimensional (3D) images were captured with built-
in Speckle Variance OCT using five B-scan repetitions. These imaging parameters balanced field-
of-view, resolution, and imaging speed. Images were collected at a depth of approximately 1 mm
below the skin’s surface to capture the vessels within the papillary plexus, located beneath the
dermal-epidermal junction. The papillary plexus is the primary site of nutrient exchange within
the tissue and is an important mediator of the inflammatory response and of vascular resistance

[142]. Vessel area density (VAD) was used to indirectly measure overall perfusion of the imaged
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area of interest. VAD represents a snapshot of the total amount of blood flowing in a vascular bed
and was determined by counting the number of vessel pixels divided by the total number of pixels
in the image [143].

An EV attachment was created to enable OCT imaging before, during, and after local
vacuum application without needing to manually adjust the OCT system (Figure 5.1). The EV
attachment is an enclosed dome, 5.5 cm in diameter and a dome height of 2 cm, with a barbed
outlet valve to enable vacuum pressure application. The top of the dome was optically transparent
which allowed imaging of the skin below. An approximately 3.5 mm thick layer of elastomeric
material was placed between the probe and the skin to help seal the vacuum pressure area and
distribute pressure from the OCT probe. A circular window (3 cm diameter) was cut from the
elastomeric material over the imaging site.

Table 5.1. Spacer label and thickness. C1 and C2 were the same spacer implemented at

different times in the imaging protocol.

Spacer Label A B C1 C2 E
Height (mm) 3.3 5.7 7.7 7.7 12.6

EV spacers of various thickness (Table 5.1) were used to image at multiple vacuum
pressures. The spacers were used to modulate the location of the focal plane relative to the skin
surface during vacuum application (Figure 5.1). After the EV spacer was in place, vacuum was
applied to the EV attachment dome through a barbed outlet valve by an electronic vacuum pump
controlled by a researcher using a custom LABVIEW program. Tissue displaced towards the OCT
probe. When the papillary plexus was within the desired focal plane, the researcher stopped the
vacuum pump. If the target location fell outside of focus between images, the researcher briefly

activated the pump, returning the tissue to the appropriate level. Thicker spacers required higher
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vacuum pressure to displace the skin the desired distance, allowing images at various vacuum

pressures for each participant.

Figure 5.1. OCT system directed at the posterior aspect of the residual limb.
5.2.3  Image Processing

Custom processing code automatically identified the dermal-epidermal junction and segmented
the range of interest below the papillary plexus for vessel analysis. This process was done manually
when the algorithm was unsuccessful due to hyper-reflection from the glass slide (Participant 2).
Once the region of interest was segmented, a two-dimensional (2D) maximum intensity projection
image of the 3D image was produced with the maximum pixel of each A-line. VAD was based on
these maximum intensity projection images. For quantification, the 2D projection images were
binarized based on a threshold value established for each image set. Intensity values at or above
the threshold were assigned a one and values below the threshold were set to zero. VAD was
calculated by summing the total number of vessel pixels and dividing by the total number of pixels
in the image. Vertical motion artifacts, often from the pulsatile flow of blood, manifest as

horizontal lines in the intensity projection image. These motion artifacts were often quantified as
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vessels. Prior to quantification, processing code automatically identified areas of potential motion
and replaced the affected pixels with zeros. Consequently, these pixels were not included in the
total number of image pixels used in the VAD calculation. All motion artifact corrections were

confirmed visually.

5.2.4  Socket Sensing System

An EV socket sensing system was assembled in order to record limb movement and socket vacuum
pressure at various vacuum settings (Figure 5.2). The limb displacement sensing system included
low-profile inductive distance sensors and a flexible iron-embedded elastomeric liner described in
detail previously [127]. The system was adapted for use in EV sockets from use in adjustable
cable-paneled sockets as described in detail previously [127,140]. In-socket vacuum pressure was
measured between the instrumented socket and the ferrous liner with a Honeywell TruStability
Board Mount Differential Pressure Sensor (Honeywell, Morris Plains, NJ, USA), and a custom,
portable data acquisition unit powered both the socket vacuum pressure sensor and inductive
distance sensors (Figure 5.3).

The inductive distance sensors consisted of a 0.15 mm thin flexible coil antenna (32.0 mm
diameter), a surface-mounted capacitor, and a surface mounted thermistor (at select locations). An
inductive sensing chip (LDC1614, Texas Instruments, Dallas, TX, USA) within the data
acquisition unit powered the sensors. The inductor and capacitor operated as an inductor-capacitor
(LC) tank oscillator. A magnetically permeable target within the sensor’s field reinforced the
inductor and lowered the sensor’s oscillation frequency as the target moved closer to the sensor.
The sensor output (counts) is a ratio of the oscillation frequency to an external reference clock

frequency. The ferrous elastomeric liner was fabricated with a layer of iron-embedded polymer
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between the fabric backing and the standard commercial silicone elastomer. The target layer was
1 mm in thickness, and the polymer was 85% iron by weight.

An instrumented EV socket was fabricated for each participant. A mechanical coordinate
measurement system (FaroArm Platinum, FARO Technologies, Lake Mary, FL, USA) was used
to record each participant’s existing socket. The goal was to duplicate the shape of the participant’s
current socket. Two layups were used to create each instrumented socket. The first consisted of
four layers of Nyglass stockinet (Paceline, Matthews, NC, USA) and epoxy acrylic resin (Paceline,
Matthews, NC, USA). Sensors were placed at eight locations: anterior proximal (AP), anterior
midlimb (AM), anterior inferior (Al), distal end (DE), posterior proximal (PP), posterior midlimb
medial (PM), posterior midlimb lateral (PL), and posterior inferior (PI). Thermistors were used at
the DE, AP, Al, and PL locations to thermally compensate the signal following a test session.
Ferrite shielding was added to the back of each sensor to block electromagnetic interference from
the carbon fiber. Then a single layer of carbon fiber was applied. These locations were selected as
they have been used previously [140] and feature multiple levels of the residual limb, distal,
midlimb, and proximal.

A multi-stage procedure was used to calibrate the sensors [127]. First, a Delrin block was
placed inside a ferrous liner to establish a flat surface at the anterior midlimb section of liner. A
sensor adhered to the arm of a height gauge (Mitutoyo 570-312, Aurora, IL, USA) was
incrementally moved away from the liner surface at steps of 0.25 mm from 0 to 2 mm and 1 mm
from 2 to 15 mm. The sensor was then moved to a height of 20 cm, outside of range of the ferrous
liner. An in-socket calibration was also performed for each participant’s instrumented socket and
corresponding ferrous liner to establish calibration 0 mm offset for the unique socket environment.

A custom silicone bladder with a proximal tubing port was placed inside the ferrous liner. The
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liner was then placed within the instrumented socket and the proximal edge of the liner was rolled
down to cover the outside of the socket. A sealing sleeve was placed over this section of the liner,
sealing the socket environment between the interior socket wall and the liner. Vacuum pressure of
approximately -20 inHg was applied to conform the ferrous liner flush to the wall of the socket.
The silicone bladder was then inflated to 5 psi to further expand the liner to the contours of the
socket to establish the 0 mm measurement value. Prior studies in amputee subjects have shown

error of less than 3% full-scale output following calibration [127].

ANTERIOR

Figure 5.2. Components of the socket sensing system. (A) Ferrous elastomeric liner flipped

inside out to show the layer of magnetic polymer. (B) Single inductive distance sensor. (C)
Instrumented EVsocket featuring the eight inductive distance sensors embedded between layups
of carbon fiber (outside) and Nyglass (inside). (D) Approximate location of the eight inductive
distance sensors in each instrumented EV socket. AP = anterior proximal, AM = anterior
midlimb, Al = anterior inferior, DE = distal end, PP = posterior proximal, PM = posterior

midlimb medial, PL = posterior midlimb lateral.
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EXPULSION
PLATE

ELECTRONIC
VACUUM PUMP

Figure 5.3. Instrumented EV test prosthesis. (A) Socket vacuum pressure sensor. (B)
Expulsion plate between the electronic vacuum pump and distal end of the socket. (C) The data
acquisition unit secured to the pylon of the test prosthesis operates the vacuum pressure sensor

and the inductive distance sensors.
5.25 Residual Limb Fluid Volume

Limb fluid volume was measured in the posterior and anterior regions of the residual limb with a
custom, portable multi-frequency bioimpedance analysis system, allowing continuous (30 Hz
sampling frequency) in-socket measurement of extracellular fluid volume, described previously in
detail [63]. A small electrical current (< 300 pA peak-to-peak between 3kHz and 1 MHz) was
injected to custom, thin electrodes produced with electrically conductive tape (ARCare 8881,
Adhesives Research Incorporated, Glen Rock, PA, USA) and hydrogel (9880, 3M, St. Paul, MN,
USA). Voltage sense electrodes over the region of interest measure electrical changes within the
limb. Electrode positioning is shown in Figure 5.4. Extracellular fluid resistance from the current
and voltage values was determined using De Lorenzo’s form of the Cole model [52]. These
resistances were converted to limb extracellular fluid volume using a geometric volume

conduction model [53,54]. Bioimpedance analysis has been previously used in prosthetic
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applications [10,36,60,62,70,83-85,121] and has been highly correlated to limb segment muscle

volume from magnetic resonance imaging (MRI) [60].

