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Abstract

Several measurements can be used to assess lower limb lymphedema (LLL), but knowledge of their
reliability is limited. Moderate intensity exercise has many health benefits, but there is lack of knowledge
about its benefits and feasibility in persons with mild to moderate LLL.

The overall aim of this thesis was to increase the knowledge about appropriate measurement methods
to assess lymphedema in persons with primary or secondary LLL, to evaluate the test-retest reliability of
those measurements and the benefit and feasibility of moderate intensity bicycling exercise.

In study |, 61 healthy persons were measured twice, two weeks apart with CMs every 4" cm for volume
and tissue dielectric constant (TDC) at 14 points for local tissue water. In study Il, 42 persons with LLL
were measured twice, two weeks apart with CMs, TDC and arm-leg impedance ratio for extracellular
fluid (ECF). Test-retest reliability including measurement errors were evaluated. In study Ill, CMs every
4" cm (V4), every 8" cm (V8) and every 12" cm (V12) were used. The agreement between
measurements was evaluated with Intraclass Correlation Coefficients (ICCs), Bland-Altman graphs, and
test-retest reliability with the same statistics as in study | and Il. In study IV, 33 persons with LLL were
randomized to moderate intensity bicycling exercise (intervention group, IG, n=21), 3-5 times per week
for 8 weeks or usual daily activity (control group, CG, n=12). Primary outcomes were volume, local tissue
water and ECF. Secondary outcomes were physical fitness, health-related quality of life (HRQOL) and
lymphedema-related disability. Feasibility was evaluated with compliance and adverse events.
Nonparametric statistical analyses were performed.

In healthy persons, reliability for CMs was high and measurement errors low. For TDC, reliability was fair
to excellent in women and poor to excellent in men. Measurement errors were acceptable except three
points in men (study I). In persons with LLL, reliability for CMs was high and measurement errors low.
For TDC, reliability was fair to excellent and measurement errors acceptable. For impedance ratio,
reliability was high and measurement errors acceptable (study Il). In study Ill, the agreement was higher
between the V4 and V8 methods than between the V4 and V12. Reliability was high for all three methods
and measurement errors low. Twenty-seven participants (IG, n=16, CG, n=11) completed study IV. A
significant difference between the groups (p=0.05) regarding lymphedema-related disability in favour of
the IG was found, but not in any other outcomes. Within the 1G, significant decrease in ECF R(0) (p<0.05)
and improvements in TDC (p<0.05), VO2max (p<0.05) and HRQOL (p<0.05) were found, but no changes
in the CG. The exercise protocol was well tolerated and adhered to, with few adverse events.

In conclusion, several measurement methods for lower limbs in healthy persons and in persons with LLL
are reliable and recommended. The V8 method can replace the V4 method to save time. Moderate
intensity bicycling exercise is beneficial and feasible in persons with LLL.

Key words: lower extremity, healthy volunteers, lower limb lymphedema, intra-rater reliability,
circumferential measurements, outcome measures, bicycling exercise, moderate intensity
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Abstract

Several measurements can be used to assess lower limb lymphedema (LLL), but
knowledge of their reliability is limited. Moderate intensity exercise has many
health benefit, but there is lack of knowledge about the benefits and feasibility in
persons with mild to moderate LLL.

The overall aim of this thesis was to increase knowledge about appropriate
measurement methods to assess lymphedema in persons with primary or secondary
LLL, to evaluate the test-retest reliability of those measurements and the benefit and
feasibility of moderate intensity bicycling exercise.

In study I, 61 healthy persons were measured twice, two weeks apart with
circumferential measurements (CMs) every 4™ cm for volume and tissue dielectric
constant (TDC) at 14 points for local tissue water. In study II, 42 participants with
LLL were measured twice, two weeks apart with CMs, TDC and arm-leg impedance
ratio for extracellular fluid (ECF). Test-retest reliability including measurement
errors were evaluated. In study III, CMs every 4™ cm (V4), every 8" cm (V8) and
every 12" cm (V12) were compared. The agreement between measurements was
evaluated with ICCs, Bland-Altman graphs, and test-retest reliability with the same
statistics as in study I and II. In study IV, 33 persons with LLL were randomized to
moderate intensity bicycling exercise (intervention group, IG, n=21), 3-5 times per
week for 8 weeks or usual daily activity (control group, CG, n=12). Primary
outcomes were volume, local tissue water and ECF. Secondary outcomes were
physical fitness, health-related quality of life and lymphedema-related disability.
Feasibility was evaluated with compliance and adverse events. Nonparametric
statistical analyses were performed.

In healthy persons, reliability for CMs was high and measurement errors low. For
TDC, reliability was fair to excellent in women and poor to excellent in men.
Measurement errors were acceptable except for three points in men (study I). In
persons with LLL, reliability for CMs was high and measurement errors low. For
TDC, reliability was fair to excellent and measurement errors acceptable. For
impedance ratio, reliability was high and measurement errors acceptable (study II).
In study III, the agreement was higher between the V4 and V8 methods than
between the V4 and VI12. Reliability was high for all three methods and
measurement errors low. Twenty-seven participants (IG, n=16, CG, n=11)
completed study IV. A significant difference between the groups (p=0.05) regarding
lymphedema-related disability in favour of the IG was found, but not in any other
outcomes. Within the IG, significant decrease in ECF R(0) (p<0.05) and
improvements in TDC (p<0.05), VO2 max (p<0.05) and HRQOL (p<0.05) were
found, but no changes in the CG. The exercise protocol was well tolerated and
adhered to, with few adverse events.

10



In conclusion, several measurement methods for lower limbs in healthy persons and
in persons with LLL are reliable and recommended. The V8 method can replace the
V4 method to save time. Moderate intensity bicycling exercise is beneficial and
feasible in person with LLL.
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Svensk sammanfattning

Lymfédem innebdr en svullnad i vdvnaden pa grund av nedsatt funktion i
lymfsystemet och dr en vanlig biverkning till cancerbehandling med omfattande
lymfkértelkirurgi och/ eller stralbehandling, men funktionsnedséttningen kan ocksa
vara medfodd. Flera metoder kan anvidndas for att mita benlymfédem, men
kunskapen om tillforlitligheten (reliabiliteten) i metoderna ar begransad. Traning pa
mattlig intensitet har méanga hélsovinster, men kunskaperna om fordelarna och
genomforbarheten hos personer med sma och méttliga benlymfodem &r begransad.

Det 6vergripande syftet med denna avhandling var att 6ka kunskapen om lampliga
matmetoder for att bedoma lymfodem i benen hos personer med medfodd svaghet i
lymfsystemet eller som behandlats for olika typer av cancerformer, att utvérdera
mitmetodernas tillforlitlighet och matfel (reliabilitet) samt nyttan och
genomforbarheten av cykeltrdning pa mattlig intensitet.

I studie I méttes 61 friska personer vid tva tillfillen med tva veckor emellan med
omkrets var 4:e cm for volym och tissue dielectric constant (TDC) pé 14 punkter
for lokal vavnadsvitska. I studie II mittes 42 personer med benlymfédem vid tva
tillfallen med tva veckor emellan med omkrets, TDC och arm-ben kvot for
impedansen i extracelluldr vétska (ECF). Test-retest reliabiliteten utvirderades med
intraklasskorrelationskoefficient (ICC), fordndringar i medelvérdet och métfelets
storlek. I studie III anvdndes omkretsmatt var 4:e cm (V4 metoden), var 8:e cm (V8
metoden) och var 12:e cm (V12 metoden) for berdkning av volym.
Overensstimmelsen mellan mitmetoderna utvirderades med ICC, Bland-Altman
graferna och reliabilitet med samma analysmetoder som 1 studie I och II. I studie
IV randomiserades 33 deltagare med benlymfodem till hembaserad cykeltréning pa
mattlig nivd (interventionsgrupp, n=21) under 8 veckor, respektive vanliga dagliga
aktiviteter (kontrollgrupp, n=12). Tréningen skedde 3—5 ganger per vecka, 30—60
minuter/ gdng med korta kontroller var 14:e dag. Primdra utfallsmatt var
benlymfodemstatus (volym, lokal vivnadsvitska och impedans av ECF). Sekundéra
utfallsmétt  var  kondition, hélsorelaterad livskvalitet och  upplevd
lymfodemrelaterad funktionsnedséttning. Genomforbarheten utvirderades med
foljsamhet och biverkningar. Icke-parametrisk statistik anvéndes.

Hos friska personer var reliabiliteten for omkretsmétning utmérkt och métfelen sma.
For TDC var reliabiliteten god till utmérkt hos kvinnor och dalig till utmérkt hos
min. Mitfelen var acceptabla, forutom i tre punkter hos mén (studie I). Hos personer
med benlymfédem var reliabiliteten for omkretsmétning utmérkt och matfelen sma.
For TDC wvar reliabiliteten god till utmérkt och métfelen acceptabla. For
impedanskvoten var reliabiliteten utméirkt och mitfelen acceptabla. I studie III var
overensstimmelsen hogre mellan V4 och V8 dn mellan V4 och V12. Reliabiliteten
var utmirkt for alla tre metoderna och métfelen sma. Tjugo-sju personer
(interventionsgrupp n=16, kontrollgrupp n=11) fullféljde studie IV. En signifikant
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skillnad mellan grupperna (p=0.05) avseende upplevd lymfodemrelaterad
funktionsnedsittning till forman for interventionsgruppen fanns, det fanns ingen
skillnad i andra utfallsmaétt. I interventionsgruppen minskade ECF R(0) (p<0.05),
medan lokal viavnadsvitska (p<0.05), kondition (p<0.05) och livskvalitet (p<0.05)
forbéttrades. Inga fordndringar uppmittes i kontrollgruppen. Traningsprotokollet
foljdes och tolererades vil, med fa biverkningar.

Sammanfattningsvis ir flera métmetoder for benmétning reliabla hos friska personer
och personer med benlymfodem. V8 metoden kan ersitta V4 metoden for att spara
tid. Cykeltraning pa mattlig intensitet ar vilgorande och genomforbart hos personer
med benlymfodem.

14



Abbreviations

BIS
BMI
Cl

CG
CM
ECF
HRQOL
HRR
ICC
ICF
IG
LLL
LOA
LyQLI
PA
PWC
RCT
RPE
SEM
SRD
TDC
VAS
WHO

Bio Impedance Spectroscopy
Body Mass Index

Confidence Interval

Control Group

Circumferential Measurement
Extra Cellular Fluid
Health-Related Quality of Life
Heart Rate Reserve

Intraclass Correlation Coefficient
International Classification of Function, Disability and Health
Intervention Group

Lower Limb Lymphedema
Limits of Agreement
Lymphedema Quality of Life Inventory
Physical Activity

Percentage Water Content
Randomized Controlled Trial
Ratings of Perceived Exertion
Standard Error of Measurement
Smallest Real Difference

Tissue Dielectric Constant
Visual Analogue Scale

World Health Organisation
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Thesis at a glance

Aims

Methods

Results

Conclusions

Paper 1: To evaluate
test-retest reliability of
circumferential
measurements (CMs)
and tissue dielectric
constant (TDC) in
healthy women and men
and to define limits that
indicate changes over
time for a group of
subjects and single
subjects.

Thirty-three women and
28 men were measured
twice, 2 weeks apart.
Volume and TDC in 14
points were evaluated
by the intraclass
correlation coefficient
(ICC 2.1), changes in
the mean and
measurement errors.

For CMs, high
reliability, and low

measurement errors.

For TDC, fair to
excellent reliability in
women, poor to
excellent in men.
Acceptable
measurement errors
in women and in 11
points in men.

CMs and TDC
measurements are
reliable in healthy
women and men,
both methods can
be recommended.

Paper 2: To evaluate
the test-retest reliability
of impedance ratio of
extracellular fluid (ECF),
CMs and TDC in
persons with unilateral
or bilateral lower limb
lymphedema (LLL) and
measurement errors for
a group of persons and
for a single individual.

Forty-two persons with
mild to moderate LLL
were measured twice,
two weeks apart.
Impedance ratio, CMs
and TDC measurements
were evaluated by ICC
2.1, changes in the
mean and measurement
errors.

For impedance
ratios, high reliability
and acceptable

measurement errors.

For CMs, high
reliability and low

measurement errors.

For TDC, fair to
excellent reliability
and acceptable

measurement errors.

Impedance ratios,
CMs and TDC
measurements are
reliable in persons
with LLL.
Acceptable
measurement
errors indicate that
real, clinical
changes in
lymphedema can
be measured.

Paper 3: To establish
the agreement between
lower limb volume
measurements derived
from CMs every 4"cm
(reference standard)
(V4), every 8"cm (V8),
and every 12cm (12)
and to evaluate the test-
retest reliability for the
three methods in LLL.

Forty-two persons with
LLL were measured
twice, two weeks apart.
Agreement between the
measurements was
evaluated by ICC3.1 and
Bland-Altman graphs.
Reliability was evaluated
by ICC 2.1, changes in
the mean and
measurement errors.

The agreement was
slightly higher
between the V4 and
V8 method than
between the V4 and
V12. High reliability
and low
measurement errors
for all methods.

Higher agreement
between the V4
and V8 than
between the V4
and V12 and the
high test-retest
reliability in all
three methods
support the V8
method to replace
the V4 in the clinic.

Paper 4: To investigate
the efficacy of bicycling
exercise at a moderate
intensity compared to
usual daily activity and
the feasibility of the
exercise in persons with
LLL.

Thirty-three persons
were randomized to an
intervention group (IG)
or control group. The IG
performed home-based
bicycling 3-5 times a
week for 8 wks. Primary
outcomes were volume,
local tissue water and
ECF. Secondary
outcomes were physical
fitness, HRQOL and
perceived lymphedema-
related disability.
Feasibility by retention,
adherence, and adverse
events.

A significant change
between groups in
lymphedema related
disability in favour of
the IG. No other
differences between
the groups. In the IG
significant decrease
of ECF,
improvements in
local tissue water,
physical fithess and
HRQOL. The
protocol was well
tolerated and few
adverse events.

Bicycling at
moderate intensity
is feasible and
improves local
tissue water,
lymphedema
related disability,
physical fitness,
HRQOL in
persons with LLL.
Regular check-ups
for volume control
and guidance can
be supportive.
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Introduction

Lymphedema is manifested as swelling in the peripheral tissue caused by an
insufficiency in lymph drainage. Normally there is a balance between fluid input
from the capillaries and lymph drainage output. Under normal conditions, the
lymphatic drainage capacity by far exceeds the production of filtrate to the tissue
(1). In developed countries lymphedema is mostly associated with cancer treatment
that causes disruption of lymph flow because of extensive surgery with lymph node
dissection or the combination of surgery and radiation (2). Lower limb lymphedema
(LLL) may also be developed due to congenital lymphatic dysfunction. Irrespective
of aetiology lymphedema is considered a chronic condition.

In LLL management, measurements are regularly obtained for different purposes
such as to diagnose a condition, to plan an appropriate treatment, to assess short
term effects or long-term effects of an intervention or self-care. For repeated
measurements it is important to consider reliability and measurement errors (3, 4).
Overall, there is very limited knowledge about reliable measurements in persons
with LLL (5).

For persons with lymphedema physical activity is part of the self-care, but the advice
about physical activity and exercise have been very inconsistent for many years.
Historically, there has been an assumption that the increased circulation caused by
exercise may have a negative impact on the already impaired lymphatic system.
During the last 20 years, research has provided convincing evidence that aerobic
and resistance exercise do not worsen the lymphedema at least for those with breast
cancer related upper-limb lymphedema (6). For persons with LLL the knowledge
about the effects of exercise is still very limited.
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The lymphatic system

The lymphatic system consists of lymphoid organs (including lymph nodes) and
lymphatic vessels and is a unidirectional vascular system draining fluid from the
tissue back to the blood stream (1) (Figure 1). The initial lymphatic capillaries start
blindly in the tissue. These capillaries are highly permeable to interstitial fluid and
when the fluid enters these capillaries it is called lymph. By changes in hydrostatic
and osmotic pressure due to skeletal muscle contractions, arterial pulsation,
breathing, intestinal peristalsis, and external body compression the lymph is
transported from the initial lymphatic capillaries into the precollecting and
collecting lymphatic vessels (1). These vessels contain valves and smooth muscle
cells which will contract the vessels spontaneously, functioning as small intrinsic
pumps called lymphangions, to move lymph forward and prevent backflow of the
lymph (2, 7) (Figure 2).
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Figure 1. lllustration of lymphatic vessels and lymph nodes in the lymphatic system. © medi

The lymph will be transported further on towards lymph nodes and finally to the
larger lymphatic vessels, (the cisterna chyli, the thoracic duct and the right
lymphatic duct) where the lymph returns to the venous circulation system near the
neck, close to the jugular vein and the subclavian vein (1).
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In the extremities there are both superficial and deeper lymphatic vessels, which in
general connect only in the proximal body regions (2). The lymph vessels have an
important role as a conduit system transporting salt, proteins, cells (immune cells
and cell debris) back to the blood stream for recycling or for final disposal by the
lymphatic system. Research has also shown that the lymphatic system besides
immunity and immunosurveillance, also has an active role transporting nutrients to
tissues, fat absorption in the gut and transportation of peripheral fat. One of the main
functions of the lymphatic system is general body fluid homeostasis, thus not only
interstitial fluid homeostasis (1).

A B C

o |

Dermis

Subcutancous
Tissue

Deep Fascia

Deep
Tissue

Figure 2. Schematic diagram of the peripheral lymphatic system (A). Structural changes in the
lymphatic system creating alternative pathways for the lymph in persons at risk of cancer related
lymphedema (B and C). Reproduced with permission of Hiroo Suami.

Pathophysiology

Lymphedema is a pathophysiologic condition in the lymphatic system, leading to
build-up of lymph in the peripheral tissues caused by injury to the lymphatic system
because of oncological treatment, obstruction, infection, or congenital defects (8).
The increase of lymph will lead to responses in the lymphatic system such as
alternative pathways for the lymph (Figure 2, B and C), regenerating lymphatic
vessels or detouring lymph via the deep lymphatic system (2). The onset of cancer
related LLL seems to vary from a few months after surgery (9) to several years later
(10). The swelling will gradually become chronic due to low graded chronic
inflammation, adipose deposition, and tissue fibrosis with secondary skin changes
i.e., hyperkeratosis (11). For some persons the changes in limb volume or tissue
changes are small over very long periods of time whereas for others the progression
is rapid with disabling swelling and physiologic changes (11). A slower progression
may be apparent with shorter time from onset to start of treatment (12), but with
appropriate management the oedema may be alleviated (13).

19



Lower limb lymphedema

Traditionally lymphedema is divided into primary and secondary lymphedema
depending on the cause to the swelling (Figure 3). Primary LLL is caused by
congenital defects to the lymphatic system resulting from genetics or developmental
abnormalities (14). It can also be part of a syndrome (14) but for most persons the
lymphedema will be manifested as malformation of the lymph vessels in an
extremity (11). Even though the malformation of the lymphatic vessels is present at
birth the onset of swelling is more prevalent later in childhood or even later in life
(15). The far most common cause to secondary LLL in developed countries is cancer
treatment such as surgery with lymph node dissection and radiotherapy (16-21).

In recent years, the terms primary and secondary lymphedema have been questioned
due to evidence that there is a preexisting inherited lymphatic weakness in persons
with cancer related lymphedema (22). Instead of the term secondary lymphedema
Peters et al (22) suggest the term “latent lymphedema” to point out the inherited
critical balance between lymph production and lymph drainage which is disturbed
by surgery with lymph node dissection and radiotherapy. The authors estimated the
prevalence of “latent lymphedema” to be 5% to 20% within the general population
(22). For those where the diagnosis currently is primary lymphedema due to that the
swelling is developed without any obvious insult to the lymphatic system but an
inborn weakness a more correct name should be “constitutional lymphedema” (22).
However, regardless of whether the diagnosis is caused by an insult to the lymphatic
system or a congenital defect, the pathologic feature of the condition is the same
causing increased size of the affected limb or limbs due to oedema and subcutaneous
adipose tissue because of slow or absent lymph flow (23). In this thesis the concepts
primary and secondary LLL will be used.

Figure 3. A woman with secondary cancer-related lower limb lymphedema in her left limb and a man
with primary lower limb lymphedema in his right limb and foot. © Imke Wallenius
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Risk factors

Studies have shown that major risk factors for LLL after treatment for cancer are
surgery with extensive lymph node dissection and radiotherapy (16-21). After
treatment for gynecological cancer some studies have also reported older age (16),
and higher body mass index (BMI) (16, 17) to be risk factors, whereas other studies
did not find radiotherapy (18), older age and higher BMI (24) to be risk factors.
Some studies have also reported preoperative lymphedema (16), insufficient levels
of physical activity (16) and cellulitis (17) as risk factors for LLL.

After treatment for malignant melanoma higher BMI (20) and peripheral vascular
disease (19), have been reported as risk factors besides extensive lymph node
dissection and radiotherapy, but in one of the studies higher BMI was reported not
to be associated with a higher risk of LLL (19).

For those with primary LLL, cellulitis was reported to be a risk factor (25)

Diagnosis

It is well-known that the diagnosis of LLL is difficult due to that oedema of the
lower limbs may have other causes such as venous insufficiency, post thrombotic
swelling, capillary malformation, venous malformation, lipedema, obesity,
posttraumatic swelling, or drug induced swelling (13). Also, systemic diseases such
as cardiac, renal, hepatic, or rheumatologic diseases may cause oedema of the lower
limbs (11). For the correct treatment it is of major importance to accurately
determine if the cause of the oedema is lymphedema or not (25).

The function of the lymphatics can be investigated by imaging techniques where
lymphoscintigraphy is the standard method (1, 26). This diagnostic imaging method
uses a gamma camera to track radiotracers subcutaneously injected into the feet.
The lymphatic vessels transporting the radiotracer will be visualized together with
the drained lymph nodes in the lower limbs and pelvic region (11). In Sweden,
lymphoscintigraphy is the preferred method when lasting oedema occurs without
any known cause. Whilst for those with cancer related lymphedema with an onset
within the first year after finishing surgical and/or oncological treatment the
diagnosis is usually not complicated, but with a later onset, recurrence of the cancer
should always be considered (27).

The diagnosis of cancer related lymphedema is based on history (i.e., surgery with
lymph node dissection and/or radiotherapy) and a physical examination consisting
of'a combination of objective measurements and subjective assessments. In Sweden,
two out of three criteria (see below) should be fulfilled for the diagnosis of
lymphedema according to the national health care program for cancer rehabilitation
2023 (27):
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1. Increased skinfold thickness in subcutis somewhere in the affected limb
compared to the non-affected limb.

2. A volume increase (>5%) in the affected limb compared to the non-affected
(28, 29) or to pre-surgery values. Determination of volume: the water
displacement method or circumference measurements.

3. Increased local tissue water (ratio >1.2-1.45 based on upper limb
lymphedema) (28) compared to non-affected limb or compared to pre-
surgery measurement values measured by MoistureMeterD or
LymphScanner.

A well-known aggravating factor concerning LLL is that the oedema may occur
bilaterally in both primary LLL and in cancer related LLL (30). In those cases, a
comparison between the limbs will not be useful because of an absence of a non-
affected limb. To compare with pre-operative measurements are thus preferable (31)
but in most clinics not achievable.

Incidence

There are several reviews, including some reviews using meta-analysis that report
on the incidence of cancer related LLL (Table 1). The incidence rates vary
considerably (from 0% to 56%) in those reporting LLL secondary to gynecological
cancer treatment (17, 24). Apart from a difference in surgical intervention such as
sentinel lymph node dissection or lymph node dissection, other explanations to the
wide reported incidence rates are differences in length of follow-up, variation in
adjuvant oncology treatment given, different measurement methods and thresholds
used for the diagnosis of LLL. The authors in many of the incidence/prevalence
studies highlight that there is an inconsistency in the diagnostic criteria for LLL used
across studies and a lack of a uniform definition for LLL which aggravates the
correct rates (17, 21, 24, 32, 33). Interestingly, Cormier et al (33) concluded that the
likelihood of being identified with LLL almost doubled in studies where objective
measurement methods were used compared to those with only subjective
assessments.

The incidence of primary LLL is approximated to 1.15 in 100.000 persons with an
onset early in life (15).
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Table 1. Incidence/prevalence rates of cancer related lower limb lymphedema for different cancer
diagnosis, cancer treatment and methods for detecting the diagnosis reported by prospective studies
(PS), systematic reviews (SR) and meta-analysis (MA).

Authors, year Cancer Treatment Incidence/ Method/ methods

diagnosis Surgery and RT | prevalence for LLL diagnosis
rates

Biglia et al., 2017, Endometrial Surgery and 0-56% Not specified,

SR radiation varied objective, subjective

Lindqvist et al., 2017, Endometrial Surgery and 0-50% Not specified,

SR radiation varied objective, subjective

Hayes et al., 2017, Gynecological | Surgery and 25-39% Objective (BIS) and

PS cancer radiation varied self-reported

Huang et al., 2017, Vulvar cancer Surgery SLND 29% Clinical diagnosis,

SR and MA or LND objective, subjective

Cormier et al., 2010, Melanoma Inguinofemoral 18% Objective and

SR and MA LND subjective

Hyngstrom et al., Melanoma Inguinofemoral 27% Objective

2013, PS LND (Perometer)

Soéderman et al., 2016, | Melanoma Inguinal or 33% Not specified

SR and MA ilioinguinal LND

Clinckaert et al., 2022, | Prostate PLND + 18-29% Not specified and

SR radiation subjective

Cormier et al., 2010, . o Objective and

SR and MA Penile cancer PLND 21% subjective

Cormier et al. 2010, Bladder o iecti

SR and MA cancer PLND 16% Subjective

BIS, bioimpedance spectroscopy; LLL, lower limb lymphedema; LND, lymph node dissection; MA,

meta-analysis; PLND, pelvic lymph node dissection; PS, prospective studies; RT, radiation therapy;

SLND, sentinel lymph node dissection; SR, systematic review.

Management of lower limb lymphedema

Measurements

To regularly perform measurements is important to be able to diagnose a condition,
plan an appropriate treatment, and to evaluate short term or long-term effects of an
intervention. In the management of LLL, a combination of objective measurements
assessing the size of the swelling, the condition of the skin, movement/ function and
psychosocial morbidity is recommended (13). The size of the lymphedema is
determined by assessing volume. The three most common methods for measuring
volume are the water displacement method using Archimede’s principle, the
Perometer which is an optoelectric device and the tape measurement method using
circumferential measurements (CMs) for volume. The water displacement method
is considered gold standard for upper limb lymphedema but is not common for LLL
because of the bulky equipment needed and the large amount of water.
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The Perometer uses infrared light to measure volume (34). The method is assumed
to be very accurate (35) but the equipment is very expensive and not moveable,
therefore not commonly used in clinical practice.

The tape measurement method is the most used method due to the simple equipment
needed and CMs every 4™ cm along the limb is considered reference standard for
volume (31). But this method has been reported to be prone to error (36) due to the
many manual steps and the knowledge about reliability of CMs for volume is limited
(37). A disadvantage of this method is that the measurement procedure is time
consuming. Only few studies have evaluated if fewer CMs than every 4™ cm in
persons with LLL can be used (38, 39), but these studies have limitations such as
small sample sizes (38) and only few statistical analyses performed (39). More
studies are therefore needed.

In the clinic, the difference between the limbs is often used to evaluate LLL status
but in persons with a bilateral involvement a comparison between the limbs will not
always be useful as there is no unaffected limb to compare with. Consequently,
measurement methods not relying on comparison between the limbs are of interest.
The tissue dielectric constant (TDC) method uses high-frequency electromagnetic
waves to measure local tissue water in the skin. The MoistureMeterD is a handheld
device for TDC measurements, it is handy and presents a measurement value within
a couple of seconds. This method has been used for early diagnosis of upper limb
lymphedema (40) and to evaluate the effects of compression treatment in upper limb
lymphedema (41), in breast oedema (42) and in LLL (43). However, no studies have
evaluated the test-retest reliability of TDC for local tissue water in healthy persons
or in persons with LLL.

Another measurement method to assess LLL is the Bioimpedance spectroscopy
(BIS). This method assesses the presence of excess lymph in the affected limb
relative to that of the unaffected by measuring the electrical resistance (impedance)
through the body at different frequencies (44, 45). This method has predominantly
been evaluated for early diagnosis of unilateral and bilateral upper limb
lymphedema and LLL (46) and is more frequently used in Australia and the USA.
There is very limited knowledge about the test-retest reliability of impedance ratio
of extracellular fluid (ECF) in persons with LLL (46) and the method is not widely
used to evaluate effects of an intervention in persons with stable LLL.

Patient reported outcome measures are also important to use in the management of
LLL. Generic outcome measures and disease specific outcome measures assessing
quality of life, symptom intensity and distress, physical disabilities and psychosocial
impairments associated with the LLL may improve the individual treatment by
identifying the patient’s perceived disability. The Lymphedema Quality of Life
Inventory (LyQLI) is a disease specific quality of life questionnaire with items
divided into: physical, psychosocial, and practical domains (47). The questionnaire
has been developed and evaluated in Sweden in a population with various forms of
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lymphedema (48). The Lymphedema Functioning, Disability and Health
Questionnaire for LLL (Lymph-ICF-LL) is a disease specific questionnaire
including items in the following domains: physical function, mental function,
general tasks/ household activities, mobility, and life domains/ social life (49). The
questionnaire is based on the terminology of the ICF and has been developed and
evaluated in a Dutch population (49). The questionnaire has been translated into
Swedish (50).

Reliability of measurements

For repeated measurements in clinical practice or in research it is important to
consider reliability and measurement errors (3). Reliability can be determined from
measurements in the same subjects on two occasions, so called test-retest reliability.
For a method to be clinically useful the measurements need to be stable, rendering
small measurement errors. In a comprehensive reliability analysis, several statistical
methods are required such as agreement between measurements, systematic changes
in the mean and measurement errors (3). In lymphedema management repeated
measurements on different occasions are common and therefore it is of great
importance to determine if a change in lymphedema measurements is due to a
treatment effect or an inherent variation. Overall, few studies have evaluated the
test-retest reliability of CMs, TDC and impedance ratio in persons with LLL (5).

Assessing consequences of lower limb lymphedema

Consequences persons with LLL may experience in everyday life, work ability,
leisure time activities and participation in social life (9, 48, 51-55) have had
increased focus the last decade and especially the last five years. To measure and
assess those consequences in a broader perspective is important to fully address the
patient’s need of rehabilitation. To use the International Classification of
Functioning, Disability and Health (ICF) framework, impairments, activity
limitations and participation restrictions as well as environmental and personal
factors will be addressed (56) (Figure 4). This bio-psycho-social model will provide
a more holistic view of a person with a disease or disability (57). In Figure 4,
common consequences of LLL in previous research (9, 48, 51-55) are sorted by the
different components in the ICF.
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Health condition
Lower limb lymphedema

| |

Environmental factors
Compression garment
Workplace (physical
work environment)

Impairments Activity limitations Participation restrictions
Oedema - Problems with sitting and standing still - Working
Heaviness/ tightness, numbness (for example household activities, - Family
Achiness/ Pain theatre, car trips) - Social activities
Skin changes (hyperkeratosis, - Problems with finding clothes and - Hobbies
erysipelas, lymphorrhea) shoes that fits - Physical activity
Fatigue - Problems with putting on clothes and (exercise, sports)
Sleep disturbances shoes

! l

Personal factors
Coping strategies and
motivation
Age and sex

Social support
Obtaining health care

Figure 4. Consequences of lower limb lymphedema using the international Classification of
Functioning, Disability and Health (ICF) model.

To what extent impairments, activity limitations and participation restrictions will
affect patients varies. By using the ICF as a framework when evaluating
consequences following LLL, planning treatment, evaluating short-term or long-
term effects of an intervention, the healthcare providers will be aided to assess the
patient’s function and disability in different areas, which will facilitate a more
structured and holistic view of the patient’s health condition and needs (57).

