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ABSTRACT

The Use of Different Measurement Tools Including Quantitative Ultrasonography to Assess

Tissue Properties of Breast Cancer-Related Stage 2 Lymphedema: An Observational Study

Stefanie Fallone

Breast cancer-related lymphedema is a growing concern for patients and clinicians as it is chronic
and leads to debilitating physical and social effects. The condition characterized by a swelling in
the arm and hand is accompanied by numerous changes including fibrosis, adipose tissue deposits
and fluid accumulation that are not easily detectible in clinical practice. There is no standardized
affordable method that is used to objectively detect and assess the underlying tissue changes.
Patients are staged based on subjective palpation and circumferential measures. The aim of this
project was to obtain a better understanding of the muscle, fat and skin changes that occur in the
lymphedematous limb. A total of 20 women with unilateral stage 2 breast cancer related
lymphedema as well as 20 healthy control women were recruited to participate. They underwent
a DXA body composition scan, a Perometer arm volume determination as well as circumferential
arm measurements along 6 pre-determined landmarks, and handgrip strength measures. Of the 20
patients, 7 were randomly selected to collect muscle, fat and skin strain values along the same 6
landmarks through ultrasound elastography. This study suggested that the onset of lymphedema
may be localized in the mid-forearm spreading proximally and raised questions regarding
simultaneous development of lymphedematous fluid in the unaffected arm. Furthermore, results
showed that ultrasound elastography is a tool that can be used to assess elastic tissue properties in
a safe and time-efficient manner and can provide details on the pathology, thus helping clinicians
determine more detailed staging of the lymphedema and the best treatment alternative for their

patients.
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Introduction and Background



Overview of Lymphedema

1. What is Lymphedema?

The lymphatic system plays an important role in the immune system of the body and is
responsible for the transportation of lymphatic fluid. Its primary functions include the drainage of
excess interstitial fluid, the transportation of dietary lipids, and the initiation of immune
responses against antigens. Interstitial fluid is mainly composed of blood plasma and some
protein, and filters through the capillary walls. The excess fluid drains into the lymphatic vessels
and becomes lymph. This excess fluid includes approximately 3 liters per day. The lymph travels
into the lymphatic ducts and into the internal jugular and subclavian vein as blood (Tortora et al.
2012). Damage to the lymphatic system can consequently lead to a condition known as

lymphedema.

The initial stages of lymphedema are defined as an accumulation of protein-rich
interstitial fluid in an area of the body, resulting from impaired lymphatic flow or damage to the
lymphatic vessels. This can be as a result of malformation in the lymphatics, known as primary
lymphedema, or from damage or removal of lymph nodes, such as from surgery or cancer
treatment, known as secondary lymphedema (Cheville et al, 2003, Szuba et al, 1998). Secondary
lymphedema is reported as the most common form of lymphedema (Cheville et al. 2003). Several
factors may lead to secondary lymphedema although the most common are caused by a tumor in
the lymphatics, a tumor metastasis to the lymph nodes consequently blocking the lymphatic flow,

or from cancer surgery or radiation therapy.

There are four main types of secondary lymphedema. The first, known as iatrogenic
lymphedema is caused by surgery or radiation therapy and can lead to fibrosis. The cause can be
either intentional, for instance during lymph node dissection for cancer surgery, or accidental.
Lymphedema of the arm following axillary lymph node dissection for breast cancer and
lymphedema of the leg following pelvic lymph node dissection for pelvic neoplasms are the most
common forms of this type of secondary lymphedema. The second, called traumatic lymphedema

is caused from traumatic injuries. The third, is known as post-infectious lymphedema and can



develop as result of an infection, such as filiaris, which is caused by a parasite that is directly
transmitted by a mosquito, and usually is present in more tropical areas. The fourth is called
neoplastic disease and represents the involvement of tumors in the lymphatic vessels, lymph

nodes and lymphatic ducts (Szuba et al. 1998).

2. Clinical Importance of Lymphedema

Breast cancer-related lymphedema occurs as a result of breast cancer treatment including
surgery, radiation therapy and chemotherapy, and typically affects the ipsilateral upper limb.
Patients who undergo axillary lymph node dissection as well as patients with an elevated BMI,
particularly over 30 kg/m’, are at increased risk of developing the condition. Although the onset
of the condition may occur any time following the cancer treatment, the majority of patients will
begin to experience symptoms of lymphedema within the first 2-3 years after breast cancer
treatment. However, some patients develop the condition as early as 30 days following their
cancer treatment, and as late as 30 years after. It has been reported that lymphedema affects over
90 million people worldwide (Garza et al. 2017, Park et al. 2007), and that lymphedema
following breast cancer will develop in about 1 in 8 Canadian women (Canadian Cancer Society,
2019). This chronic condition, although not life-threatening, is followed by multiple debilitating
complications and a negative impact on the patient’s quality of life. Symptoms are described as
swelling, feelings of tightness and heaviness, weakness, pain, and tension. Furthermore, it causes
feelings of anxiety, social isolation and stress (Tassenoy et al. 2016). The condition also puts

patients at high risk of cellulitis, and results in frequent hospital visits (Moffatt et al. 2003).

3. Staging of Lymphedema

The diagnosis of lymphedema is based mainly on changes in limb volume. Ideally, one
would want to detect the condition as early as possible, as early detection and treatment may lead
to reversibility. However, there currently exists no technique that can identify very early limb
volume or subcutaneous tissue changes, nor is there any tool that can identify patients that may
be predisposed to this chronic condition that requires continuous self-management and treatment

(Dixon et al. 2015).



Once diagnosed, the disease is staged based upon a subjective assessment of tissue texture
and skin changes. There have been multiple ways to stage the severity of lymphedema (Cheville
et al. 2003). According to the Common Toxicity Criteria version 3 (CTC v.3.0), lymphedema can
be staged based on a 3-point criteria scale (Common Toxicity Criteria 2006). The details of the
criteria are presented in table 1, where the very subjective nature of these criteria is clearly seen.
Some methods also use a 4-point criteria scale, as described by Dixon et al. (2015) and illustrated

on figure 2.

TABLE 1: CTC v.3.0 staging of lymphedema (Common Toxicity Criteria v. 3.0 2006).

Adverse Event Short Name 1 2 3
Lymphedema-related Lymphedema-related Minimal to moderate Marked increase in Very marked density and
fibrosis fibrosis redundant softtissue, density and firmness, firmness with tethering

unresponsive to elevation  with or without tethering  affecting 240% of the
or compression, with edematous area
moderately firm texture or

spongy feel

FIGURE 1: Lymphedema Stages (Dixon et al. 2015)
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In this method, Stage 0 is known as a subclinical stage through which limb volume assessment
will not be capable of identifying lymphedema, as the changes in limb size from swelling only
begin to occur late during Stage 1 or early in Stage 2. At this point, however, the lymphatic fluid

transport system is already damaged. In Stage 1 lymphedema, there may be a noticeable swelling



in the limb especially at the end of the day, along with a feeling of heaviness. Pitting edema is
also present; however, it disappears with elevation or overnight. At this stage, the disease may
still be reversible, as the swelling is characterized by an accumulation of lymph fluid that can be
drained by combined decongestive physiotherapy (for example, manual lymphatic drainage
techniques, compressive bandaging, elastic sleeves). It is usually during the latter part of Stage 1
and most often in Stage 2 that lymphedema is usually diagnosed. Therefore, the majority of
patients fall under Stage 2 and remain at that stage if the disease is properly controlled. Stage 2 is
the stage that involves multiple subcutaneous tissue changes, including the beginning of fibrosis,
an accumulation of adipose tissue deposits, a hardening of the tissue and non-pitting edema.
These changes are now mostly irreversible and one can only hope to prevent further deterioration.
In Stage 3 we begin to see skin thickening (pachydermia), changes in dermal papillae and
inflammatory skin changes (dermatitis and hyperpigmentation). Although it is rare for patients to
progress to the late Stage 3, this stage is defined as the most advanced stage of swelling and is
called elephantiasis (Dixon et al. 2015). In this stage, the skin changes in shape and form and the
extremities of the limb begin to resemble the legs of an elephant (Garza et al. 2017). This stage is
also categorized by the absence of pitting, further fat deposition, fibrosis, and the development of

wart-like nodules (Hoffner et al. 2017).

Given that the condition becomes irreversible at the onset of stage 2, and that this stage
involves multiple subcutaneous changes, it is essential to have a technique that can objectively
quantify these changes along with accurate limb volume measurements at this early stage. This
would then allow for treatment early in the course of the disease and thus potentially improve

long term patient outcomes.

Techniques to Monitor Lymphedema

1. Tools to Measure Volume

Typically, lymphedema diagnosis and monitoring is limited to the identification of
changes in the limb shape and size. These mainly involve indirectly calculating the volume of the
limb and comparing it to the unaffected limb, as well as monitoring change of volume over time.

There exist several tools to monitor lymphedema, but there is a large variability in their use



across research trials, thus limiting their applicability to particular clinical settings (Stout et al.
2008). The most common clinical method to monitor the progression of lymphedema is through
circumferential tape measurements. This technique involves measuring the circumference of the
arm at specific segments and converting these measurements to total limb volumes using the

formula for a truncated cone (Johnson et al. 2015), as illustrated in figure 1 and calculated as

V="2 R+ R +)

where V is the volume, h is the height of the cone, R is the radius of the larger base of the cone

and r is the radius of the smaller base (Ferreira et al. 2015).

FIGURE 2: (A) Circumference landmarks along the arm (B) in order to obtain the volume of the
limb, where h= the height of the cone section, corresponding to the length of the arm between the
two landmark points, R= the radius at the base of the cone, r= the radius at the apex of the cone
(Ferreira et al. 2015).

A B

The main difficulty with tape measurements is that they do not provide any information on the
structural changes and tissue properties of the skin (e.g., skin thickness) and subcutaneous tissues
(e.g., fat, interstitium, and skeletal muscle). Hence this technique is unable to differentiate
lymphedema from adipose tissue nor to determine if a decrease in circumference or volume is
due to a reduction of lymphedema or from muscular atrophy, for example. Technical errors are
also possible due to inaccurate marking of measurement landmarks, applying an inadequate
amount of pressure on the tape or if the angle of tape is improperly positioned relative to the limb

(Newman et al. 2013).



Apart from tape measurement, other techniques have been developed to measure the
volume of a limb. One common technique for lymphedema volume measurement is perometry: a
3D scanning technique that measures the volume of a limb using 360 degrees of infra-red light
(Dixon et al. 2015). The tool consists of a square-measuring frame that moves along the long
axis of the limb being measured (Hwang et al. 2014). The machine measures the surface area of
the limb at 0.5 cm increments, from which volume is calculated. Although the measurement is
time efficient, the machine is rather large and expensive (Garza et al. 2017). An image of the

perometer device along with the software application and image output is illustrated on figure 3.

The main issue with this technique is that when measuring the volume of the limb, it
omits the extremities, such that any swelling in a hand, for instance will not be taken into
consideration. This can lead to the possibility of under-diagnosing the disease. Under certain
circumstances, tape measurements have been shown to diagnose lymphedema at a higher
sensitivity than perometry (Armer et al. 2009). Both techniques; however, are limited in their

ability to differentiate between weight gain and swelling from lymphedema (Garza et al. 2017).



FIGURE 3: The perometer device and software application. (A) The perometer. (B) An example
of the volume measurement of each arm. (C) The incremental measurements along the length of

the arm used to calculate the overall volume (Ancukiewicz et al. 2011).
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Water displacement and bioelectrical impedance spectroscopy (BIS) are also tools used to
assess swelling and volume measurements of the lymphatic limb. Water displacement simply
measures the fluid displaced by dipping the arm in a water-filled bath. The entire arm until the
level of the armpit is immerged in a container of a height of 735 mm filled with a preset volume
of water. The arm is then removed and the amount of water that is displaced is then measured.
The displacement is representative of the volume of the limb (Sagen et al. 2009). This technique
is illustrated in figure 4. Although this technique is considered a gold standard for obtaining limb
volume measurements, it is rather impractical in a clinical setting as it is large, messy and
contraindicated for individuals with open wounds. It may also be subject to challenges with both
inter-rater and intra-rater reliability due to difficulties in identifying and reproducing the

landmark on the limb up to which the arm is submerged (Garza et al. 2017).