ANTERIOR POSTERIOR

LATERAL MEDIAL LATERAL

Figure 5.4. Electrode positioning for bioimpedance analysis. The current inject electrodes
(I+) are placed perpendicular to the limb axis on the posterior and anterior sides of the limb. The
I- electrode is placed centrally on the distal end. The anterior voltage sensing electrode are
centered over the anterior lateral soft muscle compartment. V+ is at the proximal edge of the
compartment, no higher than the mid-patellar tendon, and V- is at the distal end of the tibia. The
posterior voltage sense electrodes are centered on the limb at the same level as the anterior

electrodes.
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5.2.6  Testing Procedure

This study consisted of two test sessions both conducted at the University of Washington (Figure
5.5). The first session began with informed consent and intake of participant health and prosthesis
information. The research prosthetist evaluated the participant’s activity level and assigned a
Medicare Functional Classification Level (MFCL or K-Level). The interior of the participant’s
socket was scanned using an industrial coordinate measurement system (FaroArm Platinum,
FARO Technologies, Lake Mary, FL, USA). This digital file was used to create a duplicate socket,
implementing established lab protocols [70,121]. The socket was designed to be used with the
LimbLogic EV system (The Ohio WillowWood Company, Mt. Sterling, OH, USA). This is an
electronic EV system mounted below the socket that allows incremental changes to socket vacuum
pressure settings wirelessly using the LimbLogic Communicator and accompanying computer

software. This EV pump has performed well compared to other commercial EV systems [133,144].
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Figure 5.5. Testing procedure executed for each participant.
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While the socket was being scanned, each participant underwent an OCT imaging session.
Before imaging began, participants doffed their socket and liner and lay prone on a hospital bed
for 20 minutes at room temperature in order to acclimate to the lab environment. This acclimation
time is common for studies evaluating skin microcirculation [145,146]. A point centered on the
posterior midlimb was selected as the region of interest for imaging. This region of the residual
limb has the largest instance of soft tissue and allows a relatively large surface for placement of
the OCT EV attachment. The temperature at the posterior aspect of the participant’s residual limb
was measured using a non-contact, infrared thermometer (Minitemp, Raytek, Wilmington, NC,
USA) to ensure skin temperature was not elevated from the socket environment before beginning
imaging. The residual limb and contralateral limb were secured using a vacuum immobilization
cushion (Vak-Lok, CIVCO Radiotherapy, Orange City, IA, USA) to help limit residual limb
movement. Mineral oil and a thin glass slide were placed on the imaging location, and over
approximately three minutes, three baseline images under atmospheric pressure were taken. Then
an incremental EV imaging protocol was conducted in cycles consisting of 2 minutes of EV
imaging and 2 minutes of non-EV imaging (Figure 5.5). A previous study indicated that blood
flow velocity returned to baseline in under 2 minutes following the removal of skin vacuum
pressure [25]. Five cycles were executed using the various EV spacers (Table 5.1) in the following
sequence: A, C1, E, C2, B. Each spacer was removed or exchanged for a smaller spacer for non-
EV imaging. Images were taken approximately every 15 seconds. Preliminary tests showed that
this range of spacers corresponded to vacuum pressures that may be experienced within the socket
based on the benchtop EV model (Chapter 4). Additionally, the magnitude of vacuum pressure
and time the pressure was applied to the skin was below that required to induce injury [126].

Following the imaging protocol and socket scan, the participant’s prosthesis was returned.
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After the instrumented EV socket was fabricated over several weeks, participants returned
to the lab for the second test session. During the second test session, participants were fit to their
instrumented EV prosthesis and ferrous liner by the research prosthetist. Components similar to
those of the participant’s regular prosthesis were used in the assembly of the instrumented EV
prosthesis. Once comfortable, participants sat with their instrumented prosthesis donned for 10
minutes then doffed their prosthesis and liner to allow researchers to instrument their residual limb
with electrodes for bioimpedance analysis. The socket vacuum pressure sensor was connected to
the expulsion plate, which was mounted in line with the EV pump to record socket pressures
throughout the study. The vacuum pressure sensor and data acquisition device were attached to the
pylon (Figure 5.3).

Next, each participant performed an in-lab activity protocol to evaluate limb movement,
limb fluid volume change, and comfort at various socket vacuum pressure settings. The protocol
consisted of seven cycles with each cycle containing four minutes of walking and two minutes of
sitting. The first two minutes of each walking segment were considered the control walk in which
the vacuum system was set to “Standby” (SB) so that it acted as a suction suspension. The second
two minutes of each walking segment was considered the test walk in which the vacuum pressure
was randomized among six different settings (SB, 5, 8, 12, 16, 20). Vacuum pressure changes were
made by a wireless connection to the participant’s EV system. The participants were aware when
the changes were made but were blinded to the test walk vacuum setting. During each sitting
segment, the socket was set to SB, and the vacuum pressure was released. The first cycle of the
protocol was a washout conducted at SB to allow the participant to settle in the socket. All walking
was conducted on a treadmill. With 30 seconds remaining in the control walk, participants were

asked to provide a socket comfort score (SCS). With 30 seconds remaining in the test walk,
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participants were asked to compare their socket comfort with the previous control walk with a
relative socket comfort (RSC) and to provide a numerical socket comfort score (Table 5.2).

Table 5.2. User comfort questions and potential responses. Questions asked in the final 30
seconds of each control walk (SCS) and test walk (SCS, RSC).

Metric Question Responses

On a0 - 10 scale, if O represents the most uncomfortable socket you can imagine, and 10
SCS represents the most comfortable socket, how would you score the comfort of the socket at
this moment?

Whole number
between 0-10

Better
Little Better
No different/Same
Little worse
Worse

Compared to the previous walking segment, would you rate the comfort of your socket as

RSC better, worse, little better, little worse, or no different?

5.2.7  Analysis

Participant data were analyzed individually to determine if effects of EV could be optimized based
on individual cases.

VAD was plotted over time to visualize changes as various vacuum pressures were applied.
The mean VAD at each EV spacer interval was calculated, and these values were plotted to analyze
trends within and between participants. Various metrics (mean, standard deviation, median,
minimum, and maximum) were calculated for vacuum pressure recorded during each EV spacer
interval.

Peak-to-peak (pk/pk) limb displacements were calculated for each test walk as the
difference between the maximum and minimum distance for a step. Minimum values for each
sensor represented limb-socket distance during the stance phase of gait, and the maximum values
represented swing phase. Displacements were calculated for each step beginning with the fifth step

after the start of a walk and ending with the fifth to last step of a walking segment. The steps were
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averaged over the walking segment to obtain one mean displacement value for each vacuum
pressure setting. Mean limb displacement was compared across vacuum pressure settings. The
mean displacement recorded at multiple sensors was averaged based on limb region. The distal
end sensor provided vertical movement information (pistoning). Inferior, midlimb, and proximal
sensors provided anterior and posterior movement along the sagittal plane. Vacuum pressure
during the activity protocol was segmented into steps. Metrics of each step were then calculated
(maximum, minimum, mean, and peak-to-peak) and averaged over each walking segment. Socket
comfort change from the control walk to the test walk for each cycle was calculated.

Limb extracellular fluid volume data during each walking cycle were also segmented into
steps using local limb fluid volume maxima. As with limb displacement data, walking segments
began with the fifth step after the start of a walking segment and ended with the fifth to last step
of a walking segment. Within each step, the minimum limb fluid volume was determined and then
a linear regression was fit to all minima within a segment to determine the rate of limb fluid volume
change within that walking segment. Results were expressed as a percentage of the reference limb

fluid volume calculated as the mean of the minima during in the first 10 steps of the second cycle.

5.3 RESULTS

53.1  Participants

Three individuals with traumatic transtibial amputation participated in this study (Table 5.3). At
time of enrollment, the participants were aged 48.9 years old, 37.6 years old, and 69.5 years old
with 4.5 years, 15.6 years, and 16.8 years, respectively, since amputation. All participants were
male. While no participants had diabetes or vascular disease, Participant 1 had a history of

cardiovascular issues; he had a stroke 6 years prior.
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Table 5.3. Participant characteristics.

ID# Gender MFCL Tobacco (I:D\'/a ?:;S:/s Etiology (yﬁgss) Am?)ll:]t(;ion l\(/lkzs)s I—E(e;:%?t BMI LLeInrgEc)h '\C/Zl:lt'jclzrlzmt))
(years) (cm)

1 M K-3 N N/Y Traumatic 48.9 45 130.0 172.7 43.6 19.0 374

2 M K-4 N N/N Traumatic 37.6 15.6 88.3 189.2 24.7 11.0 31.0

3 M K-3 N N/N Traumatic ~ 69.5 16.8 1045 1803 321 15.0 30.3
Mean 52.0 12.3 107.6 180.8 335 15.0 329
Median 48.9 15.6 1045 1803 321 15.0 31.0
SD 16.2 6.8 21.0 8.3 9.5 4.0 39
Min 37.6 45 88.3 172.7 24.7 11.0 30.3
Max 69.5 16.8 130.0 189.2 436 19.0 374

CV: cardiovascular; M: male; Y: yes, N: no

All participant regularly used WillowWood LimbLogic electronic vacuum systems (Table
5.4). Participant 2 and Participant 3 did not use any prosthetic socks, while Participant 1 used two
WillowWood One gel socks for the study. In his regular prosthesis, Participant 1 used an EV set
point of -6 inHg. Both Participant 2 and Participant 3 used higher set points of -17 inHg and -20
inHg, respectively. EV ranges for testing were set to 4 inHg (the minimum range available), similar
to those that the participants used in their regular prostheses.

Table 5.4. Prosthesis characteristics of participant's regular prosthesis.

Set Range User
ID # EV System EV Type Point ~ang Max Seal Type Socks Liner Foot Type
- (inHg) h
(inHQ) (inHQ)
WillowWood . WillowWood .

1 LimbLogic Electronic -6 4 -10 Inner sleeve 2 gel Alpha Duo Dynamic
2 W'."OWWO.Od Electronic -17 5 -20 Outer sleeve None Ossur Iceross Dynamic

LimbLogic Dermo
3 W'."OWWO.Od Electronic -20 4 -20 Outer sleeve None Ossur Iceross Dynamic

LimbLogic Dermo

For OCT imaging, the same EV spacer intervals were used for each participant; however,

vacuum pressure varied slightly among participants (Table 5.5). Similarly, for the activity

protocol, while EV set points and ranges were consistent between subjects, the settings produced
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different actual vacuum pressure (Table 5.6). The EV set point represented the peak vacuum
pressure at that setting; measured socket vacuum pressures were below this set point.

Table 5.5. OCT vacuum pressure metrics for each EV spacer interval. All values in inHg.