To structure the rehabilitation by using a generic rehabilitation process consisting
of four steps: assessment, goal setting, intervention, and evaluation (Figure 5) (58)
may be helpful for the clinician as well as the patient. Focusing on lymphedema
treatment and on different aspects of perceived disabilities caused by lymphedema
will more clearly broaden the rehabilitation. By using this model in lymphedema
clinics, together with both objective and patient reported outcomes a more
structured way for rehabilitation may be facilitated. In lymphedema rehabilitation
clinics the generic rehabilitation process in combination with the ICF framework is
not widely used.
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Evaluation Goal-setting
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Figure 5. Generic rehabilitation process consisting of assessment, plan or goal setting, intervention
and evaluation.

Treatment

Early diagnosis and treatment to keep the swelling as limited as possible is the
primary focus in lymphedema treatment (27). The conservative treatment is
performed by health care providers specialized in lymphedema treatment, so
called lymphedema therapists. Traditionally, the treatment was given as a concept
named the Complete Decongestive Therapy, CDT (59) consisting of skin care,
manual lymphatic drainage, compression, and remedial exercise (13). During the
last decade a more individualized treatment concept has been developed where
compression garments and education in self-care are the main focus (Figure 6)
(60). The length of the follow-up period is normally individualized based on a
person’s need and the severity of the LLL. After some time, adjustment of the
compression garments or repeated intensive treatment may be necessary. When
there is comorbidity affecting the lymphedema or the ability to perform self-care,
other health care providers may be involved in the treatment besides the
lymphedema therapists (13). When the onset of LLL is early in life longer follow-
up periods may be needed since adjustments of the compression garments are
required continuously during growing up.
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At onset of lymphedema assessment of:

- LLL status

- Comorbiditiesaffecting the LLL or the
ability to perform self-care

- Goals and treatment options Assessments of HRQOL or perceived lymphedema-related disabilities

- Educationin self-care to assess physical, practical and psychosocial needs

I I

Follow-up visits: assessment of LLL status to evaluate the effects of compression and other interventions

N | l !

Start 1 2 3 6 12 18 24 months
T i i l i
‘ Renewal of compression garmentsand aids ‘
Education in self-care: individually or in group Good knowledge about LLL and self-care,
About LLL, treatment and self-care: skin care, Steady state in volume
compression, weight control, physical activity
Finishing regular follow-ups at the lymphedema clinic

Renewal of compression garments and aids regularly in the long-term

Figure 6. Example of a rehabilitation process in persons with LLL.

Exercise

Historically, exercise as part of the self-care in lymphedema management has been
focused on daily performed remedial movements to support the lymphatic system
and venous flow without increasing blood flow. During the last decades there has
been increasing knowledge about the importance of exercise in cancer rehabilitation
to improve cancer survival (61-64) and cancer treatment related symptoms(65).
Another aspect is the general health benefits given by moderate exercise also for
persons treated for cancer (66). Recently, a systematic review with meta-analysis
concluded that aerobic and resistance exercise as well as unsupervised exercise
guided by symptom response can be promoted for those with cancer-related
lymphedema without worsening of the lymphedema (6). But only two of the studies
included persons with LLL so even though the exercise recommendations for
persons treated for cancer is convincing the knowledge about the effects on persons
with LLL is limited.

Moderate intensity exercise has been evaluated in some studies including persons
with LLL (67-69) but due to limitations such as small sample sizes (67, 68) and a
mix of decongestive treatments plus exercise in the intervention group (69)
additional RCTs are motivated.

WHO has recently updated their recommendations on physical activity in adults,
older adults, and adults with a chronic condition (70). Their recommendations are
weekly aerobic physical activity of at least 150 to 300 minutes at moderate-intensity
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or 75 to 150 minutes at vigorous-intensity or an equivalent combination. Regular
twice a week muscle-strengthening activity is also included in these
recommendations to achieve health outcomes such as improved all-cause mortality,
cardiovascular disease mortality, incident hypertension, incident-specific cancers,
incident typ-2 diabetes, mental health (reduced symptoms of anxiety and
depression), cognitive health, sleep, and improved measures of adiposity (70).
These general recommendations are important to consider for health care providers
when giving advice about aerobic physical activity to persons with LLL. More
knowledge about the efficacy and feasibility of moderate intensity exercise is
therefore needed in persons with LLL.
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Rationale for this thesis

Reliable measurements are needed to be able to diagnose a condition, plan for an
appropriate treatment and to evaluate short-term or long-term effects of an
intervention. In LLL management, CMs is often used for limb volume. To assess
whether a change in measurements should be interpreted as a clinically relevant
change or not, is important. When planning the studies in this thesis there was very
limited knowledge about the reliability of CMs for volume in persons with LLL and
if this measurement method could detect clinically relevant changes. Moreover,
there is an increasing interest in measurement methods assessing LLL in other ways
than with CMs, but the knowledge about the reliability of these methods and how
sensitive they are to detect clinically relevant changes were lacking.

CMs every 4" cm along the lower limb is considered reference standard for volume
but is time consuming. Therefore, increased knowledge about whether fewer CMs
could be used without decreasing measurement accuracy was needed.

Furthermore, in LLL management regular moderate intensity exercise is important
to encourage because of the positive impact on cancer survival and the many health
benefits of regular moderate exercise. However, at time of planning this thesis the
knowledge about the effects of moderate intensity exercise on LLL was limited and
based on previous beliefs that intensive exercise may worsen LLL. With this
background an overall aim and specific aims were formulated.
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A1ims

Overall aim

The overall aim of this thesis was to increase knowledge about appropriate
measurement methods to assess lymphedema in persons with primary or secondary
lower limb lymphedema (LLL), to evaluate the test-retest reliability of those
measurement methods and the benefit and feasibility of moderate intensive
bicycling exercise.

Specific aims

To evaluate test-retest reliability of circumferential measurements and
tissue dielectric constant measurements in healthy women and men, and to
define limits that indicate changes over time for a group of subjects and for
single subjects.

To evaluate the test-retest (intra-rater) reliability of impedance ratio for
extracellular fluid, circumferential measurements for volume, and TDC for
local tissue water in people with unilateral or bilateral LLL and
measurement errors both for a group of persons and for a single individual.

To establish the agreement between lower limb volume derived from
circumferential measurements every 4™ cm (V4, reference standard), 8" cm
(V8), and 12" cm (V12), and to evaluate the intra-rater test-retest reliability
for each of the three measurement methods in persons with LLL.

To investigate (1) the efficacy of bicycling exercise at a moderate intensity
compared to usual daily activity, and (2) the feasibility of the bicycling
exercise in LLL.
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Methods

Study designs

This thesis is based on four studies where the study designs were cross sectional
(Study I-III) and a pilot randomized controlled trial (pilot RCT, study IV). An
overview of the study designs, participants, data collection and analyses are shown

in Table 2.

Table 2. Overview of the methodology in the four included studies.

questionnaire

Study [ Il 1] \Y

Study Cross-sectional Cross-sectional Cross-sectional Pilot randomized

design controlled trial

Participants | N=61 (33 N=42 person (30 women) N=27 randomized to
women) with no Mean age 61 years (SD 14). bicycling exercise n=16
limb swelling. Duration of LLL mean 130 months | (11 women) or control
Mean age (SD 92). n=11 (6 women).
(women) 52 Median age 63 years
years (SD 13). (Q1: 54, Q3:73)
Mean age (men) Duration of LLL median 9
52 years (SD years (Q1: 4, Q3: 18)
18).

Data Circumferential CMs every 4" CMs every 4" CMs every 4" cm, TDC at

collection measurements cm, impedance cm, every 8" 14 points and ECF R(0).
(CMs) every 4 ratios and TDC cm, and every Assessments of physical
cm and tissue measurements 12" cm at fitness, health-related
dielectric at 14 points at baseline and quality of life and
constant (TDC) baseline and two weeks later. | lymphedema-related
measurements two weeks later. disability were performed
at 14 points at at baseline and
baseline and two postintervention.
weeks later.

Data Demographics, Demographics and clinical characteristics from medical records

analysis a study specific and a study specific questionnaire

Mean (SD, range)

Mean, (SD)
ICC3.1

Median, interquartile
range (Q1, Q3)

Intraclass Correlation Coefficients (ICC2.1), mean

differences, 95% CI for mean differences, standard
error of measurement (SEM, SEM%), smallest real
difference (SRD, SRD%)

Bland-Altman graph and 95% limits

of agreement

Descriptive statistics,
Mann-Whitney U test and
Wilcoxon signed rank
test.
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Participants

In study I, the participants were recruited between September 2015 and Mars 2017.
Information about the study was given orally and by written information to the
employees at Skéne University Hospital, Lund, Department of Hematology,
Oncology and Radiation Physics, by advertising in a local Facebook group and
through family and friends to gain a sufficiently large number of participants.
Inclusion criteria were 18 years or older and no current lower limb injury. Exclusion
criteria were previous lower limb swelling, use of compression stockings to prevent
swelling, previous orthopedic surgery or other intercurrent diseases such as
circulatory or kidney failure symptoms, or muscular dysfunction in the lower limbs.
A spread in age and a sample size close to 30 for each sex were sought among the
volunteers. A total of 63 persons (33 women and 30 men) volunteered for the study,
38 of them were employees, 20 were recruited from the local Facebook group, 5
were family and friends. Thirty-three women and 28 men completed the study. The
mean age for the women was 52 years (SD 13; range 25-77) and for the men 52
years (SD 18; range 24-76) respectively, their mean BMI was 26 (SD 4; range 20-
37) and 26 (SD 4; range 22-41) respectively.

In study II and III, the participants were recruited between April 2018 and Mars
2019. Potential participants were identified through medical records and by
colleagues at the Lymphedema unit, Skane University Hospital (Figure 7).

[ Potential participants (n=107) ]

4( Not meeting inclusion criteria (n=57) 1
[ Individuals contacted (n=50) ]

‘{ Declined to participate (n=8) ]
[ Assessed for eligibility (n=42) ]

[ Included in study Il and Il (n=42) ]

Figure 7. Flowchart of recruitment process to study Il and Ill

Inclusion criteria were: 18 years or older, a diagnosis of unilateral or bilateral,
primary or secondary LLL (assessed by lymphoscintigraphy and/or a medical
specialist), persistent lymphedema for the last 6 months (a stable volume of the
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lower limbs for the last 6 months i.e., a total volume variation <5% for each limb),
treatment with compression stockings during the day or during day and night
according to usual care. The exclusion criteria were ongoing treatment to reduce the
limb volume; comorbidity such as heart failure, kidney disease or venous
insufficiency that could affect swelling of the lower limbs; prosthetic knee or hip
implants; intake of diuretic medication or any other drug that may interfere with the
volume of the lower limbs; inability to understand written or oral information. A
sample size close to 30 for each sex were sought among the participants. One
hundred and seven were identified as potential participants and 57 of these did not
meet inclusion criteria (not stable lower limb volume, comorbidity affecting the
volume or prosthetic implants in knee or hip) (Figure 7). Written information about
the study was sent to 50 potential participants. After 1-2 two weeks they were
contacted by phone (by CJ) for further information and asked if they were willing
to participate in the study. Forty-two persons were willing to participate and were
assessed for eligibility. For inclusion, thickness of the subcutaneous tissue as a sign
of lymphedema (71) had to be present. If the compression garments were older than
2 months at time of inclusion new ones were ordered and used for two weeks before
the first test occasion.

Thirty women and 12 men were included in study II and III. Their mean age were
61 years (SD 14), and their mean BMI was 27 (SD 5). Thirty of them had secondary
LLL, mainly due to gynecological cancer treatment (n=17). The duration of the LLL
varied from 1 year to 40 years among the participants and 24 of them had unilateral
LLL. Characteristics of the participants are presented in Table 3.

Table 3. Characteristics for the participants in study Il and IlI

Variables
Gender: women/ men, n (%) 30 (71)/ 12 (29)
Age: years, mean (SD) 61 (14)
BMI: kg/m?, mean (SD) 27 (5)
Diagnosis, n
Gynecological cancer 17
Melanoma 5
Urological cancer 4
Other 4
Primary lymphedema 12
Duration of lymphedema; months, mean (SD) 130 (92)
Lymphedema; bilateral/ unilateral, n (%) 18 (43)/ 24 (57)

In study IV (the pilot RCT), the participants were recruited between November 2018
and November 2022. The recruitment was stopped from Mars 2020 to Mars 2022
due to the COVID-19 pandemic. Potential participants were identified through
medical records and by colleagues at the Lymphedema unit, Sk&ne University
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Hospital and at two regional Hospital outpatient rehabilitation clinics in the southern
health care region of Sweden (Central Hospital of Kristianstad and Ystad Hospital).
Inclusion and exclusion criteria were the same as in study II and III. Written
information about the study was sent to 71 potential participants of which 29
previously had participated in study II and III (Figure 8). After 1-2 weeks they were
contacted by phone (by CJ) for further information and asked if they were willing
to participate in the study.

Thirty-tree persons were willing to participate and were assessed for eligibility. For
inclusion, thickness of the subcutaneous tissue as a sign of lymphedema (71) had to
be present. If the compression garments were older than 2 months at time of
inclusion new ones were ordered and used for two weeks before the first test
occasion. A total of 33 persons were included in the study and 27 fulfilled the study.

{ Assessed for eligibility (n=71) ]

Excluded (n=38)

* Not meeting inclusion criteria (n=3)
* Other diseases (n=8)

* Declined to participate(n=27)

[ Randomized (n=33) ]

|
[ !

[ Allocated to interventiongroup (IG) (n=21) ] [ Allocated to control group (n=12) ]

Figure 8. Flowchart of the recruitment process in study IV

Their median (Q1, Q3) age was 63 (54,73) years and their median BMI (Q1, Q3)
was 26 (23, 30). Twenty of them had secondary LLL, mainly due to gynecological
cancer treatment (n=12). The duration of the LLL varied from 1 year to 39 years
among the participants and 20 of them had unilateral LLL. During the last 6 months,
11 participants reported hardly any to easy weekly physical activity, whereas 16
participants reported moderate to high weekly physical activity. Demographics and
characteristics of the participants are presented in Table 4.
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Table 4. Demographics and characteristics of the participants in the intervention group and the control

group (study IV).

BMI: kg/ m2, median (Q1, Q3)

27.4 (24.3,31.3)

Variables Intervention group Control group
(n=16) (n=11)

Gender: women/ men, n 11/5 6/5

Age: median (Q1, Q3) 60 (54, 71) 71 (58, 75)

24.8 (20.5, 26.4)

Physical activity, exercise and housework*, n

Hardly any to easy physical activity 5 6
Moderate to high physical activity 11
Working/ retired, n 97 5/6
Diagnosis, n
Gynecological cancer 10 2
Melanoma 2 2
Urological cancer 1 3
Other 0 1
Primary lymphedema 3 3
Duration of lymphedema: years, median (Q1, Q3) 11 (6, 17) 7(3,18)

Lymphedema: bilateral/ unilateral, n 5/ 11 2/9
*Physical activity/ exercise level weekly the last 6 months according to the six-point scale by
Frandin&Grimby,1994.

Data collection and outcomes

Before all the assessments, demographics and characteristics such as age, gender,
body weight and body height were collected in all studies. In study II-IV additional
information such as leisure time physical activity status during the last 6 months by
the Frindin & Grimby physical activity scale (72), working status (active or
sedentary job, or retired), diagnosis of the cancer if cancer-related LLL, primary or
secondary LLL, duration of lymphedema, bilateral or unilateral affected, and
experience of heaviness and/ or tightness in the limb affected by the LLL during the
last week were collected. Manual examination to assess presence of increased
subcutaneous thickness was performed.

The three measurement methods used for LLL status were: CMs for volume, TDC
for local tissue water and impedance for ECF. (Thresholds for each of these
measurement methods were used to describe the participants in study II-IV, shown
in appendix.)

In study I, the assessments were performed at the Lymphedema unit, Skane
University Hospital and for those recruited from the Facebook advertisement the
assessments were performed in a separate room at a hair salon in a village outside
Lund. Having a separate room to conduct the measurements located close to the
participants was assumed to be attractive. The measurements were performed during
the morning at about the same time. Prior to each test occasion the participants were
asked to maintain a similar activity schedule in the morning. The test procedure was
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as follows: 10 minutes of rest in a supine position with the legs uncrossed, then the
measurement on the right limb followed by the left limb. For TDC measurements,
the participants turned over to prone lying. To standardize the measurement
procedure first CMs by the tape measurement method were taken followed by TDC
for local tissue water by the MoistureMeterD.

In study II and III, the assessments were performed at the Lymphedema unit, Skane
University Hospital. The measurements were performed during the morning at
about the same time. Prior to each test occasion the participants were asked to
maintain a similar activity schedule in the morning. The same standardized
procedure as in study I was used. To standardize the measurement procedure first
measurements of impedance ratios for extracellular fluid (ECF) by the
Bioimpedance spectroscopy were taken, followed by CMs and then TDC.

In study IV, the assessments were performed at the Lymphedema unit, Skane
University Hospital, for the participants recruited at the Central Hospital of
Kristianstad and at the Ystad Hospital, the assessments were performed in separate
rooms at each hospital. At baseline, all the assessments were performed by CJ and
after the intervention a physiotherapist (AJ) blinded to participant group status,
performed all the assessments in Lund except for CMs and markings for TDC which
was performed by CJ.

The measurements were performed during the morning at about the same time. The
test procedure started with the two questionnaires: the Lymphedema Quality of Life
Inventory (LyQLI) and the Lymphoedema functioning, disability, and health
questionnaire (Lymph-ICF-LL). Then the participants rested in a supine position for
10 minutes. The same standardized measurement procedure as in study II was
conducted for the LLL status and lastly physical fitness by a submaximal cycle
ergometer test. For the efficacy of the intervention, both primary and secondary
outcomes measures were assessed. The primary outcomes were lower limb
volume, local tissue water and ECF which were obtained with CMs, TDC and ECF
R(0), respectively. The secondary outcomes were physical fitness, health related
quality of life and lymphedema related disability which were obtained with a
submaximal cycle ergometer test, the LyQLI and the Lymph-ICF-LL, respectively.
Feasibility was assessed by information collected from the logbooks: date of each
exercise session, total duration at each session, mean heart rate for each session and
CMs every two weeks for volume and control of the logbook.

An overview of the measurements used in study I-IV is shown in Table 5.
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Table 5. Overview of the measurements used in study I-IV

Variable Method measure Study | Study | Study | Study
| Il 1} \Y
LLL status Volume Circumferential X X X X
measurements
(CMs)
Local tissue water Tissue dielectric X X X
constant (TDC)
Impedance of Arm-leg impedance X X
extracellular fluid ratio or
(ECF) ECF R(0) value
Presence of thickness | Palpation of skin X X X
of the subcutaneous and subcutaneous
tissue (or not) tissue
Physical VO2max Submaximal cycle X
fitness ergometer test
Disease Perceived HRQOL the | Lymphedema X
specific last 4 weeks Quality of Life
HRQOL Inventory (LyQLlI)
Impairments | Perceived Lymphoedema X
in function, lymphedema- related functioning,
activity disability the last 2 disability, and health
limitations, weeks questionnaire
and (Lymph-ICF-LL)
participation
restrictions
Sensory Perceived heaviness Visual analogue X X X
function and/ or tightness in the | scale (VAS)
affected limb or limbs
Leisure time | Perceived physical The Frandin & X X X
physical activity level the last 6 Grimby physical
activity months activity six- point
scale.
Measurements

Lower limb volume

The tape measurement method was used to assess volume by CMs every 4™ cm (73).
To calculate volume a standard spread sheet program with the formula for a

truncated cone Vzg h(rf +7rf 41 - 1) was used (31) (study I-IV). The

measurement method consisted of a 110-cm measuring board, a 20-cm ruler, a
water-soluble pen, and a narrow retractable measuring tape. The foot and heel were
placed against the footplate of the measuring board, markings were made on the
lateral side of the limb and identified with the short end of the ruler on the measuring
board at each distance starting 10 cm above the heel (Figure 9) and ending near the
groin. CMs to the nearest millimetre were taken once at each marking by placing
the measuring tape close to the skin. The repeatability standard deviations (SDs) of
this method have been estimated to be 95 mL (CI 78-112 in healthy persons) (37).
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For participants with bilateral LLL, the limb with the larger volume was referred to
as the more affected limb and the limb with the smaller volume was referred to as
the less affected limb. For participants with unilateral LLL, the affected limb was
referred to as the more affected limb and the non-affected limb was referred to as
the less affected limb.

Figure 9. Marking the starting point 10 cm above the heel and then every 4" cm along the limb.
Circumferential measurements to the nearest millimetre (to the right). © Karin Johansson

Local tissue water

The MoistureMeterD with a M25 probe was used to assess local tissue water by
TDC (Delfin Technologies Ltd. Finland) (study I, II and IV). The device transmits
a high frequency electromagnetic (EM) wave of 300 MHz into an open-ended
coaxial probe in contact with the skin. Most of the EM energy is absorbed by the
tissue water, while the remainder is reflected to the coaxial line and an electrical
parameter, the TDC, directly proportional to tissue water content of the skin can be
calculated (74). The M25 probe has an effective depth of 2.5 mm which represents
the depth where the EM field has attenuated to 37% of the value at the skin surface.
The TDC scale ranges from 1 to 78 based on the percentage of fluid at the
measurement site where a TDC value of 1 represents no water and a TDC value of
78 represents 100% water. To cover the limb a total of 14 points distributed on four
levels: distal calf, mid-calf, distal thigh, and proximal thigh (Figure 10) were
identified and marked using of a 110-cm measuring board, a 20 cm ruler, a tape
measure, and a water-soluble pen.
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Proximalthigh: On the lateral,
ventral, medial
and dorsal side.

Distal thigh: On the lateral,
ventral, medial
and dorsal side.

Mid-calf: On the lateral, medial
and dorsal side.

Distal calf: On the lateral, medial
and dorsal side.

Figure 10. Four levels of were the 14 measuring points of TDC measurements were located. © Lotta
Jénsson.

A standardized protocol to identify the points were developed and described in study
I (paper I, Table 1). This protocol was used in study I, Il and [V. TDC measurements
were taken (Figure 11) in triplicated at each point (75) and the average of the two
closest values were used in the analysis.

Figure 11. Measurements of tissue dielectric constant (TDC) on the mid-calf level. © Charlotta J6nsson
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Impedance of extracellular fluid (ECF)

The Bioimpedance spectroscopy (SEAC SFB7 monitor, Impedimed, Brisbande,
Queensland, Australia) was used to assess impedance of ECF by arm-leg ratio
(study II) or ECF R(0) (study IV). The BIS technique uses a tetrapolar electrode
arrangement with two measurement electrodes positioned one at each end of the
segment to be measured and two drive electrodes each positioned distal to the
measurement electrodes. A low-level current is passed between the two drive
electrodes and the measurement electrodes record the segment’s impedance (R)
(45). The resistance, that corresponds to ECF (R0) and to total body fluid (Rinf),
was determined, and intracellular fluid (Ri) was calculated (45).

The electrode positions for the impedance assessments followed the
recommendations for the upper limbs: on the dorsal side of the wrists at the level of
the process of the radial and ulnar bones (45) and for the lower limbs: on the dorsal
side of the foot midway of the malleoli (76). The drive electrode sites were 5 cm
distal to the above-described positions, namely, on the dorsal side of the third
metacarpal bone and the third metatarsal bone, respectively (45) (Figure 12). Before
application of the gelled electrodes, the skin was cleaned with an alcohol wipe. Each
segment was measured once on each test occasion and the resistances corresponding
to ECF R(0) were noted. In study II, the arm-to-leg impedance ratio was calculated
for each person, using the formula: dominant arm R0O/dominant leg RO and non-
dominant arm R0/ non-dominant leg RO, respectively (46). Side of dominance was
defined by the dominant arm. In study IV, the R(0) value was used.

Figure 12. Impedance of extracellular fluid was assessed by bioimpedance spectroscopy (BIS).
© Charlotta Jonsson
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Physical fitness

A submaximal bicycle ergometer test (77) was used to assess physical fitness and
an estimation of maximal oxygen uptake (VO2max) was evaluated from heart rate
and workload (study IV). Heart rate and cadence were monitored every minute as
was the person’s perceived exertion using the Borg RPE-scale (78). The cadence
was 50 revolutions per minute until “steady state” was reached. For health safety
reasons the test was interrupted if the heart rate exceeded 150 beats per minute (77).
The coefficient of variation for this test is 9.8% (79) meaning that this changes of
VO2max for a group of persons should be interpreted as a real clinical change.

Disease specific HROOL

The Lymphedema Quality of Life Inventory (LyQLI) (47) was used to assess
perceived HRQOL (study IV). This disease specific questionnaire comprises 45
items in three domains: physical, psychosocial, and practical. The impact of
lymphedema is scored on a 4-point Likert scale ranging from 0 to 3, where higher
scores indicate a more negative impact. The LyQLI has shown good validity,
reliability (47) and responsiveness (80) and a Swedish version was used.

Lymphedema-related disability

The Lymphedema functioning, disability, and health questionnaire for LLL
(Lymph-ICF-LL) (49) was used to assess impairments, activity limitations and
participation restrictions by perceived lymphedema-related disability (study IV).
The questionnaire is based on the ICF (the International Classification of
Functioning, Disability and Health) (81) and comprises 28 items in 5 domains:
physical function, mental function, general tasks/ household activities, mobility
activities and life domains/ social life. The impact of LLL is scored on a 100-
millimeter VAS where a higher score indicates a more negative impact. The
questionnaire has shown good validity and reliability (49) and a Swedish version
was used (50).

Heaviness and/ or tightness in the lymphedema limb or limbs

The Visual Analogue Scale (VAS) (82) was used to assess perception of heaviness
and/ or tightness in the limb or limbs affected by the lymphedema over the past
week. Ratings on the 100-mm VAS with the endpoints “no discomfort” and “worst
imaginable discomfort” was used as clinical characteristics (study II-IV). In study
IV, the VAS was also used before and after each exercise session to assess
perception of heaviness and/ or tightness in the lymphedema limb or limbs. This
information was part of the logbook data. This scale has previously been used in
persons with upper limb lymphedema (83, 84).
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Leisure time physical activity

The Friandin & Grimby physical activity six-point scale (72) was used to assess
leisure time physical activity during the last 6 months and used as clinical
characteristics (study II-IV). The six-point scale ranging from hardly any physical
activity (level 1) to high or very high regular aerobic physical activity several times
a week (level 6). In study II and III, the ratings from 1 to 6 were used. In study 1V,
the ratings were dichotomized to “hardly any to easy PA” (level 1-3) and “moderate
to high PA” (level 4-6).

Thickness of subcutaneous tissue

Presence of increased subcutaneous tissue on the lower legs and/ or thighs was
assessed during manual examination (study II-IV). The participants were in a supine
position with knee bent. Palpation was performed by pinching subcutaneous tissue
in the calf and thigh using the thumb and index finger (Figure 13). This test has
shown high sensitivity and moderate specificity to detect dermal backflow
(disturbance of the superficial lymphatic system) according to the
lymphoflouroscopic images in persons with upper limb lymphedema (71). Increased
skin thickness has also shown a strong correlation with the degree of swelling and
duration of lymphedema in persons with chronic upper limb lymphedema (85). For
all participants in study II-IV, presence of increased subcutaneous tissue in the lower
limbs was a sign of verifying residual swelling.

Figure 13. Palpation of thickness of the subcutaneous tissue on the lower legs and thighs. © Charlotta
Jénsson

Reliability of measurements

To assess the intra-rater test-retest reliability of continuous measurements (study I-
I1I), the measurements are to be conducted by the same rater on two occasions, often
separated by hours or days. Several statistical analyses are recommended to be used
such as the agreement between measurements, systematic changes in the mean and
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measurement errors (3, 4). When assessing the test-retest reliability of
measurements the sample size is also of importance to consider and we followed the
recommendations stating that around 30 participants are required to form clinically
useful measurement errors for a group of persons and in a single person (86).

Analysis of agreement between measurements

In the analysis of agreement between measurements, the relationship between two
sets (or more) of repeated measurements are evaluated using the intraclass
correlation coefficient (ICC) for continuous variables. If the measurement values
for each person on the two test occasions are identical the ICC is 1 (4). There are
different ICCs available for different study designs, and generally the values of the
different ICCs are often very similar (3). For intra-rater test-retest reliability, the
ICC,, is recommended (4). The ICC values in study I, II and III were interpreted
according to Fleiss (87), where values below 0.40 represent poor reliability, values
between 0.40 and 0.75 represent fair to good reliability, and values above 0.75
represent excellent reliability. According to Lexell & Downham (3) the ICC has
several advantages e.g., can be used with small sample sizes and with data from
more than two test occasion. The ICC can sometimes give misleading results
because the analysis is highly sensitive to the spread of the measurements between
subjects. Therefore, additional analyses are needed (3).

Assessment of systematic changes in the mean

Normally there is a variation in mean values (mean difference, d) between two test
occasions and this variation can be caused by a random change or a systematic
change. A random change may be caused by the variability in the equipment, in the
method used or inherent biological variability, i.e., the variability in the actual test
situation. A systematic change is a non-random change caused by the performance
by the participants i.e., a learning effect or fatigue (3). If zero is included in the 95%
CI for the mean change, no systematic changes in the mean are present (88). In case
of systematic changes in the mean, it must be analysed and remedied before
proceeding with further analysis (4). Another way to visually evaluate changes in
the mean is by the so-called Bland-Altman graph. Here, the differences in the mean
between the two test occasions (test occasion 2 minus test occasion 1) are plotting
against the mean for each participant, together with the 95% limits of agreement
(LOA) (3, 88) (study II). The Bland-Altman graphs were also used in study III to
visually illustrate the variability between the methods.

Assessment of measurement errors

The assessments of measurement errors consist of the measurement variability
where the size of the variability between the measurements is quantified. The
smaller the variability, the easier to detect a variation. The standard error of
measurement (SEM) and the smallest real difference (SRD) were used in study I-I11
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to assess measurement errors. The SEM gives the limit for the smallest change that
indicate a real change for a group of persons (3) and is defined as SEM=SD(1-
ICC)** (4). For a group of persons, this value is often referred to as the “within-
subject variation”, “typical error” or “typical variation” (86). The SEM gives the
measurement variability in absolute values.

The SRD represents the limit for the smallest change that indicates a real change for
a single person and is defined as follows (3): SRD=1.96 x SEM x /2. The relative
value of the SEM (SEM%) and SRD (SRD%) were used in the analyses since a
relative value is independent of the units of measurements and thus more easily
interpreted (3). The relative value of SEM was calculated as follows: SEM%=
(SEM/mean) x 100 (3) and the relative value of SRD was calculated as follows:
SRD%=(SRD/mean) x 100 (89). An acceptable measurement variability for a group
of persons (SEM%) is considered to be less than 10% and for a single person
(SRD%) is considered to be less than 30% (89).

Agreement between measurement methods

In study III, CMs every 4™ cm from study IT was used for the V4 method, every 8"
cm for the V8 method and every 12" ¢cm for the V12 method. To define total limb
volume based on the V8 method and the V12 method the formula for a truncated
cone was rewritten. To ensure that the same limb length measurements were used
for all methods, the length for the V4 method was used as a preference. The most
proximal volume segment was therefore converted to either a 4 cm segment or an 8
cm segment for the V8 method or the V12 method (Table 6).

Table 6. Total length of the lower limbs and number of measuring points for circumferential
measurements every 4" cm (V4), every 8" cm (V8) and every 12" cm (V12).

Total length of the lower V4 method, V8 method, V12 method,
limb measured in cm number of number of number of
measuring measuring measuring
points points points
70 16 9* 6
74 17 9 7
78 18 10* 7
82 19 10 7

*Of which a 4 cm segment as the top cone; **Of which an 8 cm segment as the top cone.