FIGURE 4: The water displacement technique. (A) The limb is submerged in a preset container
filled with water. Once the arm is removed (B) the difference in water is measured and represents

the volume of the limb (Sagen et al. 2009).
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Bioelectric impedance has the advantage of measuring extracellular fluid and total fluid
volume. It measures opposition or resistance to the flow of an electrical current that passes
through the area of interest, as per the illustration in figure 5 (Ward LC. 2015), from which fluid
volume is then calculated. It is based on the principle that fluid accumulation will decrease the
resistance to the electrical current and therefore represent a more severe lymphedema. In this
technique, however, the control limb is used as a reference point, thus eliminating this tool in the
use of bilateral lymphedema. The tool could also be used to monitor the volume changes in the
lymphatic limb over time; however, it fails to provide any changes in tissue composition that
accompany lymphedema, such as fibrosis. Furthermore, increases in fibrotic tissue may lead to
increases in electrical current, falsely giving the impression of an improvement in the

lymphedema condition. (Garza et al. 2017).



FIGURE 5: Bioelectric impedance Spectroscopy (full body). Electrodes are placed onto the skin
in the affected area of interest. While one pair of electrodes supply the current, the other measure

the resistance to the current.
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2. Tools to Measure Body Composition

Subcutaneous tissue changes in a lymphedema population are currently monitored
through pitting edema. This involves the subjective judgment of the therapist to palpate the
affected area of the patient’s limb and identify the tissue texture based on skin and subcutaneous
tissue elasticity. The main changes in tissue texture that occur as lymphedema progresses include
edema, from an excess of fluid, and fibrosis, which involves a hardening of the tissue from an
accumulation of protein-rich lymph fluid (Johnson et al. 2015). This technique involves the
clinician to push down onto the skin for about 10 seconds and check for an indentation in the
skin, which would represent an accumulation of fluid in the region of interest. This type of
measurement is subjective as it does not provide a quantifiable amount of edema or tissue

elasticity.
Dual energy X-ray absorptiometry (DXA) is another tool that provides a measurement of

body composition. It is a two-dimensional scanning technology that uses a minimal amount of x-

rays and provides a measure of fat, lean and bone mineral masses. During a scan, an x-ray beam

10



travels across a person in a rectilinear motion. A single detector is then used to acquire the data
where it is then registered on a computer. Measurements obtained from the DXA can be regional,
total body and appendicular skeletal muscle mass (Visser et al. 1999). This technique is
illustrated in figure 6. Newman et al. (2013) investigated the precision of DXA and BIS in 24
women with stage 2 lymphedema and concluded that these two measurements provided an
acceptable measure of precision of arm lean mass, fat mass and extracellular fluid volume. A
particular limitation of DXA, is that the measure of lean mass can also include other tissue
components such as water, proteins, glycogen, and non-bone minerals, therefore leading to an

overestimation of muscular content.

FIGURE 6: (A) The DXA, (B) An example of a DXA scan as displayed on the computer (C)

with the measurements obtained
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The issue remains that none of the above techniques consistently measure the tissue
components of the lymphedematous limb across the different stages of the disease. Furthermore,
these methods lack accuracy in differentiating between lymphedema and other types of edema

(Righetti et al. 2007) such as swelling from chronic venous insufficiency (Nicolaides, 2000).

In contrast, magnetic resonance imaging (MRI) and computed tomography (CT) have
been shown to precisely measure lymphedema at a localized area and can be useful in the
differentiation of the etiology or the lymphedema. MRI, more specifically contrast enhanced MRI
involves the injection of a contrast agent into the lymphatic system that will provide visualization
of soft tissues and water (Tassenoy et al. 2016, Garza et al. 2017), as shown on figure 7.
However, this method is costly and not readily available in clinics (Hwang et al. 2014), which
limits its usage for the lymphedema population given that it is a chronic condition requiring

multiple follow-ups (Righetti et al. 2007).

FIGURE 7: Contrast Enhanced MRI of a lymphedematous calf (Lu et al. 2012).

A CT scan involves a narrow beam of X-rays that are rotated around the patient and
produce signals. The signals get processed by the computer and produces cross-sectional images
(figure 8). With lymphedema, the images have been shown to differentiate between skin and
subcutaneous thickening. The main issue with CT is that it provides high exposure to ionizing

radiation (Tassenoy et al. 2016).
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FIGURE 8: (A) A CT machine displaying (B) a CT cross-sectional image of a medial right thigh

demonstrating skin thickening and edema (Porino J et al. 2016)
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Ultrasonography is a real time, safe and inexpensive tool that has recently began to be
studied as an alternative method to evaluate the tissue properties in upper and lower limb
lymphedema (Hwang et al. 2014). This medical imaging technique, is a form of acoustic
oscillation that uses high frequency sound waves and their echoes (e.g., echo density) in order to
display images of the underlying tissue structures. Any oscillation frequency above 20KHz is
considered ultrasound. The device emits a selected frequency of sound pulses through the
transducer probe. The pulses then penetrate into the skin until they reach a boundary, through
which some of the sound wave rebounds back towards the probe. The ultrasound device then
records the amount of time it takes for this echo to return back to the probe, which allows it to
compute the distance of the boundary to the probe using a constant speed of sound (1540 m/s)
and displays this on an image. The machine transmits and receives millions of pulses every
second, allowing it to display an image of the tissue at that moment in time. This process is

illustrated on figure 9.
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FIGURE 9: A simplified representation of the basics of ultrasound
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The ability of a tissue to reflect a sound reflection or echo, is known as the principle of
echogenicity. Structures are said to be hyperechoic when the surface reflects a stronger echo.
Hyperechoic structures are represented by a brighter point on an ultrasound scan. An example of
a hyperechoic structure is skin. When a structure has a lower tendency to bounce back an echo, it
is known as a hypoechoic structure and is represented by a darker point on the image. An
example of a hypoechoic structure is fat. Certain tissue components such as fluid are known to be
anechoic as the sound pulses pass straight through it, and are displayed in black on the ultrasound
image. The main disadvantage of ultrasound is its inability to penetrate through bone or air, but
this would not be an issue in the evaluation of lymphedema. This classic form of ultrasound is

known as brightness-mode or B-mode ultrasound.

Ultrasonography is an imaging technique that is continuously evolving. One recent
advancement of this technique is ultrasound elastography, which has the ability to measure the
mechanical properties of tissue, including tissue elasticity and muscle stiffness. Strain
elastography is a technique that involves manually applying a compression with the ultrasound
transducer over the tissue. The strain is then measured in a 2-dimensional region and displayed
on an elastogram. The measurements, although qualitative, can be converted to quantitative data

using the Young modulus. In fact, once the strain differences are displayed in color or in grey-
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scale on the elastogram, the elastography software calculates the strain ratio between the

reference area and the diseased area. (Brandenburg et al. 2014).

A summary identifying the advantages, disadvantages and applicability of the different

lymphedema measuring techniques mentioned above can be found in Table 2.

TABLE 2: Summary of the techniques used to diagnose and monitor lymphedema (This table

was generated from data presented in the following references: Dixon et al. 2015; Garza et al.

2017; Szuba et al. 1998; Newman et al. 2013; Righetti et al. 2007, Semelka, 2007)

Technique Cost Time-efficiency | Safety Reliability and Measurement
applicability

Tape Measure | Very low Time-intensive Safe Susceptible to poor Volume,
inter-observer circumference
variability, but can be
reproducible using
specific anatomical
landmarks, portable

Perometry Moderate Quick Safe Accurate but lacks Volume
information on distal
part of limb
(Hand/foot)

Water Low Quick Safe Gold Standard, but Volume

Displacement may be subject to
challenges with inter-
rater and intra-rate
reliability.

BIS Low Quick Safe Can detect early Extracellular
changes of fluid content, lean
inflammation, no mass and fat mass
information on tissue measures for
structure, portable stage II patients

DXA Expensive Quick Safe Has been shown to Measurement of

(minimal x- provide acceptable lean mass, fat
ray) precision in measuring
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the body composition,
but more useful in

unilateral lymphedema

mass and bone

mineral mass

MRI Very Expensive Long Safe Accurate

Provides
structural tissue
information,
especially soft
tissue and water

visualization

CT Very Expensive Moderate Exposure to Accurate

radiation

Provides tissue
structure
information, can
identify skin

thickening

us Moderate Quick Safe Good reliability and
reproducibility,
portable

Provides
information on
structure changes,
can detect

lymphedema

Another tool that is often used to assess breast cancer survivors and could be used with

lymphedema patients is the handgrip dynamometer. This tool is an indicator of muscle capacity

and provides a measure of forearm muscle strength which can be used to assess changes in

muscle function as a result of lymphedema. In fact, it has been shown that changes in handgrip

and body composition can occur six months after breast cancer surgery (Gomes eta. 2014).

Ultrasound and Body Composition

Some of the first literature that evaluated the use of ultrasonography as a measure of body

composition was conducted by Ikai et al (1968). Ultrasound has been widely used since then as a

measure of body composition. For example, in a study conducted by Young et al (1980),

ultrasonography was used to assess the severity of quadriceps muscle wasting following an injury

and immobilization of the leg and was compared to the standard measure of circumference tape

measurement. The authors assessed the knees of 21 participants (5 females and 16 males). They

took bilateral ultrasound scans of each participant’s knee at a frequency of 2.5 MHz. The authors
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compared the difference in muscle wasting between the uninjured and injured leg and also tested
the reproducibility of the results by re-assessing the thighs of seven subjects at four different
occasions. The authors concluded that assessing the composition of the thigh through ultrasound
revealed more severe muscle wasting than through the tape measurement. The authors described
that anthropometric measures overestimate the size of the muscle since a layer of subcutaneous
fat surrounds it, but ultrasonography can provide an image that distinguishes the muscle from the

fat.

It is interesting to note that over thirty years ago, the literature identified the lack of
validity in using a tape measure as an assessment tool for body composition, yet this is still the
most common method for monitoring lymphedema. Young et al (1980) did however describe
certain limitations regarding the use of ultrasound in their study, such as issues when scanning
very lean thighs due to the difficulty to apply a stable compression with the transducer causing
the outer border of the muscle to be hidden, and the method being time-consuming. Nevertheless,
there have since been multiple advancements in this technique. In fact, in a study conducted by
Minetto et al. (2015), 44 older adults with a mean age of 82 + 7 years and 60 younger individuals
with a mean age of 26 + 3 years were assessed by bioelectric impedance and ultrasonography in
order to establish muscle specific and population specific cut-off values for low muscle mass.
Three consecutive B-mode static ultrasound scans of lower body muscles were taken by the same
evaluator. The authors assessed the intersession and intra-rater reliability of the ultrasound
measures by determining the intraclass correlations and coefficients of variations of the three
scans for each muscle being assessed. The authors obtained the following correlations and
coefficients of variations for the rectus femoris muscle, the vastus lateralis, the tibialis anterior,
and medial gastrocnemius respectively: 0.98 and 3.2%, 0.99 and 3.3%, 0.98 and 1.5%, 0.97 and
3.7%. Ultrasound was suggested to be a highly sensitive tool for the assessment of low muscle
mass. The authors therefore suggested using ultrasound to identify site-specific cut-off points for
sarcopenia diagnosis. They also showed that the bioelectric impedance derived criteria and cut-
off points underestimate the prevalence of low muscle mass, as it ranged from 2 to 75%
depending on the diagnostic criteria being used and therefore concluded that ultrasound would be

the modality of choice.
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Recent studies have also used ultrasound as a tool to investigate muscle architecture. In
fact, Rastelli et al. (2015) assessed the muscle architecture of the muscle bellies of the quadriceps
femoris. Specifically, the authors measured muscle fascicle length and pennation angle of the
muscles of five obese women and six normal weight women in order to determine if changes in
muscle composition from fat infiltration and changes in muscle architecture from reduced
fascicle length or increased pennation angle were associated with less force production regardless
of increased muscle cross-sectional area in obese women. Ultrasound images of the quadriceps
were obtained by moving the transducer probe along the muscle bellies. The operator would then
identify the proximal and distal edge of each muscle of the quadriceps and divided the length into
three landmarks. Images were taken for each of those landmarks. The pennation angle was
determined as the angle between the muscle fascicular paths and their insertion in the deep
aponeurosis. Four different fascicles were measured in each image and the average value was
analyzed. The ultrasound images found the pennation angle of obese women to be significantly
greater than the normal weight women, concluding that steeper pennation angle has a negative
effect on muscle performance. Abe et al. (2016) also used ultrasound to investigate muscle
quality. The authors tested the relationships between age-related declines in muscle strength, as
measured by a handgrip dynamometer, and loss of muscle thickness and muscle forearm quality
through ultrasound and suggested that age-related decline in handgrip strength is associated with
muscle quality. The authors described ultrasound as a portable alternative to DXA to estimate

muscle quality of the forearm.