ID # Spacer A C1l E Cc2 B

Mean -0.10 -1.16 -4.09 -0.82 -0.31

SD 0.04 0.08 0.22 0.06 0.04

1 Median -0.10 -1.15 -3.99 -0.81 -0.30
Min -0.20 -1.41 -4.65 -1.14 -0.43

Max 0.01 -0.97 -3.80 -0.59 -0.23

Mean -0.11 -1.87 -6.57 -0.83 -0.17

SD 0.04 0.15 0.16 0.06 0.04

2 Median -0.09 -1.84 -6.55 -0.82 -0.18
Min -0.21 -2.32 -6.91 -1.00 -0.35

Max -0.03 -1.64 -6.31 -0.71 -0.07

Mean -0.03 -1.20 -5.75 -0.58 -0.15

SD 0.03 0.16 0.23 0.06 0.02

3 Median -0.02 -1.17 -5.76 -0.57 -0.15
Min -0.15 -1.58 -6.24 -0.91 -0.23

Max 0.01 -0.91 -5.33 -0.48 -0.08

Table 5.6. Socket vacuum pressures (inHg) measured for each EV test walk. Recorded during
the activity protocol. SB = Standby. Standby setting deactivates the pump but allows air

expulsion through a one-way valve creating suction suspension.

ID # Setting SB 5 8 12 16 20
Mean -2.1 -3.5 -5.3 -8.8 -12.9 -17.1
1 Max 1.5 -0.3 -3.9 -1.7 -12.0 -16.6
Min -5.2 -6.3 -7.2 -9.9 -13.6 -17.5
Pk/Pk 6.7 6.0 3.3 2.2 1.5 1.0
Mean -0.8 -2.4 -5.0 -9.6 -13.2 -17.4
2 Max 0.9 -1.5 -4.4 -9.2 -12.9 -17.2
Min -2.6 -4.7 -7.0 -10.4 -13.7 -17.8
Pk/Pk 3.5 3.2 2.5 1.2 0.8 0.6
Mean -2.6 -4.1 -5.8 -9.3 -13.6 -17.8
3 Max 14 -1.3 -4.3 -8.7 -13.1 -17.5
Min -5.4 -6.4 -71.3 -9.9 -14.0 -18.0
Pk/Pk 6.8 5.2 3.0 1.2 0.9 0.5
532 OCT

Results from OCT imaging are shown in Figure 5.6. For Participant 1, increasing vacuum pressure
on the skin with incrementally larger EV spacers (EV spacers A, C1, and E) progressively

decreased mean VAD below baseline values. Mean VAD reached its lowest value during interval
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E (-4.09 inHQ) at which point vacuum pressures were reduced at C2 and B intervals (-0.82 inHg
and -0.31 inHg, respectively) leading to incremental increases in VAD. Non-EV intervals after
vacuum application each showed an increase in mean VAD compared to the previous interval,
even increasing above baseline following A and C1 intervals.

Participant 2 had a similar reaction to Participant 1 for intervals A (-0.11 inHg) and C1 (-
1.16 inHg) as mean VAD was incrementally decreased below baseline. Unlike Participant 1, non-
EV intervals following A and C1 did not show mean VAD increase above baseline levels. VAD
increased drastically with the application of higher vacuum pressures of interval E (-6.57 inHQ).
Subsequent lower levels of vacuum applications decreased VAD but none below baseline.

Trends from Participant 3 were similar to those of Participant 1. Two of the initial three
EV intervals (A and E) reduced mean VAD below baseline with non-EV responses following A
and C1 increasing perfusion above baseline. The first image of high vacuum application (E, -5.75
inHg) showed an increase in VAD, but values quickly dropped well below baseline. Subsequent
lower vacuum pressures (C2 at -0.58 inHg and B at -0.15 inHg) increased VAD above baseline

though with minimal non-EV responses.
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VAD of the initial baseline (BL) images. Mean VAD values with standard deviation bars are

C1

imaging results for each participant. The dotted lines represent the mean

shown for non-EV and EV interval. Below each plot are select max intensity projection images

for each EV interval with the quantified vessels overlaid in green.

5.3.3  Limb Displacement, Limb Fluid Volume, User Comfort

Increasing vacuum settings resulted in reduced limb movement relative to the socket (Figure 5.7).

For Participant 1, mean pk/pk limb displacement during the test walk with suction suspension (SB)

ranged between 3.22 mm (DE) and 0.10 mm (AP). At the vacuum setting of 20 (-17.1 inHg mean

socket vacuum pressure), limb displacement at all sensed locations had been reduced to below

0.25 mm. Most displacement occurred at the distal end, while mean anterior and posterior

displacement was less than 1 mm for all settings. For Participant 2, the largest displacement values

were noted anteriorly,

reaching 3.47 mm (AM) and 4.16 mm (Al). Displacement recorded at the

posterior sensors was low for all settings with mean displacement not exceeding 0.27 mm. Unlike

Participant 1, the distal

end experienced minimal displacement ranging from 0.26 mm (SB setting,
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-0.8 inHg mean vacuum pressure) to 0.05 mm (20 setting, -17.8 mean vacuum pressure).
Participant 3 showed similar limb displacement trends to Participant 2 particularly regarding
anterior displacement. Al and AM showed the largest displacement at each vacuum setting
between SB and 12. Of the posterior sensors, Pl detected the most displacement at each vacuum
setting.

Relative percent limb movement across the entire range of displacement for each
participant was consistent between limb regions (i.e. distal end, anterior mean, and posterior mean)
and between participants by vacuum setting 12. (Figure 5.8). This corresponded to a mean vacuum
pressure of -8.8 inHg (Participant 1), -9.6 inHg (Participant 2), and -9.3 inHg (Participant 3). Of
the recorded range, limb movement was reduced 81-93%. Additional changes to vacuum setting

from 12 to 20, only accounted for an additional 7-19% reduction in movement.
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Figure 5.7. Mean peak-to-peak (pk/pk) limb displacement. Inductive distance sensor data

from during the test walking segment at each vacuum pressure setting.
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Dotted line and percent represent the percent of movement reduction by the indicated setting.

Anteriorly, limb fluid volume rates of change for Participant 1 were positive at each
vacuum setting (Figure 5.9). Vacuum setting 16 resulted in the only posterior limb fluid volume
loss as well as one of the lowest rates of anterior volume change. Rate of limb fluid volume change
was most positive at the vacuum setting of 12 (mean -8.8 inHg) for both anterior (10.7 %/h) and
posterior channels (7.0 %/h). For Participant 2, posterior rate of limb fluid volume change
increased as the vacuum pressure increased up to vacuum setting 16. At setting 20, posterior limb
fluid volume rate of change decreased slightly. The anterior region showed a less consistent trend.
Settings of 8, 12, and 20 resulted in positive rates of fluid volume change anteriorly, while SB, 5,
and 16 were negative. For Participant 3, posterior rates of limb fluid volume change were negative
for all settings. SB (mean -2.6 inHg) resulted is the lowest rate of loss while vacuum setting 5

(mean -4.1 inHQ) resulted in the highest rate of loss. From settings 5 to 20, posterior rate of volume
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change was gradually reduced, though only slightly. Anterior rates of limb fluid volume loss were
large for vacuum settings SB, 5, and 12 (-14.7 %/h, 17.1 %/h, and -59.3 %/h, respectively), but

minimal for the other settings.
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Figure 5.9. Rate of extracellular limb fluid volume (Vecf) change. Measured during the test

walking segment at each vacuum pressure setting for posterior and anterior limb regions.

Socket comfort scores did not increase by more than 3 for any vacuum pressure setting
compared to the control walks and never decreased comfort relative to the control walks. The
change in SCS from the control walk to the test walk at each setting only increased by one for a
single setting (8, mean -5.3 inHQ) for Participant 1. RSC was reported as “little better”” for vacuum
setting 5, though this did not increase the participant’s SCS. For Participant 2, SCS increased for
vacuum settings of 8 or greater with RSC as “better” for each. Settings SB and 5 resulted in no
change compared to the control walk. SCS changed the most for vacuum settings of 12 and 16.
For Participant 3, SCS increased for each test walk vacuum setting, even for the SB condition in
which the test setting was unchanged from the control setting. Along with the SB, vacuum settings

12 and 16 also increased greatest. RSC was either “little better” or “better” for each setting.
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Figure 5.10. Change in socket comfort score (ASCS) from control to test walk. Relative

socket comfort (RSC) is noted below each setting.

5.4  DISCUSSION

The purpose of this study was to investigate the response of skin perfusion, limb fluid volume,
limb movement, and socket comfort to changes in vacuum pressure in transtibial users of prosthetic
EV systems. Better understanding the connection between the mechanical and physiological
effects due to changes in vacuum pressure may aid clinical implementation of EV technology.

Additionally, prosthetists would be better informed when making changes to socket vacuum

pressure settings.

541 OCT

The application and removal of vacuum pressure to a localized area on the residual limb modulated
skin perfusion as measured by VAD. Often the application of vacuum pressure to the skin resulted
in VAD decreasing below baseline values with higher vacuum pressures resulting in lower
perfusion. However, perfusion for Participant 2 drastically increased with higher vacuum pressure.

In several cases, particularly after the highest vacuum application when perfusion at atmospheric
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pressure was below baseline, the application of vacuum increased skin perfusion. The effect of
different vacuum pressures is likely dependent on the state of perfusion immediately before
vacuum application. This is important because many occlusive forces occur within a prosthetic
socket even during non-weight bearing activities, and tissue vacuum pressure may help to increase
perfusion during these instances.

Often, non-EV images showed increased skin perfusion above baseline. This may be
indicative of a reactive hyperemic response to the vacuum application. Reactive hyperemia is a
physiological response of skin microvasculature resulting in an increase of blood flow following
stress such as vascular occlusion [26]. Despite the elastomeric interface and relatively wide EV
surface, in some cases, this contact pressure from the EV attachment may have been enough to
occlude or partial occlude small vessels in the skin particularly during higher vacuum when skin
is pulled further into the domed EV attachment. This may have resulted in reactive hyperemia
during non-EV imaging. Reactive hyperemia has been studied in EV socket previously. Rink et al.
found that use of EV over 16 weeks attenuated socket-induced reactive hyperemia [20]. Better
characterization of the reactive hyperemia response to different vacuum pressures may provide
insights to tissue health or potential tissue adaptations to EV.