Efficacy of bicycle exercise versus usual daily activity

In study IV, the measurements were performed at baseline (test occasion 1, T1) and
after the 8-week intervention (test occasion 2, T2). For participants randomized to
intervention group there were also visits every two weeks during the intervention
(Figure 14).
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8-week intervention

Test occasion 1, Test occasion 2,
(T1) Control group (T2)
Assessments of: Assessments of:
Primary and Primary and
secondary secondary
outcomes Intervention group outcomes

l } l Feasibility
Check-up Check-up Check-up
after after after
2 weeks 4 weeks 6 weeks

l l |

Circumferential measurements for volume and
checking the logbooks

Figure 14. Timeline for the assessments in pilot RCT (study IV).

Randomization

Randomization to intervention group (IG n=21) or control group (GC n=12) was
done with an allocation ratio of 2:1. This ratio was chosen due to the limited number
of suitable participants and the assumption that a higher opportunity to be
randomized to exercise would attract participants to enrol. The random allocation
sequence was done using a computer software program administered by one of the
authors (KJ). The participants were told not to discuss their group assignment with
the blinded assessor at T2. For those randomized to CG the same instructions to
perform the cycle exercise after the trial was offered.

Description of bicycling exercise at moderate intensity

The exercise in the IG consisted of bicycling 3 to 5 times a week, with a mean
intensity of 40-59% of the Heart Rate Reserve (HRR). HRR was calculated as
followed: (estimated maximum heart rate minus resting heart rate) x (Y%oHRR) plus
resting heart rate. The exercise was home-based and conducted on an indoor
spinning bike provided by the research team or on a private bicycle, or at a gym. A
heart rate monitor (Polar FS1) was provided to check the correct intensity during
the session, the total time of exercise, and the mean heart rate (information for the
logbook). Each session started with a 5-minute warm-up (cycling at self-chosen
pace), then the monitor was switched on to check the correct intensity, and bicycling
was continued at a moderate intensity for 30-60 minutes. Thereafter the monitor was
switched off, followed by cooling down for 5 minutes (biking at a self-chosen pace)
then stretching. Verbal and written information about the monitor, recommended
cadency of 60-90 revolutions/ min, stretching and how to complete the logbook at
each exercise session was given on the first test occasion.
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Description of usual daily activity

The exercise in the CG consisted of habitual daily physical activity routines or
exercise, during the 8-weeks. After the trial, the participants in the CG were offered
the same instructions and a heart rate monitor to perform the cycling exercise.

Feasibility of the bicycling exercise

Feasibility was assessed by retention, adherence, and adverse events. Before and
after each exercise session a logbook was completed with:

e Ratings of experienced heaviness and/ or tightness in the lymphedema
limb/ limbs on a VAS.

e Total time for the exercise registered by the heart rate monitor.
e Average heart rate registered by the monitor.

e Perceived exertion on the Borg RPE-scale, recommended was 12-14
(“somewhat hard”).

e Any adverse event or personal reflection related to the exercise.

Retention was assessed by withdrawal rate and adherence was assessed by data from
the logbook, achieving the prescribed dose of exercise by fulfilling at least 3
sessions per week, for 30 to 60 minutes and within moderate intensity. At T2, the
participants also answered a question about whether this exercise was new to them,
replaced other kind of exercise or added to existing exercise. Visits every two weeks
were performed for CMs (Figure 14) because an increased volume of more than 5%
was considered to be an adverse event. In case of an increased volume,
discontinuation of the intervention and the commencement of intensive
decongestive treatment. During these visits the logbook was also checked with the
purpose to facilitate continued participation.

Statistical analyses

In study I-1V, descriptive statistics were used for the participants’ demographic and
clinical characteristics as well as other appropriate variables by calculating
frequencies, means and standard deviations or medians, minimums and maximumes,
quartiles (Q1 and Q3) or ranges with minimums and maximums (Table 7). All
analyses were performed using IBM SPSS Statistics version 24 and 29 (IBM,
Armonk, New York, USA).
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Table 7. Overview of the statistical methods used in paper I-IV

Paper | Paper I Paper lll | Paper IV

Descriptive statistics

Mean+SD X X X
Median (Q1, Q3)

Number (n) X
Proportion (%) X
Ranges (min-max) X

Statistical analyses

Intraclass correlation coefficient (ICC2.1) X X X
Intraclass correlation coefficient (ICC3.1) X
Change in the mean X X
Standard error of measurement (SEM, SEM%) X X
Smallest real difference (SRD, SRD%) X X
Bland-Altman graphs (95% limits of agreement) X X

Mann-Whitney U test X
Wilcoxon signed rank test

In study I-111, the test-retest reliability analyses were performed with the ICC,, the
changes in the mean, SEM/ SEM% and SRD/ SRD%. In study II, the differences
between measurements were visually quantified with the Bland-Altman graphs
including the 95% LOA.

In study I1I, the agreement between the methods was analysed by ICCs ;. To visually
quantify the difference between the V4 and V8 methods and the V4 and V12
methods, the Bland-Altman graphs were used including the 95% LOA. The test-
retest analyses were made with the ICC,,, the changes in the mean, the SEM/
SEM% and the SRD/ SRD%.

In study IV, non-parametric tests were used for the analyses because the data was
not normally distributed. A sum score for the outcomes of the LyQLI and for the
outcomes of Lymph-ICF-LL were used in the analyses. Mann-Whitney U test was
used for evaluating differences between the groups at T1 and for evaluating
differences in changes (T1-T2) between the groups. Wilcoxon signed rank test was
used for evaluating changes between T1 and T2 within each group. A p-value of
<0.05 was considered statistically significant.
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Ethical considerations

All studies were approved by the regional ethical committee review board in Lund
Sweden, Dnr 2016/136. Amendments were approved for study I, I and III, Dnr
2017/228 and for study IV, Dnr 2020/05960. All studies were conducted in
accordance with the Declaration of Helsinki. Study IV was registered in
ISRCTN10242104.

In study I, all participants received written and oral information about the study
when being informed by CJ or KJ. At this first contact some of the participants
accepted to participate and time for inclusion were planned while others wanted
some time to consider. These potential participants were contacted after one or two
weeks and were given further information about the study, the aim, and processes.

In study II-IV all participants received written information about the study and were
contacted by phone after one or two weeks by CJ. Additional oral information about
the study, the study’s processes and goals were given, and the participants rights to
discontinue further participation whenever they wanted to during the study without
this affecting their contact with the rehabilitation unit. For those who accepted to
participate this information was repeated at the first test occasion before given
written informed consent.

The measurement methods used in study II-IV were new to most of the participants
except for CMs. Information about TDC measurements, arm-leg ratio and ECF R(0)
were therefore given in conjunction with the measurements being carried out. In
study IV, the questionnaires concerning health-related quality of life and perceived
lymphedema-related disability are not routinely used in the clinic and were new to
most of the participants. Some of the questions may trigger feelings of sadness, but
also feelings of recognition and that the questionnaire addresses key concepts about
what it is like to have lymphedema. A sensitivity to these feelings and suggestions
on how these feelings could be taken care of further were given by CJ.
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Results

Reliability of measurements

Lower limb volume

Test-retest reliability data of CMs (study I-11I) are presented in Table 8. On average,
in study I there were 15 days (SD 3) between the two test occasions for women and
16 days (SD 2) for men. In study II and III there were on average 14 days (SD 2)
between the two test occasions. In all three studies, the ICCs were 0.99. The mean
differences were small (ranged from -8 ml to 88 ml) and a systematic difference in
the mean was found in the left limb in healthy men, indicating a higher value on the
second test occasion. In all three studies, the SEM% ranged from 1.1% to 1.4% and

the SRD% ranged from 3.1% to 3.8% (Table 8).

Table 8. Test-retest reliability of circumferential measurements (volume) in study I-llI

Volume ICC21 | d(T2-T1) | 95% Clford | SEM% | SRD%
Study |
Women Right limb 0.99 3 -46 to 52 1.1 3.1
Left limb 0.99 0 -58 to 57 1.3 3.6
Men Right limb 0.99 49 -11to 110 1.2 34
Left limb 0.99 88 28 to 148 1.3 3.6
Study Il
Participants with LLL MA limb 0.99 3 -51 to 56 1.3 3.6
LA limb 0.99 21 -26 to 69 1.2 34
Study Il
V4 method MA limb 0.99 3 -51 to 56 1.3 3.6
LA limb 0.99 21 -26 to 69 1.2 3.4
V8 method MA limb 0.99 -8 -62 to 47 1.3 3.5
LA limb 0.99 21 -31t0 72 1.4 3.8
V12 method MA limb 0.99 7 -51 to 64 1.4 3.8
LA limb 0.99 26 -27t0 79 1.3 3.7
ICC, intraclass correlation coefficient; &, mean difference; Cl, confidence interval; MA, more affected;
LA, less affected; SEM%, relative value of the standard error of measurement; SRD%, relative value of
the smallest real difference. V4, circumferential measurements every 4" cm; V8, circumferential
measurements every 8" cm; V12, circumferential measurements every 12" cm.
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Local tissue water and impedance in ECF

In study 1, test-retest reliability of TDC at 14 points in the right and left limb in both
women and men are presented in Table 9. The ICCs in women ranged from 0.63 to
0.93, and in men from 0.21 to 0.89. There was a systematic change in the mean in
many of the measuring points in women but mostly in one of the limbs, implying
higher values on the second test occasion. In men, a systematic change in the mean
was seen only in two measuring points. The SEM% ranged from 4% to 10% in
women, and from 4% to 15% in men. The SRD% ranged from 11% to 28% in
women and from 11% to 40% in men.
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Table 9. Test-retest reliability of TDC measurements in 14 measuring points in healthy women and men
(study I).

Study I | Limb ICCz d (T2-T1) 95% Cl for d SEM% | SRD%
w M W M W M W M |W M
TDC
Distal calf
Lateral | Right | 0.77 0.43 1.5 1.8 -03to32 -01t03.7 |10 8 | 27 23
Left 080 027 | 28 1.5 11t045 -10to4.0 |10 11| 28 30
Medial | Right | 0.64 0.71 0.8 1.3 -04t020 -04t029 | 8 9 |23 25
Left 0.66 0.78 | 1.2 0.4 00to24 -09to1.7 | 9 7 |24 19
Dorsal | Right | 0.63 0.21 23 1.1 08t039 -17t038 |10 13 | 28 37
Left 093 035 | 04 24 | -05t01.3 -52t004 | 5 15| 14 40
Mid-calf
Lateral | Right | 0.84 0.76 | 0.5 0.2 -02t01.3 -1.3t017 | 5 8 |14 21
Left 0.77 074 | 0.8 -06 | -0.1t01.7 -1.8t005 | 6 6 | 18 17
Medial | Right | 0.73 0.85 | 0.9 04 01t01.8 -09t01.7 | 7 7 |18 20
Left 082 084 | 06 0.9 -02t0 1.5 -0.3t02.0 | 6 7 |16 18
Dorsal | Right | 0.78 0.81 1.2 0.9 0.3t0 2.0 00to1.7 | 7 5118 15
Left 0.84 076 | 1.2 0.9 0.5t01.9 01t01.8 | 6 5116 15
Distal thigh
Lateral | Right | 0.67 0.58 | 0.4 0.1 -05t013 -20t022 | 7 12|20 33
Left 0.81 082 | 08 0.2 0.0to 1.5 -1.0to14 | 6 7 |16 19
Ventral | Right | 0.69 0.59 | 0.7 0.3 -03to1.7 -11t016 | 6 7 117 20
Left 0.80 065 | 09 0.9 01to16 -02t020 | 5 7 |14 18
Medial | Right | 0.77 0.72 | 0.9 0.1 00to1.7 -10to1.2 | 7 7 |19 19
Left 0.84 066 | 08 -0.1 0.2t0 1.4 -1.0to09 | 5 6 | 14 17
Dorsal | Right | 0.83 0.80 | 0.1 0.5 -0.5t00.7 00to12 | 5 4 | 13 12
Left 0.82 074 | 00 0.4 -0.7t0 0.6 -05t013 | 5 6 | 13 16
Proximal thigh
Lateral | Right | 0.69 0.83 | 0.6 0 -02to14 -12t012 | 6 6 | 17 18
Left 0.68 0.82 1.0 0 02to18 -09t013 | 6 6 | 18 17
Ventral | Right | 0.77 0.89 | 04 0.3 -0.3to 1.1 -0.5t01.0 | 5 5114 12
Left 0.84 089 | 0.7 0.5 0.2to 1.1 -02to11 | 4 4 |11 11
Medial | Right | 0.78 042 | 0.3 0.1 -04t010 -12t015| 5 8 | 14 23
Left 0.81 063 | 08 0.5 02to15 -03t013 | 5 5114 15
Dorsal | Right | 0.66 0.82 | 0.8 0.8 -0.1to16 -01to16 | 5 5115 13
Left 0.74 077 | 05 1.2 -0.2t01.3 0.3t021 | 5 5|13 15

ICC, intraclass correlation coefficient; d, mean differences; M, men; SEM%, relative value of the
standard error of measurement; SRD%, relative value of the smallest real difference; TDC, tissue
dielectric constant; W, women

In study II, the test-retest reliability of arm-leg impedance ratio and TDC
measurements in the more affected and less affected limb are presented in Table 10.
For the impedance ratio, the ICCs ranged from 0.79 to 0.90. The mean differences
ranged from 0.02 to 0.03 and in the more affected limb there was a systematic
difference in the mean because zero was not included in the 95% CI. The SEM% was
5% for both limbs and the SRD% was 14%. For the TDC, the ICCs ranged from 0.68
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to 0.96 in the more affected and less affected limb, respectively. The mean differences
ranged from -0.8 to 0.9 and no systematic difference was present in any of the
measurements. The SEM% ranged from 4% to 9% and the SRD% ranged from 12%
to 27% in the more affected and less affected limb, respectively.

Table 10. Test-retest reliability of arm-leg impedance ratio and TDC measurements in 14 points in the
more affected and less affected limb of 42 persons with lower limb lymphedema (study ).

Study Il Limb ICC>. d (T2-T1) 95% Cl for d SEM% | SRD%
Arm-leg impedance ratio
Arm-leg ratio MA limb 0.90 0.03 0.003 to 0.065 5 14
LA limb 0.79 0.02 -0.014 to 0.049 5 14
TDC
Distal calf
Lateral MA limb 0.84 0.4 -09t0 1.6 7 19
LA limb 0.78 0.3 -1.3t0 1.9 9 24
Medial MA limb 0.86 -0.1 -1.3t0 1.4 8 22
LA limb 0.71 0.1 -1.2t0 1.4 8 22
Dorsal MA limb 0.79 1.3 -02t02.7 9 24
LA limb 0.76 1.3 -0.2t02.9 10 27
Mid-calf
Lateral Ma limb 0.88 -0.6 -1.710 0.6 8 21
LA limb 0.92 0.2 -0.5t0 1.0 5 13
Medial MA limb 0.96 0.1 -0.7t0 0.8 4 12
LA limb 0.87 -0.2 -1.2100.7 6 18
Dorsal MA limb 0.87 -0.2 -1.1t00.7 6 16
LA limb 0.95 0.3 -0.41t00.9 4 12
Distal thigh
Lateral MA limb 0.84 0.4 -09t0 1.8 9 25
LA limb 0.77 0.2 -0.8t0 1.3 8 23
Ventral MA limb 0.71 0.1 -1.0to1.1 6 17
LA limb 0.68 -0.3 -1.3100.6 7 18
Medial MA limb 0.89 -0.5 -1.6t00.7 8 23
LA limb 0.90 0.2 -0.6t0 0.9 5 15
Dorsal MA limb 0.91 -0.5 -1.5t0 0.6 7 21
LA limb 0.86 -0.8 -1.6t00.0 7 19
Proximal thigh
Lateral MA limb 0.94 -0.3 -1.31t00.6 6 17
LA limb 0.85 0.0 -0.8t00.9 6 17
Ventral MA limb 0.95 0.1 -0.8t0 0.9 5 15
LA limb 0.89 0.3 -0.5t0 1.1 6 17
Medial MA limb 0.93 0.9 -0.2t02.0 6 17
LA limb 0.79 0.7 -0.3t0 1.8 7 21
Dorsal MA limb 0.83 0.4 -0.4t01.2 6 15
LA limb 0.79 0.5 -0.2t01.2 5 14

ICC, intraclass correlation coefficient; d, mean difference; Cl, confidence interval; MA, more
affected; LA, less affected; SEM%, relative value of the standard error of measurement; SRD%,
relative value of the smallest real difference; TDC, tissue dielectric constant.
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The Bland-Altman graphs

In study II, the Bland-Altman graphs were used to illustrate the differences between
the test occasions plotted against the mean of the two test occasions for the arm-leg
impedance ratio, CMs and TDC in 4 points in the more affected limb (paper II,
Figure 2). The graphs reveal that the differences between the two test occasions
were small for all three methods. For the impedance ratio, generally higher values
on the second test occasion, also shown by the 95% CI for the mean differences
which did not include zero (Table 10).

Agreement between measurement methods

In study III, the agreement between the V4 and V8 methods and between the V4
and V12 methods were high, shown by the high ICCs; (ICC 0.999 and ICC 0.998,
respectively). The mean differences were small for the V4 and V8 methods (ranged
from -31 to -28 ml; 95% CI -43 to -13) and for the V4 and V12 methods (ranged
from -52 to -35 ml; 95% CI -61 to -9) in the more affected and less affected limb,
respectively. (Table 11).

Table 11. Agreement between the V4 and V8 methods and between the V4 and V12 methods in the
more affected and less affected limb, respectively, in 42 persons with lower limb lymphedema.

ICC3.1 95% Cl for ICC d 95% Cl of d 95% LOA
V4 and V8 methods
MA limb 0.999 0.998 to 1.000 -31 -43t0 -18 -110to 49
LA limb 0.999 0.998 to 1.000 -28 -42 t0 -13 -117 to 62
V4 and V12 methods
MA limb 0.998 0.996 to 0.999 -35 -61to0 -9 -198 to 129
LA limb 0.998 0.994 to 0.999 -52 -81to -23 -236 to 132
Cl, confidence interval; a,mean difference; ICC, intraclass correlation coefficient; LOA, limits of
agreement; MA, more affected; LA, less affected

The Bland-Altman graphs revealed the small variability between the V4 and V8§
methods and between the V4 and V12 methods (Figure 15). No systematic
relationship between the differences were revealed in the graphs or no increase in
variability for larger volumes. The 95% LOA ranged between -117 ml to 62 ml for
the V4 and V8 methods and between -236 ml to 132 ml for the V4 and V12 methods
(Table 11). The slightly wider 95% LOA for the V4 and V12 methods compared to
the V4 and V8 methods is also well illustrated in the Bland-Altman graphs (Figure
15).
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Figure 15. Bland-Altman graphs where the differences between the V4 and V8 methods and between
the V4 and V12 methods is plotted against the mean of the methods, for each limb separately.

In study III, test-retest reliability analyses were also performed for the three
methods. This analysis showed high reliability (ICCs 0.99) for all three methods,
low mean differences (ranged from -8 ml to 26 ml) and no systematic differences in
the mean for any of the three methods. The SEM% ranged from 1.2% to 1.4% and
the SRD% ranged from 3.4% to 3.8% in both limbs, implying that all three methods
are reliable presenting small measurement errors (Table 8).

Efficacy of bicycling exercise versus usual daily activity

Baseline characteristics of the primary and secondary outcomes in the IG and CG
are presented in Table 12, separated for the more affected limb and less affected
limb. At baseline, there was a significant difference between the groups for the
volume which was larger in both the more affected limb (p=0.008) and the less
affected limb (p=0.03) in the IG compared to the CG. No other significant
differences between the groups at baseline were found.
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Table 12. Baseline measurements of the primary and secondary outcomes in the intervention group and
control group in study IV.

Variables Intervention group (n=16) Control group (n=11)
Primary outcomes Median (quartile Q1, Q3) Median (quartile Q1, Q3)
Volume, ml

MA limb 9574 (8582, 10518) 7926 (7210, 8695)

LA limb 8676 (7349, 9878) 7009 (6405, 7969)
Local tissue water, TDC (high)

MA limb 42.5 (39.6, 48.9) 39.0 (35.9, 48.3)

LA limb 32.4 (28.5,41.7) 32.8 (29.3, 39.8)

ECF R(0)*

MA limb 286.1 (214.8, 565.3) 285.4 (253.5, 319.3)

LA limb 308.8 (256.6, 568.0) 315.7 (263.5, 368.3)
Secondary outcomes

Physical fitness, VO2 max 2.7 (1.8, 3.1) 2.4 (1.8,2.8)

HRQOL, LyQLI, sum score 0.7 (0.2,1.1) 0.3(0.1,0.6)

Lymphedema related disability, | 14.6 (6.1, 27.1) 6.4 (2.7, 13.4)

Lymph-ICF-LL, sum score
MA, more affected; LA, less affected; TDC, tissue dielectric constant, the point with the highest
value at T1 comparing to values in healthy persons (study I); ECF, extracellular fluid; VO2max,
maximal oxygen consumption; LyQLI, Lymphedema Quality of Life Inventory; ICF, International
Classification of Functioning, Disability and Health; LL, lower limbs.
Impedance R(0)*, n=24.

Between group differences

Regarding changes in primary outcomes (T1-T2), no significant differences
between the groups were found after the intervention. Regarding changes in
secondary outcomes (T1-T2), a significant difference between the groups were
found in lymphedema-related disability after the intervention, in favour of the IG (-
1.1, p=0.05). No other significant differences in changes between the groups in any
of the secondary outcomes were found (Table 13).

Within group differences

Regarding primary outcomes, in the 1G a significant decrease in TDC in the point
with the highest value and in ECF R(0) was found after the 8-week intervention in
the more affected limb. The median difference for TDC was -2.2 (p=.013) and for
ECF R(0) -13.2 (p=.004), respectively. Regarding secondary outcomes, significant
improvements in the IG were found for physical fitness, health-related quality of
life and lymphedema-related disability. The median differences for VO2max were
+0.5 L/min (p=.019), for the LyQLI -0.1 points (p=.049) and for the Lymph-ICF-
LL -2.4 points (p=.029), respectively. For the CG no significant median differences
were found from T1 to T2 in neither primary nor secondary outcomes (Table 13).
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Table 13. Differences in changes in primary and secondary outcomes within the groups (WG) and
between the groups (BG) after the 8-week bicycle exercise intervention.

Intervention group | p-value Control group p-value p-value
(n=16) WG (n=11) WG BG

Primary outcomes

Volume, ml

MA limb 63 (-28, 178) n.s 93 (-121, 221) n.s n.s

LA limb 69 (-60, 242) n.s 46 (-45, 195) n.s n.s
TDC (high)

MA limb -2.2(-5.8,-0.2) 0.013 -0.4 (-3.8, 1.0) n.s n.s

LA limb -1.2(-3.1,0.3) n.s 0.1(-1.6,1.1) n.s n.s
Impedance of ECF R(0)

MA limb -13.2 (-147.1, -3.8) 0.004 -11.9 (-16.6, 11.4) n.s n.s

LA limb -10.0 (-24.8, 17.9) n.s -19.1 (-35.6, 25.7) n.s n.s
Secondary outcomes

VO2 max 0.5(0,0.7) 0.019 0.2 (-0.2,0.4) n.s n.s

LyQLl, -0.1(-0.2, 0.0) 0.049 0.1 (-0.1,0.1) n.s n.s
sum score

Lymph-ICF-LL, -2.4 (-8.7,-0.4) 0.029 0.2 (-1.8,4.7) n.s 0.050
sum score
WG, within the groups; BG, between the groups; TDC, tissue dielectric constant compared to
highest value compared to healthy women and men (study I); ECF, extracellular fluid; VO2 max,
maximal oxygen consumption; LyQLI, Lymphedema Quality of Life Inventory; ICF, International
Classification of Function, Disability and Health; LL, lower limb

Feasibility of the bicycling exercise

All participants in the IG except one reached 24 sessions of cycling exercise during
the intervention, approximated to three times per weeks during the 8-week
intervention. Thirteen participants performed the exercise within the prescribed
recommendation for frequency, intensity, and duration for most of the weeks and
four of them even had a higher intensity in more than half of their sessions. Three
participants fulfilled the recommendations for most of the weeks, but for some only
twice weekly exercising or shorter sessions or at a lower intensity than prescribed.
One adverse event in terms of a volume increase of >5% was found in one
participant after 6 weeks. Further participation was discontinued, and intensive
decongestive treatment was given.

Information from the logbooks showed that ratings of perceived heaviness and/ or
tightness after each exercise session compared to before did not change or only
minor changes were found. Ratings of perceived exertion using the Borg RPE-scale
showed that most of the sessions were within the recommended range. A variety of
personal reflections on the performed exercise were reported in the logbooks:
transitory experience of cramping (n=2), a tingling sensation in the lymphedema
limb or limbs (n=3), muscle soreness (n=3), increased self-confidence with exercise
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(n=5), a better feeling in the lymphedema limb after exercising (n=3) and a
willingness to perform the exercise even though cycling also occurred in everyday
life (n=8). Problems with the bicycle or heart rate monitor were also reported (n=2).
Seven participants reported bicycling as a new exercise for them, while nine
participants used the bicycling as a complement or a replacement for existing
exercise.
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Discussion

General discussion

The overall aim of this thesis was to increase knowledge about appropriate
measurement methods to assess lymphedema in persons with primary or secondary
LLL, to evaluate the test-retest reliability of those measurement methods and the
efficacy and feasibility of moderate intensive bicycling exercise.

The test-retest reliability analysis was therefore applied in three of the studies in this
thesis. In study I, the results showed that volume and local tissue water can be
reliably measured in healthy persons. Consequently, CMs and TDC measurements
may therefore facilitate the choice of objective measurements in the early diagnosis
of persons at risk of cancer related LLL. The results also showed that volume,
impedance of ECF and local tissue water can be reliably measured in persons with
LLL. The measurement errors in these analyses were low or acceptable, which may
contribute to a clinically usefulness of this value when evaluating the effects of
treatment or other interventions in the clinic. Based on CMs every 4™ cm (reference
standard), two other measurement methods were defined and evaluated. The results
showed that the agreement between these methods were high and indicated that CMs
every 8" cm can be used instead of every 4™ cm without decreasing the reliability.
The reduced time with CMs every 8" cm will make this method less time demanding
in the clinic.

During the last decades, knowledge about the importance of moderate physical
activity in cancer rehabilitation to improve survival has increased. The general
health benefits given by moderate aerobic exercise for persons with a chronic
condition has highlighted the need for exercise interventions. The result in this pilot
RCT showed that an 8-week home-based moderate bicycling intervention is feasible
due to high adherence to the exercise protocol and has few adverse events. A
significant between-group difference in perceived lymphedema-related disability in
favour of the IG was found. Within the IG, significant decreased TDC and
impedance of ECF were found after the intervention, as were significant
improvements in physical fitness and in HRQOL. No changes were found in the
CG. Consequently, moderate intensity bicycle exercise seems to be beneficial in
persons with mild to moderate LLL without risking to worsening the LLL.
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In this thesis, the ICF model was used to present consequences following LLL
described as impairments, activity limitations and participation restrictions.
Together with the generic rehabilitation process presented and an overview of a
rehabilitation process in persons with LLL, the increased knowledge of reliable
measurement methods can thus be put into a meaningful clinical and daily life
context.

Reliability of measurements

Agreement between measurements

CMs every 4™ cm for volume in healthy women and men (paper I) and in persons
with mild to moderate LLL (paper II) showed excellent reliability according to
Fleiss (87) (ICCs 0.99) (1986). Only a few studies have evaluated the test-retest
reliability of CMs in the lower limbs (37, 90, 91). Our ICCs are somewhat higher
than the ICCs presented by Bakar et al (91) (ICCs ranged from 0.65 to 0.99) where
separate CMs on nine anatomical landmarks were used in the analyses. Sawan et al
(37) and te Slaa et al. (90) did not present ICCs. Consequently, different statistical
analyses were used in these studies and therefore comparison between the results
are difficult. Volume of the lower limbs can also be determined with a perometer
and our results for CMs are in line those presented by Tan et al (92) (ICC 0.99)
conducting a test-retest analysis with repeated measurements taken at one test
occasion. Our results are also in line with ICCs values presented in reliability studies
evaluating CMs in persons with upper limb lymphedema (ICCs ranged from 0.96 to
0.99) (93-95)

Measurements of TDC in 14 points in lower limbs of healthy women and men (paper
I) and in persons with mild to moderate LLL (paper II) showed fair to excellent
reliability in healthy women (ICCs 0.63 to 0.93), poor to excellent reliability in men
(ICCs 0.21 to 0.89) and fair to excellent reliability in persons with mild to moderate
LLL (ICCs 0.68 to 0.96). Our results in healthy women and in persons with LLL
are in line with ICCs presented by deVriese et al (96) for the unaffected limb (ICCs
ranged from 0.77 to 0.95) and for the affected limb (ICCs ranged from 0.79 to 0.95)
in persons with upper limb lymphedema.

Measurements of arm-leg impedance ratio in persons with mild to moderate LLL
showed excellent reliability according to Fleiss (87) (ICCs 0.79 to 0.90) (paper II).
The ICC presented by Czerniec et al. (93) evaluating reliability of upper limb
measurements in women with upper limb lymphedema is somewhat higher (ICC
0.95) than in our study. The ICC has many advantages in the test-retest reliability
analysis (3) but a disadvantage to consider is that the [CC can be low if the sample
is homogeneous, and therefore a set of statistical analyses is recommended (3, 4).
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Changes in the mean

The changes in the mean between the two test occasions were generally small and
for most of the measurements no systematic differences were seen as zero was
included in the 95% CI for the mean differences. However, in the TDC
measurements in healthy women (paper I) there was a systematic difference in nine
points in the left limb and in four points in the right limb consisting of higher values
on the second test occasion. The reason for this is unknown, but if it was related to
hormonal variation, a difference would more likely be seen in both limbs and not
preferably in the left. If the difference would be due to limb dominance the changes
in the means would be in both women and men, not preferably in women. However,
a change in the mean is important both to consider and to be further investigated (3).
In study I, a reasonable conclusion would be that the TDC values are reliable in
healthy women because the mean differences for TDC were small, and the 95% Cls
Were narrow.

Measurement errors

For CMs, the SEM% ranged from 1.1% to 1.3% and the SRD% ranged from 3.1%
to 3.6% in healthy persons (paper I). In persons with LLL, the SEM% ranged from
1.2% to 1.4% and the SRD% ranged from 3.4% to 3.8% (paper Il and III). To
compare our data with other studies is not straight forward because there are very
few studies evaluating measurement errors using CMs. However, our SRD values
from study I presented as absolute SRD (262-335 ml) are in line with a previous
study by Sawan et al (37) (270 ml) using CMs every 4™ cm in healthy persons. For
persons with LLL, the SEM was 120 ml (paper III) in the more affected limb. Our
SEM value is slightly higher than SEM values presented for upper limb
lymphedema ranging from 63 ml of 94 ml (93, 95) but considering that the volume
of the lower limbs is larger than the volume of the upper limbs our results are in line
with theirs.

Measurement errors for TDC measurements were acceptable in healthy women and
in most points in healthy men (SEM% ranged from 5% to 10% in women and from
4% to 13% in men; SRD% ranged from 11 % to 28% in women and from 11% to
40% in men) (paper I). In persons with mild to moderate LLL, the measurement
errors were acceptable (SEM% ranged from 4% to 10%; SRD% ranged from 12%
to 27%). The only study presenting measurement errors of local tissue water have
evaluated points in persons with upper limb lymphedema using absolute values of
SEM with the PWC method (percentage water content) (96). Our SEM values
ranged from 1.1 to 5.2 (paper I) and from 1.4 to 3.6 in persons with LLL (paper II).
The absolute SEM (PWC values) in the study by De Vrieze et al (96) ranged from
1.5 to 2.1 (non-affected limb), and from 2.1 to 4.1 (affected limb). Considering that
absolute PWC values are higher (using a range between 1 to 100) than absolute TDC
values (using a range between 1 and 78) the measurement errors in our studies seem
to be in line with those presented by De Vrieze et al. (96).
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Measurement errors for the impedance ratio were acceptable (SEM%: 5% and
SRD%: 14%) and corresponded to an absolute SEM of 0.07 which is in line with
the results of Czerniec et al (93) showing an absolute SEM of 0.06 in interlimb RO
ratio in upper limb lymphedema.