Ultrasound and Lymphedema

The use of ultrasound has recently begun to gain interest in the assessment of
lymphedema. Many studies have used ultrasonography as a tool that can predict or monitor
treatment outcomes in lymphedema patients. In fact, in a study conducted by Niimi et al (2014),
178 outpatients and 29 inpatients with unilateral leg lymphedema following cancer were studied
in order to test whether fluid accumulation as visualized through ultrasound can be a predictor of
the patient’s response to compression physical therapy. Ultrasound images were taken at three
different time periods including at the onset of their therapy, at one month and at two months.

The ultrasound measures were taken from linear 7.5 MHz to 10 MHz probes and fluid
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accumulation was determined by low echogenicity, that is the darker areas on the image. The
fluid accumulation was then classified into three grades: grade 0 defined as no fluid present,
grade 1 defined by a minimal amount of water, and grade 2 defined by a stone paved image due

to excess water. Visual representation of the ultrasound images is shown on figure 10:

FIGURE 10: Ultrasound images of (A) a lymphedematous calf with (B) minimal amount of
water (grade 1) and (C) a stone paved image from excess water (grade 2) (Niimi et al. 2014).

The authors suggested that the higher the grade of fluid accumulation as viewed from ultrasound
echogenic images, the higher the reduction of lymphedema volume with physical therapy, thus

predicting the treatment results. These results are shown in figure 11.

FIGURE 11: The higher the grade of fluid accumulation, the more important the relative
reduction of lymphedema volume (grade 0: 2.5%, grade 1: 14.8%, grade 3: 33.2%, p<0.01)
(Niimi et al. 2014).
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Hacard et al. (2013) also assessed the effectiveness of treatment outcomes through
ultrasound. They evaluated thirty patients with lymphedema undergoing a five-day intensive
decongestive treatment. The authors took the circumferential measurements of the affected limb
and correlated it to the dermal thickness of the skin as measured through ultrasound. The authors
also assessed the biomechanical properties of the skin using a Cutometer and the quality of life of
the patients using a visual analogue scale. The ultrasound scans were taken at 15 frames per
second 15mm wide and 7 mm deep. Images were taken at three locations on the limb: 15 cm
above and below the elbow and at the top of the hand for an individual affected with upper limb
lymphedema and 20 cm above and below the knee and at the top of the foot for individuals with
leg lymphedema. Dermal thickness was measured from the surface of skin down to the deepest
point of dermal echogenicity. Measurements were taken before the physiotherapy treatment and 6
months later. Reductions in skin thickness as a result of the physiotherapy were observed.
Spearman coefficient correlations between the relative changes in volume and changes in dermal
thickness were found to be statistically significant (r=0.37, p=0.02), meaning that ultrasound
determines that treatment reduced lymphedema by a reduction in dermal thickness. Interestingly,

none of the parameters correlated with quality of life improvement following the treatment.

Suehiro et al. (2015) used ultrasonography of subcutaneous tissue in order to test the
effectiveness of physiotherapy treatment on leg lymphedema outcomes. The authors describe that
the current outcome measurement tool for lymphedema monitoring is through volumetric volume
measurements but that circumferential measurements alone are not enough to understand the
nature of extremity volume changes in lymphedema patients. For example, a limb enlargement
can be due to tissue fluid accumulation just as it can be due to tissue proliferation. The authors
therefore identified the need for a tool to monitor treatment results using tissue echogenicity
assessments of lower limbs with lymphedema. They defined tissue echogenicity as inflammatory
tissue changes, and the subcutaneous echo-free space as fluid accumulation between the
superficial fasciae. The criteria used to define both echogenicity and echo-free space are

illustrated on figure 12.
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FIGURE 12: Definition of subcutaneous echogenicity grade (SEG) and subcutaneous echo-free
space grade (SEFS) (Suehiro et al. 2015).

0 il 2

Echogenicity Low Increased Increased

SEG

Echogenic lines Clear Unclear but identifiable Unidentifiable
SEFS 0 1 2

Echo-free space No EFS Horizontally oriented Presence of vertically oriented EFS
(EFS) EFS only (<45° to the skin) (245" to the skin)
bridging the horizontally oriented EFS

Combined physical therapy (CDT) was described as manual lymph drainage, bandaging,
exercise and skin care. Patients’ leg volumes were monitored at every follow-up visit using
circumference tape measurements. Ultrasound measurements were taken at the first and last visit
using a 12-MHz linear transducer. The authors took ultrasound scans at eight points on the leg.
Using ultrasonography, the authors were able to see increases in subcutaneous thickness,
subcutaneous echogenicity and subcutaneous echo-free space, suggesting possible tissue

proliferation.

Bok et al. (2016) used ultrasound to assess the changes in muscle thickness and
subcutaneous tissue thickness of the arms of 32 women with breast cancer related lymphedema.
Subjects were divided into two groups, one that received CDT along with progressive resistance
exercise training and one that received only CDT. Changes in arm volume, assessed through tape
measurements, and arm composition were assessed at baseline, 4 weeks and 8 weeks. Results
showed a decrease in arm volume through tape measures at the 8-week mark, but no significant
difference was observed at the 4-week point. However, ultrasonography showed a significant
increase in muscle thickness and a decrease in subcutaneous fat at week 4 in the distal limb.

These results are shown on figure 13.
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FIGURE 13: Changes in muscle thickness (measured through ultrasonography) and changes in
limb volume (using tape circumferential measurements) of the lymphedematous proximal and

distal limb over time.
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This highlights the importance of understanding the tissue composition underneath the
skin, as this gives more information on treatment results than does circumference measurements
alone. Furthermore, changes in tissue structure were observed sooner through ultrasonography
than through volumetric measures. The authors of this study also described ultrasonography as an
easily accessible tool, safe from radiation, less expensive than computed tomograohy (CT) or
magnetic resonance imaging (MRI), and therefore arguably an ideal tool for both diagnosis of

lymphedema and for monitoring changes in muscle and tissue thickness.

Ultrasonography has also been used to assess musculoskeletal pathologies resulting from
lymphedema. Jang et al. (2015) observed forty-seven patients with breast cancer related
lymphedema and assessed them for shoulder pathologies using ultrasonography. The researcher
was blinded to the shoulder abnormalities and took ultrasound scans from 5 different views and
made diagnoses of various shoulder pathologies. The researcher diagnosed abnormalities 87.2%

of the time (such as tendon tears, bursal thickening and distention of the bicep tendon sheath).
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The authors described ultrasound as a useful examination tool for patients with lymphedema of

the arm following breast cancer.

Project Overview

Breast cancer-related lymphedema is a chronic condition that leads to multiple physical
and psychosocial complications in the patient’s life. Stage 2 lymphedema is the stage in which
there are the most dynamic tissue changes in the affected arm. These changes can include a
hardening of the tissue, fibrosis, and non-pitting edema (Dixon et al. 2015). However there exists
no standardized criteria to diagnose, stage and monitor the condition. Presently the most common
ways of assessing the condition in clinical practice is through subjective measures, such as
palpation, pitting tests, and circumferential arm measures. The main issue with this is that it does
not provide any descriptions nor information of the changes in the underlying tissue of the arm.
Furthermore, circumference measurements can lead to errors when marking the landmarks on the
limb and applying an inadequate amount of tension on the tape and can therefore lead to
problems with precision. There is currently a large gap in the literature involving the use of
objective measurement techniques in lymphedema patients. To our knowledge there are no
published findings on the changes in lymphedema through objective measurement tools such as
ultrasound by comparing a cohort of patients affected with the condition to a cohort of healthy
controls. There also seem to be no such findings comparing the affected arms of unilateral

lymphedema patients with the unaffected healthy limb.

The purpose of this thesis project was to obtain a better understanding of the tissue
changes in arm lymphedema following breast cancer treatment. Specifically, with the use of
several lymphedema measurement techniques, lymphedema in breast cancer patients was
extensively characterized and compared to normal controls. The project was divided into two
parts; The first part (Chapter II) consisted of obtaining an overall understanding of the pathology
by comparing a group of women diagnosed with lymphedema to a group of healthy controls.
Comparisons were done using the currently most common methods to assess the condition, that is

circumferential tape volumetric measurements, Perometry, DXA as well as an assessment of
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handgrip strength. The primary aim of this study was to assess the arm fat and arm lean tissue of
the arm affected with lymphedema and to compare it to the unaffected side, as well as to look at
differences in arm volume, segmental arm circumferences, and forearm muscle strength. The
secondary aim of this study was to assess the correlation between lean tissue and forearm muscle
strength. This study had the following hypotheses: 1) We hypothesize that the arm affected with
lymphedema will have significantly more lean mass and fat mass compared to the unaffected side
as well as significantly higher volume and arm circumference measurements along the arm
affected with lymphedema. 2) We hypothesize no significant difference in these measurements
between the right and left arms of the control women. 3) We hypothesize a strong correlation in

lean mass and handgrip strength in both groups.

The second part of the study (chapters III and IV) include an assessment of the
lymphedematous limb through a novel ultrasonic technique called ultrasound elastography to
obtain measurements of fat, skin and muscle tissue. The aim was to assess the tissue
characteristics, including the tissue compliance of the arms of women with lymphedema.
Comparisons were made to the opposing unaffected limb of these women. Our hypothesis is the
following, we foresee as significant difference in fat strain, muscle strain and skin strain between
both arms of women with lymphedema, where the arm affected with lymphedema will have

lower strain values and be less compliant.
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Abstract