OCT may be used to identify socket vacuum pressures that most benefit perfusion. The EV
socket benchtop model of Chapter 4 demonstrated that as the liner expands to the wall of a socket
during vacuum application, the liner volume change could create vacuum pressure on the
underlying tissue. This tissue vacuum pressure is dependent on the liner expansion volume, thus
socket fit relative to the limb. The principles behind this model may be used to relate vacuum
pressures applied to the skin in this study to socket vacuum pressures based on socket fit. A socket

sensing system as that used here could measure liner expansion before and after vacuum
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application. A simplified geometric model could then be used to estimate liner volume changes

and predict potential tissue vacuum pressures.

5.4.2  Limb Displacement, Limb Fluid Volume, User Comfort

All three participants demonstrated a reduction in limb displacement at all sensor locations as the
vacuum setting was increased. Limb displacement values measured throughout the socket during
the activity protocol were consistent with past research studies involving EV [14,92,94,139] and
other suspension methods [127]. Distal displacement using suction suspension in a study by
Gerschutz et al. was 2.65 £ 1.21 mm [94]. Other average distal displacement values were 0.80 +
0.40 mm, 0.21 £ 0.15 mm, and 0.05 + 0.04 mm for vacuum settings of 8, 14, and 20 respectively.
Previous studies largely focused on distal end displacement; however, displacement at the anterior
midlimb and anterior inferior locations were greater than the displacement on the distal end for
Participant 2 and Participant 3, suggesting angular motion of the limb during walking. Wernke et
al. investigated the horizontal movement within EV sockets during ambulation and found that,
depending on socket fit, horizontal motion attributed 20-50% of total limb motion. Non-vertical
displacement should be an important consideration for future studies regarding limb displacement
and socket fit.

Traditionally, the standard of care is to eliminate motion between the socket and residual
limb [34]. However, rates of limb fluid volume change did not consistently increase positively as
the socket vacuum pressure setting was increased and limb-socket displacement was reduced,
though the posterior region showed limb fluid volume trends that were more consistent compared
to the anterior region, potentially due to increased soft tissue content posteriorly. Additionally,
user comfort did not directly correspond to decreased limb movement or more positive rates of

limb fluid volume change. Thus eliminating all motion with higher vacuum settings was not always
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advantageous for limb fluid volume or comfort. Participant 2 and Participant 3 reported larger
changes in comfort at the higher end of the vacuum settings, loosely corresponding to fluid volume
and limb displacement results. User comfort results suggested limited sensitivity to changes in
vacuum pressure as ASCS did not vary by more than 1 between settings for Participant 1 and
Participant 3. The clinical significance of the recorded limb-socket displacements relative to limb
physiology is unclear. Though limb movement was reduced 81-93% by the vacuum setting of 12,
rates of limb fluid volume change continued to vary at higher settings. This may indicate the
sensitive nature of limb fluid volume or that additional factors beyond limb-socket movement are
influence rates of limb fluid volume change. Since the inductive distance sensors only measured
displacement between the liner and the socket, it is unclear if displacement occurred between the
liner and residual limb, particularly at higher vacuum pressures when the liner was secured to the
wall of the socket. Limb movement relative to the liner may also have physiological implications
to influence comfort and limb fluid volume.

Tissue composition likely played an important role in regional limb displacement
differences. For Participant 2 and Participant 3, the largest displacements occurred in the anterior
region. Conversely, the posterior displacement in all participants was minimal. The posterior
region of the limb contains more muscle tissue, while the anterior region is dominated by the tibia.
During vacuum application, the soft tissue of the posterior residual limb offers less resistance to
the vacuum pressure and is more readily secured to the wall of the socket. The anterior region of
the limb offers more resistance to vacuum pressure, and as the bone moves in an angular motion
during ambulation, posterior soft tissue is compressed, and the liner displaces from the wall of the
socket at the anterior midlimb and anterior inferior locations. Participant 1 had the largest limb by

midlimb circumference and this increased soft tissue may lessened the effect of bone movement
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on anterior limb displacement. Participant 1 also wore two gel socks between the liner and socket
suggesting a poorer socket fit which may have resulted in increased distal end displacement. These
socks may have also influenced perception as SCS changed minimally for Participant 1.
Interestingly, Participant 1’s only increases in SCS came near his regular EV set point.

Walking had been shown as a time of fluid volume recovery in previous studies [123].
Considering both fluid volume channels, maximum recovery for Participant 1 occurred at vacuum
setting 12. For Participant 2, while posterior rates of fluid volume change increased positively
between SB and 16 vacuum settings, anterior rate of volume change was lowest for setting 16.
Vacuum setting of 20 resulted in the lowest combined rates of limb fluid volume loss for
Participant 3. Though not studied here, bone displacement may play a role in the connection
between mechanical and physiological effects of EV. Darter et al. studied axial bone-socket
displacement in EV sockets demonstrating a 1.3 £ 0.2 cm bone-socket displacement between
unloaded and full body weight conditions [93]. As the liner and soft tissue is secured to the wall
of the socket during times of unloading, bone-socket displacement still occurs, potentially
expanding the volume available for fluid recovery within the soft tissue.

Optimal socket vacuum pressure should balance the physiological and mechanical effects
of EV. The current study evaluated short-term effects of different socket vacuum pressures, but
these effects could change later in a day or over several weeks. Additionally, as socket fit degrades
overtime, socket vacuum pressure needs may change. As results from Participant 1 suggest,
reduced socket fit may result in larger distal displacement relative to other locations. As the liner
needs to expand further to reach the socket wall in a poorly fitting socket, residual limb tissue may
experience increased tissue vacuum pressure that may lead to blistering. Being able to not only

adjust socket vacuum pressure, but also socket size, such as with adjustable sockets, may further
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the clinical utility of EV systems. Future investigations should monitor limb displacement over
longer periods with different socket vacuum pressures and socket fits to determine if a control

system would be beneficial to adapt to mechanical and physiological needs of individuals.

54.3 Limitations

The OCT EV imaging in this study focused on localized applications of vacuum pressure;
however, these may not reflect the socket environment when vacuum pressure is applied across
the whole limb. Additionally, the limb was not loaded during imaging, as in a prosthetic socket,
though pressure from the edges of the EV attachment may have partial simulated a loading
condition. We assessed only changes in skin perfusion, but visualization of extracellular fluid such
as lymph could also be of interest and has been recently demonstrated with OCT systems [147].
During the activity protocol with the instrumented EV socket, limb fluid volume rates of
change were recorded over only a short 2-minute walk segment which may have led to inconsistent
results. Limb fluid volume difference between EV and suction suspension were more evident after
multiple hours of activity in a previous study (Chapter 3). Additionally, limb fluid volume has
shown a dependency on previous activity that may have influenced results. Walking was
conducted on a treadmill which may have affected perception of user comfort and the transfer of
ground reaction forces. While care was taken to create an instrumented prosthesis equivalent to
participant’s regular prosthesis, the use of different components and liner may have had an effect
on user perception. In addition to a longer protocol, evaluating the effects of various vacuum

pressures during standing and sitting would be important.
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5.5 CONCLUSION

Tissue vacuum pressure generally decreased skin perfusion but did occasionally increase perfusion
following times of lower perfusion. While the highest vacuum setting did result in the least limb
displacement, a large portion of the total range of movement was eliminated at lower vacuum
settings. Limb fluid volume rates of change did not consistently increase with socket vacuum
pressure setting, but generally increased positively at higher vacuum settings. Changes in vacuum
setting did not result in large changes to socket comfort among any of the participants. Considering
individual responses to each of these variables may lead to optimal vacuum pressure that balances

mechanical and physiological effects of EV.
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Chapter 6. CONCLUSION

6.1 SUMMARY

Evidence-based research regarding elevated vacuum (EV) has become an important issue in the
prosthetics field. This is particularly true given that current clinical recommendations for its use
with regards to residual limb volume management, suspension, and limb health are limited. The
continued clinical use of EV systems emphasizes the importance of understanding the mechanical
and physiological effects of the technology. The development of guidelines and tools through
research will allow practitioners to more effectively apply this technology clinically. The research
presented in this dissertation provides a positive step towards developing evidence-based
recommendations to the clinical use of EV to maximize mechanical and physiological benefits for
prosthesis users.

Chapter 3 of this dissertation evaluated the effectiveness of EV to manage limb fluid
volume in a clinical study. Many previous studies investigating limb volume change with EV have
been limited by out-of-socket volume measurements and short, single-activity protocols.
Bioimpedance analysis was used to measure in-socket residual limb fluid volume change in 12
current EV users across two test sessions, the first while using EV and the second using suction
suspension (SS). Each test session consisted of a 5.5-hour standardized protocol of three cycles
separated by periods of seated rests. The cycles included intervals of low activity (mostly sitting)
and high activity (walking and standing only). Overall rates of fluid volume change were reduced
in at least one limb region in 11 of the 12 participants with EV. Additionally, the median posterior
rate of limb fluid volume change was significantly less during the final cycle of the activity
protocol using EV compared to SS. Residual limb fluid volume management improved with EV

after an accumulation of daily activity, suggesting that high-activity prosthesis users may benefit
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most from EV use. Individual effectiveness of EV to manage limb fluid volume change varied
across participants and activities suggesting that the technology could be more effective if
optimized to the individual based on socket fit or activity type.

A benchtop model of an EV socket was created in Chapter 4 to study the mechanics of EV
components to influence residual limb physiology. The effects of EV socket variables such as liner
properties, socket fit, and socket vacuum pressure on liner expansion and the creation of tissue
vacuum pressure on the residual limb were investigated. A domed carbon fiber layup was used to
represent an EV socket. Dome volume was varied to represent changes to socket fit. Eight liner
samples of various fabric and elastomer composition were placed between the socket and a raised
nylon base. As vacuum pressure was applied to the domed region, liner displacement into the dome
and the pressure change underneath the liner were measured. Tissue vacuum pressure increased
linearly with socket vacuum pressure and then remained constant once liner displacement ceased.
Regardless of liner type and socket vacuum pressure, liner displacement volume was the
determining factor for tissue vacuum pressure, stressing the importance of socket fit in determining
the physiological effect of EV. Additionally, the physiological impact of EV appeared to be
insensitive to liner selection. Predicted tissue vacuum pressure values based on liner volume
displacement and Boyle’s Law matched well with experimental results demonstrating that the
model may be used to identify tissue vacuum pressure based on individual patient characteristics,
prosthetic components, and socket fit. Understanding the resulting physiological effects of EV on
the residual limb could help practitioners avoid blister formation and improve benefits of EV.