Measurement errors presented as SEM% and SRD% are valuable and useful in the
clinic as they are easy to interpret. They represent the limits for normal variations
of measurement values for a group of persons and for a single person, respectively.
This means that a change in measurement values smaller than the SEM% or the
SRDY% after an intervention most likely is to be considered too small to be clinically
relevant (3). Whereas a change outside the SEM% or the SRD% most likely is to be
considered a clinically relevant change. Acceptable limit for SEM% is reported to
be <10% and for SRD% <30% (89). In study II, the SRD% for CMs ranged from
3% to 4% which seems to be clinically useful. If the SRD% for CMs had turned out
to be closer to 10% it would still be considered acceptable (89) but probably not
clinically useful because 10% in volume is quite a lot. In a lower limb volume of
9000 ml, a change of 10% corresponds to 900 ml which may be considered a lot in
the clinic. Whereas a change of 4% in the same limb corresponds to 360 ml which
seems to be much more reasonable. Therefore, when using the SRD% (and SEM%)
in the clinic the values need to be put in the context of where they are used and in
some cases the SRD% seems to be too high whereas the SEM% is the more
reasonable value to be used (3).

Agreement between measurement methods

The agreement between the V4 method, the V8 method, and the V12 method was
high (ICCs.1) (paper III). For the V4 and V8 methods the agreement was slightly
higher than for the V4 and V12, shown by the narrower 95% LOA for the V4 and
V8 methods than for the V4 and V12 (-117 ml to 62 ml and -236 ml to 132 ml,
respectively). The test-retest reliability for the three measurement methods was high
(ICCs ranged from 0.993 to 0.995) and the measurement errors low (SEM% ranged
from 1.2% to 1.4% and SRD% ranged from 3.4% to 3.8%) (paper III). Our results
from the agreement analyses shown by the 95% LOA are in line with Sukul et al
(97) presenting a narrow 95% LOA (-123 ml to 33 ml) when evaluating the accuracy
of volume based on the water displacement method, with the tape measurement
method (using CMs every 3™ cm) in young men. Other studies where the agreement
between methods for limb volume have been evaluated in lower limbs (92) and in
upper limbs (98, 99) the 95% LOA in the analyses had been wider. The authors
therefore concluded that the methods were not interchangeable. Based on the
agreement analyses in study III and the test-retest reliability, the V8 method is
recommended to be used instead of the V4 method for volume in persons with mild
to moderate LLL with the purpose of saving time in clinical settings.
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Efficacy of bicycling exercise versus usual daily activity

In this pilot RCT, a significant change between the groups after the intervention was
found in perceived lymphedema-related disability in favour of the 1G (paper 1V).
Within the IG, significant decrease in ECF R(0), improvements in TDC, V02max,
and HRQOL were found. No changes were found in the CG. An important
conclusion in this study based on these results is that moderate exercise can be
performed without worsening LLL. This result is in line with results presented by
Do et al (69) showing no worsening in LLL status after 4 weeks of moderate
intensity exercise in combination with decongestive exercise. In their RCT
significant improvements between the groups were found for physical function,
fatigue, muscle strength in favour of the IG. These improvements were likely a
consequence of the exercise even though it was performed for a limited time (only
4 weeks).

In this study, three different quantitative measurement methods were used to
evaluate LLL status (primary outcomes). These three methods measure LLL in
different ways, CMs for volume, TDC for local tissue water and impedance for ECF
(R). In the within group analyses, we found significant decrease in TDC and in
impedance of ECF (paper V), there were no changes in CMs. The decrease in TDC
were found in one measurement point with a high value at the T1. The reason we
chose to evaluate this point was that a point with a high value will more probably
change compared to a point with a low value. A possible explanation to the
improvements in TDC could be that the intensive muscle activity combined with
compression stockings may reduce local tissue water in a point with a high value. If
local tissue water was moved to another location or absorbed by the lymphatic
system is unclear and further research to evaluate changes in TDC measurements
are recommended. There was a significant decrease in impedance of ECF R(0) in
the IG. Our result is quite the opposite to the result presented by Dionne et al (68)
where a significant decrease in ECF was found after a 6-week exercise intervention.
Our result implies an increase in ECF, because the relationship between resistance
and volume is inversely related. There was however no indication of a worsening of
the LLL, based on CMs or TDC and we therefore suggest that a possible explanation
to the changes in impedance measurements could be a change in the composite of
the lower limb due to a slightly larger muscle mass caused by the exercise. Based
on these results, we suggest follow-up visits with volume control at the start of
moderate exercise.

CMs every 4™ cm for volume was used in study IV. According to the results in study
IT1, we could have used CMs every 8" cm for volume to save time, but since the
inclusion in study IV started in 2018 and at a point where we did not have the results
for paper 111 formulated, CMs every 4™ cm for volume was used throughout study
V.
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In study IV, in the between group analysis there was a significant improvement in
perceived lymphedema related disability in favour of the IG. In exercise studies
including persons with LLL it is probably more common to find improvements in
muscle strength, physical function, and fatigue (69), but improvements in health-
related quality of life and in perceived lymphedema related disability may be as
important as the physical improvements found after exercise for persons with LLL.

Bicycling exercise was chosen due to the assumption that regular repeated muscle
activity may promote circulatory improvements in the lymphatic vessels by
increasing the pumping capacity and thereby affecting the LLL in a positive way.
Our study showed however no changes in volume in the IG. A decrease in volume
has been shown in an exercise study where the participants with breast cancer
related arm lymphedema performed moderate aerobic exercise for eight weeks with
pole walking (84). But since these results have not been confirmed in other exercise
studies including persons with lymphedema (6) the main goal for exercising will be
the more general health benefit of moderate intensity exercise and to lower the risk
of cancer recurrence (100) in those with cancer related LLL.

Feasibility of the bicycling exercise

The feasibility was investigated by retention, adherence, and adverse events. The
retention rate (82%) was high, because only two participants stopped due to lack
of time, whereas three were stopped due to the COVID pandemic. Thus, 27
participants fulfilled the intervention, of which 16 in the IG (paper IV). Adherence
to the exercise protocol was 81%, since 13 participants fulfilled the prescribed
intensity, frequency, and duration for most of their weeks. Similar results have
been shown in a study by Johansson et al (101) where unsupervised water-based
exercise was performed twice weekly for 8 weeks and in a study by Jonsson et al
(84) where home-based pole walking where performed three to five times per
week for 8 weeks. Some advantages of home-based exercise are that it is budget
friendly, the environment is comfortable, no pressure from others and can be done
whenever there is time. In our study the use of regular check-ups every two weeks
for volume control and control of the logbooks were found to be supportive. The
social support from family, friends and healthcare professionals have been
identified as an important facilitator for physical activity (102). Also, to consider
the pre-treatment aerobic fitness, medical comorbidities, and response to cancer
treatment when prescribing exercise is recommended (66). In our study the
participants could perform the exercise in a more personalized way within the
prescribed dose of frequency, intensity, and duration. Recommendations about
this were given both on the first test occasion for those being randomized to 1G
but also at the regular check-ups.
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An adverse event due to increased volume in one of the limbs occurred in one
participant after 6 weeks. Decongestive treatment was given, and the baseline
measurements were achieved after some weeks. Even though there is a presumption
that exercise may worsen LLL there are few adverse events reported in exercise
studies including persons with LLL. This is probably due to that the exercise is
recommended to start on a low intensity level and to be increased gradually (103).
If the participants were not used to aerobic exercise, advice about the importance to
start on a low level and increase gradually was also given in our study.

Methodological considerations

Strengths

In study I, II and III a comprehensive set of statistical methods to address the test-
retest reliability of quantitative measurements was used (3) which is considered a
strength in this thesis. Also, the relative value of the measurement errors both for a
group of persons (SEM%) and in a single individual (SRD%) were evaluated. The
relative values are easier to interpret and to compare with in other studies. There are
very few studies that have evaluated the test-rest reliability of volume and local
tissue water in healthy persons and in persons with LLL even though CMs to
determine volume are common in LLL rehabilitation. Positively, concluded in this
thesis is that volume and local tissue water can be reliably measured in healthy
women and men (paper 1) and in persons with mild to moderate LLL (paper II and
III), also that impedance of ECF can be reliably measured in persons with mild to
moderate LLL (paper II).

Local tissue water was assessed in 14 points located at different levels with the
intention to cover different parts of the lower limbs. A standardized measurement
protocol was developed to identify each of the points and this protocol was used in
paper L, II and IV. There are only few studies evaluating local tissue water on the
lower limbs and in these studies points were located on the foot and lower leg (75,
104). To evaluate local tissue water also on the thigh seems to be important because
cancer related lymphedema seems to begin proximally in the lower limbs (17). The
results in this thesis will thus contribute to new knowledge about different
measurement locations on the lower limbs.

A strength was that a standardized measurement protocol was developed for CMs
on the lower limbs and used in all papers in this thesis. This protocol is well
described in the papers and in this thesis. To use a highly standardized measurement
procedure is important (105) and contributes to achieve reliable measurements
which is shown in paper [-111.

Another strength was that each lower limb was evaluated separately. In this way the
results in this thesis can be used in persons with unilateral LLL as well as those with
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bilateral LLL. One aspect to be aware of when evaluating each lower limb separately
is that a change in body weight will most likely result in a change in volume. So,
together with CMs for volume there is also a need for assessments of body weight.
By taking the weight in to account when evaluating changes in volume, a more
accurate evaluation may be done.

A strength in paper IV, was that several measurement instruments and patient
reported outcome measurements according to ICF were used. In this way both
function and disabilities, such as activity limitations and participation restrictions
were addressed. The between group analyses showed significant improvement in
perceived lymphedema-related disability assessed by the Lymph-ICF-LL after the
intervention, in favour of the exercise, which is of great interest. A further analysis
of in which domain or domains improvements were perceived needs to be done. A
disease specific HRQOL questionnaire was also used in study IV and significant
improvements after the intervention was seen in the within group analyses. Further
analysis will also be conducted to evaluate changes in each domain separately. Even
though these two questionnaires are self-reported measures they reflect slightly
different areas. To further evaluate how these questionnaires can be implemented in
the clinic is of interest.

In study IV, an assessor blinded to group allocation performed most of the
measurements after the 8-week intervention. This could also be considered a
strength. However, the CMs and markings for the measurement points of local tissue
water were both performed by CJ because in these measurement methods there are
some manual steps which most likely will negatively affect the inter-rater reliability.

Limitations

Only persons with mild to moderate LLL were included in this thesis which could
be considered a limitation. To use the results from this thesis in persons with severe
LLL may not be correct because to measure a larger limb is more difficult.
Therefore, to evaluate the test-retest reliability analyses of volume, local tissue
water and impedance of ECF in persons with severe LLL would be valuable and to
evaluate the efficacy and feasibility of exercise in these persons. A reason for
including only persons with mild to moderate LLL is that mild to moderate LLL is
more common in our clinic. There are only few persons with severe LLL most likely
because of a structured rehabilitation process implemented in our clinic. A
contributing factor may also be an increasing knowledge about LLL in health care
professionals in our department and in clinics where the oncology treatment can
cause LLL, resulting in early LLL diagnosis and start of treatment.

The limited number of men included in study II can also be considered a limitation.
Our intention in study II was to evaluate the test-retest reliability separately for
women and men, but since no discernible systematic differences between the sexes
were found in the analyses and the limited number of potential participants, data for
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the participants were combined. An increased number of participants in study I
might also have affected the systematic changes in the mean for the women in a
positive way. But since the changes in the mean were small and usually occurred in
only one of the lower limbs, we reasoned that the results were of value. Interestingly,
no systematic changes in the mean in any of the measuring points for local tissue
water were revealed in persons with LLL (paper II).

A limitation in study IV was the small number of participants. The interest in
participating in the exercise study may be greater if the intervention took place
closer to the cancer treatment (65) and the onset of LLL. However, some of the
participants had been diagnosed with LLL several years ago and still found it
interesting to participate to gain more knowledge about effects of moderate intensity
exercise on the LLL. The inclusion was also affected by the COVID pandemic
which forced us to interrupt the intervention for a couple of years. During this time,
other rehabilitation units in the southern part of Sweden were contacted to be able
to identify more potential participants. Based on this we believe that the number of
participants is sufficient for a pilot RCT.

Another limitation was that some of the participants in study IV already at baseline
were performing weekly moderate exercise. If the intervention takes place closer to
finishing cancer treatment, there is more likely several potential participants not
performing moderate intensity exercise regularly. To include persons already
exercising was however accepted because of the limited knowledge about the effects
of moderate exercise in persons with LLL (67-69, 103).
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Conclusions

e (CMs and TDC measurements are reliable in lower limbs of healthy women
and men. Both methods can be recommended for a group of persons and in
single persons. However, TDC points close to bone and tendons in men
should be used with caution.

e Impedance of ECF, volume and local tissue water can be reliably measured
in persons with mild to moderate, unilateral, or bilateral LLL. The
measurement errors were acceptable in all three methods (i.e., arm-leg
impedance ratios, CMs and TDC) indicating that real, clinical changes in
lymphedema can be measured both for a group of persons and a single
individual with LLL.

e The agreement was high between all measurement methods, but slightly
higher between the V4 and V8 methods than between V4 and V12, and the
test-retest reliability was equally high for all three methods. The V8 method
can thus replace the V4 method when using CMs for volume in persons
with LLL.

e Moderate intensity home-based bicycling exercise is feasible and improves
local tissue water, lymphedema-related disability, physical fitness, and
health related quality of life in persons with LLL. Regular check-ups for
volume control and guidance are supportive.
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Clinical implications

The findings from this thesis have several important clinical implications:

By using standardized measurement protocols, volume, local tissue water
and impedance of ECF can be reliably measured in persons with LLL and
most likely in those at risk of LLL.

Knowledge of the normal variability in CMs, TDC measurements and
impedance ratios, will give higher confidence in the interpretation of
changes in these measurements after treatment or self-care in persons with
mild to moderate LLL.

For early diagnosis of LLL both quantitative measurements and manual
examination are recommended. A change in volume and local tissue water
outside the limit for normal variation in a healthy population may aid
prevention and early diagnoses in persons at risk of LLL after extensive
lymph node dissection and radiation.

To follow LLL over time and evaluate short-term or long-term effects of an
intervention, both quantitative measurements and patient-reported
outcomes according to ICF are recommended.

CMs every 8" cm is recommended to replace CMs every 4™ cm for volume
in the management of LLL. The high agreement between these two methods
and the equally high test-retest reliability and low measurement errors,
makes the faster 8™ cm method more attractive.

Advice about home-based moderate intensity exercise in persons with LLL
may be supported by an exercise logbook and a heart rate monitor besides
oral and written information. Short regular follow-ups are supportive and
recommended to detect possible adverse events because of the limited
knowledge in this area.

To support moderate exercise in persons treated for cancer and in persons
with a chronic condition is important. The positive effects such as improved
perception of lymphedema-related disability and health related quality of
life together with increased physical fitness, support that exercise is
beneficial without worsening the lymphedema. But future research is
needed to confirm the results.
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Future research

e  The results from the pilot RCT evaluated in this thesis support that moderate
intensity bicycling exercise can be performed without the risk of worsening
LLL, on the contrary we found positive effects but due to the small sample
size future research in this area is needed.

e To evaluate the effects and feasibility of moderate intensity exercise in
persons short time after onset of LLL is of great interest. Future research in
this area may also investigate which domains in perceived lymphedema-
related disability and health related quality of life that seem to be affected
and possible reason for this.

e There is limited knowledge about the experience of having LLL, the self-
care needed and support from the health care. Based on this a qualitative
study focusing on these experiences in persons with LLL would be of
interest to increase the knowledge about this condition for health caregivers.

e Studies have shown that persons with LLL experience lower HRQOL
compared to persons with upper limb lymphedema. There may be various
reasons for this but more knowledge about this may facilitate a more person-
centred rehabilitation in LLL management. Therefore, future research in
this area is needed.

e Early diagnosis of cancer-related lymphedema and treatment is important
to limit the swelling in the long-term. Research has shown that surveillance
programs using quantitative measurement methods and manual
examination for persons at risk of upper limb lymphedema can prevent
progression of lymphedema. Research is needed to identify risk patients and
time for onset of LLL following treatment for gynecological cancer,
malignant melanoma, and urological cancer. A prospective, longitudinal
study can form a base for a surveillance program for the prevention and
early diagnosis of LLL and increase knowledge about the incidence/
prevalence of LLL in a population where such knowledge is lacking.
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Appendix

Characteristics for the participants in study II-IV according to LLL status: exceeding
the threshold for volume difference of >5% (29), higher local tissue water (TDC)
(exceeding mean +3SD in healthy women and men) (paper I) and exceeding
threshold for extracellular fluid (ECF) (46) and the presence of perceived heaviness

and tightness in the affected limb or limbs.

Clinical lymphedema characteristic of the participants in study II-IV.

Study Il and 111 Study IV
(n=42)
Intervention Control
group group
(n=16) (n=11)
Subjective assessments
Perception of heaviness, n (%)
MA limb 18 (43) 8 (50) 5 (46)
LA limb 4 (10) 0 0
Perception of tightness, n (%)
MA limb 8 (19) 7 (44) 3(27)
LA limb 1(3) 0 0
Objective assessments
Increased thickness of subcutaneous tissue, n (%)
MA limb 42 (100) 16 (100) 11 (100)
LA limb 5(12) 0 0
Interlimb volume difference = 5%, n (%) 26 (62) 12 (75) 7 (64)
Increased TDC in = one measuring point, n (%)
MA limb 31(74) 12 (75) 10 (91)
LA limb 16 (38)
Arm-leg impedance ratio exceeding the threshold for lymphedema, n (%)
MA limb 16 (38) 4 (25) 0
LA limb 4 (10)

MA, more affected; LA, less affected; TDC, tissue dielectric constant
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Cykelstudien Initialer....... Nr.......

FUNKTIONSPAVERKAN VID BENLYMFODEM — BEN DAtUM wcooeeeerreccenevenenes

Lymfodem i ett eller bada benen kan paverka bade fysiskt och mentalt.

Detta frageformular innehaller 28 fragor och ar baserat pa information som lamnats av personer som har
benlymfodem.

Intill varje fraga finns en 10 cm lang vagrat linje. Vid andpunkterna pa varje linje star orden "Mycket bra” och
"Inte alls”. Var vanlig gor en liten lodrat markering pa varje vagrat linje. Markeringen anger graden av besvar eller
aktivitetsnedsattning pa grund av lymfédem i ett eller bada benen.

Till exempel Mycket bra Inte alls Ej
aktuelit

| O

Hur bra kan du
utfora tradgardsarbete?

Satt en lodrat markering vid den vénstra andpunkten, om du kan utfora tradgardarbete utan problem.

Mycket bra Inte alls Ej
aktuelit

Hur bra kan du I I | O
utféra tradgardsarbete?

Satt en lodrat markering at héger pa den vagrata linjen om du har stora problem att utféra tradgardsarbete.
Markera i ringen langst till hger, om du inte har tradgard eller av annan anledning inte dgnat dig at
tradgardsarbete.

Var vanlig ange hur det varit under de senaste tva veckorna och ldmna inte nagon fraga obesvarad.

Ange din egen uppfattning och diskutera inte med nagon i din omgivning.



Cykelstudien Initialer....... Nr.......

Sid 1
Fysiska problem
Pa grund av lymfédem i ett eller bada benen:
Inte alls Mycket

Gor det ont | |

Kanns huden spand | {

Kanns stickningar | !

> W

Pagaende eller regelbundet

aterkommande infektioner } !

5. Kanns stelt (nedsatt rorlighet) | |

6. Kannstungt I ]

Mentala problem
Pa grund av lymfédem i ett eller bada benen kanner jag:
Inte alls Mycket

7. Bristande sjalvfortroende f i

8. Kéanner mig ledsen

!
I
9. Kidnner mig mindre attraktiv |

10. Kdnner mig frustrerad (spand) | i

11. Osdkerhet infér framtiden } |

(t.ex arbetssituationen)

12. Besviken pa sjukvarden } !

(t.ex brist pa information)

Sid2 —>



Cykelstudien Initialer....... Nr.......

Sid 2
Arbete, hushallsaktiviteter
Pa grund av lymfédem i ett eller bada benen: Ej
Inte alls Mycket aktuellt
13. Har jag blivit mer } i
beroende av andra
14. Fatt svart att organisera | i
olika saker (t.ex samman-
komster, uppdrag)
15. Svart med hushallsarbete | i O
Fysisk formaga
Hur bra kan du: Ej
Mycket bra Inte alls  aktuellt

16. Sitta en langre stund f 1

17.Std en langre stund } |
|

18. Knaboja

19. Ga mer dn 2km f i

20. Cykla f |
21. Kora bil } ]

OO O

22.Ga i trappor f |

Sid3 —



Cykelstudien

Sociala aktiviteter
Hur bra gar det att:

23. Yrkesarbeta

24. Delta i sport

Vilkenyvilka...................

25. Genomfora fritidsaktivitet }

26. Ha socialt umgénge
27. Bara fritt val av klader

28. Aka pa semester

Mycket bra

Sid 3

Initialer....... Nr.......

Ej
Inte alls  aktuellt

O

O O

Tack for din medverkan!



Cykelstudien Initialer....... Nr....... Datum..........

Frageformular om hur lymfédemet paverkar din livskvalitet

Detta frageformular tar upp fragor om pa vilket sétt lymfodem kan paverka din
livskvalitet och dagliga aktiviteter.

Du kan ha erfarenhet av mycket latt lymfodem, mattliga eller svara besvar. Du kan ha
haft lymfodem kort eller lang tid.

Enkaten ar indelad i tre dimensioner

> Fysisk
> Psykosocial
> Praktisk

Var snall och svara pa dessa fragor endast i den man de beror ditt lymfodem

Tank pa ditt lymfédem och din livskvalitet under de senaste 4 veckorna.
Nar det géller fragor som &r exempelvis arstidsbundna, kan du tanka pa hur det var det
senaste aret.

Ringa in det svar som bast motsvarar dina upplevelser. Forsok svara pa alla fragor.

Om du inte tycker att de beskrivna besvéren eller problemen berér dig, var snall
och ringa in “Inget” i svarskolumnen.

SLQOLI Klernds / Johansson 2012
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Cykelstudien

Initialer.....

Nr.......

Fysiska besvar pa grund av lymfodem Hur mycket paverkar dessa
besvar din livskvalitet?
1 | Smarta/vark i lymfodemomradet Inget Lite Endel Mycket
2 | Obehagskansla i lymfodemomradet Inget Lite Endel Mycket
3 | Tyngdkansla i lymfodemomradet Inget Lite Endel Mycket
4 | Stickningar/domningar i lymfodemomradet Inget Lite Endel Mycket
5 | Brannande kansla/hetta i lymfodemomradet Inget Lite Endel Mycket
6 | Svullnad/spanningskansla i lymfédemomradet Inget Lite Endel Mycket
7 | Hudproblem i lymfédemomradet Inget Lite Endel Mycket
8 | Sémnsvarigheter pa grund av den svullna Inget Lite Endel Mycket
kroppsdelen
9 | Rorelsesvarigheter pa grund av lymfodemet Inget Lite Endel Mycket
10 | Blir pAmind om den svullna kroppsdelen hela Inget Lite Endel Mycket
tiden
11 | Kénner minskad styrka i den svullna kroppsdelen | Inget Lite Endel Mycket
12 | Rosfeber (erysipelas) Inget Lite Endel Mycket
SLQOLI Klernas / Johansson 2012
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Cykelstudien Initialer....... Nr....... Datum..........

Psykosociala problem pa grund av lymfodem | Hur mycket paverkar dessa
problem din livskvalitet?

13 | Kénsla av irritation/frustration Inget Lite Endel Mycket

14 | Kéanner oro for huruvida lymfédemet blir varre | Inget Lite Endel Mycket
eller inte

15 | Generad for Inget Lite Endel Mycket
lymfoédemet/kompressionsdelen/strumpan

16 | Forandringar av hur jag ser pa mig sjalv Inget Lite Endel Mycket

17 | K&nner nedstamdhet Inget Lite Endel Mycket

18 | Att inte kunna gora de saker jag brukade tycka |Inget Lite Endel Mycket
om att gora

19 | Oroar mig for nér jag bor uppsoka medicinsk | Inget Lite Endel Mycket
vard

20 | Tanker mycket pa mitt tillstand Inget Lite Endel Mycket

21 | Orolig for hur lymfodemet paverkar mina Inget Lite Endel Mycket
befintliga relationer

22 | Oro for hur lymfodemet kan paverka nya Inget Lite Endel Mycket
relationer

23 | Forandringar av mina sexuella kénslor och Inget Lite Endel Mycket
intimitet

24 | Kéanner mig obekvam eller generad i mina Inget Lite Endel Mycket

sport- och hobbyaktiviteter

25 | Ké&nner mig obekvam eller generad att deltai | Inget Lite Endel Mycket
aktiviteter tillsammans med vanner,
arbetskamrater etc.

26 | Maste be om hjalp i olika situationer Inget Lite Endel Mycket
27 | Besvarad av forandringar i mitt utseende Inget Lite Endel Mycket
28 | Att behova svara pa fragor om den svullna Inget Lite Endel Mycket
kroppsdelen
SLQOLI Klernas / Johansson 2012
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Cykelstudien Initialer....... Nr....... Datum..........

Praktiska problem pa grund av lymfédem Hur mycket paverkar dessa
problem din livskvalitet?
29 | Personlig vard (t.ex. kla pa mig, varda haret, Inget Lite Endel Mycket
fotvard)
30 | Hemmets skotsel/vardagsaktiviteter, sport- och | Inget Lite Endel Mycket
hobbyaktiviteter
31 | Aktiviteter pa jobbet Inget Lite Endel Mycket
32 | Lara mig gora saker pa ett annat satt Inget Lite Endel Mycket

33 | Har mindre ork att utfora praktiska saker (t.ex. | Inget Lite Endel Mycket
personlig vard, hemmets skotsel eller pa
jobbet)

34 | Kostnader for att klara lymfodemet Inget Lite Endel Mycket
(t.ex. klader, skor, behandlingar,
kompressionsmaterial)

35 | Hitta fungerande kompressionsmaterial (t.ex. | Inget Lite Endel Mycket
strumpa, arm, handske)

36 | Aka langre strackor med bil, tag, flyg etc. Inget Lite Endel Mycket

37 | Hitta bekvama/snygga klader och skor, ratt Inget Lite Endel Mycket
storlek och material

38 | Begréansningar i att vistas i varm Inget Lite Endel Mycket

vaderlek/solsken

39 | Den standiga egenvard jag maste &gna mig at | Inget Lite Endel Mycket
for att forhindra lymfodemet fran att forsamras

40 | Skaffa information om hur jag ska klara av Inget Lite Endel Mycket
lymfodemet

41 | Vara beredd pa akuta situationer Inget Lite Endel Mycket
(t.ex. alltid ha ett recept pa antibiotika till
hands)

SLQOLI Klernas / Johansson 2012
4(5)



Cykelstudien Initialer....... Nr....... Datum..........

42. Har detta varit en typisk fyraveckorsperiod for dig, avseende ditt lymfédem?
Ja( ) Nej()

43. Om du svarat “Nej”, hur har denna fyraveckorsperiod varit (kryssa i ett alternativ)

Mycket varre ( ) Varre( ) Battre ( ) Mycket battre ( ) &n vanligt

44, Tank igenom hur ditt lymfodem paverkat dig 6vergripande de senaste fyra veckorna
och ringa in den siffra som bast dverensstimmer med din livskvalitet.

0 1 2 3
Mycket dalig Mycket bra
45. Om du tar hansyn till alla delar av ditt liv, hur skulle du beskriva din livskvalitet
under de senaste fyra veckorna? Ringa in den siffra som bést 6verensstammer med din
Overgripande livskvalitet.

0 1 2 3

Mycket dalig Mycket bra

Var vanlig kontrollera att du svarat pa alla fragor.

Tack for att du tog dig tid att fylla i formuléret!

SLQOLI Klernas / Johansson 2012
5(5)
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Abstract

Background: Measurements of lower limb (LL) volume and local tissue water by tissue dielectric constant
(TDC) are common in lymphedema management. Knowledge of normal variability in health subjects is im-
portant and can serve as a base for early lymphedema diagnosis but is currently lacking. The aim of this study
was to evaluate test-retest reliability of LL volume and TDC values in healthy women and men.

Methods and Results: Thirty-three women and 28 men were measured twice, 2 weeks apart. Volume was
calculated from circumferential measurements every 4 cm and TDC in 14 points. Test-retest reliability was
evaluated using intraclass correlation coefficient (ICC), changes in the mean, standard error of measurement in
percentage (SEM%), and smallest real difference in percentage (SRD%). For volume, reliability was high (ICC
0.99) and measurement errors were low in both women and men (SEM%: 1.1%-1.3%; SRD%: 3.1%-3.6%).
For TDC, reliability was fair to excellent in women (ICC 0.63-0.93) and poor to excellent in men (ICC 0.21—
0.89). Measurement errors were acceptable in all points in women (SEM%: 3.9%-10.2%; SRD% 10.8%—
28.2%), but only in 11 points in men (SEM%: 3.9%—14.5%; SRD%: 10.9%-40.1%). The points close to bone
and tendons in men had lower reliability and higher measurement errors.

Conclusion: Measurements of LL volume and TDC are reliable in healthy women and men; both methods can
be recommended. However, TDC points close to bone and tendons in men should be used with caution.

Keywords: lower extremity, anthropometry/instrumentation, reproducibility of results, healthy volunteers

Introduction water displacement method,® the optoelectronic measure-
ment method (Perometer),” or the tape measure method.®’
LYMPHEDEMA IS A condition of increased tissue water, The two former measurement methods require special
which occurs most frequently in the lower limbs (LLs) equipment and are therefore more suitable for specialist
caused by congenital malformation of the lymphatic system  clinics, while the tape measure method is probably the most
or damage to the lymphatic vessels and/or lymph nodes.' In  widely used due to its simplicity. There are various ways of
high income countries the most common cause of lymphe- calculating total limb volume using circumferential mea-
dema is cancer treatment that affects the lymphatic system. surements,”'%"'* but measurements every 4 cm are the most
Lymphedema is considered to be a chronic disease,' and the ~commonly used method.*'> The different measurement
incidence of LL lymphedema (LLL) after pelvic lymphade- methods have been compared in healthy subjects”'*!! but to
nectomy is reported to be 37% in gynecological cancer” and  the best of our knowledge, only two studies have evaluated
24% in malignant melanoma.? their reliability.'>'* Moreover, these two studies have several
Limb volume measurement is essential to quantify swell- limitations because only young adults were included, the
ing in lymphedema. The water displacement method is sample sizes were relatively small, and the statistical analysis
considered to be the ‘‘gold standard’” in arm lymphedema was not comparable. Therefore, there is a need for studies to
measurements,* but for LL there is no established “gold further evaluate the test—retest reliability in LL volume of
standard.”” Total leg volume can be measured using the circumferential measurements at every 4 cm interval.

'Department of Health Sciences, Lund University, Lund, Sweden.
Department of Hematology, Oncology and Radiation Physics Skane University Hospital, Lund, Sweden.
3Department of Clinical Sciences, Lund University, Lund, Sweden.
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Normally, the difference between the affected and the
nonaffected limb is used to diagnose lymphedema and to
evaluate a treatment effect.® However, to use the difference
between the LLs may not always be reliable®'® since pelvic
surgery and radiotherapy may affect both limbs. To evaluate
LL volume in each limb separately may be a more efficient
way to detect changes in one or both limbs over time.