Background: Breast cancer is one of the commonest cancers in women. With modern
treatments, the survival rates are increasing. Breast cancer-related lymphedema (BCRL) is a
condition defined as swelling in the upper extremity due to damage to the lymphatic transport
system from breast cancer surgery or radiation therapy. This condition is characterized by an
accumulation of fluid and adipose tissue deposits followed by various tissue changes including
fibrosis. In clinical practices, the most common tools used to assess the progression of the
condition include arm circumferential measurements, and palpation. These methods are
subjective and fail to provide any detail of muscular or fat or tissue changes that occur
underneath the skin. The aim of this study was to obtain a better understanding of arm tissue
composition following lymphedema diagnosis. Methods: A total of 20 women diagnosed with
unilateral breast cancer-related Stage 2 lymphedema and 21 healthy controls underwent a series
of tests including assessments of lean and fat tissue through a DXA scan, a volume measurement
of the arms through a Perometer, circumferential measurements at 6 spots along the arms and
assessments of forearm strength through a handgrip dynamometer. Paired t-tests were used to
compare differences between the affected lymphedema arm and the unaffected side in the patient
group and between the left and right arms of the control group. Results: The affected arm was
found to be significantly larger in volume compared to the unaffected side (3613mL + 909 vs.
3161 mL + 939, p=0.01). There was a 12.9% (95%CI: 6.2-19.6%) larger fat mass and 13%
(95%CI: 6.2-19.8%) larger lean mass in the affected limb compared to the opposite limb. Arm
circumference ratios of the affected over unaffected arms were larger around the mid-forearm
region as compared the more proximal or distal regions of the arm (1.134 +0.149 vs. 1.018 +
0.062, p<0.01). There was no correlation between handgrip and lean mass in the lymphedema
arm (r=-0.03, p=0.87, n=19). Conclusion: This study suggests that lymphedema is most
important around the mid-forearm area according to volume measurements, and that lymphedema
may be spreading towards from the affected to the unaffected side since there was no correlation
between lean mass as measured by DXA and handgrip strength in the both arms of women
lymphedema. The increased lean mass measured by DXA may simply have been due to a false
high reading because of the additional fluid accumulation rather than a true increase in muscle

mass.
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Introduction

With an increasing number of breast cancer survivors, more women are developing
lymphedema. In fact, worldwide there are over 1.38 million new cases of breast cancer every
year (WHO, 2015) of whom slightly over 20%, or one in 5, will develop arm lymphedema. This
estimates to 286,000 women (DiSipio et al. 2013) yearly with new onset of lymphedema.
Lymphedema is a chronic condition that causes multiple physical and psychological issues for
the patient, such as pain, heaviness, tightness, decreased range of motion, impaired daily
function, and impeded social relationships (Hayes et al. 2012). In a study by Roses et al. (1999),
arm lymphedema was found to represent a constant reminder of the cancer. Maunsell et al. (1993)
also demonstrated that lymphedema contributed to anxiety and depression. Furthermore, the
lymphedema can compromise tissue oxygenation and the immune system. This puts patients at a
high risk of bacterial cellulitis and recurrent episodes of infections (Tassenoy et al. 2009), and
higher mortality (Hayes et al., 2011). In a survey by Moffatt et al. (2003), approximately 30% of
patients with lymphedema had been admitted to hospital in the previous year for intravenous
antibiotics due to infections. The authors also reported that over 80% of lymphedema patients

had to take time off work.

Currently, there is a lack of standardized criteria for detecting lymphedema following
breast cancer. There are significant differences in study design, diagnostic methods and timing of
lymphedema measurement with respect to breast cancer treatment. As such, no consensus exists
on when and how to search for this condition. Apart from the absence of diagnostic criteria, there
also remains limited knowledge on the pathology and natural progression of the disease, and
there is no objective quantitative method of staging the disease nor diagnosing it early enough to
allow for prevention, early treatment and possible reversibility of the condition (Dixon et al.
2015). The large gaps in the understanding and in the diagnosis of lymphedema are mainly due

to a lack of objective measurement techniques.

The primary aim of this study was to compare the tissue composition changes in patients
who have been diagnosed with breast cancer-related lymphedema (BCRL) using DXA,
Perometer, a circumference tape measurements, and handgrip dynamometer to a group of healthy

control women. The secondary aim of this study was to assess the correlation of lean tissue
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measurements to both forearm strength and volume measurements of women with BCRL and

women without.

Methods

1. Participants

For this study, we chose to include a total of 40 women separated into two groups: our
experimental group which consisted of women diagnosed with breast cancer-related lymphedema
and a healthy control group. We chose to recruit a total of 40 women for this study as this is a
new area of research in which the main purpose was to provide pilot data. This study was a
cross-sectional, observational study comparing the affected and unaffected arms of 20 patients
diagnosed with stage 2 lymphedema. In addition, 20 healthy “controls” matched for BMI
underwent the same battery of tests and assessments. The inclusion and exclusion criteria to

participate in this study was as follows:

Inclusion Criteria

Experimental Group:

The inclusion criteria for our experimental group consisted of women diagnosed with stage 2
unilateral lymphedema following breast cancer treatment. Patients that demonstrated the
following criteria were approached to participate in this study:

e Above the age of 18 years

e BMI of 25 or over

e Diagnosis of unilateral stage 2 lymphedema of the arm

e Fluent in English or French, or accompanied by someone who is fluent in English or

French
We chose to include a BMI of 25 or over, as a higher BMI is an increased risk factor for

developing lymphedema (Garza et al. 2017) and most patients fall into this BMI category.
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Control Group:

The inclusion criteria for the control group consisted of healthy women with no diagnosis of
lymphedema. Women displaying the following criteria were approached to participate in this
study:

e Above the age of 18 years-old

e BMI of 25 or over

e Fluent in either English or French, or accompanied by someone who was fluent in English

or French

Exclusion Criteria

The following exclusion criteria were applied to both groups:
e Diagnosis of recurrent cancer

e Currently under treatment for breast cancer

e Bilateral lymphedema of the arms

e Any diagnosis of the following diseases: heart, liver, or kidney disease

Our Control women were recruited from the Concordia University staff, the Montreal
community and the McGill University Health Centre (MUHC) Cedars Breast Centre, through
word of mouth by approaching colleagues, friends and women accompanying patients to their
appointments. The experimental group was mainly recruited from the MUHC Lymphedema
Program and the MUHC Cedars Breast Centre. A total of 41 women agreed to participate in this
study; 20 women met criteria for the experimental group and the remaining 21 met the criteria in

the control group. All 41 women were included in this study.
2. Procedures
All procedures were carried out at the McGill Nutrition and Performance Laboratory
(MNUPAL). Procedures and assessments were explained and informed consent was obtained.

Participants’ age, date of birth and medical history were recorded, followed by the measurement

of their height and weight from which BMI was then calculated. The weight scale used was the
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Detecto Scale Model 750 (+/- 0.1 kg). The height scale used was the Seca Wall Mounted height

scale (+/-0. 1 cm).

Participants then underwent two DXA measures using the Lunar Prodigy Advance
hardware (December 2005) and the Encore 2006 v.10.50.086 software. The first consisted of a
full body scan, where patients were instructed to lie supine with bodies aligned within the four
quadrants of the machine. Patient’s arms were placed by their side with their hands stacked and
fingers together. All jewelry was removed for the scan. The scan took a total of 6 minutes. The
second scan consisted of the right and left femoral hip. Patients were again instructed to lay
supine properly centered within the four quadrants of the machine. Patients’ hips were internally
rotated for this scan and the feet were strapped along the triangular contraption to ensure the hips
remained in proper position for the scan. This data was taken to assess the incidence of

osteoporosis and will be used for future research studies.

Following the DXA scan, patient underwent volumetric measurements with the Pero-
System Type 350 NT (Peroplus 2000 built 2014.01h). The Perometer was used once on each arm.
Patients were asked to sit with their legs uncrossed, with their feet flat on the floor with the knees
flexed at a 90-degree angle. The Perometer was then adjusted accordingly to the patient’s height
such that their arm was abducted to 90 degrees with the palm facing down and with the tip of the
middle finger resting on the appropriate location of the machine. The machine was then moved

along the length of the patient’s arm to obtain a volume measure of the entire arm.

The next step included the arm circumference measurements. Patients were instructed to
sit comfortably on a chair with their back rested and their arms in a supinated position on their
thighs. Measurements were taken with a 100-cm cloth tape measure (+/- 0.1 cm) and recorded in
centimeters. A total of 6 circumference measurements were taken on each arm, at the following
landmarks:

1- The palm, in line with the web space of the thumb
2- The wrist
3- 10 cm above the wrist landmark

4- The crease of the elbow
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5- 10 cm above the elbow landmark

6- At the highest point in the arm, in line with the axilla and at the midline of the deltoid

These landmarks are illustrated in figure 1 and have been shown to provide inter-rater

reliability (Khan, 2014).

FIGURE 1: Circumference tape landmarks marking the arm segments. The numbers on

the figure represent the landmarks indicated in the text

The research assistant was seated in front of the participant and measured the circumference of
the arm by placing the tape around the landmark. Tension was applied on one end of the tape and
the measurement was recorded to the nearest 0.1 cm. The six landmark measurements were first

taken from the affected arm (experimental group) and repeated on the unaffected arm.

The last step in the assessment was the handgrip strength measurement to assess the
subject’s strength generated from the muscles of the hand, forearm, and upper arm. The subjects
were seated with their back rested and the forearm flexed at a 90-degree angle at the elbow
placed on the chair’s arm rest. Subjects were asked to squeeze the handgrip dynamometer (Jamar
Hydraulic Hand Dynamometer +/- 0.1 kg) as hard as they could for a total of 2 seconds. The
handgrip test was repeated twice, on both arms alternating arms between measurements with a 10

second rest period between each reading. The second readings were used for this analysis.
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3. Statistical Analyses

Demographic data was compared between both groups using mean + standard deviation
and independent t-tests. Within-group comparisons were completed using paired t-tests.
Comparisons in Perometer, HGS, and DXA fat and lean measures were done between both arms
in the control and the experimental groups using paired t-tests. Ninety five percent confidence
intervals were used to assess body composition ratios in the control group and in the
experimental group. A series of One-Way Analysis of Variance and Post-hoc Tukey tests were
also used to compare the differences in arm circumferences in both arms in both groups. Pearson
product moment correlations were used to assess the following relationships: lean mass and

Perometer arm volume measurements, and handgrip strength and lean mass.
4. Ethics and Funding

This study obtained ethics approval from both the McGill University Health Centre and
from Concordia University. Funding was obtained from the Dr. Louis G. Johnson Foundation and
the PERFORM Centre Equipment Grant.
Results

The results in this study are presented in 4 parts:

1. Demographic and Body Composition Data

Of the 41 participants in this study, 20 had been diagnosed with stage 2 breast cancer-
related lymphedema. One of the women in the experimental group refused to undergo the DXA
scan. She was therefore excluded in the assessment of DXA measurements.

A comparison between both groups is presented in table 1. Independent t-tests were used

to compare the means in age, height, weight, BMI, percent body fat, total fat, total lean and BMD

amongst both the experimental and the control group. A P value smaller than 0.05 was
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considered significant. Handedness was recorded in all participants, except for one in the

experimental group that was missed. This was defined by asking the participant “which hand do

you write with?”. The side affected with lymphedema was also recorded.

TABLE 1: Demographic and body composition data (mean + standard deviation) between

women diagnosed stage 2 breast cancer related lymphedema compared to women without

lymphedema.
Women with BCRL | Women without P Value
(n=20) BCRL (n=21)
Age 56+ 14.8 48 +20.8 0.184
Height (m) 1.62 +0.07 1.59 +0.06 0.198
Weight (kg) 84.6 +18.4 739+ 11.1 0.03*
BMI (kg/m2) 321+72 29.0+4.2 0.101
Body Fat (%) 475+6.9 424+ 64 0.023*
Total Fat (kg) 39.1+13.1 30.5+8.1 0.021*
Total Lean (kg) 41.6 +5.8 40.1 +4.5 0.363
BMD (g/cm®) -0.673 + 1.077 -0.110 + 1.411 0.200
Right Handed (%) 84 100 -
Lymphedematous 47 NA -

limb is on the
dominant side (%)

2. Measurement Comparisons

Paired t-tests were used to compare the handgrip strength measurements, Perometer

volume measures of the arm, arm fat measures obtained from DXA as well as arm lean measures

obtained from DXA between one and the other arm in both the experimental and the control

groups. In the experimental group, the affected arm was compared to the unaffected arm whereas

the dominant (right) arm was compared to the non-dominant (left) arm in the control group.

Handgrip Strength:

There was no significant difference in handgrip strength between the dominant (right) and

non-dominant (left) arms of the control group participants (23.8kg + 7.2 vs 23.3kg + 5.8,
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p=0.755). There was also no significant difference between the affected and unaffected arms in
the group with BCRL (22.9kg + 7.7 vs. 24.2kg + 5.1, p=0.414). Handedness did not affect the
significance of these results (p=0.837 when the affected arm was dominant, p=0.111 when the

affected arm was non-dominant).

Arm Volume:

There was no significant difference in the Perometer-measured volume of the dominant
(right) arm compared to the volume of the non-dominant (left) arm in the control group women
(3420mL + 990 vs 3355 mL 914, p= 0.738). There was; however, a significant difference found
between the affected and unaffected arms in the BCRL group, with the affected arm having a
significantly larger volume compared to the unaffected arm (3613mL + 909 vs. 3161 mL + 939,
p=0.010). The trend was persistent when controlling for handedness, as is shown in table 2. The
decrease in the significance of the p value is explained by the decrease in the number of subjects

when considering handedness.