Chapter 5 extended from previous studies to evaluate the sensitivity of limb movement,
limb fluid volume, comfort, and skin perfusion to changes in vacuum pressure for three

individuals. Optical coherence tomography (OCT) imaging evaluated the effect of vacuum on skin
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perfusion, finding a potential dependency on the state of perfusion prior to vacuum application.
Instrumented EV sockets were created based on participant’s typical electronic EV socket shape.
Inductive distance sensors were embedded into the walls of the socket at select locations to
measure limb movement relative to the socket. Each participant conducted an activity protocol
while limb movement, limb fluid volume, and self-reported comfort were measured at various
socket vacuum pressure settings. Increased socket vacuum pressure resulted in reduced limb-
socket displacement for each participant; however, most limb movement was eliminated at lower
vacuum pressure settings. Relative limb-socket displacement by sensor location varied for each
participant suggesting unique differences perhaps related to socket fit or residual limb tissue
content. The rate of limb fluid volume changes and the changes to socket comfort did not
consistently increase with socket vacuum pressure, suggesting a more complex relationship
potentially unique to each individual. Practitioners may use individual responses such as these to
optimize socket vacuum pressure settings to balance mechanical and physiological effects of EV

for improved clinical outcomes.

6.2 FUTURE DIRECTIONS

The research presented in this dissertation sought to better understand the physiological and
mechanical effects of EV in people with transtibial amputation. This work progressed towards
developing guidelines for EV use in order to optimize EV systems for individuals based on
mechanical and physiological effects. Some of the potential guidelines identified in this
dissertation relate to user activity, socket sizing and fit, liner selection, and socket vacuum
pressure. Specific studies should be designed to further evaluate the validity of these guidelines
and expand from these studies to larger, more diverse populations. Recommendations should

continue to be refined as additional evidence becomes available. Furthermore, future research
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efforts should continue to evaluate if scientifically-derived optimizations improve user comfort,
functional activity, and overall quality of life, among other clinical outcomes.

This research demonstrated the use of various advanced tools including a benchtop model,
OCT imaging, as well as socket and physiological sensors that may be integrated to clinical care
in the future; however, additional development of these technologies will be required. A
practitioner could use data from these sensors such as limb-socket displacement, socket vacuum
pressure, and limb fluid volume to determine socket vacuum pressure settings instead of relying
on patient-reported comfort. Clinical integration of these measures will require substantial testing
and commercial device development; however, improving the clinical tools available to
prosthetists will advance evidence-based practices. The benchtop model presented in Chapter 4
may also serve as a platform for future development. Advancing the model to better represent the
radial expansion of liners within the prosthetic socket would be a significant improvement over
the current iteration. Concepts from the model may be built into a computational tool that could
then be incorporated into clinical software to help practitioners evaluate socket size and shape for
use in EV systems. Future research could also explore the variations in skin health and how they
are impacted by liner expansion demonstrated by the benchtop model. This research suggested that
individuals respond differently to EV parameters. Further identifying individual characteristics
such as activity level, limb shape and size, and user health that are aligned with EV success will
allow more efficient implementation of EV. The creation of predictive tools that allow
practitioners to know the effects of EV on an individual before building and testing the socket
could save time and money as well as increase patient safety by preventing improper uses that may
cause blistering. These technologies could ultimately lead to better-informed clinical decision

making regarding the use of EV.
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Researchers and device developers may also build from this work to design adaptive EV
technology. This may involve a control system as mentioned in Chapter 4 that can adjust socket
size and vacuum pressure based on physiological and mechanical needs of specific individuals.
These needs may vary depending on user activity (i.e. sitting, standing, walking, or running) or as
socket fit changes over time. This research indicated that changes to relative limb-socket
displacement by sensor location may suggest different levels of socket fit. Further investigation to
the manifestation of poor fit in EV sockets would be needed to inform a control system design.
The effects of changing the socket vacuum pressure and socket size dynamically may have
unintended consequences and should be thoroughly evaluated. Additionally, research on EV
effects on skin health should continue. The development of in-socket tools to evaluate skin health
or indicate areas of skin stress prior to the formation of blisters would improve EV implementation,
particularly for insensate populations. This dissertation evaluated changes to the socket
environment for current EV users and compared the effects of EV against suction suspension.
Research should also focus on the initial introduction of EV from alternative suspensions. The
responses for new EV users may be different from existing users, and this response may change
over time as the body may adapt to EV. This prospect further stresses the importance of sensing
modalities to monitor long-term physiological and mechanical effects of EV and automatically

adjust to avoid harmful situations while maximizing benefits.



[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

115

BIBLIOGRAPHY

Legro MW, Reiber G, del Aguila M, Ajax MJ, Boone DA, Larsen JA, et al. Issues of
importance reported by persons with lower limb amputations and prostheses. J Rehabil
Res Dev 1999;36:155-63.

Sanders JE, Fatone S. Residual limb volume change: Systematic review of measurement
and management. J Rehabil Res Dev 2011;48:949-86. doi:10.1682/JRRD.2010.09.0189.

Sanders JE, Daly CH, Burgess EM. Interface shear stresses during ambulation with a
below-knee prosthetic limb. J Rehabil Res Dev 1992;29:1-8.

Hachisuka K, Dozono K, Ogata H, Ohmine S, Shitama H, Shinkoda K. Total surface
bearing below-knee prosthesis: advantages, disadvantages, and clinical implications. Arch
Phys Med Rehabil 1998;79:783-9.

Ahmad A. PROSTHETIC PROBLEMS OF TRANSTIBIAL AMPUTEE. J Postgrad Med
Inst Peshawar - Pak 2011;23.

Gholizadeh H, Abu Osman NA, Eshraghi A, Ali S, Seevarsson SK, Wan Abas WAB, et al.
Transtibial prosthetic suspension: less pistoning versus easy donning and doffing. J
Rehabil Res Dev 2012;49:1321-30.

Nelson VS, Flood KM, Bryant PR, Huang ME, Pasquina PF, Roberts TL. Limb deficiency
and prosthetic management. 1. Decision making in prosthetic prescription and
management. Arch Phys Med Rehabil 2006;87:S3-9. doi:10.1016/j.apmr.2005.11.022.

Sanders JE, Jacobsen AK, Fergason JR. Effects of fluid insert volume changes on socket
pressures and shear stresses: Case studies from two trans-tibial amputee subjects. Prosthet
Orthot Int 2006;30:257-69. doi:10.1080/03093640600810266.

Pirouzi G, Abu Osman NA, Oshkour AA, Ali S, Gholizadeh H, Abas WABW.
Development of an air pneumatic suspension system for transtibial prostheses. Sensors
2014;14:16754-65. doi:10.3390/s140916754.

Sanders JE, Cagle JC, Harrison DS, Myers TR, Allyn KJ. How does adding and removing
liquid from socket bladders affect residual-limb fluid volume? J Rehabil Res Dev
2013;50:845-59. d0i:10.1682/JRRD.2012.06.0121.

Sanders J, Harrison D, Allyn K, Myers T, Ciol M, Tsai E. How do sock ply changes affect
residual limb fluid volume in people with trans-tibial amputation? J Rehabil Res Dev
2012;49:241-56.

Caspers CA. Hypobarically-Controlled artificial limb for amputees. US5549709 A, 1996.



[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

116

Sanders JE, Harrison DS, Myers TR, Allyn KJ. Effects of elevated vacuum on in-socket
residual limb fluid volume: case study results using bioimpedance analysis. J Rehabil Res
Dev 2011;48:1231-48.

Board WJ, Street GM, Caspers C. A comparison of trans-tibial amputee suction and
vacuum socket conditions. Prosthet Orthot Int 2001;25:202-9.
doi:10.1080/03093640108726603.

Goswami J, Lynn R, Street G, Harlander M. Walking in a vacuum-assisted socket shifts
the stump fluid balance. Prosthet Orthot Int 2003;27:107-13.

Gerschutz MJ, Denune JA, Colvin JM, Schober G. Elevated Vacuum Suspension
Influence on Lower Limb Amputee’s Residual Limb Volume at Different Vacuum
Pressure Settings. J Prosthet Orthot 2010;22:252-256.
d0i:10.1097/JP0.0b013e3181f903df.

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;92:1570-5.
doi:10.1016/j.apmr.2011.05.0109.

Zachariah SG, Saxena R, Fergason JR, Sanders JE. Shape and volume change in the
transtibial residuum over the short term: preliminary investigation of six subjects. J
Rehabil Res Dev 2004;41:683-94.

Kahle JT, Orriola JJ, Johnston W, Highsmith MJ. THE EFFECTS OF VACUUM-
ASSISTED SUSPENSION ON RESIDUAL LIMB PHYSIOLOGY, WOUND
HEALING, AND FUNCTION: A SYSTEMATIC REVIEW. Technol Innov
2014;15:333-41. d0i:10.3727/194982413X13844488879177.

Rink C, Wernke MM, Powell HM, Gynawali S, Schroeder RM, Kim JY, et al. Elevated
vacuum suspension preserves residual-limb skin health in people with lower-limb
amputation: Randomized clinical trial. J Rehabil Res Dev 2016;53:1121-32.
d0i:10.1682/JRRD.2015.07.0145.

Wolthuis RA, LeBlanc A, Carpentier WA, Bergman SA. Response of local vascular
volumes to lower body negative pressure stress. Aviat Space Environ Med 1975;46:697—
702.

Wolthuis RA, Bergman SA, Nicogossian AE. Physiological effects of locally applied
reduced pressure in man. Physiol Rev 1974;54:566-95.

Aratow M, Fortney SM, Watenpaugh DE, Crenshaw AG, Hargens AR. Transcapillary
fluid responses to lower body negative pressure. J Appl Physiol Bethesda Md 1985
1993;74:2763-70.