In recent years, local tissue water of the skin has been
assessed using a tissue dielectric constant (TDC) method.
The instrument (the MoistureMeterD) transmits a high fre-
quency electromagnetic (EM) wave in contact with the skin.
An electrical parameter, TDC, directly proportional to tissue
water content of the skin, is calculated.'® The Moistur-
eMeterD has been evaluated for interobserver agreement in
the LLs of healthy women,'” in patients with treated and
untreated LLL, and in lipoedema18 but not for test-retest
reliability over a few weeks. An advantage of this method is
that each measuring point can be evaluated separately.'”™"
The TDC is fundamentally different from the volume mea-
surement methods in the way that the measurements are local.
TDC measurements could be a useful complement to LL
volume measurements in the diagnosis and management of
LLL, but require well-defined and reliable measuring points.

For repeated measures in clinical practice or in research, it
is important to consider reliability and measurement errors.*’
Reliability can be determined from measurements in the
same subjects on two occasions, so called test—retest reli-
ability. For a method to be clinically useful the measurements
need to be stable, rendering small measurement errors. In a
comprehensive reliability analysis, several statistical meth-
ods are required such as agreements between measurements
and sgstematic changes in the mean and measurement er-
rors.?’ To the best of our knowledge, reliability of LL volume
based on circumferential measurements and TDC measure-
ments has not been evaluated previously in healthy subjects.
Knowledge of normal variability in healthy subjects is im-
portant and can serve as a base for early lymphedema diag-
nosis but is currently lacking. Therefore, the aim of this study
was to evaluate test—retest reliability of LL volume and TDC
values in healthy women and men and to define limits that
indicate changes over time for a group of subjects and single
subjects.

Materials and Methods
Subjects

Volunteers were recruited from the staff at different de-
partments of Skane University Hospital by sending a request
for participation or by oral request. Volunteers were also
recruited through a local Facebook page. A number of 30
individuals of each sex were considered to be sufficient.”' A
spread of ages was sought among the volunteers. Inclusion
criteria were 18 years or older and no current LL injury.
Exclusion criteria were previous LL swelling, use of com-
pression stockings to prevent swelling, previous orthopedic
surgery, or other intercurrent diseases such as circulatory or
kidney failure symptoms or muscular dysfunction in the LL.
Information about the study and the measurement methods
was given on the first test occasion, and the participants gave
their informed consent. Ethical approval was obtained from
the Regional Research Ethics Committee, Lund, Sweden Dnr
2016/36.
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Measurements

Body mass index (BMI) was calculated (kg/mz) using the
weight measured on a digital scale with an accuracy of
+0.1 kg and the body length reported by each participant.

The LL volume was calculated using circumference
measurements every 4 cm along the limb,**? and the vol-
ume was calculated (Excel-based software program, Bror-
son, Department of Plastic and Reconstructive Surgery,
Skane University Hospital) applying the truncated cone
method. The volume of each truncated cone is given by
V=2h(r{+13+rx r,).° The volumes of all segments
were added to obtain the total limb volume. The repeatability
standard deviations (SDs) of this method using an ordinary
tape measure have been estimated to be 95.28 mL (CI 78.23—
112.32) for intraobserver variability.'?

Local tissue water by TDC values was measured using a
MoistureMeterD with an M25 probe (Delfin Technologies
Ltd., Finland). The device transmits a high frequency EM
wave of 300 MHz into an open-ended coaxial probe in con-
tact with the skin. Most of the EM energy is absorbed by the
tissue water, while the remainder is reflected back to the
coaxial line and an electrical parameter, the TDC, directly
proportional to tissue water content of the skin, can be cal-
culated.'® The probe used had an effective depth of 2.5 mm,
which represents the depth where the EM field has attenuated
to 37% of the value at the skin surface. The TDC scales range
from 1 to 78 based on the percentage of fluid at the mea-
surement site where a TDC value of 1 represents no water and
a TDC value of 78 represents 100% of water.

Measuring sites for the TDC. To cover the limb a total of
14 measuring points (Table 1), equally apart, were marked on
each limb (Fig. 1A, B).

Procedure

Each subject was measured on two occasions, 2 weeks
apart, with the same measurement procedure, by an ex-
perienced physiotherapist (C.J.). The measurements were

TABLE 1. SUMMARY OF THE LOCATIONS
FOR THE MEASURING POINTS

Points (P)

P1, P2 Lateral and medial side of the calf 15cm
proximal to the heel.
Lateral and medial side at widest part of the calf:
30, 35, or 40 cm proximal to the heel.
P6 Ventral side of the thigh 3 cm proximal to the
base of patella.
P5, P7 Lateral and medial side of P6.
Po Ventral side of the thigh, on a straight line
between P6 and ASIS at 15, 20, or 25¢cm
proximal to P6.

P3, P4

P8, P10 Lateral and medial side of P9.

P11 Dorsal side of the calf between P1 and P2.
P12 Dorsal side of the calf between P3 and P4.
P13 Dorsal side of the thigh between P5 and P7.
P14 Dorsal side of the thigh between P8 and P10.

ASIS, anterior superior iliac spine.



RELIABILITY OF VOLUME AND LOCAL TISSUE WATER

A

FIG. 1.

(A) Ten measuring points for measurements of local tissue water on the front side of the lower limbs; and (B) Four

measuring points for measurements of local tissue water on the dorsal side of the lower limbs. LL, lower limb.

performed during the morning about the same time. In-
structions were given to the subjects to maintain a same ac-
tivity schedule in the morning before each test occasion.

At each test occasion socks and trousers were removed, the
body weight was measured, and the body length was re-
corded. With the subject in a supine position, measurements
were first taken on the right limb, followed by the left.
Thereafter, the subject turned over to prone lying.

To identify and mark the measuring points on the limbs a
110-cm long measuring board, a 20-cm long ruler, a narrow
measuring tape, and a water-soluble pen were used. The foot
and heel were placed against the footplate to ensure the
correct position of the limb (Fig. 2) before the markings were
made.

For the circumference measurements markings were made
on the lateral side of the limb with 4-cm intervals starting
10 cm above the heel and ending near the groin. The subject
rested for 10 minutes before the measurements were taken,
and the volume of each limb was calculated.

For the TDC measurements the markings on the lateral,
ventral, and medial side were made in the following order:
P1/P2 was identified by placing the ruler’s short end on the
measuring board at 15 cm from the heel (Fig. 3A), and the
most lateral/medial part of the limb was marked.

To identify P3/P4, the distance from the heel on the
measuring board was chosen for each individual to be 30, 35,
or 40cm, aiming close to the widest point. The ruler was
placed with the short end on the measuring board at the
chosen distance, and the most lateral/medial part of the limb
was marked.

P6 was marked 3 cm proximal to the base of patella.

To identify P5/P7 the measuring tape was placed next to P6
with the tape hanging down on the lateral and medial side of
the limb (Fig. 3B). P5/P7 was marked on the most later-
al/medial part of the limb next to the tape.

To identify P9, the measuring tape was placed between P6
and the anterior superior iliac spine, with the zero point at P6
(Fig. 3C). The distance from P6 was chosen for each indi-
vidual to be 15, 20, or 25 cm and was marked.

To identify P8/P10 the measuring tape was placed next to
P9 with the tape hanging down on the lateral and medial side

i
T P T

. “ -
rate s iyl

FIG. 2. The right position of the limb.
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FIG. 3.
measuring point 9.

of the limb. P8/P10 was marked on the most lateral/medial
part of the limb.

With the subject in a prone position, the dorsal points P11,
P12, P13, and P14 (Fig. 1B) were identified by placing the
measuring tape between the lateral and medial points on the
limb. The points were marked on the midline of both limbs.

TDC measurements were taken in triplicate at each point,
and the average of the two closest values was used in the
analysis. The identified points for each subject were used on
the retest occasion.

Statistical analysis

Data were analyzed using IBM SPSS Statistics version 24.
A p-value smaller than 0.05 was considered statistically
significant. Demographics and measurements of volume and
local tissue water (TDC) are presented as means, SDs, and
ranges.

The test-retest reliability was analyzed using the agree-
ment between the measurements, the systematic changes in
the mean, and measurement errors.”’ The agreement between
the measurements was analyzed by the intraclass correlation
coefficient (ICC) (IC; ;). The strength of the ICC values was
interpreted according to Fleiss,> where values below 0.4
represent poor reliability, values of 0.40 to 0.75 represent fair
to good reliability, and values above 0.75 represent excellent
reliability. The changes in the mean were analyzed by cal-
culating the mean differences (d) between the two test oc-
casions (test 2 minus test 1), as well as the 95% confidence
interval (95% CI) for the d. The 95% CI for d was calculated
to determine whether there were any systematic differences
between the values from the two test occasions. If zero is
included in the 95% Cl it indicates that there is no systematic
change in the mean.”* Measurement errors were evaluated
using the standard error of measurement (SEM) and the
smallest real difference (SRD). The SEM gives the mea-
surement variability in absolute values and represents the
limit for the smallest change that indicates a real change for a
group of subjects.?’ The equation for the SEM was defined as:
SEM=SD(1 —ICC)** >> The SRD, which represents the

(A) Identifying measuring point 1; (B) Identifying measuring point 5; and (C) Identifying the distance to

limit for the smallest change that indicates a real change for
a single subject, was defined as: SRD=1.96 x SEM x /2.2°
As SEM and SRD are easier to interpret in relative terms (i.e.,
in percent)?® SEM% and SRD% were also calculated by the
following equations: SEM% = (SEM/mean) x 100%° and
SRD% = (SRD/mean) x 100.%° An acceptable measurement
variability for a group of subjects (SEM%) is suggested to be
<10% and for a single subject (SRD%) <30%.”

Results
Subjects

In total, 63 persons (33 women and 30 men) volunteered
for the study. All women completed the study except one who
could not rest in a prone position on the second test occasion
due to back pain. The mean age of the women was 52 years
(SD 13; range 25-77 years), the mean body weight was
73.2kg (SD 13.4; range 51.5-103.1kg), and the mean BMI
was 25.7 (SD 4.3; range 20.1-36.7). Two of the men dropped
out; one did not appear at all, and the other did not attend the
second occasion due to lack of time. Thus, 28 men completed
all measurements. The mean age of the men was 52 years
(SD 18; range 24-76 years), the mean weight was 87.1kg
(SD 13.7; range 68.0-126.0 kg), and the mean BMI was 26.0
(SD 4.3; range 21.8-41.4). There was no significant differ-
ence in the weight for the women (p=0.90) or the men
(p=0.32) in the second test occasion compared to the first
test occasion.

There were significant differences between the women and
men for the LL volume and TDC values, and therefore, the
results are presented separately for each sex. There were no
significant differences between the mean values of the TDC
for the right (R) and left (L) limb for both women and men
(Table 2).

Test-retest reliability

Women. There were on average 15 days (SD 3; range
10-28 days) between the two test occasions. For the volume,
the ICC was 0.99 in both limbs (Table 3). The d was
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—0.12 mL for the R limb and 3.09 mL for the L limb. The 95%
CI was narrow and included zero, indicating no systematic
differences in the mean. The SEM (SEM%) was 94.6 mL
(1.1%) for the R limb and 110.49 mL (1.3%) for the L limb.
The SRD (SRD%) was 262.21 mL (3.1%) for the R limb and
306.26 mL (3.6%) for the L limb (Table 3).

For the TDC, the ICC ranged from 0.63 to 0.84 (95% CI
0.31-0.92) for the R limb and from 0.66 to 0.93 (95% CI
0.42-0.96) for the L limb. The d ranged from 0.29 to 2.33 for
the R limb and from —0.03 to 2.81 for the L limb. The 95% CI
was narrow for most of the points but there was a systematic
difference in the mean in 4 points for the R limb and in 9
points for the L limb. The SEM (SEM %) ranged from 1.21 to
3.62 (4.6%-9.6%) for the R limb and from 1.05 to 3.77
(3.9%-10.2%) for the L limb. The SRD (SRD%) ranged from
3.351t0 10.04 (12.7%-26.6%) for the R limb and from 2.90 to
10.45 (10.8%-28.2%) for the L limb (Table 3).

Men. There were on average 16 days (SD 2; range 13-22
days) between the two test occasions. For the volume, the
ICC was 0.99 for both limbs (Table 4). The d was 49.43 mL
for the R limb and 87.86 mL for the L limb. There was a
systematic difference in the mean for the L limb volume. The
SEM (SEM%) was 112.6 mL (1.2%) for the R limb and
120.9mL (1.3%) for the L limb. The SRD (SRD%) was
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312.11 mL (3.4%) for the R limb and 335.12mL (3.6%) for
the L limb (Table 4).

For the TDC, the ICC ranged from 0.21 to 0.89 (95% CI
—0.18 to 0.95) for the R limb and from 0.27 to 0.89 (95% CI
0.42-0.96) for the L limb. The d ranged from 0.01 to 1.80 for
the R limb and from —2.40 to 1.47 for the L limb. The 95% CI
was narrow for most of the points, but in two points for the L
limb, there were systematic differences in the mean. The
SEM (SEM%) ranged from 1.22 to 4.98 (4.3%-13.2%) for
the R limb and from 1.15 to 5.22 (3.9%—14.5%) for the L
limb. The SRD (SRD%) ranged from 3.38 to 13.80 (11.9%—
36.7%) for the R limb and from 3.19 to 14.46 (10.9%—40.1%)
for the L limb (Table 4).

Discussion

In this study the test—retest reliability of LL volume and
TDC values in 14 points of healthy women and men were
evaluated. We found that test—retest reliability was high (ICC
0.99) and measurement errors were low (SEM%: 1.1% to
1.3%; SRD%: 3.1%-3.6%) for LL volume in healthy women
and men. For TDC, reliability was fair to excellent in women
(ICC 0.63-0.93) and poor to excellent in men (ICC 0.21—
0.89). Measurement errors were acceptable in all points in
women (SEM%: 3.9%-10.2%; SRD% 10.8%-28.2%), but
only in 11 points in men (SEM%: 3.9%-14.5%; SRD%:

TABLE 3. RELIABILITY OF VOLUME AND LOCAL TISSUE WATER (TiSSUE DIELECTRIC CONSTANT)
IN 14 MEASURING POINTS IN LOWER LiMBS OF HEALTHY WOMEN (N=33)

Limb  ICC,;  95% CI for ICC d 95%ClI for d SEM  SEM%  SRD  SRD%

Volume (mL) R 0.99 0.992-0.998 3.09 —46.26 to 52.44 94.6 1.1 262.2 3.1
L 0.99 0.990-0.997 -0.12  -57.67 to 57.42  110.5 1.3 306.3 3.6

TDC; P1 R 0.77 0.59-0.88 1.47 —-0.30 to 3.23 3.6 9.6 10.0 26.6
L 0.80 0.54-0.91 2.81 1.14 to 4.47 3.8 10.2 10.5 28.2

TDC; P2 R 0.64 0.40-0.81 0.81 —-0.35 to 1.97 2.4 8.2 6.5 22.7
L 0.66 0.42-0.82 1.19 0.01 to 2.38 2.5 8.7 6.8 24.2

TDC; P3 R 0.84 0.69-0.92 0.53 —0.19 to 1.26 1.4 5.1 4.0 14.0
L 0.77 0.58-0.88 0.84 —0.06 to 1.74 1.8 6.4 5.1 17.7

TDC; P4 R 0.73 0.51-0.86 0.93 0.06 to 1.80 1.8 6.5 5.0 18.0
L 0.82 0.66-0.91 0.64 —0.17 to 1.45 1.6 5.8 4.5 16.1

TDC; P5 R 0.67 0.43-0.82 0.40 —0.52 to 1.31 1.8 7.2 5.0 19.9
L 0.81 0.63-0.90 0.76 0.03 to 1.49 1.5 59 4.2 16.3

TDC; P6 R 0.78 0.60-0.88 0.70 —0.26 to 1.66 1.9 6.1 53 16.6
L 0.80 0.61-0.90 0.87 0.11 to 1.63 1.6 5.0 44 13.9

TDC; P7 R 0.67 0.42-0.82 0.87 0.04 to 1.70 1.7 6.8 4.7 18.8
L 0.84 0.65-0.92 0.83 0.24 to 1.41 1.3 5.1 35 14.1

TDC; P8 R 0.69 0.46-0.83 0.61 -0.20 to 1.41 1.6 6.2 4.5 17.2
L 0.68 0.42-0.83 0.97 0.18 to 1.76 1.7 6.3 4.6 17.6

TDC; P9 R 0.77 0.59-0.88 0.42 -0.28 to 1.11 1.4 5.1 3.8 14.1
L 0.84 0.67-0.92 0.65 0.16 to 1.13 1.1 39 2.9 10.8

TDC; P10 R 0.78 0.60-0.89 0.29 —0.37 to 0.95 1.3 4.9 3.6 13.6
L 0.81 0.62-0.91 0.84 0.22 to 1.45 1.3 5.1 3.7 14.0

TDC; P11 R 0.63 0.31-0.81 2.33 0.79 to 3.86 3.4 9.9 9.5 27.5
L 0.93 0.86-0.96 0.42 —0.45 to 1.29 1.7 5.0 4.7 14.0

TDC; P12 R 0.78 0.56-0.89 1.16 0.30 to 2.02 1.9 6.7 52 18.4
L 0.84 0.61-0.93 1.18 0.46 to 1.91 1.7 59 4.6 16.4

TDC; P13 R 0.83 0.68-0.91 0.08 —0.53 to 0.68 1.2 4.6 3.4 12.7
L 0.82 0.66-0.91 -0.03 —0.65 to 0.58 1.2 4.7 3.4 13.1

TDC; P14 R 0.66 0.40-0.82 0.76 -0.05 to 1.57 1.6 53 45 14.6
L 0.74 0.53-0.86 0.53 —-0.21 to 1.26 1.5 4.7 4.0 13.1

d, mean difference between test occasion 2 and test occasion 1; CI, confidence interval; ICC, intraclass correlation coefficient; L, left
limb; R, right limb; P, measuring point; SEM, standard error of measurement; SEM%, SEM in relative terms; SRD, smallest real difference;

SRD%, SRD in relative terms.
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TABLE 4. RELIABILITY OF VOLUME AND LOCAL TiSSUE WATER (TisSUE DIELECTRIC CONSTANT)
IN 14 MEASURING POINTS IN LOWER LiMBS OF HEALTHY MEN (N =28).
Limb  ICCy;  95%CI for ICC d 95% CI for d SEM  SEM% SRD SRD%
Volume (mL) R 0.99 0.98 to 0.99 4943  -1091 to 109.77  112.6 1.2 312.1 34
L 0.99 0.97 to 0.99 87.86 27.75 to 147.96 1209 1.3 335.1 3.6
TDC; P1 R 0.43 0.09 to 0.68 1.80 —0.09 to 3.68 3.6 8.2 9.8 22.7
L 0.27 —0.10 to 0.58 1.47 —1.03 to 3.96 4.6 10.8 12.6 30.0
TDC; P2 R 0.71 0.47 to 0.86 1.28 —0.37 to 2.92 3.1 9.2 8.5 25.4
L 0.78 0.57 to 0.89 0.39 —0.87 to 1.66 2.3 7.0 6.2 194
TDC; P3 R 0.76 0.54 to 0.88 0.16 —1.33 to 1.65 2.7 7.6 7.4 21.1
L 0.74 0.52 to 0.87 -0.64 —1.80 to 0.53 2.1 6.2 5.9 17.2
TDC; P4 R 0.85 0.70 to 0.93 0.40 -0.91 to 1.72 2.3 7.3 6.5 20.1
L 0.84 0.69 to 0.92 0.85 —0.25 to 1.95 2.1 6.6 5.7 18.2
TDC; P5 R 0.58 0.27 to 0.78 0.09 —2.01 to 2.19 3.8 11.9 10.5 33.1
L 0.82 0.65 to 0.91 0.20 —1.02 to 1.42 2.2 7.0 6.1 19.4
TDC; P6 R 0.59 0.29 to 0.79 0.25 —1.09 to 1.58 24 7.3 6.7 20.3
L 0.65 0.38 to 0.82 0.91 —0.21 to 2.04 2.1 6.6 5.8 18.4
TDC; P7 R 0.72 0.47 to 0.86 0.12 —0.95 to 1.20 1.9 6.8 5.2 18.9
L 0.66 0.38 to 0.83 —-0.08 —1.04 to 0.88 1.7 6.1 4.7 16.9
TDC; P8 R 0.83 0.66 to 0.92 -0.01 —1.18 to 1.15 2.1 6.4 5.7 17.7
L 0.82 0.65 to 0.91 0.20 —0.85 to 1.26 1.9 6.1 53 17.0
TDC; P9 R 0.89 0.77 to 0.95 0.28 —0.48 to 1.03 1.3 4.5 3.7 12.4
L 0.89 0.77 to 0.95 0.49 —0.15 to 1.13 1.2 3.9 32 10.9
TDC; P10 R 0.42 0.06 to 0.69 0.11 -1.23 to 1.46 24 8.4 6.7 232
L 0.63 0.34 to 0.81 0.52 —-0.28 to 1.32 1.5 5.3 4.1 14.7
TDC; P11 R 0.21 —-0.18 to 0.53 1.06 —-1.69 to 3.81 5.0 13.2 13.8 36.7
L 0.35 0.01 to 0.63 -2.40 -5.19 to 0.39 52 14.5 14.5 40.1
TDC; P12 R 0.81 0.62 to 0.91 0.85 —-0.03 to 1.73 1.7 53 4.6 14.8
L 0.76 0.54 to 0.88 0.94 0.06 to 1.81 1.7 53 4.7 14.8
TDC; P13 R 0.80 0.61 to 0.90 0.53 —0.13 to 1.18 1.2 4.3 34 11.9
L 0.74 0.52 to 0.87 0.41 —0.50 to 1.32 1.7 5.8 4.6 16.0
TDC; P14 R 0.82 0.64 to 0.91 0.79 —0.05 to 1.63 1.6 4.8 4.4 13.4
L 0.77 0.51 to 0.90 1.20 0.34 to 2.06 1.7 54 4.8 15.1

10.9%-40.1%). Our findings imply that volume and TDC can
be measured reliably in the LLs of healthy women and men,
both for a group of subjects and in single subjects. However,
TDC points close to bone and tendons in men showed lower
reliability and higher measurement errors and should there-
fore be used with caution.

Values of the interclass correlation (ICC) are commonly
presented in reliability analyses. No universal applicable
standard is used to represent poor, good, or excellent reli-
ability. However, Fleiss> suggested that ICC values above
0.75 represent excellent reliability. In the present study the
reliability for the volume measurements was excellent for
women and men (ICC 0.99). This is in line with Pasley and
O’ Connor'* who reported an ICC value of 0.98 for the day-
to-day reliability of lower leg volume measures using the
water displacement method in young adults. This indicates
that the circumferential measurement method to determine
limb volume, performed in a highly standardized way by the
same rater, is as reliable as the water displacement method.

The reliability for the TDC values in the present study
varied between women and men and between different
measuring points. For women the reliability ranged from fair
to excellent (ICC,,; >0.63 to <0.93) in all 14 points. This was
also seen in many of the points for men, but in P1 for the R
limb and P11 for the R and L limb, the ICC values indicated
poor reliability (ICC, ; <0.40). These two points are situated
close to bone and tendons, places not suitable for measure-
ments of local tissue water using the TDC method according

to the manufacturer of the MoistureMeterD. Consequently,
these two points should be used with caution in healthy men
due to the poor reliability.

The analysis of the changes in the mean between the two
test occasions revealed a systematic difference for TDC
measurements in nine points for the L limb and in four points
for the R limb in women. For the men, systematic differences
in the mean were found in only two points for the L limb.
The changes in the mean can consist of two components:
a random change and a systematic change.”® A random
change comes from a variation in the test situation due to the
equipment, measurement method, or inherent biological
variation, whereas a systematic change is a nonrandom
change more likely due to a learning effect.?® In the present
study the cause of the systematic change for women in the L
limb is not known. If it was due to a hormonal variation more
likely seen in women than in men, the difference should
probably be seen in both limbs, not only in the L limb. If the
systematic change was due to limb dominance the changes
would likely be seen in both women and men, not only in
women. However, since the d for the TDC in the present
study was small and the 95% CI was narrow, a reasonable
conclusion is that the TDC values are reliable.

To be able to evaluate the measurement errors for a group
of subjects, as well as for a single subject, the SEM and SRD
were used.”® In this study the SEM and SRD values for the
volume (for the R and L limb) were very low in both women
(SEM 95 and 111 mL, SRD 262 and 306 mL) and men (SEM



113 and 121 mL, SRD 312 and 335 mL) indicating that also
small changes can be considered to be real changes. Sawan
et al.'? presented a value of 270 mL for the intraobserver
variability in a single subject, and this value is in line with the
absolute value (SRD) in the present study.

The relative values of the measurement errors are often
more helpful for clinical use, as they can be applied to
compare methods or samples with each other.?® In the present
study the SEM% and the SRD% for the volume were very
low both in women and men. For the TDC, the SEM % and the
SRD% were somewhat higher but still within the suggested
limits®® for all points in women and in all but 3 points in men.
To our knowledge there are no prior reliability studies pub-
lished presenting the relative measurement errors in LL
volume or TDC in healthy subjects.

There is a great need for more studies to evaluate mea-
surement errors in LLL.> For a measurement to be clinically
useful it must be reliable and have small acceptable mea-
surement errors.”’ Whether a change in measurement values
should be interpreted as a natural variation or as a real change
is of great interest in the clinic and in research when evalu-
ating effects of an intervention. Analyzing the test—retest re-
liability of measurements in healthy limbs will gain knowledge
about the measurement properties of the instruments and of the
natural variation of limb volume and local tissue water. To
interpret changes in LL volume and in TDC values in persons
with LLL one must of course evaluate these measurement
methods on a patient population. Still, the data from healthy
subjects as in the present study can serve as a base for inter-
pretation and for an early lymphedema diagnosis.

It is common to evaluate the difference between the af-
fected and the nonaffected limb when diagnosing lym-
phedema (LE) or assessing treatment effect."® With this
approach, one of the limbs is used as a control. However, in
the present study we evaluated the intrarater reliability for
each limb separately. To evaluate each limb separately in
lymphedema management is rare but most likely a more
proper method. Due to the surgical treatment with lymph
node dissection and radiotherapy to the pelvis there is a risk of
bilateral impact. In congenital lymphedema, where the lym-
phedema is caused by malformation of the lymphatic system,
the risk of bilateral lymphedema is also always present, and
therefore, it is not reliable to use one of the limbs as a control.
To evaluate each limb as independent variables is supported
in other studies.'>*’ In the present study on healthy subjects
we found slightly different values for the right and the left
limb. This observation also supports that each limb should be
evaluated separately.

In reliability studies the outcomes are dependent on three
main factors®®: (1) the subject studied; (2) the sample size;
and (3) the test protocol. In this study we included healthy
women and men with almost a normal BMI to evaluate the
reliability and measurement errors in the measurement
methods and we may not directly transfer the results to pa-
tients with LLL or to subjects with a much higher BMI.
However, the results could probably be used directly to dis-
tinguish normal variation of LL volume and TDC values
from not normal in subjects at risk for lymphedema, but this
needs to be confirmed. In subjects with a much higher BMI
there could be a risk of variability in the circumference
measurements due to difficulties to standardize the mea-
surements depending on irregularities of the LL surface.
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Therefore, a reliability study using the same measurement
methods and the same standardized protocol in subjects with
higher BMI is recommended. Sample sizes of 20 or 50 in-
dividuals have been suggested for reliability studies,""** but
there seems to be no consensus regarding an exact appro-
priate number. Based on these recommendations we included
30 women and 30 men for this reliability analysis. In the
present study we used a highly standardized protocol to
minimize the variability. The tests were performed in the
same order on each test occasion, and the measuring points
were identified with the same procedure on each test occa-
sion. Before the measurement each subject rested for 10
minutes. Resting before measurements has been described in
other studies.”! #1718 Iy the present study the subjects were
asked to maintain the same activity schedule in the morning
before each test occasion. This advice is in line with the test
protocol used in the study by Pasley and O’Connor.'*

Strengths and limitations

A strength of the present study was that both women and
men were included and that the sample size was close to 30
for each sex, which can be considered to be sufficiently large
enough.?'** Another strength was that a highly standardized
test protocol was developed and that local tissue water was
evaluated in 14 points with the intention to cover many dif-
ferent parts of the total limb and chosen according to our ex-
perience in LLL. Whether all these points are relevant to be
used in the clinic is a matter of clinical consideration and needs
further investigation. Previous studies evaluating local tissue
water in lower legs have chosen to evaluate only two mea-
suring points on the lower leg and one point on the foot.'”'®

In the present study there was a systematic change in the
mean in many of the measuring points for the local tissue
water in women. Including more female subjects might have
led to fewer systematic changes. Another limitation may be
that all women were analyzed as one group and not grouped
into whether they were pre- and postmenopausal. If grouping
for women into pre- or postmenopausal would reveal another
result in the present study is not known. Further studies may
consider this.

Conclusions

Measurements of LL volume and TDC are reliable in
healthy women and men. Both methods can be recommended
for a group of subjects and in single subjects. However, TDC
points close to bone and tendons in men should be used with
caution.
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Abstract

Objective. Lower limb lymphedema (LLL) is a chronic condition. To be able to evaluate changes of LLL over time and effects
of interventions, reliable measurement methods are important. Currently, there is limited knowledge of the reliability of
commonly used measurement methods in LLL. The study objective was to evaluate the test-retest (intrarater) reliability of
impedance of extracellular fluid, volume, and local tissue water measurements in people with unilateral or bilateral LLL and
measurement errors both for a group of people and for a single individual.

Methods. Forty-two people with mild to moderate unilateral or bilateral, primary or secondary LLL were measured twice,
2 weeks apart. Impedance of extracellular fluid was measured by bioimpedance spectroscopy and calculated as arm-to-leg
ratio, volume with circumference measurements every 4 cm, and local tissue water with tissue dielectric constant at 14
points. Test-retest reliability was evaluated using the intraclass correlation coefficient [ICC(2,1)], changes in the mean, SE of
measurement in relative terms (SEM%), and the smallest real difference in relative terms (SRD %).

Results. For the impedance ratio, the reliability was high [ICC(2,1) = 0.79-0.90] and the measurement errors were acceptable
(SEM% =5.0%-5.2%; SRD% = 14.0%-14.4%). For volume, the reliability was high (ICC = 0.99) and the measurement errors
were low (SEM% = 1.1%-1.7%; SRD% =3.1%-4.6%). For the tissue dielectric constant, the reliability was fair to excellent
[ICC(2,1) =0.68-0.96] and the measurement errors were acceptable (SEM% =4.2%-9.7%; SRD% = 11.7%-26.8%).

Conclusions. Measurements of impedance of extracellular fluid, volume, and local tissue water are reliable in people with
mild to moderate LLL. The measurement errors were acceptable in all 3 methods indicating that real, clinical changes in
lymphedema can be measured both for a group of people and a single individual.

Impact. The results from this test-retest reliability study can help clinicians and researchers to interpret if real clinical changes
in lymphedema occur over time or after an intervention in people with mild to moderate LLL.

Keywords: Intrarater Reliability, Lower Limb, Lymphedema, Outcome Measures

Received: February 24, 2021. Revised: September 29, 2021. Accepted: December 27, 2021

© The Author(s) 2022. Published by Oxford University Press on behalf of the American Physical Therapy Association.

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/4.0/), which permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.



Introduction

Lymphedema is considered a chronic condition and is the
result of the accumulation of interstitial fluid due to impair-
ment of the lymphatic system. Lymphedema is divided into
primary lymphedema, caused by congenital malformation of
the lymphatic system, and secondary lymphedema, caused by
cancer treatment, trauma, or repeated infections affecting the
lymphatic system.!