TABLE 2: Volumes of the affected and unaffected arms of women with lymphedema

Mean volume Mean volume of the n P value

of the affected | unaffected arm (mL)

arm (mL)
Women with 3613 3161 20 0.010
lymphedema
Lymphedematous 3811 3220 9 0.078
limb was the
dominant limb
Lymphedematous 3474 3148 10 0.088

limb was the non-

dominant limb
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Arm Fat and Arm Lean Measurements:

Measurements of arm fat and arm lean were extracted from the DXA scans. For the
control group, we found no significant differences between the dominant (right) and non-
dominant (left) arms for both arm fat and arm lean measures. There was; however, a trend that
was identified. In fact, results demonstrated that the right arm had more fat (1.267kg + 0.374 vs
1.223kg + 0.77, p=0.066) and more lean tissue mass compared to the left arm (1.863kg + 0.294
vs 1.799+ 0.3320, p=0.057).

In the BCRL group, there were no significant differences in arm fat (1.863 + 0.624 vs
1.917 + 1.363, p=0.834), nor arm lean (2.160 + 0.558 vs. 1.971 + 0.507, p=0.253) measurements
between the affected and unaffected arms. When taking handedness in consideration, we found a
significant difference in these measurements, but only when the affected arm was not
corresponding to the dominant limb. In fact, the lymphedema limb was found to have more fat
and more lean tissue when compared to the unaffected side. The significance was not seen when

the affected arm was the dominant limb, as shown on table 3.

TABLE 3: (A) DXA fat measures and (B) DXA lean measures on the affected and unaffected

arms of women with lymphedema

A Mean arm fat in Mean arm fat in n P value

the affected arm the unaffected arm

(Kg) (Kg)
Women with Lymphedema 1.863 1.917 20 0.834
Lymphedematous limb is the 1.785 2.157 9 0.500
dominant limb
Lymphedematous limb is the 1.870 1.624 10 0.038

non-dominant limb

35



B Mean arm lean in | Mean arm lean in n P value

the affected arm the unaffected arm

(Kg) (Kg)
Women with Lymphedema 2.160 1.971 20 0.253
Lymphedematous limb is the 2.139 2.051 9 0.796
dominant limb
Lymphedematous limb is the 2.126 1.829 10 0.026

non-dominant limb

Body Composition Ratios:

Confidence intervals were computed to compare the body composition obtained from the
DXA measurements between the dominant (right) and non-dominant (left) arms of the control
women as well as the affected and unaffected arms of the women diagnosed BCRL. A boxplot
statistic was used to omit the outliers. See table 4 for a summary of these results. Using 95%
confidence intervals, all the differences achieved statistical significance with or without exclusion
of outliers. For the control women, results showed both 3.9% (95%CI: 0.2-7.5%) more fat and
3.9% (95%CI: 0.2-7.5%) more lean tissue in the dominant (right) arm compared to the non-
dominant (left) arm. For the BCRL group, despite no difference being detected in absolute arm
fat and arm lean measurements, the body fat composition was 12.9% (95%CI: 6.2-19.6%) larger
in the affected limb compared to the opposite limb. Lean composition was also 13% (95%CI:

6.2-19.8%) larger in the affected limb.

TABLE 4: Body composition ratios between the dominant and non-dominant arm of the control

group and the affected and unaffected arms of the BCRL group.

Control n=21 95%CI BCRL (outliers omitted) | 95%CI
(dominant/non- (affected/unaffected)
dominant)
Arm Fat | 1.039 1.002, 1.075 | 1.129 1.062, 1.196
Arm Lean | 1.039 1.002, 1.075 | 1.130 1.062, 1.198
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A one-way ANOVA was also used to compare arm composition (lean and fat) by using
the ratio of the dominant over non-dominant arm of the control women, and the ratio between the
affected to unaffected arms of women with BCRL. A significant difference was found between

the control and the BCRL groups [F(3, 68)=4.87, p=0.004)].

A post hoc Tukey test was used to identify the differences amongst the ratios. The two
ratios for fat tissue (1.13 + 0.121) and lean tissue (1.13 + 0.123) for the group diagnosed with
BCRL was found to be different then the two ratios for fat (1.039 + 0.08) and lean tissue (1.039 +
0.08) of the control group (p<0.05), showing that the difference in fat and lean composition

between arms of the lymphedema patients was significantly larger than in the control group.

Circumference Measurements

Differences in arm circumference measurements were assessed in 6 different locations
along the arm in order to verify if the lymphedema was spread uniformly along the arm or
regionally affected. We chose to only look at circumference rather than indirectly compute the
volume as this would serve as a more practical and efficient technique in a clinical setting. A
One-Way Analysis of Variance showed significant differences along the arms of the control
group [F(5, 120)=3.0770, p=0.012) and along the arms of the women with BCRL
[F(5/114)=3.6751, p=0.004). Tukey-Kramer Multiple comparison test was used to identify the
locations of these differences. For the control women, the following circumference ratio (right
arm/left arm) differences were noted: location 1 (palm) was found to be statistically larger from
location 5 (mid arm) and location 6 (below shoulder), but locations 5 and 6 were not different
from each other, as illustrated on figure 2a. For the women diagnosed with lymphedema, the
following circumference ratio (affected/unaffected) were noted: location 3 (mid-forearm) with a
mean ratio of 1.134 + 0.149 was found to be statistically larger than locations 1 and locations 6,
as shown on figure 2b. Location 1 was found to have the lowest arm circumference ratio with a
mean ratio of 1.018 + 0.063. Location 1 and location 6 were both shown to be different than
location 3, but were not different to each other. Hence the bulk of the increase in size in the

lymphedematous arm was in location 3 (mid forearm).
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FIGURE 2: Chart illustrating the arm circumference ratio of dominant over non-dominant arm
in the healthy control women across the 6 locations along the limb and the ratio of the affected

over unaffected arm in women diagnosed with stage 2 BCRL across the 6 locations along the
limb

Comparison between the circumference ratios of the women with BCRL
and the control women

1.3

1.2

1.1

EBCRL

0.9 ® Control

Mean circumference
[

0.8

0.7

Landmarks along the arm

The locations that were predominately altered by the lymphedema were not affected by
whether the lymphedematous limb was the dominant arm. When the dominant arm was also the
affected arm, there was a slightly larger arm circumference across the 6 locations as compared to

the non-dominant limb, as is illustrated on table 5.
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TABLE 5: Arm circumference ratios of the affected over unaffected sides of women with

lymphedema
Mean Arm Location | Location | Location | Location | Location | Location
Circumference 1 2 3 4 5 6
Ratio
(affected/unaffected)
All 1.012 1.058 1.135 1.096 1.072 1.033

Affected arm was the | 1.044 1.083 1.136 1.115 1.080 1.042

dominant arm

Affected arm was the | 0.995 1.039 1.135 1.077 1.060 1.026

non-dominant arm

Correlations

Pearson correlations were used to determine whether lean mass correlated with either
handgrip strength or arm volume, both in the control group and the experimental group. The

following correlations were calculated:

Handgrip strength vs. Lean tissue

For the control group, there was a strong correlation between the hand grip strength on the
left arm and the lean mass on the left arm (r=0.868, p=0.000001, n=19) and there was a moderate
to strong relationship between the handgrip strength of the right arm and the lean mass on the

right arm (r=0.667, p=0.0018, n=19)

For the women with BCRL, there was no linear correlation between the handgrip strength
in the unaffected arm and the lean mass in the unaffected arm (r=0.087, p=0.722, n=19). There
was also no linear correlation between the handgrip strength of the affected lymphedema arm and

the lean mass in the affected arm (r=- 0.03, p=0.87, n=19).
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Lean tissue vs. Arm Volume

For the control group, there was a moderate to strong correlation between the lean mass
on the right arm and the volume of the right arm (r=0.7, p=0.0008, n=19), as well as between the
lean mass on the left arm and the volume of the left arm (r=0.71, p=0.0006, n=19). We also found
a moderate to strong correlation between the measurement of the sum of the fat and lean tissue in
the right arm and the volume of the right arm (r=0.7246, p=0.00017, n=19). A similar correlation
was found between the sum of the fat and lean tissue in the left arm and the volume of the left

arm (r=0.732, p=0.00016, n=21).

For the women with BCRL, there was a moderate to strong correlation between the sum
of fat and lean tissue in the affected arm and the volume measure of the affected arm (r=0.675,
p=0.002, n=18). There was a strong correlation between the sum of fat and lean tissue mass in the
unaffected arm and the volume measurement of the unaffected arm (r=0.86, p=0.00001, n=18).
There was a moderate correlation between the lean mass in the affected arm and the volume
measure in the affected arm (r=0.39, p=0.1, n=18), but a weak correlation between the lean mass

in the unaffected arm and the volume of the unaffected arm (r=0.224322, p=0.37, n=18).
Discussion

The purpose of this study was to investigate the composition of the lymphedematous arm
in terms of arm fat mass, arm lean mass, forearm strength and arm volume in women diagnosed
with stage 2 breast cancer-related lymphedema (BCRL). Multiple comparison tests were done
between the arm affected with lymphedema and the arm that was unaffected. The same tests were
done on a group of healthy control women.

The results of this study had two main findings:

1) The presence of lymphedema is more prevalent in the mid-forearm area:
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The most common method to assess lymphedema is arm circumference measurements using a
tape circumference. This method allows the clinician to obtain an overall volume measurement of
the arm, from which the overall volume of the affected arm is compared to the overall volume of
the unaffected arm. This is then used to determine the severity of the lymphedema. In our study,
we computed the ratio of the affected over the unaffected arm at each of the six locations and
compared the differences amongst each of the ratios. Interestingly location 3 (mid forearm) stood
out from locations 1 and 6, where location 3 had the highest circumference ratio difference,
regardless of hand dominance. This means that the circumference of the arm at the level of the
mid-forearm area was significantly different than the extremities of the arm, that is the palm and
the shoulder and the ratio between the affected over the unaffected arm was the greatest at the
mid-forearm level. We found that there was 14% more lymphedema present at the level of the
mid-forearm on the affected arm compared to the unaffected arm. When looking at the palm of
the hand, we found that the unaffected arm was only 2% smaller in terms of circumference
compared to the affected arm. This finding correlates with the finding from the study conducted
by Czerniec, et al. (2015), where they also found the forearm, more specifically the region 10-20
cm away from the wrist, to contain the highest fat difference as measured by the DXA and BIS
between the affected and unaffected arms compared to the rest of the arm. These findings may
suggest that lymphedema onset may start around the mid-forearm area. This location should then
be examined in more detail and may indicate that lymphedema begins to accumulate distally to
proximally, except for the hand and palm region. This may be explained by anatomical and
histological features (variable tissue compliance in these regions, differences in density of
vasculature in these regions, increased muscular motions in the hand) that may help in preventing
the accumulation in fluid in the hand. In clinical practice, when trying to detect early onset

lymphedema, the mid-forearm region may perhaps be the location to begin the assessment.