Mendonca DA, Papini R, Price PE. Negative-pressure wound therapy: a snapshot of the
evidence. Int Wound J 2006;3:261-71. doi:10.1111/}.1742-481X.2006.00266.X.



[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

117

Sundby @H, Hgiseth L@, Mathiesen I, Jargensen JJ, Weedon-Fekjeer H, Hisdal J.
Application of intermittent negative pressure on the lower extremity and its effect on
macro- and microcirculation in the foot of healthy volunteers. Physiol Rep 2016;4:12911.
doi:10.14814/phy2.12911.

Baran U, Swanson E, Sanders JE, Wang RK. OCT-based microangiography for reactive
hyperaemia assessment within residual limb skin of people with lower limb loss. Skin Res
Technol 2018;24:152-5. doi:10.1111/srt.12383.

Gholizadeh H, Lemaire ED, Eshraghi A. The evidence-base for elevated vacuum in lower
limb prosthetics: Literature review and professional feedback. Clin Biomech
2016;37:108-16. doi:10.1016/j.clinbiomech.2016.06.005.

Traballesi M, Delussu AS, Fusco A, losa M, Averna T, Pellegrini R, 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;48:613-23.

Gerschutz MJ, Denune JA, Colvin JM, Schober G, Haynes ML, Dixon D. Technical Notes
on Elevated VVacuum Suspension: Amputee Patient Outcomes Evaluating Patient Verbal
Opinion and Pressure Data. Ohio Willow Wood Tech Note 2011.

Samitier CB, Guirao L, Costea M, Camds JM, Pleguezuelos E. The benefits of using a
vacuum-assisted socket system to improve balance and gait in elderly transtibial
amputees. Prosthet Orthot Int 2016;40:83-8. d0i:10.1177/0309364614546927.

Kuntze Ferreira AE, Neves EB. A comparison of vacuum and KBM prosthetic fitting for
unilateral transtibial amputees using the Gait Profile Score. Gait Posture 2015;41:683-7.
doi:10.1016/j.gaitpost.2015.01.026.

Lower Limb Prosthetic Devices (Including Vacuum-Assisted Socket System and
Microprocessor/ComputerControlled Lower Limb Prostheses). Cigna Med Cover Policy
2013.

Chino N, Pearson JR, Cockrell JL, Mikishko HA, Koepke GH. Negative pressures during
swing phase in below-knee prostheses with rubber sleeve suspension. Arch Phys Med
Rehabil 1975;56:22-6.

Wernke MM, Schroeder RM, Haynes ML, Nolt LL, Albury AW, Colvin JM. Progress
Toward Optimizing Prosthetic Socket Fit and Suspension Using Elevated Vacuum to
Promote Residual Limb Health. Adv Wound Care 2017;6:233-9.
doi:10.1089/wound.2016.0719.

Ziegler-Graham K, MacKenzie EJ, Ephraim PL, Travison TG, Brookmeyer R. Estimating
the prevalence of limb loss in the United States: 2005 to 2050. Arch Phys Med Rehabil
2008;89:422-9. doi:10.1016/j.apmr.2007.11.005.

Sanders JE, Youngblood RT, Hafner BJ, Ciol MA, Allyn KJ, Gardner D, et al. Residual
limb fluid volume change and volume accommodation: Relationships to activity and self-



[37]

[38]

[39]
[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]
[50]

118

report outcomes in people with trans-tibial amputation. Prosthet Orthot Int 2018;42:415—
27.d0i:10.1177/0309364617752983.

Reddi AS. Body Fluid Compartments. Fluid Electrolyte Acid-Base Disord., Springer, New
York, NY; 2014, p. 1-12. d0i:10.1007/978-1-4614-9083-8 1.

Tortora G. Principles of anatomy and physiology. 5th ed. New York: Harper & Row;
1987.

Hargens AR. Tissue Nutrition and Viability. Springer Science & Business Media; 2012.

Aukland K, Reed RK. Interstitial-lymphatic mechanisms in the control of extracellular
fluid volume. Physiol Rev 1993;73:1-78.

Scallan J, Huxley VH, Korthuis RJ. Capillary Fluid Exchange: Regulation, Functions, and
Pathology. San Rafael (CA): Morgan & Claypool Life Sciences; 2010.

Grimnes S, Martinsen O. Bioimpedance and bioelectricity basics. Amsterdam: Elsevier
Ltd; 2008.

Khalil SF, Mohktar MS, Ibrahim F. The Theory and Fundamentals of Bioimpedance
Analysis in Clinical Status Monitoring and Diagnosis of Diseases. Sensors
2014;14:10895-928. d0i:10.3390/5s140610895.

Lukaski HC. Evolution of bioimpedance: a circuitous journey from estimation of
physiological function to assessment of body composition and a return to clinical research.
Eur J Clin Nutr 2013;67 Suppl 1:S2-9. doi:10.1038/ejcn.2012.149.

Lukaski HC. Biological indexes considered in the derivation of the bioelectrical
impedance analysis. Am J Clin Nutr 1996;64:397S-404S.

Buchholz AC, Bartok C, Schoeller DA. The validity of bioelectrical impedance models in
clinical populations. Nutr Clin Pract Off Publ Am Soc Parenter Enter Nutr 2004;19:433—
46. doi:10.1177/0115426504019005433.

Nyboer J. Workable volume and flow concepts of bio-segments by electrical impedance
plethysmography. T--T J Life Sci 1972;2:1-13.

Kyle UG, Bosaeus I, De Lorenzo AD, Deurenberg P, Elia M, Gomez JM, et al.
Bioelectrical impedance analysis--part I: review of principles and methods. Clin Nutr
Edinb Scotl 2004;23:1226-43. doi:10.1016/j.clnu.2004.06.004.

Cole KS, Li CL, Bak AF. Electrical analogues for tissues. Exp Neurol 1969;24:459-73.
Organ LW, Bradham GB, Gore DT, Lozier SL. Segmental bioelectrical impedance

analysis: theory and application of a new technique. J Appl Physiol Bethesda Md 1985
1994;77:98-112.



[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

119

Weyer S, Rothlingshofer L, Walter M, Leonhardt S, Bensberg R. Evaluation of
Bioimpedance Spectroscopy for the Monitoring of the Fluid Status in an Animal Model.
2012 Ninth Int. Conf. Wearable Implant. Body Sens. Netw., 2012, p. 22—-7.
d0i:10.1109/BSN.2012.25.

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
Bethesda Md 1985 1997;82:1542-58.

Hanai T, Koizumi N, Gotoh R. Dielectric properties of emulsions. Kolloid-Z Z Fir Polym
1962;184:143-8. d0i:10.1007/BF01795086.

Fenech M, Jaffrin MY. Extracellular and intracellular volume variations during postural
change measured by segmental and wrist-ankle bioimpedance spectroscopy. IEEE Trans
Biomed Eng 2004;51:166—75. doi:10.1109/TBME.2003.820338.

Kyle UG, Bosaeus I, De Lorenzo AD, Deurenberg P, Elia M, Manuel Gomez J, et al.
Bioelectrical impedance analysis-part Il: utilization in clinical practice. Clin Nutr Edinb
Scotl 2004;23:1430-53. doi:10.1016/j.cInu.2004.09.012.

Earthman C, Traughber D, Dobratz J, Howell W. Bioimpedance spectroscopy for clinical
assessment of fluid distribution and body cell mass. Nutr Clin Pract Off Publ Am Soc
Parenter Enter Nutr 2007;22:389-405. doi:10.1177/0115426507022004389.

Miyatani M, Kanehisa H, Masuo Y, Ito M, Fukunaga T. Validity of estimating limb
muscle volume by bioelectrical impedance. J Appl Physiol Bethesda Md 1985
2001;91:386-94.

Zhu F, Schneditz D, Wang E, Levin NW. Dynamics of segmental extracellular volumes
during changes in body position by bioimpedance analysis. J Appl Physiol Bethesda Md
1985 1998;85:497-504.

Thomas BJ, Cornish BH, Ward LC, Patterson MA. A comparison of segmental and wrist-
to-ankle methodologies of bioimpedance analysis. Appl Radiat Isot Data Instrum Methods
Use Agric Ind Med 1998;49:477-8.

Sanders JE, Rogers EL, Abrahamson DC. Assessment of residual-limb volume change
using bioimpedence. J Rehabil Res Dev 2007;44:525-35.

Sanders J, Moehring M, Rothlisberger T, Phillips R, Hartley T, Dietrich C, et al. A
Bioimpedance Analysis Platform for Amputee Residual Limb Assessment. IEEE Trans
Biomed Eng 2016;63:1760-70. doi:10.1109/TBME.2015.2502060.

Youngblood RT, Hafner BJ, Allyn KJ, Cagle JC, Hinrichs P, Redd C, 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;43:28-38.
doi:10.1177/0309364618785729.



[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

120

Hinrichs P, Cagle JC, Sanders JE. A portable bioimpedance instrument for monitoring
residual limb fluid volume in people with transtibial limb loss: A technical note. Med Eng
Phys 2019;68:101-7. doi:10.1016/j.medengphy.2019.04.002.

Golbranson FL, Wirta RW, Kuncir EJ, Lieber RL, Oishi C. Volume changes occurring in
postoperative below-knee residual limbs. J Rehabil Res Dev 1988;25:11-8.

Lilja M, Johansson S, Oberg T. Relaxed versus activated stump muscles during casting for
trans-tibial prostheses. Prosthet Orthot Int 1999;23:13-20.
d0i:10.3109/03093649909071606.

Fernie GR, Holliday PJ. Volume fluctuations in the residual limbs of lower limb
amputees. Arch Phys Med Rehabil 1982;63:162-5.

Boonhong J. Correlation between volumes and circumferences of residual limb in below
knee amputees. J Med Assoc Thail Chotmaihet Thangphaet 2006;89 Suppl 3:S1-4.

Nawijn SE, van der Linde H, Emmelot CH, Hofstad CJ. Stump management after trans-
tibial amputation: a systematic review. Prosthet Orthot Int 2005;29:13-26.
d0i:10.1080/17461550500066832.