Assessments of limb volume is very common in lym-
phedema management.!> The total leg volume can be
measured using the water displacement method,? the opto-
electronic measurement method,> or the tape measurement
method.* Of these methods, the tape measurement method
is the most commonly used®*:¢ due to its simplicity and
low cost. However, assessments of swelling in lower limb
lymphedema (LLL) can be problematic, because there can
be bilateral involvement in both primary LLL and secondary
cancer-related LLL. To address this issue some studies have
suggested that each limb should be evaluated separately.?>"~7
Together with volume measurements, other clinical assess-
ments, such as palpation of skinfold thickness®~ !0 and
recordings of a patient’s subjective experience of heaviness
and tightness in the limbs with lymphedema,!'~'3 are used
to provide broader clinical information of treatment-related
changes in lymphedema.

In lymphedema management repetition of measurements
over time is common. It is therefore of great importance to
determine if a change in lymphedema measurements is due to
a treatment effect or to an inherent variation. For a method
to be useful it needs to have a high test—retest reliability with
small or acceptable measurement errors.'

Overall, few studies have evaluated the test—retest reliability
of volume measurements based on circumference measure-
ments every 4 cm along the lower limb.6>7+15 Existing studies
have shown small intrarater variability,’ excellent internal
consistency compared with perometry,' or high agreement
with small measurement errors.” However, in these studies,
people who were healthy were included. Hence, there is a
lack of knowledge regarding the reliability of volume mea-
surements based on circumference measurements in people
with LLL.

Bioelectrical impedance spectroscopy (BIS) is a method
to assess the presence of excess lymph in the affected limb
relative to that of the unaffected limb.'®!7 BIS assesses the
electrical resistance (impedance) through the body at different
frequencies.'® Based on normal impedance values of people
who are healthy, thresholds for lymphedema of the lower
limbs have been calculated.'” Recently, the use of the arm-to-
leg impedance ratio has been suggested as a suitable method
for identifying bilateral lymphedema.?’ However, until now
it was unknown whether this impedance ratio can be reliably
measured in people with LLL.

The tissue dielectric constant (TDC) method uses high-
frequency electromagnetic waves to measure local tissue water
in the skin. An advantage of this method is that each prede-
fined point can be evaluated separately, making the method
more useful when a bilateral involvement of lymphedema is
present. Yet, there is only 1 study of people who were healthy
that has evaluated the reliability of many predefined points
on the thigh and calf.” Thus, there is a lack of knowledge
about the reliability of TDC measurements in people with
LLL. Therefore, the aim of this study was to evaluate the
test—retest (intrarater) reliability of impedance of extracellular
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fluid (ECF), volume, and local tissue water measurements
in people with unilateral or bilateral LLL and measurement
errors both for a group of people and for a single individual.

Methods

Research Design

A test-retest intrarater reliability design was used in the
present study, and the COnsensus-based Standards for the
selection of healthy Measurement INstruments (COSMIN)
checklist was used for guidance.

Participants

Forty-two people with LLL were recruited from the lym-
phedema unit at Skdne University Hospital from April 2018
to March 2019. The 5 inclusion criteria were as follows:
age 18 years or older; a diagnosis of unilateral or bilateral
primary or secondary LLL; persistent lymphedema for the last
6 months; a stable volume of the lower limbs for the last
6 months (ie, a total limb volume variation <5% for each
limb); and treatment with compression stockings during the
day or during the day and the night according to usual care. To
further ensure a stable limb volume over time the compression
garment had not to be older than 2 months when included in
the project.

The 6 exclusion criteria were as follows: ongoing treatment
to reduce the limb volume; circulatory disorders, such as heart
failure, kidney disease, and postthrombotic swelling; pros-
thetic knee or hip implants; muscular disorders of the lower
limbs; intake of diuretic drug or any other drug interfering
with the volume of the lower limbs; and inability to under-
stand written or oral information. The diagnosis of primary
LLL was based on lymphoscintigraphy, and the diagnosis of
secondary LLL was set by a medical specialist before referral
to the lymphedema clinic.

Before inclusion all participants received written and oral
information about the study and gave written consent to
participate.

Measurements

Clinical Characteristics

Body mass index was calculated (kg/m?) using the weight
measured on a digital scale with an accuracy of £0.1 kg and
the body height reported by each participant.

Thickness of the subcutaneous tissue®! of the lower limbs
was assessed with the participant in the supine position with
bent knees. The palpation was performed by pinching the
subcutaneous tissue® using the thumb and index finger at the
following sites: dorsal, lateral, and medial side of the lower
part of the limbs; and lateral, ventral, and medial side of the
upper part of the limbs. Presence of increased thickness was
noted as yes or no.

Experience of heaviness and tightness in the limb or limbs
affected by lymphedema over the past week was rated using a
100-mm visual analog scale?? ranging from “no discomfort”
(0 mm) to “worst imaginable discomfort” (100 mm).!1-13

Leisure time physical activity status during the last 6 months
was rated using a 6-graded classification system for physi-
cal exercise?® that covers the range from a very low level
of physical activity to regular very strenuous activity. This
classification system has been validated for a Scandinavian
population.??
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Measurement Methods for Test-Retest (Intrarater)
Reliability

Impedance of ECF was assessed by BIS using a SEAC SFB7
monitor (Impedimed, Brisbane, Queensland, Australia) and
the arm-to-leg ratio was calculated. The BIS technique uses
a tetrapolar electrode arrangement with 2 measurement elec-
trodes positioned one at each end of the segment to be
measured, and 2 drive electrodes each positioned distal to
the measurement electrodes. The low-level current is passed
between the 2 drive electrodes and the measurement elec-
trodes record the segment’s impedance (R).'® The resistance,
corresponding to ECF (Rg) and to total body fluid (R;y),
was determined, and intracellular fluid (R;) was calculated.!®
Arm-to-leg impedance ratio was calculated for each person,
using the formula: dominant arm Ro/dominant leg Ry and
nondominant arm Ro/nondominant leg Ry, respectively.?
Side of dominance was defined by the dominant arm.

Lower limb volume using circumference measurements
every 4 cm was calculated with the truncated cone method.*
The measurement method is described in detail by Jonsson
et al’; in that study, reliability was shown to be high
[ICC(2,1)=0.99] and measurement error was shown to be
small in women and men who were healthy.

Local tissue water was assessed by TDC using a Mois-
turemeterD with an M25 probe having an effective depth of
2.5 mm (Delfin Technologies Ltd, Kuopio, Finland). The mea-
surement method is described in detail by Jénsson et al.” Four-
teen measuring points were chosen, intended to cover many
different parts of the limb.” Hair was removed with a shaver if
necessary, according to the manufacturer’s recommendations.
The reliability of these 14 measuring points was shown” to be
fair to excellent [ICC(2,1) =0.63-0.93] in women who were
healthy, and poor to excellent [ICC(2,1) =0.21-0.89] in men
who were healthy. The measurement error was acceptable for
all points in women and for almost all points in men.”

Procedure

Each participant was measured on 2 occasions, 2 weeks apart,
by an experienced physical therapist (C.J.). The measurements
were performed during the morning at about the same time
and with the same procedure. Prior to each test occasion the
participants were asked to maintain a similar activity schedule
in the morning and to empty the bladder.

At each test occasion, shoes, trousers, socks, and com-
pression stockings were removed, and the body weight was
measured. The body height was recorded at the first test
occasion. Then the participants rested for 10 minutes in a
supine position with the legs apart. During the rest, participant
characteristics were collected. Measurements of impedance of
ECEF, volume, and local tissue water were conducted in the
same order on each test occasion: first on the right limb and
then on the left limb. For local tissue water measurements on
the dorsal side of the limbs, the participant turned over to the
prone lying position.

Measurements of Impedance of ECF

To assess the impedance of ECEF, the electrode positions fol-
lowed the recommendations for the upper limbs, that is, on
the dorsal side of the wrists at the level of the process of
the radial and ulnar bones,!8 and for the lower limbs on the
dorsal side of the foot midway between the malleoli.' The
drive electrode sites were 5 cm distal to the above-described
positions, namely, on the dorsal side of the third metacarpal

Figure 1. Ten points for tissue dielectric constant (TDC) measurements
on the lateral, ventral, and medial sides of the lower limbs (A) and 4
points on the dorsal side of the lower limbs (B).

Table 1. Locations of Measuring Points for TDC?

Point(s) (P) Location

Pland P2 Calf: 15 cm proximal to the heel, on the lateral and
medial sides

P3and P4  Calf: 30, 35, or 40 cm proximal to the heel, on the
lateral and medial sides

P6 3 ¢m proximal to the base of the patella

P5and P7  Lateral and medial sides of P6

P9 On a straight line between P6 and ASIS at 15, 20, or
25 cm proximal to P6

P8 and P10  Lateral and medial sides of P9

P11 On the dorsal calf between P1 and P2

P12 On the dorsal calf between P3 and P4

P13 On the dorsal thigh between P5 and P7

P14 On the dorsal thigh between P8 and P10

4ASIS = anterior superior iliac spine; TDC = tissue dielectric constant.

bone and the third metatarsal bone, respectively.'® The skin
at the electrode sites was cleaned with an alcohol wipe before
the application of the gel electrodes. Each limb segment was
measured once on each test occasion, and the resistances
corresponding to ECF (Rg) were noted from the device display.

Measurements of Volume

To assess volume, measuring points for circumference mea-
surements every fourth centimeter were identified and marked
using a 110-cm measuring board, a 20-cm ruler, measuring
tape, and a water-soluble pen. The foot and heel were placed
against the footplate, and markings were made on the lateral
side of the limb with the short end of the ruler on the
measuring board at each distance,” starting 10 cm above the
heel and ending near the groin. Circumference measurements
to the nearest millimeter were taken once at each marking by
placing the measuring tape close to the skin.

Measurements of Local Tissue Water
To assess local tissue water 14 points for TDC measurements
were identified and marked using a measuring board, a ruler,
a tape measure, and a pen. Markings were made on the lateral,
ventral, medial ,and dorsal side of each limb (Fig. 1A,B). The
points are shown in Table 1 and described in more detail in
the article by Jonsson et al.”

TDC measurements were taken in triplicate at each point,”*
and the average of the 2 closest values was used in the analysis.



The identified points for each participant were used on the
second test occasion.

Data Analysis

For statistical analysis, IBM SPSS Statistics version 24
(IBM, Armonk, New York, USA) was used. Demographics
and clinical characteristics of the participants are pre-
sented as frequencies, means, and SDs or as medians,
minimums, and maximums. Measurements of impedance
ratio, volume, and local tissue water are presented as means
and SDs.

The test-retest reliability analyses comprised agreement
between the measurements, systematic changes in the
mean, and measurement errors.'* Agreement between the
measurements was analyzed with ICC(2,1) values. According
to Fleiss,> ICCs below 0.40 represent poor reliability, values
between 0.40 and 0.75 represent fair to good reliability, and
values above 0.75 represent excellent reliability.

Changes in the mean were analyzed by calculating the mean
difference between the 2 test occasions (test occasion 2 minus
test occasion 1) and the 95% CI for the mean difference (d).
The 95% CI for the mean difference was calculated to detect
any systematic differences between the values from the 2 test
occasions. No systematic change in the mean is present if 0 is
included in the 95% CI.>

The standard error of measurement (SEM) and the smallest
real difference (SRD) were used to assess measurement errors.
The SEM gives the limit for the smallest change that indicates
a real change for a group of people?” and is defined as
follows'*: SEM = SD(1 — ICC)%3. The SRD represents the
limit for the smallest change that indicates a real change for a
single person and is defined as follows?”: SRD =1.96 x SEM
x /2. To make the results easier to interpret, the rel-
ative terms (SEM% and SRD%, respectively) were also
calculated, as follows?”: SEM% = (SEM/mean) x 100; and
SRD% = (SRD/mean) x 100.28 An acceptable measurement
variability for a group of people (SEM%) is considered to
be less than 10%, and that for a single individual (SRD%) is
considered to be less than 30%.2%

Initially, reliability was calculated separately for the women
(n=30) and for the men (n=12). Because no discernible
systematic differences between the sexes were found in the
analyses, data for the participants were combined.

Bland-Altman graphs were also plotted to visually demon-
strate any systematic bias or outliers. Differences between
measurements from the 2 test occasions (test occasion 2 minus
test occasion 1) were plotted against the mean of the 2 test
occasions for each participant,”®?” together with the 95%
limits of agreement.

Role of the Funding Source

The funders played no role in the design, conduct, or reporting
of this study.

Results

Participants

The characteristics and demographics of the 42 participants
(30 women and 12 men) are shown in Table 2. Thirty of
them had secondary lymphedema, mainly due to treatment for
gynecological cancer (n=17). Unilateral involvement (n=24)
was most common, and the duration of the lymphedema
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varied from 1 year to 40 years. More participants experienced
a feeling of heaviness (n=18) than of tightness (n=8) in the
more affected limb. Palpated thickness in the more affected
limb was common both in the lower part of the limb (n=35)
and in the upper part of the limb (n=33). An impedance
ratio exceeding the cutoff values for the diagnosis of lym-
phedema®? was present in 38% (n=16) of the participants.
A volume difference of more than 5% was found in 67%
(n=16) of the participants with unilateral lymphedema. A
TDC measurement exceeding the mean + 3 SDs” was present
in 74% (n=31) of the participants in at least 1 point of the
more affected limb. The physical activity status varied widely
(Tab. 2).

The mean values and SDs of measurements for impedance
ratio, volume, and TDC from the 2 test occasions in the 42
participants are shown in Table 3. On average, there were
14 days (SD =2 days) between the 2 test occasions.

Test-Retest (Intrarater) Reliability

Test—retest reliability data for impedance ratio, volume, and
TDC measurements are shown in Table 4. For the impedance
ratios, the ICC(2,1) ranged from 0.79 to 0.90 and the 95%
CIs were narrow. The mean difference was small in both limbs,
and for the more affected limb, a systematic difference in the
mean was present, because 0 was not included in the 95% CL
The SEM% was 5.0% for the less affected limb and 5.2% for
the more affected limb. The SRD% was 14.0% for the less
affected limb and 14.4% for the more affected limbs.

For the volume, the ICC(2,1) values were high (0.99) and
the 95% CIs were narrow. The mean difference was small
in both limbs, and no systematic differences in the mean
were present. The SEM% was 1.1% for the less affected
limb and 1.7% for the more affected limb. The SRD% was
3.1% and 4.6% for the less affected and more affected limbs,
respectively.

For the TDC, the ICC(2,1) ranged from 0.68 to 0.96. The
mean difference was small in all points and no systematic
differences in the mean were present. For all points in both
limbs, the SEM % ranged from 4.2% to 9.7% and the SRD%
ranged from 11.7% to 26.8%.

The Bland-Altman graphs for the more affected limb
(Fig. 2A-C) show that the differences between the test
occasions were small for all 3 measurement methods. For
the impedance ratios, generally higher values appeared on the
second test occasion (Fig. 2A). For the volume (Fig. 2B) and
the TDC at measuring points 4, 7, 9, and 10 (Fig. 2C), no
systematic biases or outliers were seen.

Discussion

To the best of our knowledge this is the first study that has
evaluated the test—retest (intrarater) reliability of impedance
of ECF, volume, and local tissue water measurements in people
with LLL. Overall, we found that the reliability was high
and measurement errors were acceptable, both for a group
of people and for a single individual.

According to Fleiss,”> ICCs above 0.75 represent excellent
reliability. In the present study, the reliability of impedance
ratio, volume, and TDC measurements were excellent except
for P6 [ICC(2,1)=0.71] in the more affected limb, and
for P2 [ICC(2,1)=0.71] and P6 [ICC(2,1)=0.68] in the
less affected limb. The ICCs for the impedance ratio are
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Table 2. Characteristics of 42 Participants With LLL?

Characteristic Value
Sex, women/men, n (%) 30 (71)/112 (29)
Age, y, mean (SD) 61 (14)
BMI, kg/mz, mean (SD) 27 (5)
Primary/secondary lymphedema, n (%) 12 (29)/30 (71)
Duration of lymphedema, mo, mean (SD) 130 (92)

Diagnosis, n (%)
Gynecological cancer/melanoma/urological cancer/other
Lymphedema, bilateral/unilateral, n (%)
By BIS, arm-to-leg ratio, n (%)"
MA limb/LA limb
By TDC, n (%)°
MA limb, in 1 point/in 2 points or more
LA limb, in 1 point/in 2 points or more
Unilateral lymphedema (n=24)
By BIS, interleg ratio, n (%)<
Volume difference, n (%)
<5%/>5% to <10%/>10% to <20%/>20% to <30%
Heaviness, n (%)/median (minimum, maximum)’
MA limb
LA limb
Tightness, n (%)/median (minimum, maximum)’
MA limb
LA limb
Location palpated thickness, n (%)
Lower leg, MA limb
Lateral/dorsal/medial
Lower leg, LA limb
Lateral/dorsal/medial
Upper leg, MA limb
Lateral/ventral/medial
Upper leg, LA limb
Lateral/ventral/medial
Graded classification system for physical exercise (scores: 1-6),
median (minimum, maximum)?
Working/retired, n (%)
Sedentary or active job: most sedentary/both sedentary and
active/most active, n (%)"

17 (40)/5 (12)/4 (10)/4 (10)
18 (43)/24 (57)

16 (38)/4 (10)

6 (14)/25 (60)
8 (19)/8 (19)

9 (38)
8 (33)/6 (25)/7 (29)/3 (13)
18 (43)/35 (13,75)
3(7)/40 (18, 53)

8 (19)/43 (17, 67)
1(2)/67
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4BIS = bioimpedance spectroscopy; BMI = body mass index; LA = less affected; LLL = lower limb lymphedema; MA = more affected; TDC =tissue dielectric
constant. bBIS ratios exceeding cutoffs for the diagnosis of lower limb lymphedema.2? “TDC values exceeding mean + 3 SDs in people who were healthy.”
dBIS ratios exceeding cutoffs for the diagnosis of unilateral lower limb lymphedema.'” ¢{[(Volume of the affected limb minus volume of the unaffected
limb)/volume of the unaffected limb] x 100}.> /The experience of heaviness and tightness during the last week, using a visual analog scale.”? $The Frindin-

Grimby Activity Scale.”> hQuestion about job activity.

similar or slightly better than in other studies of upper limb
lymphedema using BIS?’ (ICC=0.95) and L-Dex ratio®’
(ICC=0.69). The ICCs for the volume are also in line with
other studies of volume measurements in upper limbs2%+3!
(ICCs=0.97-0.98) and in lower limbs of women and men
who were healthy [ICC(2,1)=0.99].” This indicates that
the volumes based on circumference measurements are as
reliable in the lower limbs as in the upper limbs. Moreover,
the ICCs for the TDC measurements in our study were
somewhat higher than in women and men who were healthy
[ICC(2,1)=0.63-0.93 and 0.21-0.89, respectively].” These
data indicate that all points are suitable to measure in people
with LLL.

Furthermore, the 95% CI for the mean difference was
narrow and included O for the impedance ratio, volume,
and TDC measurements; these results indicated no systematic
difference in the mean between the 2 test occasions, except for
the impedance ratio in the more affected limb. These data are
in line with the volume and TDC measurements in a reliability
study of women and men who were healthy.”

The measurement errors for a group of people (SEM/SEM %)
as well as for a single individual (SRD/SRD%) represent
the limits for normal variations of measurement values.
Hence, a variation in LLL outside this range indicates a real,
clinical change.?” In the present study, the SEM values for the
impedance ratio were 0.068 for the more affected limb and
0.059 for the less affected limb. These data are consistent with
the SEM value (0.06) that was previously presented for the
interlimb Ry ratio in upper limb lymphedema.?’

For the volume, the SEM values were 97 mL for the less
affected limb and 154.9 mL for the more affected limb. These
data are in agreement with the SEM values in upper limb lym-
phedema??->! (94-78.8 mL) and in the lower limbs of people
who were healthy (94.6-120.9 mL).” These results indicate
that the volume based on circumference measurements in mild
to moderate LLL yields measurement errors as small as those
in upper limb lymphedema when the same examiner performs
the measurements.

For the TDC, the relative measurement errors were
acceptable for all points in both limbs (SEM % =4.2%-9.7%;
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Figure 2. Measurements in the more affected limb in people with lower limb lymphedema: visual illustration of the differences between the test
occasions (test 2 — test 1) plotted against the means of the 2 test occasions and the 95% limits of agreement (LOA) for the impedance ratio (A), volume

(B), and tissue dielectric constant (TDC) (C, points 4, 7,9, and 10).

SRD% =11.7%-26.8%). These data are slightly better than
those obtained using the same points for the lower limbs
of women and men who were healthy (SEM% =3.9%-—
14.5%; SRD% =10.8%-40.1%).” These results indicate
that all these points are usable in people with mild to
moderate LLL when compression stockings in good condition
are used.

When we illustrated the data for the more affected arm-
to-leg impedance ratio, volume, and some TDC points in
the Bland-Altman graphs, the differences between the test
occasions were approximately within the limits of agreement
for all 3 measurement methods. The limits of agreement
and the SRD are algebraically similar,'* but an advantage of
calculating SRD % is that it is easier to interpret clinically.

Taken together, the results of the present study indicate
that all 3 measurement methods can be used in people with
unilateral or bilateral LLL. For the BIS method the curves were
checked and considered sufficient. The TDC method is rather
time consuming due to both the measurement technique with
triplicates at each point and the large number of measuring
points chosen to be evaluated in this study. To use this trip-
licate technique is a matter of clinical consideration, but for
LLL this technique has been recommended.”* Furthermore,
in the present study a large number of measuring points on
the calf and thigh were used. The same measuring points
have been used in a test-retest reliability in people who were
healthy with the intention to cover many different parts of
the total limb,” and they were chosen based on our clinical
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Table 3. Measurements of Impedance Ratio, Volume, and TDC in 42
Participants With LLL on 2 Test Occasions”

Mean (SD) on Test Occasion:

Measurement
1 2

Impedance ratio

MA limb? 1.287 (0.214) 1.321 (0.241)

LA limb? 1.160 (0.128) 1.178 (0.172)
Volume, mL

MA limb 9371 (1549) 9372 (1553)

LA limb 8685 (1533) 8705 (1567)
TDCP1

MA limb 40.8 (6.9) 41.4 (6.8)

LA limb 40.9 (7.7) 41.2 (8.0)
TDC P2

MA limb 36.6 (7.7) 36.5(7.2)

LA limb 32.7 (4.9) 32.6 (5.9)
TDC P3

MA limb 35.8(7.3) 35.8(7.7)

LA limb 32.6 (5.6) 32.9(6.3)
TDC P4

MA limb 39.0 (8.3) 38.8 (8.6)

LA limb 32.8(5.7) 32.6 (6.5)
TDC PS5

MA limb 32.9(7.7) 33.2(7.8)

LA limb 29.3 (5.0) 29.5 (5.0)
TDC P6

MA limb 34.7 (4.0) 35.0 (4.7)

LA limb 33.6 (3.9) 33.3(3.4)
TDC P7

MA limb 33.3(8.4) 32.7(7.7)

LA limb 28.5 (4.8) 28.7 (6.0)
TDC P8

MA limb 33.5(8.4) 33.1(8.0)

LA limb 30.2 (4.7) 30.2 (5.0)
TDC P9

MA limb 35.1(8.6) 35.4(8.3)

LA limb 31.1(5.8) 31.4(5.3)
TDC P10

MA limb 35.5(8.6) 36.6 (10.2)

LA limb 30.7 (5.1) 31.3(5.2)
TDC P11

MA limb 37.6 (7.3) 38.9(7.4)

LA limb 36.6 (7.5) 37.9(7.1)
TDC P12

MA limb 34.2(5.6) 34.1(5.7)

LA limb 31.9 (6.1) 32.2(6.5)
TDC P13

MA limb 34.7 (8.6) 34.3 (7.9)

LA limb 30.7 (5.8) 29.8 (4.3)
TDC P14

MA limb 34.2 (4.6) 34.4 (4.0)

LA limb 32.7 (3.6) 33.0(3.5)

LA =less affected; LLL =lower limb lymphedema; MA = more affected;
P = measuring point; TDC =tissue dielectric constant. bn=41.

experience of LLL. Previously only 3 measuring points (foot,
ankle, and lower limb) have been used when investigating
if TDC measurements could differentiate lymphedema from
lipedema in swollen legs.>> Three measuring points (foot,
lateral calf, medial calf) were also used when evaluating the
triplicate technique as a standard measurement comparing
with duplicate and single measurement.”* To use only 3
measuring points would be preferable, but in our study we
found higher values (exceeding suggested cutoff values; ie,
mean + 3 SDs in a population of people who were healthy)”
in § measuring points (P4, P7,P9, P10, and P13) in about one-
third of the participants, whereas in 3 measuring points (P1,

P6,and P11), none of the participants had higher values. These
results indicate that higher TDC values could be measured
in both the calf and the thigh in people with LLL even
though the lymphedema was persistent and new compression
garments were used. Which TDC points are clinically relevant
for evaluating changes in local tissue fluid over time should
be investigated in future studies. However, measuring many
anatomical sites enables more individualized management
of LLL.

Clinical Implications

There is a great need of research evaluating measurement
properties of instruments for LLL.>3 Hence, the results from
the present study contribute knowledge to an important area.
Objective measurements are crucial in LLL management, and
measurements from the 3 instruments were therefore analyzed
in the studied population. Which measurement methods are
to be recommended in LLL management can be a matter
of clinical consideration, based on the availability of mea-
surement devices and amount of available measuring time.
However, our results indicate that all 3 methods are reliable
and can be used to determine effects of an intervention by
evaluating changes in these measurements over time in people
with mild to moderate LLL. Whether or not these methods
also are reliable in severe LLL, with the presence of fibrosis
and skin changes that might alter the measurement values,
requires further investigation.

Strengths and Limitations

A strength of the present study was that a highly standard-
ized test protocol was used. A similar protocol was used in
a previous test-retest reliability study of volume and TDC
in a population of people who were healthy.” To yield a
higher probability of stable values, the measurements were
conducted in the morning at about the same time, and it was
verified that compression stockings no older than 2 months
were used. Another strength was that the measurements were
conducted by an experienced physical therapist familiar with
the different measurement methods, and that all 3 methods
evaluated each limb separately. For the volume, it is well
known that a weight change could be an aggravating aspect
when evaluating LLL over time; using additional measure-
ment methods is therefore warranted. Furthermore, there was
on average 14 days between the 2 test occasions, which
enabled the natural variation of edema to be taken into
account. Even though it could be claimed that the time interval
was long for a test-retest reliability study, it is recommended
in previous literature.’* Also, our results indicate that the
time interval was acceptable due to the adequate levels of
measurement variation.

A limitation of this study is that interrater reliability was not
tested, which should be considered in future studies. Another
limitation was the small number of men included; a larger
sample size would have enabled data analyses separately for
women and men. All participants had mild to moderate LLL,
which could be considered a limitation because many people
with LLL have larger volumes. The height used for calculation
of body mass index was self-stated, and this could have been
more objectively assessed. Furthermore, the duration of each
test occasion of approximately 75 minutes (10 minutes of rest,
10 minutes for BIS, 15 minutes for circumference measure-
ments, 25 minutes for TDC, and 15 minutes for logistics) was
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Table 4. Test-Retest Reliability of Impedance Ratio, Volume, and TDC Measurements for 14 Measuring Points in More and Less Affected Limbs of 42

People With LLL?

Measurement ICC(2,1) 95% CI for ICC Mean d 95% CI for Mean d SEM SEM% SRD SRD%
Impedance ratio

MA limb” 0.90 0.81-0.95 0.034 0.003 to 0.065 0.068 52 0.188 14.4

LA limb? 0.79 0.63-0.88 0.018 —0.014 t0 0.049 0.059 5.0 0.164 14.0
Volume, mL

MA limb 0.99 0.99-1.00 0.52 —56.88 to 57.93 154.9 1.7 429.3 4.6

LA limb 0.99 0.99-1.00 19.64 —27.64 t0 66.92 97.0 1.1 268.9 3.1
TDC P1

MA limb 0.84 0.72-0.91 0.35 —0.87to 1.56 2.8 6.7 7.7 18.6

LA limb 0.78 0.63-0.88 0.29 —1.32t0 1.90 3.5 8.5 9.7 23.6
TDC P2

MA limb 0.86 0.76-0.92 —0.09 —1.31t0 1.35 2.9 7.8 7.9 21.6

LA limb 0.71 0.52-0.83 0.12 —1.17 to 1.41 2.6 8.0 7.2 221
TDC P3

MA limb 0.88 0.79-0.93 —0.56 —1.72 t0 0.60 2.7 7.5 7.5 20.7

LA limb 0.92 0.86-0.96 0.24 —0.49 t0 0.98 1.6 4.9 4.4 13.4
TDC P4

MA limb 0.96 0.92-0.98 0.06 —0.70 to 0.83 1.6 4.2 4.6 11.7

LA limb 0.87 0.76-0.93 —-0.24 —1.24t0 0.77 2.1 6.4 5.8 17.8
TDC PS5

MA limb 0.84 0.72-0.91 0.44 —0.91to 1.79 3.0 9.1 8.3 25.3

LA limb 0.77 0.61-0.87 0.22 —0.83t0 1.27 2.4 8.2 6.7 22.6
TDC P6

MA limb 0.71 0.53-0.84 0.05 —0.98 to 1.08 22 6.2 6.0 17.1

LA limb 0.68 0.47-0.81 —0.34 —1.26 t0 0.58 22 6.6 6.1 18.2
TDC P7

MA limb 0.89 0.81-0.94 —0.45 —1.61t00.72 2.7 8.3 7.5 22.9

LA limb 0.90 0.81-0.94 0.16 —0.61t0 0.93 1.5 5.2 4.2 14.5
TDC P8

MA limb 0.94 0.88-0.97 -0.33 —1.251t0 0.58 2.0 6.1 5.6 16.8

LA limb 0.85 0.73-0.91 0.01 —0.84 t0 0.85 1.8 6.0 5.0 16.5
TDC P9

MA limb 0.95 0.91-0.97 0.07 —0.78 t0 0.93 1.9 5.4 53 15.0

LA limb 0.89 0.80-0.94 0.31 —0.52t0 1.14 1.9 6.1 5.3 16.9
TDC P10

MA limb 0.93 0.87-0.96 0.89 —0.20 to 1.98 22 6.2 6.2 17.1

LA limb 0.79 0.65-0.88 0.73 —0.30 to 1.75 2.3 7.4 6.4 20.6
TDC P11

MA limb 0.79 0.64-0.88 1.26 —0.17 t0 2.69 3.3 8.5 9.1 23.6

LA limb 0.76 0.59-0.86 1.33 —0.22t0 2.88 3.6 9.7 10.0 26.8
TDC P12

MA limb 0.87 0.78-0.93 —-0.23 —1.11 t0 0.65 2.0 5.8 5.5 16.0

LA limb 0.95 0.90-0.97 0.29 —0.35t0 0.93 1.4 4.4 3.9 12.2
TDC P13

MA limb 0.91 0.85-0.95 —0.46 —1.53 t0 0.60 2.6 7.4 7.1 20.5

LA limb 0.86 0.75-0.92 -0.78 —1.59t0 0.03 2.1 7.0 5.8 19.3
TDC P14

MA limb 0.83 0.70-0.90 0.37 —0.43 to 1.16 1.9 5.5 5.2 15.3

LA limb 0.79 0.64-0.88 0.46 —0.24 to 1.16 1.6 4.9 4.4 13.5

4d =difference between test occasion 2 and test occasion 15 LA =less affected; LLL = lower limb lymphedema; MA =more affected; P = measuring point;
SEM =standard error of measurement; SEM % = SEM in relative terms; SRD = smallest real difference; SRD% = SRD in relative terms; TDC = tissue dielectric

constant. bn=41.

long. To use fewer points when evaluating local tissue water
with TDC could be one way of shortening the measuring time.