2) Handgrip strength does not correlate with lean mass in the lymphedema arm

Prior to this study we hypothesized that there would be a strong correlation between handgrip
strength and lean mass. One would think that if an individual had increased muscle mass, they

would score higher on the handgrip dynamometer. In fact, Raj et al (2016) assessed the strength

of the knee extensors of 36 participants using a Biodex and correlated it to the muscle thickness
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that was measured using an Ultrasound device. The author’s study showed significant
correlations between the isometric and isokinetic strength of the quadriceps muscles and the
muscle thickness. Similarly, in our control group, we found strong correlations between handgrip
strength and lean mass. However, there was no correlation between the measurement in handgrip
strength and the DXA measurement of lean mass in our lymphedema group. One possibility for
this unexpected finding is that the excess fluid in the lymphedematous arm could be impeding
muscle function and thus reduce handgrip strength. However, another possibility exists because
lean mass as measured through the DXA includes not only muscle mass, but other tissue
components as well. Specifically, lean tissue is defined as muscle connective tissue, fluid,
proteins, glycogen, water and non-bone minerals. We believe that the increased fluid and
inflammatory tissue components in lymphedema are what are causing this lack of correlation. In
a study by Newman et al. (2013), the authors found a 15.6% more lean mass, as measured
through a DXA, in the affected lymphedema arms of 24 women with BCRL as compared to the
unaffected side and also suggested that the large difference between the two arms was mainly due
to the fluid component in the lymphedematous limb. Furthermore, in our study we also found no
such correlation between handgrip strength and lean mass in both the affected as well as the
unaffected arm, suggesting the possibility that there may also be excess fluid in the unaffected
arm. This may mean that the opposite limb may have a slight lymphedema as well, and that these
women who were diagnosed with stage 2 unilateral lymphedema may in fact have a minor form
of bilateral lymphedema. Similar questions have been raised in past research. In fact, Batse
(2010) also suggested poor lymphatic function on the unaffected limb of women with BCRL.
Further research would have to be done to investigate this in more detail. In a study conducted
by Hoffner et al. (2017), water-fat magnetic resonance imaging was used to quantify and localize
fat and water in the limbs of seven patients with arm lymphedema and six patients with leg
lymphedema. Measurements of the healthy limb along with the lymphedematous limb were taken
at baseline and five different time points following surgical liposuction. The authors were able to
identify how water and muscle volumes in lymphedema change over time following liposuction
and noticed a decrease in subfascial water/muscle compared to baseline starting at 3 months. The
water-fat MRI technique that was used in that study, did not differentiate between the muscle
tissue and water. It would be interesting to assess an imaging technique that would be able to

identify each component separately and assess the changes in fluid over time in both the
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lymphedema arm and contralateral arm over time to see if fluid may be accumulating in the

contralateral limb as well.

In our study, we found there to be no significant difference in either lean nor fat
measurements between the lymphedematous and the contralateral arms; however, the affected
limb was significantly larger in volume. Here again, it leads us to think that reason for this large
increase in volume may be related to the differences in fluid component. When looking at these
same outcome measurements in our group of control women, these differences were not
significant. We believe we found no significant differences in lean measurements and fat
measurements in the lymphedema group because our sample size was small. When taking
handedness into consideration, we did identify a significant difference when the arm affected
with lymphedema was the non-dominant arm, where we found that it had more lean and fat tissue
than the dominant unaffected arm. This is supported by a study conducted by Dylke et al (2013),
where the researchers found that the volumes of fat and lean tissue are related to whether the
affected side happens to be the dominant limb, and on the severity of the lymphedema. Using
DXA and BIS, the authors compared the arms of 56 women diagnosed with stage 2 lymphedema
to 44 women with no history of breast cancer and no lymphedema. The authors found there to be
a correlation with all the tissue volumes (interlimb fat, interlimb lean and total volume) between
the severity of the lymphedema and the side affected (fat: F=3.22, p=0.04; lean: F=10.70,
p<0.001; total: F=11.07, p<0.001). In order to assess the effect on limb dominance, the authors
assessed the tissue composition first on the dominant arms of the control women and found
significantly less fat (t=-2.90, p=0.005), but more lean tissue (t=6.9871, p<0.001) on the
dominant arm compared to the non-dominant. When looking at the lymphedema group, the
authors found that when the dominant arm was the affected limb, there was significantly more fat
(t=3.694, p<0.001, but less lean tissue (-1.508, p=0.14) than the dominant arms of the control
women without lymphedema. However, the non-dominant and unaffected lymphedema arm did
not show significant difference when compared to the non-dominant arm of the controls (fat:
p=0.15, lean: p=0.09, overall volume=0.89). Although this study looks at the effect of arm
dominance on lymphedema, it uses the arm of a healthy woman as a control, and compares it to
the affected lymphedema arm of the patient. This can lead to some limitations as it does not

consider general variations in body composition that are possible between two different people.
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In our study, we looked at the differences between the arms of the controls separately than the
differences in the arms of the women with lymphedema. We identified a trend where the
dominant arms of the control had more lean tissue and fat tissue than their non-dominant side.
This could be explained by the fact the dominant arm is used more often to complete general
activities of daily living. Research has previously shown that the dominant arm of a healthy
population has more lean tissue than the non-dominant arm (Taafe et al. 1994). In the
experimental group, we found a significantly larger amount of arm fat and arm lean tissue when
the non-dominant arm was the arm affected with lymphedema. Czerniec et al. (2015), also found
similar results, where the women who had lymphedema on their non-dominant arm had greater
differences in absolute fat mass as compared to the women whose dominant arm was affected.
This could be explained by the fact that these women may be less likely to use or exercise their
non-dominant arm, leading to higher fatty tissue and higher lean tissue where the fluid
component may be affecting the lean value. We could assume that the non-dominant arm has a
larger amount of lymphedema present (more fluid affecting the lean value, more fatty tissue
deposits) due to the lower amount of use and movements on a non-dominant arm as compared to
a dominant arm. It is known that exercise helps treat and prevent lymphedema (Park et al. 2008,

Johansson et al. 2002).

We also compared the tissue composition of the two limbs of both groups using ratios of the
affected over the unaffected arms of the BCRL group and right over left arms of the healthy
control women for measurements of arm fat and arm lean. When looking at the ratio between the
affected and unaffected arm, we found there to be larger fat and lean composition in the affected
arms compared to the unaffected arms. There was also a similar but much smaller difference in
the right arm, or in this case the dominant limb of the control women compared to the left arm.
The difference found in the lymphedema group was significantly larger than that found in the
control group. These results are similar to the findings by Czernec et al (2015) where they also
found there to be significantly more fat mass and lean tissue, as measured through a DXA, in the

affected lymphedema side compared to the unaffected side.
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Conclusion

In this study, we assessed the tissue composition of the arms of women diagnosed with
breast cancer-related lymphedema in order to obtain a better understanding of the structural
lymphedematous changes. We compared the affected arms to the opposite unaffected limbs of the
women with lymphedema and completed the same tests on a group of healthy controls. To our
knowledge, no other study has used such a comparison with both groups of women. This study
has led us to believe that the swelling and structural changes caused by lymphedema following
breast cancer seem to mainly involve the mid-forearm region of the arm. Handgrip strength was
found not to correlate with lean mass in lymphedema patients in both the affected and unaffected
arm, a finding thought secondary to the fact that lean mass calculation by DXA is increased by
the excess fluid in lymphedema. This study has also raised another new interesting hypothesises
about the spread of the fluid accumulation in the affected arm towards the unaffected side. The
data presented in this study is pilot data and it has raised multiple new questions regarding this
condition. In future studies, we would like to re-assess these changes and address new questions
regarding the fluid changes in the arm using other modalities such as ultrasound on a larger

cohort of women.
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11

Tissue Strain in a Cohort of Stage 2 Breast
Cancer Related Lymphedema Patients Using
Ultrasound Elastography
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Abstract

Background: Classic ultrasonography has recently emerged as a potential tool to diagnose and
assess the treatment outcomes in patients with lymphedema, but clinicians still rely on subjective
measurement techniques such as palpation to determine fluid accumulation in the
lymphedematous limb. Recent advancements in ultrasound elastography show promising results
in evaluating body composition changes and have shown to provide more quantifiable
information on tissue elasticity or strain. The purpose of this study was to assess the muscle, fat
and skin strain in women diagnosed with breast cancer-related stage 2 lymphedema. Methods: A
total of 20 women with unilateral stage 2 breast-cancer related lymphedema were recruited to
participate in this study. Patients underwent measurements of fat and lean tissue through a DXA
scan, volume measures through a Perometer, and 7 of them were randomly selected to undergo
strain measures through Ultrasound. Ultrasound elastography measures were taken on both the
affected and unaffected limb at six different landmarks along the length of the arm. Results:
When comparing the affected and unaffected limbs through DXA or Perometer, no significant
differences were found. There was; however, a significantly higher strain in the unaffected arm in
terms of skin strain (0.405+0.185 vs. 0.577+0.176, p=0.01), fat strain (0.396+0.156 vs.
0.525+0.134, p=0.01) and muscle strain (0.402+0.138 vs. 0.540+0.069, p=0.009) all at the mid-
distal arm. Furthermore, the Tukey-Kramer multiple comparison test showed that the effect of
less compressibility and harder tissue on the affected limb was greater in the distal arm than the
proximal arm (p=0.05), by having lower fat and muscle strain values. Conclusion: Ultrasound
elastography could provide additional information in tissue elasticity that cannot be detected by
other measurement techniques and potentially be useful in understanding the pathogenesis of the

condition as well as the ability to diagnose and follow patients.

Introduction

With the recent interest in ultrasonography as a tool for body composition, novel
ultrasound techniques have been developed to assess tissue elastic properties. Ultrasound
elastography can be defined as an imaging method that measures the elasticity of compliant tissue
(Cespedes et al. 1993). It is a technique that measures the tissue deformation by compressing and

decompressing it and has been shown to differentiate between hard and soft tissues (Adriaenssens
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et al. 2012). In fact, pressure, produced by physiological motions, pulsation of blood vessels or
external mechanical compressions on the tissue, produces strain and displacement within the
tissue. This tissue deformation is then detected by pulse-echo ultrasound (Brandenburg et al.
2014). The returning echoes are analyzed before being converted into a B-mode image (Park et
al. 2011) and provide a measurement known as strain. The strain is smaller in harder tissues. It is
by measuring this strain distribution that the tissue hardness can be estimated and can be used for
disease diagnosis. In fact, real time sonoelastography has been used for tumor detection and
differentiation between benign and malignant lesions. It is based on the principle that tissue
hardness is related to pathologies (Park et al. 2011). Ultrasound elastography is becoming a
promising tool for determining the material and mechanical properties of tissues and has been
applied in multiple clinical settings, for example in the assessment of various musculoskeletal
disorders such as congenital muscular torticollis, early detection of osteoarthritis, peripheral
nerve lesions and myopathies (Park et al. 2011). The technique also shows promising results in
predicting muscle response to treatment and monitoring muscle responses to clinical

interventions (Brandenburg et al. 2014).

Although ultrasound has only recently begun to be researched in the diagnosis and staging
of breast cancer-related lymphedema, preliminary results are shown to be valid and reliable (Li et
al. 2012). Further research is needed to investigate the use of elastography as a way to
specifically quantify the staging of lymphedema based on the body composition of the upper
extremity following breast cancer treatment. The first step in this process remains to gain an
understanding in the different structural changes that occur in the limb affected by lymphedema
and how this compares to an unaffected limb. Lymphedema patients are usually diagnosed in the
late phase of stage 1 or early phase of stage 2. This is the point where the disease may still be
reversible. It is towards the end of stage 2 that the disease becomes chronic and controlling its
progression becomes the only treatment option. Stage 2 lymphedema is characterized by tissue
changes, including the initial development of fibrosis and the deposition of adipose tissue (Dixon
et al. 2015). In current clinical practice, the most common methods used to diagnose and stage
the condition is based on subjective palpation and pitting tests to assess the hardening, elasticity
and fluid content of the tissue, as well volumetric measurement techniques such as

circumferential tape measurements and Perometer volume measures. These methods all fail to
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provide objective quantifiable data on the underlying tissue characteristics, and as a result the
condition tends to lead to a late diagnosis of lymphedema that is past the point of reversibility

(Dixon et al 2015).

Given the current state of the clinical art in assessing and staging lymphedema and the
lack of any reliable objective method that can be used repeatedly in a safe and economic manner,
we proposed in this study to use ultrasound, more specifically ultrasound quantitative techniques
such as elastography to assess the elasticity of lymphedematous arms in order to obtain additional
knowledge on the tissue changes that occur in stage 2 lymphedema. In particular, we wished to
assess tissue thicknesses (e.g., skin, subcutaneous layers and skeletal muscles), as well as the

elastic tissue properties.