Sanders JE, Harrison DS, Allyn KJ, Myers TR. Clinical utility of in-socket residual limb
volume change measurement: case study results. Prosthet Orthot Int 2009;33:378-90.
d0i:10.3109/03093640903214067.

Sanders JE, Youngblood RT, Hafner BJ, Cagle JC, McLean JB, Redd CB, et al. Effects of
socket size on metrics of socket fit in trans-tibial prosthesis users. Med Eng Phys
2017;44:32-43. doi:10.1016/j.medengphy.2017.03.003.

Sanders JE, Cagle JC, Allyn KJ, Harrison DS, Ciol MA. How do walking, standing, and
resting influence transtibial amputee residual limb fluid volume? J Rehabil Res Dev
2014;51:201-12. doi:10.1682/JRRD.2013.04.0085.

Huang S, Ferris DP. Muscle activation patterns during walking from transtibial amputees
recorded within the residual limb-prosthetic interface. J NeuroEngineering Rehabil
2012;9:55. d0i:10.1186/1743-0003-9-55.

Fernie GR, Holliday PJ, Lobb RJ. An instrument for monitoring stump oedema and
shrinkage in amputees. Prosthet Orthot Int 1978;2:69-72.
doi:10.1080/03093647809177770.

Starr TW. A computerized device for the volumetric analysis of the residual limbs of
amputees. Bull Prosthet Res 1980;10-33:98-102.

Commean PK, Smith KE, Cheverud JM, Vannier MW. Precision of surface measurements
for below-knee residua. Arch Phys Med Rehabil 1996;77:477-86.



[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

121

Schreiner RE, Sanders JE. A silhouetting shape sensor for the residual limb of a below-
knee amputee. IEEE Trans Rehabil Eng 1995;3:242-53. d0i:10.1109/86.413197.

Smith KE, Commean PK, Bhatia G, Vannier MW. Validation of spiral CT and optical
surface scanning for lower limb stump volumetry. Prosthet Orthot Int 1995;19:97-107.
d0i:10.3109/03093649509080351.

Commean PK, Smith KE, Vannier MW. Design of a 3-D surface scanner for lower limb
prosthetics: a technical note. J Rehabil Res Dev 1996;33:267—78.

Fernie GR, Griggs G, Bartlett S, Lunau K. Shape sensing for computer aided below-knee
prosthetic socket design. Prosthet Orthot Int 1985;9:12-6.
d0i:10.3109/03093648509164818.

Lilja M, Oberg T. Volumetric determinations with CAD/CAM in prosthetics and
orthotics: errors of measurement. J Rehabil Res Dev 1995;32:141-8.

Johansson S, Oberg T. Accuracy and precision of volumetric determinations using two
commercial CAD systems for prosthetics: a technical note. J Rehabil Res Dev
1998;35:27-33.

Buis AWP, Condon B, Brennan D, McHugh B, Hadley D. Magnetic resonance imaging
technology in transtibial socket research: a pilot study. J Rehabil Res Dev 2006;43:883—
90.

Sanders JE, Harrison DS, Cagle JC, Myers TR, Ciol MA, Allyn KJ. Post-doffing residual
limb fluid volume change in people with trans-tibial amputation. Prosthet Orthot Int
2012;36:443-9. d0i:10.1177/0309364612444752.

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;49:241-56.

Sanders JE, Hartley TL, Phillips RH, Ciol MA, Hafner BJ, Allyn KJ, et al. Does
temporary socket removal affect residual limb fluid volume of trans-tibial amputees?
Prosthet Orthot Int 2016;40:320-8. d0i:10.1177/0309364614568413.

Sanders JE, Murthy R, Cagle JC, Allyn KJ, Phillips RH, Otis BP. Device to monitor sock
use in people using prosthetic limbs: Technical report. J Rehabil Res Dev 2012;49:1229.
doi:10.1682/JRRD.2011.09.01609.

Sanders JE, Cagle JC, Harrison DS, Karchin A. Amputee socks: how does sock ply relate
to sock thickness? Prosthet Orthot Int 2012;36:77-86. doi:10.1177/0309364611431290.

Cagle JC, Yu AJ, Ciol MA, Sanders JE. Amputee socks: thickness of multiple socks.
Prosthet Orthot Int 2014;38:405-12. doi:10.1177/0309364613506915.



[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

[98]

[99]

[100]

122

Cagle JC, D’Silva KJ, Hafner BJ, Harrison DS, Sanders JE. Amputee socks: Sock
thickness changes with normal use. Prosthet Orthot Int 2016;40:329-35.
doi:10.1177/0309364614568412.

Street, G.M. Vacuum suspension and its effects on the limb. Orthop-Tech Q Engl Ed
2006;1V:1-6.

Murphy D. Fundamentals of amputation care and prosthetics. New York, NY: Demos
Medical Publishing; 2014.

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;92:1570-5.
doi:10.1016/j.apmr.2011.05.019.

Darter BJ, Sinitski K, Wilken JM. Axial bone-socket displacement for persons with a
traumatic transtibial amputation: The effect of elevated vacuum suspension at progressive
body-weight loads. Prosthet Orthot Int 2016;40:552—7. doi:10.1177/0309364615605372.

Gerschutz MJ, Hayne ML, Colvin JM, Denune JA. Dynamic Effectiveness Evaluation of
Elevated Vacuum Suspension: J Prosthet Orthot 2015;27:161-5.
d0i:10.1097/JP0.0000000000000077.

Ferraro C. Outcomes Study of Transtibial Amputees Using Elevated Vacuum Suspension
in Comparison With Pin Suspension. JPO J Prosthet Orthot 2011;23:78.
d0i:10.1097/JP0.0b013e3182173b83.

Sutton E, Hoskins R, Fosnight T. Using Elevated Vacuum to Improve Functional
Outcomes: A Case Report. JPO J Prosthet Orthot 2011;23:184-189.
d0i:10.1097/JP0.0b013e3182346975.

Arndt B, Caldwell R, Fatone S. Use of a Partial Foot Prosthesis With Vacuum-Assisted
Suspension: A Case Study. JPO J Prosthet Orthot 2011;23:82.
doi:10.1097/JP0O.0b013e318217e5f7.

Carvalho JA, Mongon MD, Belangero WD, Livani B. A case series featuring extremely
short below-knee stumps. Prosthet Orthot Int 2012;36:236-8.
d0i:10.1177/0309364611430535.

Rink CL, Wernke MM, Powell HM, Tornero M, Gnyawali SC, Schroeder RM, et al.
Standardized Approach to Quantitatively Measure Residual Limb Skin Health in
Individuals with Lower Limb Amputation. Adv Wound Care 2017;6:225-32.
doi:10.1089/wound.2017.0737.

Gerschutz MJ, Schober G, Denune JA, Colvin JM, Haynes ML. Elevated Vacuum:
Residual Limb Skin’s Exposure to Air Pressure. 39th Acad. Annu. Meet. Sci. Symp.,
Orlando, Florida: 2013.



123

[101] Beil TL, Street GM, Covey SJ. Interface pressures during ambulation using suction and
vacuum-assisted prosthetic sockets. J Rehabil Res Dev 2002;39:693—700.

[102] Legro MW, Reiber GD, Smith DG, del Aguila M, Larsen J, Boone D. Prosthesis
evaluation questionnaire for persons with lower limb amputations: assessing prosthesis-
related quality of life. Arch Phys Med Rehabil 1998;79:931-8.

[103] Murray J. On the local and general influence on the body, of increased and diminished
atmospheric pressure. The Lancet 1835:909-17.

[104] Sinkowitz SJ, Gottlieb I. Thromboangiitis obliterans: the conservative treatment by Bier’s
hyperemic suctions apparatus. JAMA 1917;68:961-3.

[105] Skagen K, Henriksen O. Changes in subcutaneous blood flow during locally applied
negative pressure to the skin. Acta Physiol Scand 1983;117:411-4. doi:10.1111/j.1748-
1716.1983.tb00014 .x.

[106] Herrmann LG, Reid MR. PASSIVE VASCULAR EXERCISES: TREATMENT OF
PERIPHERAL OBLITERATIVE ARTERIAL DISEASES BY RHYTHMIC
ALTERNATION OF ENVIRONMENTAL PRESSURE. Arch Surg 1934;29:697—-704.
doi:10.1001/archsurg.1934.01180050002001.

[107] Takats G de. OBLITERATIVE VASCULAR DISEASE: PRELIMINARY REPORT ON
TREATMENT BY ALTERNATING NEGATIVE AND POSITIVE PRESSURE. J Am
Med Assoc 1934;103:1920-4. doi:10.1001/jama.1934.02750510022006.

[108] Caro CG, Foley TH, Sudlow MF. Early effects of abrupt reduction of local pressure on the
forearm and its circulation. J Physiol 1968;194:645-58.

[109] Smyth CN. Effect of suction on blood-flow in ischaemic limbs. Lancet Lond Engl
1969;2:657-9.

[110] Rein EB, Filtvedt M, Wallge L, Raeder JC. Hypothermia during laparotomy can be
prevented by locally applied warm water and pulsating negative pressure. Br J Anaesth
2007;98:331-6. d0i:10.1093/bja/ael369.

[111] Sundby @H, Haiseth L@, Mathiesen I, Weedon-Fekjar H, Sundhagen JO, Hisdal J. The
acute effects of lower limb intermittent negative pressure on foot macro- and
microcirculation in patients with peripheral arterial disease. PLOS ONE
2017;12:e0179001. doi:10.1371/journal.pone.0179001.

[112] Morykwas MJ, Argenta LC, Shelton-Brown EI, McGuirt W. Vacuum-assisted closure: a
new method for wound control and treatment: animal studies and basic foundation. Ann
Plast Surg 1997;38:553-62.

[113] Chen S-Z, Li J, Li X-Y, Xu L-S. Effects of Vacuum-assisted Closure on Wound
Microcirculation: An Experimental Study. Asian J Surg 2005;28:211-7.
doi:10.1016/S1015-9584(09)60346-8.