Conclusions

Impedance of ECE, volume, and local tissue water can be
reliably measured in people with mild to moderate, unilateral
or bilateral LLL. The measurement errors were acceptable in
all 3 methods (ie, arm-to-leg BIS ratios, volume, and TDC),
indicating that real, clinical changes in lymphedema can be
measured both in a group of people and in a single individual
with LLL.
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Abstract

Introduction: Circumferential measurements (CMs) every 4th cm are commonly used to assess lower limb
volume (LLV), but fewer measurements would be less time-consuming. The aim of this study was therefore to
establish the agreement between LLV measurements derived from CM every 4th cm (V4), 8th cm (V8), and
12th cm (V12), and to evaluate the intrarater test—retest reliability for each of the three measurement methods in
persons with lower limb lymphedema (LLL).

Methods and Results: Forty-two persons with unilateral or bilateral LLL were measured twice, 2 weeks apart.
Volume measurements for the V4, V8, and V12 methods were derived using CM. The agreement was evaluated
using intraclass correlation coefficient (ICC; ;) and Bland—Altman graphs including 95% limits of agreement
(LOA). The reliability was evaluated using ICC, ; and standard error of measurement (SEM%) and smallest
real difference (SRD%). The agreement was high for the V4 and V8 methods (ICC 0.999), and for the V4 and
V12 methods (ICC 0.998). The graphs revealed slightly higher agreement between the V4 and V8 than between
the V4 and V12 methods visualized by the 95% LOA (=117 to 62 and —236 to 132 mL, respectively). For all
three measurement methods, the test-retest reliability was high (ICC 0.993-0.995) and the measurement error
low (SEM%: 1.2%-1.4% and SRD%: 3.4%-3.8%).

Conclusions: The higher agreement between the V4 and V8 methods than between V4 and V12, and the high
test-retest reliability in LLV measurements support the V8 method to replace the V4 method in persons with
LLL.

Keywords: lower extremity, lymphedema, patient outcome assessment, reproducibility of results

Background
L YMPHEDEMA (LE) 1S CONSIDERED a chronic disease char-
acterized by increased volume of the affected limb or
limbs.! To measure lower limb volume (LLV) and changes
over time is therefore essential in persons at risk of or diag-
nosed with lower limb lymphedema (LLL). Reliable mea-
surements of LLV will help clinicians to diagnose LLL,
determine the stage of LE, plan appropriate management,
and evaluate effects of treatments.”

Various measurement methods can be used to assess LLV.
The Water displacement method (WDM) is standard in upper
limb LE,? but is not so common in LLL due to bulky equip-
ment, the large amount of water needed, and the extensive
cleaning up efforts after use. The advantage with WDM is that
the measurements include the entire limb volume including
the foot. A disadvantage, however, is that there is limited
knowledge about the reliability of LLV measurements.’

The Perometer, an optoelectronic measurement method
for LLV measurements, has a short measurement time*> and
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a high test—retest reliability in healthy persons.>® The dis-
advantages are that the Perometer is expensive and mostly
used in specialist clinics and there is lack of knowledge about
the reliability for LLV measurements in persons with LLL.

The tape measurement method that is standard for volume
measurements in LLL"? and circumferential measurements
(CMs) every 4th cm along the limb is commonly used.>>”®
The advantages of this method are the low cost, it is easy to
clean, and requires limited space. Disadvantages are that
CMs every 4th cm is time-consuming, and that the mea-
surement procedure could be challenging (i.e., positioning of
the first measurement point, choosing the right angle for the
tape on the limb, and tension on the tape).9 However, by using
a standardized measurement procedure, reliable CMs with
small measurement errors can be obtained.”1

To use fewer CMs than every 4th cm for LLV measure-
ments would be desirable as this would save time in the
clinic. Currently, few studies have evaluated how many CMs
are needed for reliable assessments of LLV. Tidhar et al'!
evaluated test—retest reliability of LLV measurements deri-
ved from CMs at only 8 predefined points in five persons
(two healthy and three with LE) and found that standard error
of measurement (SEM) was low. Mayrovitz et al'? investi-
gated therapy-related changes in LLV measurements based
on CMs every 4th cm, 8th cm, and 12th cm and found no
difference in volume reductions regardless of the method
used. However, when investigatin§ if a new measurement
method can replace an old one,”’1 several statistical meth-
ods are recommended such as calculating agreement, mean
differences, and measurement errors.*

Therefore, the aim of this study was to: (1) establish the
agreement between LLV measurements derived from CMs
every 4th cm (V4 method; reference standard) with CMs
every 8th cm (V8 method) and every 12th cm (V12 method),
and to (2) evaluate the intrarater test—retest reliability for
each of the three methods in persons with LLL.

Methods
Research design

A test-retest design was used in the present study.

Participants

Between April 2018 and March 2019, 42 persons with
LLL were recruited from the LE unit at Skane University
Hospital. The inclusion criteria were as follows: (1) 18 years
or older; (2) a diagnosis of unilateral or bilateral primary or
secondary LLL (assessed by lymphoscintigraphy and/or a
medical specialist); (3) persistent LE for the last 6 months;
(4) a total limb volume variation 5% for each limb the last
6 months; (5) treatment with compression stockings day-
time or day and night according to usual care; and (6) a
compression garment not older than 2 months at the time of
inclusion.

The exclusion criteria were as follows: (1) comorbidity
such as heart failure, kidney disease, or venous insufficiency
that could affect swelling of the LLs; (2) prosthetic knee or
hip implants; (4) muscular disorders of the LLs; (5) intake of
diuretic medication or any other drug that may interfere
with the volume of the LLs; and (6) inability to understand
written or oral information in Swedish.

JONSSON ET AL.

Ethics

Before inclusion, all participants received written and oral
information about the study and provided written consent to
participate. The study was approved by the Regional Ethics
Committee Review Board in Lund, Sweden (Dnr 2016/136).

Measurements

Body mass index was calculated (kg/mz) using the weight
measured on a digital scale and the body height reported by
each participant.

Experience of heaviness and tightness in the LE lim-
b/limbs over the past week was rated using a 100-mm visual
analogue scale'® ranging from “no discomfort”” (0 mm) to
“‘worst imaginable discomfort” (100 11‘11‘11).16_18

Thickness of the subcutaneous tissue'® of the LLs was
assessed with the subject in the supine position with bent
knees. Palpation of the tissue using the thumb and index
finger was performed at the dorsal, lateral, and medial side of
the lower part of the limbs and lateral, anterior, and medial
side of the upper part of the limbs.*!® Increased thickness
was noted as yes or no.

Leisure time physical activity during the last 6 months
was rated using a six graded classification system,”” ranging
from very low to regular/very strenuous activity. This clas-
sification system has been validated for a Scandinavian
population.”®

Lower limb volume was calculated using the tape mea-
surement method and CMs every 4th cm (V4 method), every
8th cm (V8 method), and every 12th cm (V12 method) along
the limb. The following formula for a truncated cone was
used: V= %h(r’l7 + r% +r X rz) 2 where r; was the proximal
circumference and r, was the distal circumference for the
segment of interest. The sum of all segments was then deter-
mined, giving the full limb volume. The measurement
method has shown high reliability and low measurement
errors in LLL.'0

To ensure that the same limb length measurement was used
for all methods, the length for the V4 method was used as a
preference. The most proximal volume segment was there-
fore converted to either a 4 cm segment or an 8 cm segment
for the V8 method or the V12 method (Table 1). To analyze
volume measurements in both limbs for all participants, the
limb with the larger volume was referred to as the more
affected (MA) limb and the limb with the smaller volume
was referred to as the less affected (LA) limb in participants
with bilateral LE. For participants with unilateral LE, the
affected limb was referred to as the MA limb and the non-
affected limb was referred to as the LA limb.

Procedure. Measurements of body weight and LLV
were performed at two occasions, 2 weeks apart, by an
experienced physiotherapist (C.J.). The participants were
asked to maintain their normal activity level the day before
each test occasion. The measurements took place during
the morning about the same time, and with the same pro-
cedure each time, starting with the body weight and then
10 minutes of rest in a supine position followed by the CMs.

To identify and mark the measuring points for the CMs,
a 110-cm-long measuring board, a 20-cm-long ruler, a nar-
row measuring tape, and a water-soluble pen were used. To
ensure the right position of the LL, the foot and heel were
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TABLE 1. ToTAL LENGTH OF THE LOWER LIMBS AND NUMBER OF MEASURING POINTS
FOR CIRCUMFERENTIAL MEASUREMENTS FOR THE V4, V8, AND V12 METHODS

Total length of the lower
limb measured (cm)

V4 method, number of
measuring points

V8 method, number
of measuring points

V12 method, number
of measuring points

70 16
74 17
78 18
82 19

7, with a 4 cm segment [$)
as the top cone
9 6, with a 4cm segment

as the top cone
6, with an 8 cm segment
as the top cone
7

9, with a 4 cm segment
as the top cone
10

CMs, circumferential measurements; V4, CMs every 4th cm; V8,

placed against the footplate so that the length measurements
on the lateral side of the board were visible (Fig. 1A). The
short ruler was used to correctly position the measuring
points by reading the length measurements on the board and
to mark the points on the limb with 4-cm intervals startin%
10 cm above the heel and ending near the groin (Fig. 1B).5!

For the CMs, the measuring tape was placed around the
limb tight to the skin with the tape slightly overlapping the
measuring point (Fig. 1C). The measure to the nearest milli-
meter was taken once at each marking.®'® Only the total limb
length measure was available at the second test occasion.

To characterize the participants, the following measure-
ments were conducted on the first test occasion: body height
and weight, ratings of heaviness and tightness, thickness of the
subcutaneous tissue, and leisure time physical activity status.

CMs every 8th cm; V12, CMs every 12th cm.

Statistics

For statistical analysis, IBM (Armonk, NY) SPSS Statis-
tics version 24 was used. Demographics and clinical char-
acteristics of the participants are presented as frequencies,
means, and standard deviations (SDs). LLV measurements
for each of the three methods on both test occasions are
presented as means and SDs.

For the agreement analysis, data from the first test occa-
sion were used. The agreement between the V4 and V8
methods and between the V4 and V12 methods was analyzed
by intraclass correlation coefficient (ICC; 1), and by quanti-
fying the differences between the methods using Bland—
Altman graphs. In the graphs, the difference between two
methods was plotted against the mean of the two methods

JONAAN T

FIG. 1.

(A) The position of the lower limb on the measurement board. (B) Marking the first measurement point 10 cm

above the heel. (C) The tape slightly overlapping the measuring point.
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to visually demonstrate any systematic bias and outliers.'*
The 95% limits of agreement (LOA) were also calculated
where 95% of the differences between the measurements
by the two methods are expected to lie."*

The intrarater test—retest reliability was analyzed by
ICCs,y. According to Fleiss,21 ICC values <0.40 represent
poor reliability and >0.75 represent excellent reliability.
Changes in the mean were analyzed by calculating mean dif-
ferences (d) between the two test occasions (test 2 — test 1)
including the 95% confidence interval (95% CI) for d to
detect any systematic differences between the two test occa-
sions. No systematic cha.n§e in the mean is present if zero is
included in the 95% CL'* The SEM and the smallest real
difference (SRD) were calculated to determine measurement
errors. The SEM gives the limit for the smallest change that
indicates a real change for a group of gersons22 and is defined
as follows: SEM = SD(1 — ICC)*? 2

The SRD represents the limit for the smallest change
that indicates a real change for a single person and is defined
as follows: SRD=1.96x SEM><\/§22 To make the results
easier to interpret, the relative terms (SEM% and SRD%)
were also calculated as follows: SEM% =(SEM/mean) X
100%% and SRD% = (SRD/mean) x 100.>* For a group of per-
sons, an acceptable measurement variability (SEM%) is
considered to be <10% and for a single individual (SRD%)
<30%.>*

Results
Participants

Characteristics of the 42 participants (30 women and
12 men) are presented in Table 2. Thirty of them (71%) had
secondary cancer-related LLL. Unilateral LE was present
in 24 participants (57%), while 18 (43%) had bilateral LE.
The duration of the LE was on average 11 (SD 8) years. In the
MA limb, thickness of the subcutaneous tissue was present
in the lower leg (n=35) and in the thigh (n=33). A feeling
of heaviness during the past week was reported in 18 par-
ticipants (43%), while 8 (19%) reported a feeling of tightness.
Half of the participants (n=22) were working, and the level
of physical activity varied widely.

In Table 3, the mean values (SD) of LLV measurements
for the V4, the V8, and the V12 methods are presented. On
average, there were 14 days (SD 2) between the two test
occasions.

Agreement between the measurement methods. In
Table 4, agreement between the three measurement methods
is presented. For the V4 and V8 methods, ICC was 0.999
and the 95% CI was narrow. The mean difference for the
MA limb was =31 mL (95% CI —43 to —18) and for the LA
limb —28 mL (95% CI —42 to —13).

For the V4 and V12 methods, ICC was 0.998 for the MA
and LA limbs, respectively, and the 95% CIs were narrow.
The mean difference for the MA limb was —35mL (95% CI
—61 to—9) and for the LA limb —52 mL (95% CI-81 to —23).

The Bland—Altman graphs (Fig. 2A-D) revealed that the
variability between the V4 and V8 methods (Fig. 2A, B) and
the V4 and V12 methods (Fig. 2C, D) was small. No sys-
tematic relationship between the differences was revealed, or
no increase in variability for larger volumes was disclosed.
For the V4 and V8 methods, the 95% LOA ranged between

JONSSON ET AL.

TABLE 2. CHARACTERISTICS OF THE 42 PARTICIPANTS
WITH LOWER LIMB LYMPHEDEMA

Characteristics

Sex, women/men, n (%)
Age, years, mean (SD)
Body mass index (kg/mz), mean (SD)
Primary/secondary LE, n (%)
Cancer diagnosis in secondary
LE. n (%)
Gynecological/melanoma/
urological/other

30 (71)/12 (29)
61 (14)

27 (5)

12 (29)/30 (71)

17 (40)/5 (12)/
4 (10)/4 (10)
Duration of LE, years, 11 (8)
mean (SD)
Bilateral/unilateral LE, n (%)
Volume difference in unilateral
LE, n (%)
<5%/25% to <10%/210%
to <20%/220% to <30%
Location palpated thickness, n (%)

18 (43)/24 (57)

8 (33)/6 (25)/
7 (29)/3 (13)

Lower leg, MA limb 35 (83)
Lower leg, LA limb 3(7)
Thigh, MA limb 33 (79)
Thigh, LA limb 3(7)

Experience of heaviness, n (%)/
median (min—-max)
MA limb
LA limb

Experience of tightness, n (%)/
median (min—-max)
MA limb 8 (19)/43 (17-67)
LA limb 1(2)/67
Graded classification system for physical exercise
Score (1-6), median (min—max) 4 (2-6)
Working, n (%)/retired, n (%) 22 (52)/20 (48)

18 (43)/35 (13-75)
3 (7)/40 (18-53)

LA, less affected; LE, lymphedema; MA, more affected; SD,
standard deviation.

—117 and 62 mL for the MA and LA limbs, respectively. For
the V4 and V12 methods, the 95% LOA ranged between
—236 and 132 mL for the MA and LA limbs, respectively.

Intrarater test-retest reliability. In Table 5, test-retest
reliability data are presented for the V4, V8, and V12
methods. The ICCs ranged from 0.993 to 0.995 and the 95%
CIs were narrow for all methods. The d was small for all three
methods in both limbs and no systematic differences were

TABLE 3. LOWER LIMB VOLUME MEASUREMENTS
ON Two TEST OCCASIONS IN 42 PARTICIPANTS
WITH LOWER LiIMB LYMPHEDEMA USING THE V4, V8,
AND V12 METHODS

V4 method
Mean (SD)

V8 method
Mean (SD)

V12 method
Mean (SD)

Test occasion 1
MA limb, mL
LA limb, mL

Test occasion 2
MA limb, mL
LA limb, mL

9366 (1548)
8680 (1531)

9396 (1554)
8708 (1543)

9401 (1549)
8732 (1504)

9368 (1552)
8702 (1565)

9389 (1558)
8729 (1581)

9407 (1556)
8759 (1531)
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TABLE 4. AGREEMENT BETWEEN MEASUREMENTS FOR THE V4 AND V8 METHODS, AND BETWEEN THE V4
AND V12 METHODS, IN THE MORE AFFECTED LIMB AND LESS AFFECTED LIMB, RESPECTIVELY,
IN 42 PERSONS WITH LOWER LIMB LYMPHEDEMA

1CC5 95% CI for 1CC d 95% CI of d 95% LOA
V4 and V8 methods
MA limb 0.999 0.998 to 1.000 =31 —43 to —18 —110 to 49
LA limb 0.999 0.998 to 1.000 -28 —42 to —13 —117 to 62
V4 and V12 methods
MA limb 0.998 0.996 to 0.999 -35 —61 to -9 —198 to 129
LA limb 0.998 0.994 to 0.999 -52 —81 to 23 —236 to 132

CI, confidence interval; d, mean difference between the methods; ICC, intraclass correlation coefficient; LOA, limits of agreement.

revealed. For all three methods, the SEM% ranged from 1.2%
to 1.4% and the SRD% ranged from 3.4% to 3.8% in both
limbs.

Discussion

To the best of our knowledge, this is the first study
showing that fewer CMs than every 4th cm can be used for
LLV measurements in persons with mild-to-moderate LLL
without compromising reliability. Overall, the agreement
was high between all measurement methods, but slightly
higher between the V4 and V8 methods than between the V4
and V12 methods, and the test-retest reliability was equally
high for all three methods. The analyses indicate that the V8
method, in particular, can detect clinically relevant changes
in LLV measurements similar to the V4 method. The V8
method can thus replace the V4 method when assessing
LLV in persons with mild-to-moderate LLL.

The agreement between the V4 and V8 methods and
between the V4 and V12 methods was very high (ICC 0.998—
0.999), and the differences between the methods were low as
visualized by the narrow 95% LOA (=117 to 62 and —236 to
132 mL., respectively). The Bland—Altman graph has been
used in previous studies where agreement between the LLV
measurements derived from different measurement methods
has been evaluated.”>?° In these studies, a lack of agree-
ment was found in most of the comparisons due to the wide
LOA. However, for the comparison of the WDM and the
tape measurement method using CMs every 3rd cm in heal-
thy lower legs, the LOA were narrow, indicating that the
more practical tape measurement method could be used
instead of the WDM.?

Even though the 95% LOA are a matter of clinical con-
sideration, the LOA in our study for the V4 and V8 methods
are in line with that of Sukul et al,>> supporting that the
agreement between these two methods is acceptable.

A Lower limb volume More affected limb
300 V4 versus V8 method
200
E wo . . 95% LOA
3 "e . . .
0 o
I e e
£ 100 hd o .
a 95% LOA
-200
300
6000 8000 10000 12000 14000
Mean (ml)
C Lower limb volume More affected limb
300 V4 versus V12 method
- 95% LOA
E 100 . *
S . K . .
5 o AT T TR T
G 0 & e .
. . .
200° .
. 95% LOA
300
6000 8000 10000 12000 14000
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] e '
£ 0 LY * . - .
g e
g 5 Cid s .
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FIG. 2. Bland-Altman graphs where the differences between the V4 and V8 methods (A, B) and between the V4 and V12
methods (C, D) were plotted against the mean of the methods, for each limb separately.
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TABLE 5. INTRARATER TEST-RETEST RELIABILITY OF VOLUME MEASUREMENTS FOR THE V4, V8, AND V12 METHODS,
IN THE MORE AFFECTED LIMB AND LESS AFFECTED LiMB IN 42 PERSONS WITH LOWER LIMB LYMPHEDEMA

ICC,, 95% CI for ICC>; d 95% CI for d SEM SEM% SRD SRD%

V4 method

MA limb 0.994 0.989 to 0.997 3 —51 to 56 120 1.3 333 3.6

LA limb 0.995 0.991 to 0.997 21 26 10 69 108 1.2 299 3.4
V8 method

MA limb 0.994 0.988 to 0.997 -8 —62 to 47 120 1.3 333 3.5

LA limb 0.994 0.990 to 0.997 21 —31to72 120 1.4 333 3.8
V12 method

MA limb 0.993 0.987 to 0.996 7 —51 to 64 130 14 360 3.8

LA limb 0.994 0.988 to 0.997 26 271079 117 1.3 324 3.7

d, mean difference between test occasion 2 and test occasion 1;

measurement in relative terms; SRD, smallest real difference; SRD%,

Furthermore, the test—retest reliability was very high for
all three measurement methods in our study (ICC 0.993—
0.995). The findings agree with the results in LLs of healthy
persons (ICC 0.99)8 and in persons with LLL (ICC 0.99)10
using CMs every 4th cm for volume measurements. The
findings are also in line with the results of persons with breast
cancer-related upper limb LE (ICC 0.97-0.99)*7"% indicat-
ing that the tape measurement method is a reliable mea-
surement method to assess volume of the upper and LL.

In our reliability analysis, several statistical methods were
used as being recommended.”? The measurement errors
(SEM% and SRD%) for the V4, V8, and V12 methods were
very low, and in agreement with studies in healthy women
and men (SEM% 1.1-1.3%; SRD 3.1—3.6%).R The mea-
surement errors presented in the reliability studies of upper
limb volume measurements®’ > were in absolute values.
Relative values would have been preferred as this would
have enabled comparisons between studies and facilitated
the interpretation for clinical use.”?

For a measuring method to be useful in the clinic, not
only reliability but also time efficiency and feasibility must
be considered.??>® De Vrieze et al*® concluded that the tape
measurement method using CMs every 4th cm was the best
measuring method considering reliability and measurement
error, cost, limitations, and time consumption when different
volume measurement methods in upper limb LE were com-
pared. Surprisingly, there are very few studies focusing on
these aspects even though the tape measurement method is
commonly used in LLL.

In our study, between 16 and 19 measuring points were
used for the V4 method, and this is rather time-consuming.
The number decreased to 8-10 points for the V8 method
and to 6-7 points for the V12 method. Hence, with the V8
method instead of the V4 method, fewer CMs will be used,
and the time required for this measurement method becomes
shorter. Brorson and Héijer®! evaluated upper limb volume
measurements based on CMs every 4th cm and CMs at 5
measuring points equivalent to a made-to-measure com-
pression garment. They concluded that volume measure-
ments derived from these two measurement methods did not
differ significantly, and by using the same 5 measuring points
for volume and for a made-to-measure compression gar-
ment, time will be saved.

To evaluate LLV measurements based on CM at measur-
ing points equivalent to a made-to-measure compression

SEM, standard error of measurement; SEM%, standard error of
smallest real difference in relative terms.

garment may also shorten the measurement time, but this
measurement method must be investigated using a compre-
hensive set of statistical analysis such as those used in our
study.

Strengths and limitations. A strength of the present
study was that 42 participants were included. In reliability
studies, a sample size of at least 30 is recommended.?!"*?
Another strength was the use of a highly standardized test
protocol that had previously been evaluated®!® and the
comprehensive set of statistical methods for the agreement
analysis'® and the test—retest reliability,”>* enabling a com-
parison between reliability studies in the future. A limita-
tion of the present study was that LLV measurements were
based only on CMs on the limb and not on the foot. A sin-
gle CM on the foot has been shown to be reliable,* but to
calculate the volume of the foot using the tape measurement
method is difficult due to the foot’s irregular configuration.

Another limitation is that the result is based on persons
with mild-to-moderate LLL. To use the V8 method for LLV
measurements in persons with severe LLL needs further
investigation as there may be a risk of larger variability in
larger volume measurements over time.

Conclusion

The agreement was high between all measurement meth-
ods, but slightly higher between the V4 and V8 methods than
between the V4 and V12, and the test—retest reliability was
equally high for all three methods. The V8 method can thus
replace the V4 method when assessing LLV in persons with
mild-to-moderate LLL.

Acknowledgments

We thank the persons who volunteered to participate and
RPT, PhD, Michael Miller for language editing.
Authors’ Contributions

Conceptualization, methodology, formal analysis, and
writing—original draft (C.J.). Conceptualization, methodol-
ogy, and writing—review and editing (K.J., M.B., and C.B.).
Author Disclosure Statement

No competing financial interests exist.



AGREEMENT ANALYSES BETWEEN LOWER LIMB VOLUME MEASUREMENTS 7

Funding Information

This study was supported by grants from the Swedish

Cancer Society (CAN 2015/443).

References

1.

(5]

10.

12.

14.

International Lymphedema Framework 2006 Best practice
for the management of lymphedema. International con-
sensus. London. Medical Education Partnership. Available
at:  www.lympho.org/wp-content/uploads/2021/09/Best_
practice.pdf [Last accessed: October 1, 2021).

. Brorson H, Svensson B, Ohlin K. Chapter 11. Volume

measurements and follow-up. In: Lymphedema, Presenta-
tion, Diagnosis, and Treatment (Greene AK, Slavin SA,
Brorson H. eds.) Springer International Publishing: Cham,
Switzerland; 2015; pp. ss115-ss122.

. Pasley JD, O’Connor PJ. High day-to-day reliability in

lower leg volume measured by water displacement. Eur J
Appl Physiol 2008;103:393-398; doi: 10.1007/s00421-008-
0719-5

. Stanton AWB, Northfield JW, Holroyd B, et al. Validation

of an optielectronic limb volumeter (Perometer®). Lym-
phology 1997;30:77-97.

. Sharkey AR, King SW, Kuo RY, et al. Measuring limb

volume: Accuracy and reliability of tape measurement
versus perometer measurements. Lymphat Res Biol 2018;
16(2):182-186; doi: 10.1089/1rb.2017.0039

. Reza C, Norregard S, Moffatt C, et al. Inter-observer and

intra-observer variability in volume measurements of the
lower extremity using perometer. Lymphat Res Biol 2020;
18(5):416-421; doi: 10.1089/1rb.2019.0063

. Sawan S, Mugnai R, de Barros Lopes A, et al. Lower-limb

lymphedema and vulval cancer: Feasibility of prophylactic
compression garments and validation of leg volume mea-
surement. Int J Gynecol Cancer 2009;19:1649-1654; doi:
10.1111/IGC.0b013e3181a8446a

. Jonsson C, Bjurberg M, Brogardh C, et al. Test-retest

reliability of volume and local tissue water measure-
ments in lower limbs of healthy women and men. Lymphat
Res Biol 2020;18(3):261-269; doi: 10.1089/1rb.2019
.0044

. Stanton AWB, Badger C, Sitzia J. Non-invasive assessment

of the lymphedematous limb. Lymphology 2000;33:122—
135.

Jonsson C, Johansson K, Bjurberg M, et al. Impedance of
extracellular fluid, volume and local tissue water can be
reliably measured in persons with lower limb lymphedema.
Phys Ther 2022:102(5):pzac025; doi: 10.1093/ptj/pzac
025

. Tidhar D, Armer JM, Deutscher D, et al. Measurement

issues in anthropometric measures of limb volume change
in persons at risk for and living with lymphedema: A reli-
ability study. J Pers Med 2015:5:341-353; doi: 10.3390/
jpm5040341

Mayrovitz HN, Macdonald J, Davey S, et al. Measurement
decisions for clinical assessment of limb volume changes
in patients with bilateral and unilateral edema. Phys Ther
2007;87(10):1362-1368; doi: 10.2522/ptj.20060382

. Bland JM, Altman DG. Statistical methods for assessing

agreement between two methods of clinical measurement.
Lancet 1986;1(8476):307-310.

Bland JM, Altman DG. Measuring agreement in method
comparison studies. Stat Methods Med Res 1999;135-160;
doi: 10.1177/096228029900800204

15.

16.

20.

21.

22.

23.

24,

25.

26.

28.

29.

30.

Scott J, Huskinsson EC. Graphic representation of pain.
Pain 1976:2:175-184.

Johansson K, Lie E, Ekdahl C, et al. A randomized study
comparing manual lymph drainage with sequential pneu-
matic compression for treatment of postoperative arm
lymphedema. Lymphology 1998;31:56-64.

. Johansson K, Albertsson M, Ingvar C, et al. Effects of

compression bandaging with or without manual lymph
drainage treatment in patients with postoperative arm
lymphedema. Lymphology 1999;32:103-110.

. Jonsson C, Johansson K. The effects of pole walking on

arm lymphedema and cardiovascular fitness in women
treated for breast cancer: A pilot and feasibility study.
Physiother Theory Pract 2014;30:236-242; doi: 10.3109/
09593985.2013.848961

. Brodin H. Fysioterapi. Studentlitteratur: Lund, Sweden,

1971.

Frindin K, Grimby G. Assessment of physical activity,
fitness and performance in 76 year olds. Scan J Med Sci
Sports 1994:4:41-46. doi: 10.1111/j.1600-0838.1994.tb0
0404.x

Fleiss JL. The Design and Analysis of Clinical Experi-
ments. John Wiley & Sons: New York, NY, USA; 1986.
Lexell JE, Downham DY. How to assess the reliability
of measurements in rehabilitation. Am J Phys Med Re-
habil 2005:84:719-723; doi: 10.1097/01.phm.0000176452
.17771.20

Downham DY, Holmbick AM, Lexell J. Chapter 9.
Reliability of measurements in medical research and clin-
ical practice. In: Studies in Multidisciplinarity 3 (Paton R,
McNamara L, eds.) Elsevier: Amsterdam; 2006; pp. ss147—
$5163.

Flansbjer UB, Holmbick AM, Downham D, et al. What
change in isometric knee muscle strength can be detected
in men and women with hemiparesis after stroke? Clin
Rehabil 2005;19:514-522; doi: 10.1191/0269215505¢cr8540a
Sukul K, den Hoed PT, Johannes EJ, et al. Direct and
indirect methods for the quantification of leg volume:
Comparison between water displacement volumetry, the
disk model method and the frustum sign model method,
using the correlation coefficient and the limits of agree-
ment. ] Biomed Eng 1993;15(6):477-480; doi: 10.1016/
0141-5425(93)90062-4

Tan C, Coutts F, Bulley C. Measurement of lower limb
volume: Agreement between the vertically oriented pero-
meter and a tape measure method. Physiotherapy 2013;
99(3):247-251; doi: 10.1016/j.physio.2012.12.004

. Czerniec SA, Ward C, Refshauge KM, et al. Assessment

of breast cancer-related arm lymphedema—comparison of
physical measurement methods and self-report. Cancer
Invest 2010;28:54-62; doi: 10.3109/07357900902918494
Katz-Leurer M, Bracha J. Test-retest reliability of arm
volume measurement in women with breast cancer-related
lymphoedema. J Lymphedema 2012;2:8-13.

De Vrieze T, Gebruers N, Tjalma WA, et al. What is the
best method to determine excessive arm volume in patients
with breast cancer-related lymphoedema in clinical prac-
tice? Reliability, time efficiency and clinical feasibility of
five different methods. Clin Rehabil 2019;33(7):1221—
1232; doi: 10.1177/0269215519835907

Hidding JT, Viehoff PB, Beurskens CHG, et al. Measure-
ment properties of instruments for measuring of lymphe-
dema: Systematic review. Phys Ther 2016:96:1965-1981;
doi: 10.2522/ptj.20150412



31.

32.

Brorson H, Héijer P. Standardised measurements used to
order compression garments can be used to calculate arm
volumes to evaluate lymphoedema treatment. J Plast Surg
Hand Surg 2012:46:410-415; doi: 10.3109/2000656X.2012
714785

Hopkins WG. Measures of reliability in sports medicine
and in science. Sports Med 2000;30:1-15; doi: 10.2165/
00007256-200030010-00001

Bakar Y, Ozdemir OC, Sevim S, et al. Intra-observer and
inter-observer reliability of leg circumference measurement
among six observers: A single blinded randomized trial.
J Med Life 2017;10(3):176-181.

JONSSON ET AL.