Methods

1. Participants

A total of 20 women diagnosed with breast cancer-related lymphedema were included in this
study. Our main purpose was to provide pilot data for a new area of research. The study was an
observational study. The inclusion and exclusion criteria to participate in this study were as

follows:

Inclusion Criteria

The inclusion criteria consisted of women diagnosed with stage 2 unilateral lymphedema
following breast cancer treatment. Patients that demonstrated the following criteria were
approached to participate in this study:

e Age 18 years or over

e BMI of 25 or over

e Diagnosis of unilateral stage 2 lymphedema

e Fluent in English or French, or accompanied by someone who is fluent in English or

French
We chose to include a BMI of 25 or over as a higher BMI is an increased risk factor for

lymphedema (Garza et al. 2017) and most patients fall into this category.
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Exclusion Criteria

The following exclusion criteria was applied:
e Diagnosis of recurrent cancer
e Currently under treatment for breast cancer
e Bilateral lymphedema of the arms

e Any diagnosis of the following diseases: heart, liver, or kidney disease

All the women who participated in the study were recruited from the McGill University
Health Centre (MUHC) Lymphedema Program and the MUHC Cedars Breast Centre. A total of
20 women agreed to participate in a larger study. Due to time and financial restraints, we
collected additional ultrasound data on 7 women. The seven women were randomly selected, by

picking a number out of a hat, to represent the cohort.

2. Procedures

Procedures were carried out at the McGill Nutrition and Performance Laboratory.
Procedures and assessments were explained and informed consent was obtained. Participants age,
date of birth and medical history were recorded, followed by the measurement of their height and
weight from which BMI was then calculated. The weight scale used in this study was a Detecto
Scale Model 750 (+/- 0.1kg). The tool we used to measure the participants’ height was a Seca
Wall Mounted Height Scale (+/- 0.1cm).

Those who underwent ultrasound measurements, were asked to sit on a chair with both
feet flat on the floor and their back rested on the chair. The measurements were taken on both
arms, with the arm that was being assessed resting straight on a table at the level of the heart and
the palm of the hand facing up. The researcher was sitting on a stool in front of the participant.
Landmarks were taken at 6 different locations along both arms. The researcher started by
marking the landmarks on the participants arm using a crayon and a 100-cm long cloth tape
measure (+/- 0.1cm). The following six landmarks were identified:

1- 20% of the distance between the 5™ digit to the styloid process of the wrist

2- 20% of the distance between the styloid process to the tip of the olecranon
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20% of the distance between the olecranon and the styloid process

4- 20% of the distance between the olecranon and the acromioclavicular joint
5- 40% of the distance between the acromioclavicular joint and the olecranon
6- 20% of the distance between the acromioclavicular joint and the olecranon

These landmarks are displayed on figure 1 below:

FIGURE 1: Ultrasound landmarks along the segment of the arm. The numbers in the figure

represent the landmarks indicated in the text.

Hypoallergenic ultrasound gel was placed at the point of contact between the ultrasound
transducer head and the skin to facilitate the diffusion of the sound pulses into the tissue. A gel
pad was also used to provide a standard elasticity measure and to enhance the quality of the
scans. The ultrasound probe was placed on the surface of the gel bad, where an additional layer of
ultrasound gel was also applied. All data was collected using an Alpinion E Cube system
(Bothell, WA) and the L.3-12H transducer. A center frequency of 10 MHz was selected along
with a sampling rate of 40 MHz. Images were taken first in B-mode, where an amount of pressure
was applied on the ultrasound gel, small enough to not cause any distortion to the skin. A second
sequence of images were then collected to obtain the elasticity measures. To do this, three pulses
of slight pressure where applied straight down on the gel pad. This sequence was applied on each
of the 6 locations and were repeated twice. The first time all images were taken in short-axis. The
second time all images were taken in long axis. The strain readings were obtained as extensively

described in Chapter IV.

Patients also underwent a full body DXA scan using the Lunar Prodigy Advance
hardware (December 2005) and the encore 2006 v.10.50.086 software. Patients were instructed to

lie supine with bodies aligned within the four quadrants of the machine. Patient’s arms were
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placed by their side with their hands stacked and fingers together. All jewelry was instructed to

be removed for the scan. The scan took a total of 6 minutes.

In addition, patients underwent measurements with the perometer Pero System Type 350 NT
(Peroplus 2000 built 2014.01h). The peromoter was used once on each arm. Patients were asked
to sit with their legs uncrossed, with their feet on the floor at a 90-degree angle. The perometer
was then adjusted accordingly to the patient’s height such that their arm was able to extend at a
90-degree angle, in an abducted position with the palm facing down and with the tip of the
middle finger resting on the appropriate location of the machine. The machine was then moved

along the length of the patient’s arm to grasp a volume measure of the entire arm.

Handgrip strength measurements were also collected. The subjects were seated with their
back rested and forearm placed at a 90-degree angle on the chair’s arm rest. Subjects were asked
to squeeze the handgrip dynamometer (Jamar Hydraulic Hand Dynamometer +/- 0.1 kg) as hard
as they can for a total of 2 seconds. The handgrip test was repeated twice, alternating both arms.

Only the strongest value was recorded for this study.

3. Statistical Analyses

Demographic data was compared between the 7 randomly chosen subjects and the entire
group of 20 women using mean + standard deviation and independent t tests. Measurements of
tissue strain were recorded from the ultrasound scans. Tissue strain included muscle strain, skin
strain and fat strain. All these measurements were calculated using MATLAB. The ultrasound gel
pad was used as standard elasticity. Prior to completing any of these calculations the elasticity of
the gel pad alone was measured using a CIRS phantom. All strain calculations were measured by
our trained computer engineer on the research team. Tissue strain measurements of the arm
affected with lymphedema was compared to the arm without lymphedema at each of the 6
locations, using paired t-tests. A series of strain ratios comparing the affected over the unaffected
arm for each tissue over the 6 locations was also completed. A One-Way ANOVA followed by a
Tukey-Kramer multiple comparison test were used to determine if there were any differences in

muscle strain, fat strain and skin strain along the length of the arm.
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4. Ethics and Funding

Ethics approval was obtained from the McGill University Health Centre and Concordia
University. We obtained funding for this study from the Dr. Louis G. Johnson Foundation
and the PERFORM Centre Equipment Grant.

Results

Ultrasound data was collected from 20 women diagnosed with breast cancer-related
lymphedema; of which 7 were randomly selected and calculations of fat strain, muscle strain and
skin strain were obtained. The 7 randomly selected subjects were representative of the group of
twenty as demonstrated by demographic data (see table 1). Although the cohort of 7 women had
an older mean age and a slightly lower BMI, these differences were not significant (p>0.05). One

participant refused to do the DXA scan, as a result she was excluded from the DXA analyses.

TABLE 1: Comparisons between the cohort of 20 women recruited in this study and the 7

randomly selected women that were analyzed

Women with BCRL | Randomly selected P Value

(n=20) women (n=7)
Age 56 +14.8 65.3+10.5 0.143
Height (m) 1.62 +0.07 1.61+ 0.087 0.698
Weight (kg) 84.6 + 18.4 81.1+24.2 0.752
BMI (kg/m2) 321+72 309+8.4 0.726
Body Fat (%) 47.5 47.5 0.996
Total fat (Kg) 39.1 38.1 0.885
Total lean (Kg) 41.6 39.6 0.484

1. Comparing affected to unaffected arm

The arm affected with lymphedema was compared to the opposite arm, using the

unaffected arm as a control. Both arms were compared in terms of arm volume, handgrip
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strength, arm fat and arm lean. There were no significant differences between the affected arm

compared to the unaffected arm. The results are summarized in table 2:

TABLE 2: General comparisons between the affected lymphedema arm and the unaffected arm

Affected Arm + SD Unaffected Arm + SD | Paired t-test
Perometer (mL) 3655 + 849 3278 + 1327 0.162
Grip Strength (Kg) | 20.57 + 9.57 22+5.99 0.735
DXA Arm fat 1.59 + 0.817 2.324 +2.288 0.378
(Kg)
DXA Arm Lean 1.830 +0.430 1.95+0.714 0.778
(Kg)

Comparisons in arm strain measurements were assessed between both arms. Strain
measurements in terms of skin, fat and muscle were obtained at each of the 6 locations along
each limb. Paired t-tests were used to compare the strain value of each location on the affected
arm to the unaffected arm. Skin strain on the affected limb was significantly different to the
unaffected limb at locations 1, 2, and 3. Fat strain on the affected limb was significantly different
to the unaffected limb at locations 1, 3, 4 and 5. A trend was noted at locations 2 and 6. Muscle
strain on the affected arm was significantly different then the unaffected arm at locations 1, 2, 4,
and 5. A trend was identified at location 6. Results are summarized in table 3. The affected arm

had lower strain values, representing less compressibility and thus harder tissue.
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TABLE 3: Comparisons of the affected and unaffected tissue strain measurements for skin, fat

and muscle
Tissue Location Affected Unaffected Paired t-tests
Skin 1 0.405 + 0.185 0.577 +0.176 0.001 *
2 0.302 +0.158 0.465 +0.194 0.046 *
3 0.317+0.131 0.666 + 0.386 0.049 *
4 0.396 + 0.218 0.467 + 0.160 0.367
5 0.405 + 0.225 0.557 + 0.208 0.179
6 0.54 +0.301 0.738 + 0.312 0.101
Fat 1 0.396 + 0.156 0.525+0.134 0.011%*
2 0.238 +0.131 0.605 + 0.498 0.083 (trend)
3 0.228 + 0.053 0.488+ 0.207 0.009*
4 0.368 + 0.222 0.579 + 0.243 0.012%*
5 0.496 + 0.314 0.957 + 0.296 0.004*
6 0.724 + 0.583 1.43 +0.759 0.062 (trend)
Muscle 1 0.402 +0.138 0.540+0.069 0.009 *
2 0.316+0.174 0.634+0.260 0.007*
3 0.584+0.550 0.880+0.270 0.185
4 0.655+0.376 1.165+0.636 0.019%*
5 0.695+0.395 1.329+0.487 0.007*
6 0.877+0.226 1.585+0.835 0.091 (trend)

2. Comparing different locations along the arm

The strain values along the 6 locations of each arm were also compared. A one-way
analysis of variance was used to compare the 6 different locations along the length of the arm
affected with lymphedema. The same was then done on the unaffected arm. There were no
significant differences along the length of the arm and across the 6 different locations in terms of

skin strain measurements on both the affected and unaffected arms.

In terms of fat strain, differences were identified across the 6 locations in both the
affected and the unaffected arms. The Tukey-Kramer multiple comparison test showed that the
strain on the affected arm was lower in location 2 and location 3 compared to location 6 (p<0.05),
meaning the distal locations 2 and 3 have less compressibility and harder tissue compared to the
proximal location 6 (figure 2a). When looking at the unaffected arm, differences in fat strain were

also seen. The Tukey post Hoc test showed that location 6 was significantly higher than locations
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1, 2, 3, and 4 (p<0.05). Differences across the 6 locations along the length of the arm were also
seen in terms of muscle strain. According to the Tukey post hoc test, location 6 was shown to be
significantly greater than location 2 on the affected arm (p<0.05), as shown on figure 2b. On the

unaffected arm, location 6 was shown to be significantly larger when compared to location 1 and

location 2 (p=0.05).

FIGURE 2: (A) Fat strain differences found across the 6 landmarks along the affected and
unaffected arms. (B) Muscle strain differences found across the same 6 landmarks along the

affected and unaffected arms of women with stage 2 breast cancer-related lymphedema
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3. Comparing strain ratios of affected over unaffected arm

A ratio of the affected over the unaffected arm in terms of skin strain, fat strain and

muscle strain at all 6 locations was computed. Comparisons were then using a one-way ANOVA.

Overall the skin strain ratio had 28% less strain on the affected lymphedema arm
compared to the unaffected side (mean skin strain ratio: 0.724). This strain was consistent
throughout the affected arm as evidenced by the lack of any strain differences among the 6
different locations (range: 0.581-0.854). A lesser strain represents less compressibility and harder

tissue in the affected arm.