[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

124

Ichioka S, Watanabe H, Sekiya N, Shibata M, Nakatsuka T. A technique to visualize
wound bed microcirculation and the acute effect of negative pressure. Wound Repair
Regen Off Publ Wound Heal Soc Eur Tissue Repair Soc 2008;16:460-5.
doi:10.1111/j.1524-475X.2008.00390.x.

Timmers MS, Le Cessie S, Banwell P, Jukema GN. The effects of varying degrees of
pressure delivered by negative-pressure wound therapy on skin perfusion. Ann Plast Surg
2005;55:665-71.

Wackenfors A, Sjogren J, Gustafsson R, Algotsson L, Ingemansson R, Malmsjé M.
Effects of vacuum-assisted closure therapy on inguinal wound edge microvascular blood
flow. Wound Repair Regen 2004;12:600—6. doi:10.1111/j.1067-1927.2004.12602.x.

Borgquist O, Ingemansson R, Malmsjé M. Wound edge microvascular blood flow during
negative-pressure wound therapy: examining the effects of pressures from -10 to -175
mmHg. Plast Reconstr Surg 2010;125:502-9. doi:10.1097/PRS.0b013e3181c82¢elf.

Petzina R, Gustafsson L, Mokhtari A, Ingemansson R, Malmsjé M. Effect of vacuum-
assisted closure on blood flow in the peristernal thoracic wall after internal mammary
artery harvesting. Eur J Cardio-Thorac Surg Off J Eur Assoc Cardio-Thorac Surg
2006;30:85-9. doi:10.1016/j.ejcts.2006.04.009.

Birke-Sorensen H, Malmsjo M, Rome P, Hudson D, Krug E, Berg L, et al. Evidence-
based recommendations for negative pressure wound therapy: Treatment variables
(pressure levels, wound filler and contact layer) — Steps towards an international
consensus. J Plast Reconstr Aesthet Surg 2011;64:S1-16. doi:10.1016/j.bjps.2011.06.001.

Sanders JE, Zachariah SG, Jacobsen AK, Fergason JR. Changes in interface pressures and
shear stresses over time on trans-tibial amputee subjects ambulating with prosthetic limbs:
comparison of diurnal and six-month differences. J Biomech 2005;38:1566—73.
doi:10.1016/j.jbiomech.2004.08.008.

Brzostowski JT, Larsen BG, Youngblood RT, Ciol MA, Hafner BJ, Gurrey CJ, et al.
Adjustable sockets may improve residual limb fluid volume retention in transtibial
prosthesis users. Prosthet Orthot Int 2019;43:250-6. doi:10.1177/0309364618820140.

Sanders JE, Harrison DS, Myers TR, Allyn KJ. Effects of elevated vacuum on in-socket
residual limb fluid volume: case study results using bioimpedance analysis. J Rehabil Res
Dev 2011;48:1231-48.

Sanders J, Cagle J, Allyn K, Harrison D, Ciol M. How do activities walking, standing, and
resting influence trans-tibial amputee residual limb fluid volume? J Rehabil Res Dev
2014;51:201-12. doi:10.1682/JRRD.2013.04.0085.

MD DM. Fundamentals of Amputation Care and Prosthetics. Demos Medical Publishing;
2013.



125

[125] Hatje LK, Richter C, Blume-Peytavi U, Kottner J. Blistering time as a parameter for the
strength of dermoepidermal adhesion: a systematic review and meta-analysis. Br J
Dermatol 2015;172:323-30. d0i:10.1111/bjd.13298.

[126] Gupta S, Kumar B. Suction Blister Induction Time: 15 minutes or 150 minutes? Dermatol
Surg 2000;26:754—7. doi:10.1046/j.1524-4725.2000.00050.x.

[127] Henrikson KM, Weathersby EJ, Larsen BG, Cagle JC, McLean JB, Sanders JE. An
Inductive Sensing System to Measure In-Socket Residual Limb Displacements for People
Using Lower-Limb Prostheses. Sensors 2018;18. doi:10.3390/s18113840.

[128] Hafner BJ, Cagle J, Allyn KJ, Sanders JE. Elastomeric liners for people with transtibial
amputation: survey of prosthetists’ clinical practices. Prosthet Orthot Int 2017;41:149-56.
d0i:10.1177/0309364616661256.

[129] Cagle JC, Hafner BJ, Taflin N, Sanders JE. Characterization of Prosthetic Liner Products
for People with Transtibial Amputation. J Prosthet Orthot 2018;30:187-99.

[130] Cagle JC, Reinhall PG, Hafner BJ, Sanders JE. Development of Standardized Material
Testing Protocols for Prosthetic Liners. J Biomech Eng 2017;139. doi:10.1115/1.4035917.

[131] Ryu HS, Joo YH, Kim SO, Park KC, Youn SW. Influence of age and regional differences
on skin elasticity as measured by the Cutometer®. Skin Res Technol 2008;14:354-8.
d0i:10.1111/j.1600-0846.2008.00302.x.

[132] Ahmadzadeh SMH, Hukins DW. Feasibility of using mixtures of silicone elastomers and
silicone oils to model the mechanical behaviour of biological tissues. Proc Inst Mech Eng
[H] 2014;228:730-4. d0i:10.1177/0954411914540138.

[133] Komolafe O, Wood S, Caldwell R, Hansen A, Fatone S. Methods for characterization of
mechanical and electrical prosthetic vacuum pumps. J Rehabil Res Dev 2013;50:1069-78.
doi:10.1682/JRRD.2012.11.0204.

[134] Huang D, Swanson EA, Lin CP, Schuman JS, Stinson WG, Chang W, et al. Optical
coherence tomography. Science 1991;254:1178-81.

[135] Chen C-L, Wang RK. Optical coherence tomography based angiography [Invited].
Biomed Opt Express 2017;8:1056—82. doi:10.1364/BOE.8.001056.

[136] Allen J, Howell K. Microvascular imaging: techniques and opportunities for clinical
physiological measurements. Physiol Meas 2014;35:R91-141. doi:10.1088/0967-
3334/35/7/R91.

[137] Carvalho JCO, Palero JA, Jurna M. Real-time imaging of suction blistering in human skin
using optical coherence tomography. Biomed Opt Express 2015;6:4790-5.
doi:10.1364/BOE.6.004790.



[138]

[139]

[140]

[141]

[142]

[143]

[144]

[145]

[146]

[147]

126

LimbLogic | WillowWood | Free the body. Free the spirit. WillowWood n.d.
https://mww.willowwoodco.com/products-services/elevated-vacuum/limblogic/ (accessed
March 3, 2018).

Wernke M, McGough J, Albury A, Denune J, Doddroe C, Colvin J, et al. Multiaxial in-
socket movement and its relationship to fit. 44th Acad. Annu. Meet. Sci. Symp., New
Orleans, LA: 2018.

McLean JB, Redd CB, Larsen BG, Garbini JL, Brzostowski JT, Hafner BJ, et al. Socket
size adjustments in people with transtibial amputation: Effects on residual limb fluid
volume and limb-socket distance. Clin Biomech 2019;63:161-71.
doi:10.1016/j.clinbiomech.2019.02.022.

Petrofsky JS. Resting Blood Flow in the Skin: Does It Exist, and What Is the Influence of
Temperature, Aging, and Diabetes? J Diabetes Sci Technol 2012;6:674-85.

Braverman IM. The cutaneous microcirculation. J Investig Dermatol Symp Proc
2000;5:3-9. d0i:10.1046/j.1087-0024.2000.00010.x.

Choi WJ, Reif R, Yousefi S, Wang RK. Improved microcirculation imaging of human
skin in vivo using optical microangiography with a correlation mapping mask. J Biomed
Opt 2014;19:36010. doi:10.1117/1.JB0.19.3.036010.

Major MJ, Caldwell R, Fatone S. Comparative Effectiveness of Electric Vacuum Pumps
for Creating Suspension in Transfemoral Sockets: J Prosthet Orthot 2015;27:149-53.
d0i:10.1097/JP0.0000000000000073.

Santesson P, Lins P-E, Kalani M, Adamson U, Lelic I, von Wendt G, et al. Skin
microvascular function in patients with type 1 diabetes: An observational study from the
onset of diabetes. Diab VVasc Dis Res 2017;14:191-9. do0i:10.1177/1479164117694463.

Iredahl F, Lofberg A, Sjoberg F, Farnebo S, Tesselaar E. Non-Invasive Measurement of
Skin Microvascular Response during Pharmacological and Physiological Provocations.
PLOS ONE 2015;10:e0133760. doi:10.1371/journal.pone.0133760.

Baran U, Qin W, Qi X, Kalkan G, Wang RK. OCT-based label-free in vivo
lymphangiography within human skin and areola. Sci Rep 2016;6. doi:10.1038/srep21122.



VITA

Robert Tyler Youngblood
Bioengineering, University of Washington, Seattle, WA

EDUCATION
University of Washington
PhD in Bioengineering (2019)

Clemson University
BS in Bioengineering (2014)

AWARDS & HONORS

Husky 100 Awardee (2018)

Health Innovation Challenge Finalist (2019)

Health Innovation Challenge Prototype Funding (2018, 2019)

PUBLICATIONS

1. Brzostowski JT, Larsen BG, Youngblood RT, Ciol MA, Hafner BJ, Gurrey CJ, et al.
Adjustable sockets may improve residual limb fluid volume retention in transtibial prosthesis

users. Prosthet Orthot Int 2019:43:250-6.

2. Youngblood RT, Hafner BJ, Allyn KJ, Cagle JC, Hinrichs P, Redd C, 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;43:28-38.

3. Sanders JE, Youngblood RT, Hafner BJ, Ciol MA, Allyn KJ, Gardner D, et al. Residual limb
fluid volume change and volume accommodation: Relationships to activity and self-report
outcomes in people with trans-tibial amputation. Prosthet Orthot Int 2018;42:415-27.

4. Youngblood RT, Allyn KA, Sanders JE. Computer manufactured inserts for prosthetic sockets:
a new tool for long-term prosthesis sensing. Academy Today 2017;13:10-13.

5. Sanders JE, Youngblood RT, Hafner BJ, Cagle JC, McLean JB, Redd CB, et al. Effects of
socket size on metrics of socket fit in trans-tibial prosthesis users. Med Eng Phys

2017;44:32-43.