Address correspondence to:

Charlotta Jonsson, PT, MSc
Lymphedema Unit

Department of Hematology, Oncology
and Radiation Physics

Skane University Hospital, Lund
Lasarettsgatan 23 A

Lund 221 85

Sweden

E-mail: charlotta.jonsson@med.lu.se









Bicycling exercise in persons with lower limb lymphedema: A
pilot randomized controlled trial

Charlotta Jénsson, PT, MSc2; Karin Johansson, PT, Associate Professor'; Maria Bjurberg,
MD, Associate Professor??; Christina Brogardh, PT, Professor’*

!Department of Health Sciences, Lund University, Lund, Sweden

2Department of Hematology, Oncology and Radiation Physics, Skane University Hospital,
Lund, Sweden

3Department of Clinical Sciences, Lund University, Lund Sweden

“Department of Neurology, Rehabilitation Medicine, Memory Disorders and Geriatrics, Skéne
University Hospital, Lund, Sweden

Corresponding author:

Charlotta Jonsson
Registered Physiotherapist, MSc, PhD student
Department of Health Sciences, Lund University, Lund, Sweden

Corresponding address:

Department of Oncology, Lymphedema Unit, Skane University Hospital, Lund
Lasarettsgatan 23 A

S-221 85 Lund, Sweden

Telephone: (+46) 46 17 22 81, Fax number (+46) 046 17 17 45

e-mail: charlotta.jonsson@med.lu.se



Abstract

Background: Although exercise has many health benefits, there is lack of knowledge about
its effects for persons with lower limb lymphedema (LLL).

Objective: To investigate (1) the efficacy of bicycling exercise at a moderate intensity
compared to usual daily activity, and (2) the feasibility of the exercise in LLL.

Design: A pilot randomized controlled trial.

Setting: University hospital and regional hospital outpatient clinics.

Participants: Twenty-seven participants (median age 63, 17 women) were randomized to an
intervention group (IG; n=16) or a control group (CG; n=11).

Intervention: Home-based cycling exercise 3-5 times per week, 30-60 minutes at 40-59% of
Heart Rate Reserve during 8-weeks. The control group continued their usual daily activity.
Outcome measures: Primary outcomes: lower limb volume assessed by circumferential
measurements (CM), local tissue water by tissue dielectric constant (TDC) and impedance of
extracellular fluid (ECF) by bioimpedance spectroscopy (BIS). Secondary outcomes:

physical fitness (sub-maximal bicycle ergometer test, VO2max), health-related quality of life
(Lymphedema Quality of Life questionnaire, LyQLI) and perceived LE-related disability
(Lymph-ICF-LL). Assessments were conducted at baseline (T1) and after 8 weeks (T2).
Feasibility was assessed by retention, adherence, and adverse events. Nonparametric analyses
were performed.

Results: Perceived LE-related disability improved significantly from T1 to T2 (p=.050) in the
IG compared to the CG. Also, within the IG, significant decrease of impedance of ECF
(p=.004) and significant improved TDC (p=.013), VO2max (p=.019), LyQLI (p=.049) and
Lymph-ICF-LL (p=.029) were found from T1 to T2. Within the CG, there were no significant
changes from T1 to T2. Overall, the exercise protocol was well tolerated and adhered to, and
few adverse events occurred.

Conclusion: Home-based bicycling exercise at moderate intensity is feasible and improves
local tissue water, LE-related disability, physical fitness, and health related quality of life in

persons with LLL. Regular check-ups for volume control and guidance are supportive.

Keywords: lower extremity, lymphedema, bicycling exercise, moderate intensity, randomized

controlled trial



INTRODUCTION
Lower limb lymphedema (LLL) is a well-known problem after extensive lymph node
dissection and radiotherapy in gynecological cancer (1-3), malignant melanoma (4-6) and
prostate cancer (7). The reported incidence of LLL varies widely depending on type and
extent of cancer treatment, assessment method used, criterion for the diagnosis and length of
follow-up (1, 3, 7). According to systematic reviews and recent reports the incidence varies
from 0% to 56% in gynecological cancer (1-3, 8), from 27% to 33% in malignant melanoma
(4-6) and from 18% to 29% in prostate cancer (7). LLL can also be caused by congenital
defects to the lymphatic system, but this condition is very rare (9). However, irrespective of
the cause of LLL the impairment in the lymphatic system leads initially to accumulation of
interstitial fluid (10). Gradually an enlargement of the affected limb or limbs occurs, a
transition to adipose deposition in the tissue and skin fibrosis (10). To limit the swelling and
to maintain a stable condition, compression garments and self-care routines are fundamental
(11). LLL can have a negative impact on quality of life (12-16), social activities (13), physical
functioning (14, 16) and physical activity (13, 17). Historically, the advice about physical
activity and exercise consisted of muscle pump activities to promote the function in the lymph
vessels, but not too vigorous in order not to overload the lymphatic system, that may risk a
worsening of the lymphedema (LE). Such advice may lead to denying the patients to fully
achieve the general health benefits of regular moderate intensity exercise.

In a recent systematic review and meta-analysis (18) no worsening of the LE or
LE related symptoms following exercising were found, instead there were improvements in
pain, fatigue, function, strength, and quality of life. Thus, the result supports the application of
exercise guidelines to involve aerobic and resistance exercise, as well as unsupervised
exercise. However, the result is based mainly on studies including persons with breast cancer-
related upper limb lymphedema (ULL). The number of reports on the effects of exercise on
LLL remain however limited. Therefore, the objective of this trial was to investigate (1) the
efficacy of bicycling exercise at a moderate intensity compared to usual daily activity, and (2)

the feasibility of the exercise in persons with LLL.

MATERIAL and METHOD

Study design

This study is a pilot randomized control trial (RCT), conducted from November 2018 to
December 2022. The participants were recruited from a University Hospital outpatient

Lymphedema Unit, and from two regional Hospital outpatient Rehabilitation Clinics, in the



Southern Health Care Region of Sweden. The trial has been registered in ISRCTN10242104.
When reporting the data, the Consolidated Standards of Reporting Trials (CONSORT)

checklist was followed.

Recruitment of participants
Potential participants at the Lymphedema Unit, Skane University Hospital were identified by
the first author (CJ) through patient records. PTs at the Central Hospital in Kristianstad, and
the Hospital in Ystad were also contacted by CJ to identify eligible participants through their
patient records. Inclusion criteria were: 1) uni- or bilateral, primary, or secondary LLL, 2)
persistent volume for at least 6 months, 3) a volume variation of less than 5% for each
affected limb during the last 6 months, 4) and treatment with compression stockings daytime
or day and night according to usual care. The diagnosis of LLL was set by a medical specialist
for those with cancer treatment related LE and by lymphoscintigraphy for those with no
cancer related LE. Exclusion criteria were: 1) recurrence of the cancer, 2) language limitations
or dementia, 3) presence of concurrent diseases or medication affecting the limb volume.
Written information about the study was sent to eligible participants and within
two weeks they were contacted by CJ by phone. For those who were interested in
participating, the inclusion and exclusion criteria were checked and an appointment for
consent, inclusion and baseline measurements was booked. If existing compression garments
were older than 2 months, new ones were provided (at least two sets) and used for at least two

weeks before inclusion in the study.

Ethics
All eligible participants received written and verbal information about the study by CJ and
gave written informed consent. The study complies with the Declaration of Helsinki and was

approved by the regional ethical committee review board in Lund, Sweden, Dnr 2016/136.

Outcome measures and assessments

Data for clinical characteristics

The perception of heaviness and tightness in the LE limb/ limbs during the last week was
assessed by a 100 mm visual analog scale (VAS) with the endpoints “no discomfort” and
“worst imaginable” (19). This scale has been used previously in persons with LLL (20).
Thickness of the subcutaneous tissue, as a sign of lymphedema (21) was assessed with the

participant in the supine position with knees bent. Palpation was performed by pinching the



subcutaneous tissue using the thumb and index finger and presence of increased thickness was
identified in the calf or thigh (20, 21). Objective measurements of LLL such as an interlimb
volume difference of >5% (22), increased local tissue water measurement exceeding
mean+3SD in healthy persons (23) in at least one measurement point and increased arm-to-
leg ratio of impedance of extracellular fluid exceeding the cut-off values for diagnosis (24)
were assessed. Physical activity level/ exercise and household activities the previous 6 months

were assessed by a six-point scale, ranging from sedentary to high physical activity (25).

Primary outcomes

LLL status was assessed through three methods: the tape measurement method, tissue
dielectric constant (TDC) and bioimpedance spectroscopy (BIS). Each LL was assessed
separately due to bilateral involvement for some participants, thus the terms “the most
affected limb (MA)” with the greatest volume and “the less affected limb (LA)” with the

smallest volume were designated.

Volume

Volume was assessed using the tape measurement method based on circumference
measurements (CM) every 4" cm along the limb. The truncated cone formulae was used to
achieve volume (10). The method has shown high intra-rater reliability (ICC 0.99) and low
measurement errors (SEM%: 1.2-1.4%, SRD%: 3.4-3.8%) for persons with LLL (20). A
standardized measurement protocol was used to identify and mark the measuring points (23).

CM to the nearest millimeter were taken once at each marking.

Local tissue water

Local tissue water was assessed by TDC measurements using the MoistureMeterD
(Delfin Technologies Ltd, Finland). With the use of high frequency electromagnetic
waves, a TDC directly proportional to tissue water content in the skin was calculated
(26) with the probe M25. The TDC method has shown fair to excellent reliability (ICC
0.68-0.96) and acceptable measurement errors (SEM%: 4.2%-9.7%, SRD%: 11.7%-
26.8%) in persons with LLL (20). A standardized measurement protocol was used to
mark 14 different points on the LLs (23). The measurements were repeated twice at
each point or three times if needed, to achieve two values differing less than 1.0 units
and the mean value was used (20). The point with the highest value compared to a

healthy population (23) was identified for each participant and used in the analyses.



Impedance of extracellular fluid

Impedance of extracellular fluid was calculated by BIS using SEAC SFB7 monitor
(SEAC Australia, Impedimed). BIS assesses the electrical resistance (impedance) at
different frequencies and the RO value as a measure of resistance of extracellular fluid
(ECF), was used. The BIS method has shown high reliability (ICC 0.79-0.90) and
acceptable measurement errors (SEM%: 5.0%-5.2%; SRD%: 14.0% -14.4%) in persons
with LLL (20). A standardized measurement protocol was used for the electrodes on the

upper limbs (27) and the lower limbs (28). Each limb was measured once.

Secondary outcomes
Secondary outcomes were physical fitness, health-related quality of life and perceived LE-

related disability.

Physical fitness

Physical fitness was assessed using a sub-maximal bicycle ergometer test (29) and an
estimation of maximal oxygen uptake was evaluated from heart rate and workload (VO2zmax).
Heart rate and cadence were monitored every minute as was the person’s perceived exertion
using the Borg RPE-scale (30). The cadence was 50 revolutions per minute until “steady
state” was reached. The coefficient of variation (CV) for this test is 9.8% (31), meaning that
this change of VO2max for a group of persons is needed in order to be interpreted as a real
clinical change. For health safety reasons, the test was interrupted if the heart rate exceeded
150 beats per minute (29).

Health-related quality of life

Disease specific health-related quality of life was assessed by the Lymphedema Quality of
Life Inventory (LyQLI) (32). The questionnaire comprises 45 items in three domains:
physical, psychosocial, and practical. The impact of LE is scored on a 4-point Likert scale,
ranging from O to 3, where higher scores indicate a more negative impact. The LyQLI has
shown good validity, reliability (32) and responsiveness (33) and the Swedish version was

used.

Perceived LE-related disability

Perceived LE-related disability was assessed by the Lymph-ICF-LL (34), a questionnaire
based on the ICF (the International Classification of Function, Disability and Health) (35).
The questionnaire comprises 28 items in 5 domains: physical function, mental function,

general tasks/ household activities, mobility activities and life domains/ social life. The



impact of LLL is scored on a 100-millimeter VAS where a higher score indicates a more
negative impact. The questionnaire has shown good validity and reliability (34) and a

Swedish version is available.

Feasibility

Feasibility was assessed by retention, adherence, and adverse events. Before and after each
exercise session a logbook was completed with 1) ratings of experienced heaviness and/ or
tightness in the LE limb/ limbs on a VAS; 2) total time for exercise registered by the heart
rate monitor; 3) average heart rate registered by the monitor; 4) perceived exertion on the
Borg RPE-scale, recommended was 12-14 (“somewhat hard”); 5) any adverse event or

personal reflection related to the exercise.

Retention and adherence

Retention was assessed by withdrawal rates. Adherence was assessed by data from the
logbook. Fulfilling at least 3 session per week, for 30 to 60 minutes and within moderate
intensity was considered achieving the prescribed dose of exercising. At test occasion 2 (T2)
the participants also answered a question about whether this exercise was new to them,

replaced other kinds of exercise, or was added to existing exercise.

Adverse event

An increased volume of more than 5% (20) was considered to be an adverse event that
resulted in the discontinuation of the cycling intervention and the commencement of intensive
decongestive treatment. Visits at the clinic every two weeks with volume measurements were
therefore performed and during these visits the logbook was also checked with the purpose to

facilitate continued participation.

Randomization procedure

Participants were randomly assigned to an intervention group (IG) or a control group (CG)
with an allocation ratio of 2:1. This ratio was chosen due to the limited number of suitable
participants and the assumption that a higher opportunity to be randomized to exercise would
attract participants to enroll. The random allocation sequence was done using a computer
software program administered by one of the authors (KJ). The participants were told not to

discuss their group assignment with the blinded assessor.



Description of the interventions

The exercise in the IG consisted of bicycling 3 to 5 times a week, with a mean intensity of 40-
59% of the Heart Rate Reserve: (estimated maximum heart rate minus resting heart rate) x
(%HRR) plus resting heart rate. The exercise was unsupervised and conducted on an indoor
spinning bike provided by the research team or on a private stationary bicycle either indoors
or outdoors, or at a gym. A heart rate monitor (Polar FS 1) was provided to check the correct
intensity during the session, the total time of exercise, and the mean heart rate. Each session
started with a 5-minute warm-up (cycling at a self-chosen pace), then the monitor was
switched on to check the correct intensity, and bicycling was continued at the correct intensity
or in intervals for 30-60 minutes. Thereafter the monitor was switched off, followed by
cooling down for 5 minutes (biking at a self-chosen pace) then stretching. Verbal and written
information about the monitor, cadency of 60-90 revolutions /min, stretching and how to
complete the logbook at each exercise session was given on test occasion 1 (T1).

The exercise in the CG consisted of habitual daily physical activity routines or
exercise during the 8-weeks. After the trial they were offered the same instructions and a heart

rate monitor to perform the cycling exercise.

Procedure

At T1 all the assessments were conducted by CJ. At T2 a physiotherapist (AJ), blinded to
participant group status, performed all the assessments except CM for volume and markings
for local tissue water measurements which was performed by CJ. The assessments started
with the questionnaires. Then the compression garments were removed, and the participant
rested in a supine position for 10 minutes followed by the assessments of LLL status. The

compression garments were put back on before the physical fitness test was performed.

Statistics

A total of 30 participants was estimated to be a reasonable number for this pilot RCT. For
statistical analysis IBM SPSS Statistics version 29 (IBM, Armonk, New York, USA) was
used. Clinical characteristics of the participants are presented as medians, and quartiles (Q1
and Q3) or frequencies. As the data was not normally distributed non-parametric tests were
used in the analyses. Mann-Whitney U test was used for evaluating differences between the
groups at T1 and for evaluating differences in changes (T1-T2) between the groups. Wilcoxon
signed rank test was used for evaluating changes between T1 and T2 within each group. A p-

value of <0.05 was considered statistically significant.



RESULTS
Seventy-one persons were identified and assessed as potentially eligible participants. Of these,

33 met the inclusion criteria and were randomized to either the IG (n=21) or the CG (n=12).
Four participants in the IG and one in the CG did not complete the study, mainly due to the
pandemic (Figure 1). In Table 1, clinical characteristics for those who completed the
intervention (1G=16, CG=11) are presented. Their median (Q1, Q3) age was 63 (54, 73) years
and time since onset of LLL was 9 (4, 18) years. Almost half of them (n=12) had LLL due to
gynecological cancer treatment. All participants had a palpable thickness of the subcutaneous
tissue as a sign of LE in the calf and/ or thigh in the MA limb. Nineteen participants (70%)
had an interlimb volume difference >5%, 22 participants (81%) had increased TDC in at least
one point and 4 participants (15%) had an arm-to-leg ratio of impedance of ECF exceeding
the threshold for the diagnosis of LLL.

Insert Figure 1 and Table 1 about here

Differences in outcomes between the groups

In Table 2, data for the IG and CG at T1 and T2 are presented. At T1, no between-group
differences existed except for volume which was significantly larger in the IG compared to
the CG.

Regarding changes of primary outcomes (T1-T2), no significant differences
between the groups were found after the 8-week intervention (Table 3). Regarding changes of
secondary outcomes (T1-T2), a significant difference between the groups was found in
perceived LE-related disability after exercising in favor of the IG (-1.1 points, p=.050). No
significant differences in changes between the groups in any of the other secondary outcomes

were found.

Insert Table 2 and 3 about here

Differences in outcomes within the groups

For the IG, a significant decrease in local tissue water and in RO (primary outcome) was found
in the MA limb after the 8-week intervention. The median difference for TDC was -2.2
(p=.013) and for BIS -13.2 (p=.004), respectively (Table 3). Regarding secondary outcomes,

significant improvements in the IG were found for physical fitness, health-related quality of



life and perceived LE-related disability. The median differences for VO2max were +0.5
L/min (p=.019), for the LyQLI -0.1 points (p=.049) and for the Lymph-ICF-LL -2.4 points
(p=.029), respectively (Table 3).

For the CG, no significant median differences were found from T1to T2 in

neither primary nor secondary outcomes (Table 3).

Feasibility

All participants in the I1G performed at least 24 exercise sessions for 8 weeks, except one who
reached 23 sessions. Thirteen participants performed the exercise within the prescribed
recommendation for frequency, intensity, and duration for most of the weeks but four of these
had a higher intensity in more than half of their sessions. Three participants fulfilled the
recommendations for most of the weeks but for some with only twice weekly exercising or
shorter sessions or with a lower intensity than prescribed. Adverse event in terms of a volume
increase of >5% was found in one participant after 6 weeks. For this participant the intensity
was found to be higher than recommended in 21 out of 23 exercise sessions.

From the logbook, ratings of perceived heaviness and tightness after each
exercise session compared to before showed no change or only minor changes. Ratings on the
Borg RPE scale showed that most of the sessions were within the recommended range.
Participants” reflections on the exercise were transitory experiences of cramping (n=2), a
tingling sensation in the LE limb or limbs (n=3), muscle soreness (n=3), increased self-
confidence after exercising (n=5), a better feeling in the LE limb after exercising (n=3) and a
willingness to perform the exercise even though cycling also occurred in everyday life (n=8).
There were some problems reported concerning the bicycle or heart rate monitor (n=2). Seven
participants reported bicycling as a new exercise for them, while 9 participants used the

bicycle as a complement to, or a replacement for existing exercise.

DISCUSSION

In this pilot RCT, a significant change between the groups after the intervention was found in
perceived LE-related disability in favor of the IG. Within the IG, a significant improvement in
local tissue water and decrease in RO was found after exercising, as well as improvement in
physical fitness, health-related quality of life and perceived LE-related disability. No changes
were seen in the CG. The feasibility assessed by retention to group assignment and adherence
to the exercise protocol were considered high. Adverse event in terms of a volume increase

occurred in one participant.
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Three different objective measurement methods were used to evaluate LLL status (primary
outcomes). Apart from no changes in volume within the IG, there were significant changes in
local tissue water and in RO after exercising. A possible explanation to the improvement in
local tissue water could be that the intensive muscle activity combined with compression
stockings may have reduced local tissue water in a point with higher value. The decrease of
the RO means that there is an increase of ECF volume since these values are inversely related.
A possible explanation to the increase of ECF may be that a slight increase in muscle mass
will produce an increased amount of ECF. There was no worsening of volume or increased
experience of heaviness or tightness in the LE limb/limbs, and this support the interpretation
that the increase of ECF does not imply a worsening of the LLL but further studies in persons
with mild to moderate LLL are needed to confirm these results.

Local tissue water was assessed in 14 points (on the calf and thigh) in the MA
limb and the LA limb. These measurement points were chosen due to a previous
methodological study that concluded that local tissue water can be reliably measured in
persons with LLL (20). A reason for measuring so many points was that there is very limited
knowledge about changes in local tissue water measurements during an intervention in
persons with LLL. However, in the data analysis we chose to evaluate only the point with the
highest value compared to a healthy population (23) because there will probably be a greater
possibility to detect a change in such a point compared to a point with a low value. Within the
IG, a significant decrease in local tissue water was found after the intervention at the point
with the highest value indicating that moderate bicycling exercise improves local tissue water
at least at that point.

Physical fitness, health-related quality of life and perceived LE-related disability
were secondary outcomes in this study. The between group analyses revealed significant
improvements in the 1G compared to the CG for perceived LE-related disability. Other
significant improvements in the IG were seen in physical fitness, and health-related quality of
life. These results are partly in line with other exercise studies evaluating effects of moderate
intensity exercise in persons with LLL (36, 37). Do et al (36) reported significant
improvements in physical function, muscle strength and fatigue after a 4-weeks intervention
with mixed exercise five times a week (36). While Dionne et al (37) found significant
improvements in walking distance, handgrip strength and close to a significant improvement
in overall quality of life after a 6-weeks intervention consisting of water exercise (37). These
results showing improvements after exercising are important since there is evidence that LLL

decreases physical activity (13,17) and reduces quality of life (12-16). Promoting exercise for
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persons with LLL is therefore recommended not only for improving physical fitness but also
to improve perceived LE-related disability and health-related quality of life.

The feasibility was investigated by retention, adherence, and adverse events.
The retention rate was high (85%), only two participants in the 1G stopped due to lack of time
whereas three were stopped due to the COVID pandemic. Adherence was 81%, since 13
participants fulfilled the prescribed intensity, frequency, and duration for most of their weeks.
These figures are similar to those in a study that evaluated twice weekly unsupervised water-
based exercise for women with ULL, (retention rate 83% and adherence rate 71%) (38). Good
retention (77%) and high adherence (85%) was also shown in a home-based exercise study
consisting of pole walking for women with upper limb lymphedema (39). Advantages with
home-based exercise could be that it is convenient, budget friendly, no pressure from others
and the environment is comfortable. The use of regular checkups in this study for control of
volume and the logbook seemed however to be important for guidance and support. To get
social support and guidance from healthcare professionals, family and friends have been a
commonly reported facilitator affecting physical activity participation both during and after
cancer treatment (40).

An adverse event due to increased volume in one of the limbs occurred in one
participant after six weeks. Decongestive treatment was given, and the baseline measurements
were achieved again after some weeks. The increased volume was probably caused by too
intensive exercise for three to four weeks where there was a delay between the checkups due
to personal reasons given by the participant. Adverse events in exercise studies including
persons with LLL is uncommon. This is probably due to that the exercise starts on a low level
(41) and increases gradually as higher levels are required for improvement. To start on a low
level and gradually increase was also encouraged in this study. More knowledge about the
reason to harms or adverse events in exercise oncology is important (42) since exercise is an
important part in the rehabilitation.

The type of exercise evaluated in this study was chosen due to the assumption
that regular repeated muscle activity may promote improvement not only in the blood
circulatory system but also in the lymphatic system which will positively affect the LLL. This
was however not achieved in our study that showed no change in volume in the 1G.
Previously, pole walking at a moderate intensity was evaluated for women with ULL (39) and
resulted in decreased volume of the affected limb after eight weeks. It is tempting to believe
that the repeated muscle activity in the upper body performed during the pole walking

contributed to the arm volume decrease, but this has not been confirmed in other studies (18).
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Thus, the main goal for exercising still is the more general health benefits of moderate
intensity exercise and to lower the risk of cancer recurrence (43) which is of outmost
importance for those with cancer related LLL. Whereas a short-term goal could be to decrease
LE-related disability and increase health-related quality of life. To be aware of the
individuals need for support and understand the factors for motivation (40) can be one way to

facilitate regular exercise in persons with LLL.

Strength and limitations

A strength of the present study was that three different measurement methods were used for
LLL status: the tape measurement method, TDC and BIS. Measurements of volume and
impedance of ECF are common for evaluation of LLL status, whereas local tissue water is
quite new. The results show that there is an advantage to evaluate LLL status using several
measurement methods. Since they measure LLL in different ways, further investigations are
recommended when considering evaluation of ECF in those with a stable LLL or deciding
which points to prefer for local tissue water measurements. Another strength was that the
retention was high. A reason for that could have been the opportunity to borrow a spinning
bike, exercising at home or regular checkups including not only guidance and support but also
volume measurements which may appeal to some persons with LLL. To have regular
checkups for persons starting to exercise is recommended, especially when the exercise is
home-based. Another strength was that a physiotherapist blinded to group allocation
performed almost all the assessments at T2. CM was conducted by CJ because the inter-
observer variability for the tape measurement method has been shown to be large (44). The
markings for the TDC measurements were also conducted by CJ to ensure the correct location
as the blinded assessor was not familiar with this measurement method. But all the
assessments for local tissue water were conducted by the blinded assessor since the inter-
observer reliability has been shown to be high (45). A limitation of the present study was that
some of the participants already at baseline were used to regular exercise. To include persons
already exercising was accepted because of the limited knowledge about the effects of
moderate cycling exercise in persons with LLL (36, 37). Another limitation was the small
number of participants. The interest in participating in exercise studies may be greater if the
intervention takes place closer to the cancer treatment (46) and the onset of LLL, not several
years later. The inclusion in the study was also affected by the COVID pandemic which

forced us to interrupt the intervention for a couple of years.
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Clinical implications

Promoting moderate intensity exercise is important for persons with LLL due to the general
health benefits and the decreasing risk of recurrence in cancer treatment related LLL (47). The
positive effects of exercise on VO2 max, health related quality of life and perceived LE-
related disability are also important. The results from the present pilot RCT contribute to
increased knowledge about the efficacy of moderate exercise on LLL status, physical fitness,
health related quality of life and perceived LE-related disability in persons with LLL. In this
home-based trial, the use of a logbook and regular checkups for guidance and control of LLL

status were key components which could be used in the clinic.

Conclusion
Moderate intensity home-based bicycling exercise is feasible and improves local tissue water,
LE-related disability, physical fitness, and health related quality of life in persons with LLL.

Regular check-ups for volume control and guidance are supportive.
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Table 1. Clinical characteristics of the participants (n=27)

Intervention group

Control group

(n=16) (n=11)

Age, years, median (Q1, Q3) 60 (54, 71) 71 (58,75)
Gender, women/ men, n 11/5 6/5
BMI, kg/m?, median (Q1, Q3) 27.4(24.3,31.3) 24.8 (20.5, 26.4)
Physical activity, exercise, and housework, n
Hardly any to easy PA 5 6
Moderate to high PA and exercise 11 5
Working/ retired, n 9/7 5/ 6
Diagnosis, n

Gynecological cancer 10 2

Melanoma 2 2

Urological cancer 1 3

Other 0 1

Primary lymphedema 3 3
Duration of lymphedema, mo, median (Q1, Q3) 132 (67, 206) 83 (33, 216)
Lymphedema, bilateral/ unilateral, n 5/11 2/9
Palpated thickness of subcutaneous thickness, (n)

MA limb 16 11

LA limb 0 0
Objective measures exceeding thresholds for
LLL, n (%)

Volume, difference >5% 12 (75) 7 (64)

TDC in at least one point in the MA limb 12 (75) 10 (91)

BIS, arm-to-leg ratio 4 (25) 0
Heaviness, n/ VAS, median (Q1, Q3)

MA limb 8/8 (0, 37) 5/1 (0, 20)

LA limb 0 0
Tightness, n/ VAS, median (Q1, Q3)

MA limb 7/0(0, 32) 3/0(0, 3)

LA limb 0 0

Values are presented as median (quartile Q1, Q3) or n (number; %)

BMI=body mass index; BIS= bioimpedance spectroscopy (extracellular fluid arm-to-leg ratio); LA= less

affected; LLL= lower limb lymphedema; MA= more affected, PA=physical activity; TDC=tissue

dielectric constant; VAS= visual analog scale
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Table 2. Measurements of LLL status in the more affected limb and less affected limb in the intervention group
(n=16) and the control group (n=11) at baseline (T1) and after intervention (T2).

Intervention group

T2

Control group

T1

T2

T1
Primary outcomes
Volume, ml
MA limb 95742 (8582, 10518)
LA limb 8676% (7349, 9878)
TDC
MA (high) 42.5 (39.6, 48.9)
LA (high) 32.4 (285, 41.7)
BIS*
MA limb 286.1 (214.8, 565.3)
LA limb 308.8 (256.6, 568.0)

9492 (8810, 10662)
8694 (7357, 9794)

37.4(32.1, 47.8)
31.9 (26.9, 40.8)

233.7 (199.5, 320.4)
292.6 (240.4, 367.7)

7926 (7210, 8695)
7009 (6405, 7969)

39.0 (35.9, 48.3)
32.8(29.3, 39.8)

285.4 (253.5, 319.3)
315.7 (263.5, 368.3)

7853 (7113, 8480)
7102 (6600, 8141)

40.1 (34.3, 46.3)
305 (29.4, 34.7)

278.3 (246.5, 332.3)
296.6 (246.7, 363.1)

Secondary outcomes

Bicycle
ergometer test
VO2max
LyQLlI

Sum score
Lymph-ICF-
LL

Sum score

2.7 (18,3.1)

0.7 (0.2, 1.1)

14.6 (6.1, 27.1)

3.1(2.3,3.4)

0.4 (0.2, 1.1)

12.2 (2.6, 19.9)

2.4 (18,2.8)

0.3 (0.1, 0.6)

6.4 (2.7,13.4)

2.6(2.2,3.0)

0.3(0.2, 0.6)

5 (2.8, 21.6)

Values are presented as median (quartile Q1, Q3)
LA= less affected limb; MA=more affected limb; TDC= tissue dielectric constant; BIS= bioimpedance
spectroscopy (RO); TDC (high)= highest value at T1 comparing to values in healthy persons; LyQLI= lymphedema
quality of life inventory; Lymph-ICF-LL= perceived lymphedema-related disability.
2Between group differences at T1: volume, MA limb p=.008, LA limb p=.03; BIS* n=24
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Table 3. Differences in changes in primary and secondary outcomes, within the groups (WG) and between the
groups (BG) after 8 weeks of intervention.

Intervention group p value WG Control group p value p value

(n=16) (n=11) WG BG
Primary outcomes
Volume, ml
MA limb 63 (-28, 178) 171 93 (-121, 221) .320 1.00
LA limb 69 (-60, 242) .083 46 (-45, 195) .240 .952
TDC
MA limb (highest) -2.2(-5.8,-.2) .013 -0.4 (-3.8,1.0) .320 311
LA limb (highest) -1.2 (-3.1, .3) .072 0.1(-1.6,1.1) .621 961
BIS*
MA limb -13.2 (-147.1, -3.8) .004 -11.9 (-16.6, .11.4) .570 194
LA limb -10.0 (-24.8, 17.9) .359 -19.1(-35.6, 23.7) 570 .558
Secondary outcomes
Bicycle ergometer test
VO2max 0.5(0,0.7) .019 0.2 (-0.2,0.4) .238 197
LyQLI
Sum score -0.1 (-0.2,0.0) .049 0.1(-0.1,0.1) 576 101
Lymph-ICF-LL
Sum score -2.4(-8.7,-0.4) .029 0.2 (-1.8,4.7) 465 .050

Values are presented as median (quartile Q1, Q3)

LA= less affected limb; MA=more affected limb; TDC= tissue dielectric constant; BIS= bioimpedance
spectroscopy, (R0); TDC (highest)= highest value at T1 comparing to healthy values; LyQLI= lymphedema quality
of life inventory; Lymph-ICF-LL= perceived lymphedema-related disability

*n=24
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