Overall the fat strain ratio was 41% less strain on the affected arm compared to on the
unaffected arm (mean fat strain ratio: 0.585). This strain was also consistent throughout the

affected arm as evidenced by the lack of any strain differences among the 6 different locations

(range: 0.502-0.745).

Overall there was a 37% less strain skeletal muscle on the affected arm, compared to on
the unaffected arm (mean skeletal muscle strain: 0.63). This strain was also consistent throughout
the affected arm as evidenced by the lack of any strain differences among the 6 different

locations (range:0.531-0.734).

4. Global mean differences in skin, fat and muscle tissue

The final part of the study was to assess the global mean differences in skin, fat and
muscle tissue of all 7 subjects across the 6 different locations, using a paired t-test. The mean
skin strain ratio of the affected arm (0.395 + 0.212) was found to be significantly lower than that
of the unaffected arm (0.592 + 0.268), p=0.000029, n=42. The mean fat strain ratio of the
affected arm (0.409 + 0.327) was found to be significantly lower than that of the unaffected arm
(0.764 + 0.516), p=0.031, n=42. The mean muscle strain ratio of the affected arm (0.544 + 0.329)
was significantly lower than that of the unaffected arm (1.023 + 0.6000), p=0.00002, n=42.
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Overall, the strain of the affected arm (0.449 +0.300) was significantly lower than that of the
unaffected arm (0.777+0.486), p=0.000001, n=42, consistent with the less compressible, harder

tissue of the affected arm.

Discussion

The purpose of this study was to assess the tissue strain measurements of the arms of
women diagnosed with lymphedema following breast cancer surgery using ultrasound
elastography. The data collected consisted of pilot data in order to observe the underlying
differences in skin strain, fat strain and muscle strain in the affected lymphedematous arm as
compared to the unaffected side.

We found there to be multiple differences in all three strain types between both arms. For
all three strain measurements, there is a noted decrease in strain or compressibility in the distal
affected limb when compared to the unaffected limb. These structural changes align the those
seen in the previous research in chapter 2 where there were noticeable differences of

lymphedematous properties in the mid-forearm region.

In this study, we found overall differences in strain ratios between both arms where there
was less skin strain and fat strain on the affected arm and less muscle strain on the affected arm
suggesting that lymphedema decreases tissue compliance. This could be explained by the fact the
women may be less inclined to use their arm affected with lymphedema due to the symptoms of
heaviness and discomfort felt from the pathology and therefore lead to muscle atrophy on the
affected side. The increase in fat deposits on the lymphedematous limb from the damage to the
lymphatic system could also explain the differences found in the fat strain. These are novel
findings. As to our knowledge, there have been no studies that have investigated the strain
compositions of the different tissue components in patients with lymphedema. Most studies in the
lymphedema population that use ultrasound focus on the changes in thickness of the dermis and
subcutis area of the skin using classic B-mode ultrasound (Hacard et al. 2013, Suehiro et al. 2015,
Bok et al. 2016). B-mode ultrasound could pose difficulties with spatial resolution (Tassenoy et
al. 2016). It has been previously shown that ultrasound elastography has the ability to better

detect tumors and cysts than classic B-mode ultrasonography (Hall et al. 2003).
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Although there have been some studies that used ultrasound elastography on lymphedema
patients, none of them to our knowledge, assessed the differences between the affected and
unaffected sides of lymphedema showing the potential changes that could occur in the terms of
the tissue structures from the pathology. The main studies involving lymphedema patients that
focused on elastography were used to either detect the pathology or to compare the technique to
other ultrasound techniques. In a study conducted by Righetti et al (2007) poroelastography was
assessed as a tool to detect lymphedema. Poroelastography is defined as a type of elastography in
which a time sequence is obtained from a poroelastic material under compression and may
provide information on the permeability of the material (Righetti et al. 2005). A poroelastogram
represents the images of the change in Poisson ratio over time, in which the Poisson ratio is
defined as the ratio between the lateral to axial strain when a downward compression is applied to
an elastic material. The rate of change in the Poisson ratio may provide information on the
movement of fluid within the tissue (Park et al. 2011). In their study, Righetti et al. (2007)
investigated seven females and one male with lymphedema, along with five females without
lymphedema. Poroelastographic images were taken on the thighs and forearms of each
individual. The authors used a 7.5 MHz array transducer and a 20 MHz sampling frequency. The
authors hypothesized that lymphedematous tissue could be classified according to their
poroelastic materials based on the tissue properties. The authors described the tissue as a coupled
phenomenon composed of a solid matrix deformation and a fluid translocation. Based on the
tissue elastic properties, the compressibility of the tissue and the porosity of the matrix, the

poroelastograms could be used to distinguish lymphedematous tissue from normal tissue.

In another study conducted by Adriaenssens et al (2012), ultrasound elastography was
compared to high frequency ultrasound. Data was collected from twenty women with breast
edema following breast cancer surgery from the University Hospital of Brussels. The authors
assessed both breasts before and after the breast cancer surgery and tested whether ultrasound
elastography can quantitatively measure early breast edema following breast cancer surgery and
irradiation as compared to the untreated breast. Measurements were performed on both breasts
and on four different quadrants defined as the upper inner quadrant, lower inner quadrant, lower
outer quadrant and upper outer quadrant. For the elastography measures, the ultrasound

transducer was compressed five times onto the skin. The elastogram displayed both a strain color
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image, comparing the strain values of tissues with different elasticity, and a strain graph. Using a
standardized region of interest box, ratios were calculated on all quadrants of the breast. The
authors used a 12MHz linear transducer for both the high frequency ultrasound technique and the
elastography method. The authors assessed multiple outcomes using a 4-point categorical
questionnaire and the above-mentioned ultrasound techniques. The authors identified an increase
in subjective swelling, an increase in mean skin thickness an increase in the mean echogenicity
on the lymphedematous breast. The authors also found significant increase in interstitial fluid
following breast cancer surgery. The authors also stated that ultrasound elastography was
significantly correlated with the visibility of the echogenic line as measured from the high
frequency ultrasound. It was therefore concluded that ultrasound elastography could be an
objective tool for early diagnosis of breast edema. Although these two studies provided additional
knowledge and insight to detect lymphedema, they failed to provide any additional details on

structural tissue components that result from lymphedema.

Johnson et al (2015) assessed lymphedema using ultrasound. The authors measured the
tissue texture by using entropy (a measure of randomness within the ultrasound image
representing the organization of the tissue) and average pixel intensity (reflecting the brightness
or echogenicity of the structure) as variables. The authors tested the correlations of the ultrasound
measures compared to the physiotherapists’ clinical assessments and also compared the
ultrasound image data of the affected lymphedematous arm to the unaffected arm. Ultrasound
entropy measures showed a significant difference between the affected (mean=6.09; CI: 5.98-
6.21) and unaffected arms (mean=6.17; CI: 6.05-6.28), p=0.03. Entropy measures also correlated
well with the patient’s self-reporting of edema and fibrosis at the lateral elbow (Spearman’s rho=-
0.35; p=0.05). The authors therefore concluded ultrasound to be a promising tool to measure
lymphedema tissue texture in a safe and effective manner. Again, this study did not provide any

information on the different tissue components in the lymphedematous limb.

There have been studies that have assessed structural compositions in a healthy cohort,
such as in the study conducted by Hwang et al (2014), where the soft tissue thickness was
measured through ultrasound in the arms of 20 healthy women and was compared to perometry

volume measures. Circumference measures were taken at 10 cm above and below the elbow
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crease by two different examiners and on sixteen different sites using a tape measure. The
amount of soft tissue was found using a transducer with a frequency of 7.5 MHz and the soft-
tissue thickness was measured from the distance between the skin and the fascia of the muscle.
The cross-sectional area of the tissue was then calculated. The authors found the use ultrasound
as a measure of soft tissue thickness to have a strong intra-rater and inter-rater reliability. The
study also showed strong correlation coefficients between ultrasound and perometry. The authors
also found strong correlations between the cross-sectional area measures and circumference
measures above the elbow. The authors concluded that ultrasonography could be an alternate way
to measure the status of soft tissue. They identified multiple advantages to this technique. In fact,
they described ultrasound as a safe technique that can be used repeatedly and efficiently.
Furthermore, they suggested that using cross-sectional measurement from ultrasound gives an
adequate volume measure. Finally, the authors suggested that this method allows observations of
structural and tissue property changes in a cost-effective manner, as opposed to the traditional
measures of perometry and tape measuring that do not take tissue structure or properties in
consideration and as compared to expensive methods such as MRI and CT. The main limitation
that was stated in this technique was that the volume measure taken from the ultrasound was an

indirect measure, as they were unable to directly measure the entire limb.

In our study, we found there to be no significant differences between affected and
unaffected arms of the women with lymphedema in terms of volume, handgrip strength, arm fat
and arm lean when measured through the Perometer, handgrip strength and DXA. When looking
at measurements taken via ultrasound elastography we found significant differences between the
two arms. Ultrasound elastography is therefore a more sensitive tool that could provide additional
quantitative and qualitative data on the structural components of the arm and is a safe and
efficient technique that could potentially be used for early detection of breast cancer related
lymphedema, as well as to assess and follow women who have been previously diagnosed with
BCRL. Furthermore, the high definition of the strain elastography technique may be helpful to
identify those who have more inflammatory and quickly progressive lymphedema, and therefore
may need more attention and more frequent follow-ups with therapists. These results may also

aid in the early diagnosis of patients who may have signs of malignant lymphedema as an early
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sign of recurrent cancer. Malignant lymphedema not only progresses more quickly, but also

appears more inflammatory (Weissleder H et al. 2008, Shallwani S et al. 2017).

Conclusion

These preliminary findings suggest that ultrasound elastography is a technique that could
be used to assess the tissue changes in the arms of women who have been diagnosed with breast
cancer-related lymphedema, as it provides additional information on the tissue strain (fat, muscle
and skin) that you would not get from other techniques that are currently used to monitor and

assess the condition.
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Assessment of Mechanical Properties of Tissue
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Abstract—Breast cancer-related lymphedema (BCRL) is a
consequence of a malfunctioning lymphatic drainage system
resulting from surgery or some other form of treatment. In the
initial stages, minor and reversible increases in fluid volume
of the arm are evident. As the stages progress over time,
the underlying pathophysiology dramatically changes with an
irreversible increase in arm volume most likely due to a chronic
local inflammation leading to adipose tissue hypertrophy and
fibrosis. Clinicians have subjective ways to stage the degree
and severity such as the pitting test which entails manually
comparing the elasticity of the affected and unaffected arms.
Several imaging modalities can be used but ultrasound appears
to be the most preferred because it is affordable, safe and
portable. Unfortunately, ultrasonography is not typically used
for staging lymphedema because the appearance of the affected
and unaffected arms is similar in B-mode ultrasound images.
However, novel ultrasound techniques have emerged, such as
elastography that may be able to identify changes in mechanical
properties of the tissue related to detection and staging of
lymphedema. This paper presents a novel technique to compare
the mechanical properties of the affected and unaffected arms
using quasi-static ultrasound elastography to provide an objective
alternative to the current subjective assessment. Elastography is
based on Time Delay Estimation (TDE) from ultrasound images
to infer displacement and mechanical properties of the tissue,
‘We further introduce a novel method for TDE by incorporating
higher-order derivatives of the ultrasound data into a cost
function, and propose a novel optimization approach to efficiently
minimize the cost function. This method works reliably with
our challenging patient data. We collected Radio-Frequency (RF)
ultrasound data from both arms of seven patients with Stage 2
lymphedema, at six different locations in each arm. The ratio of
strain in skin, subcutaneous fat and skeletal muscle divided by
strain in the standoff gel pad was calculated in the unaffected
and affected arms. The p-values using a Wilcoxon sign-rank
test for the skin, subcutaneous fat, and skeletal muscle were
1.24 x 107°, 1.77 x 1075, 8.11 x 10" respectively, showing
differences between the unaffected and affected arms with a very
high level of significance.
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1. INTRODUCTION

Breast cancer related lymphedema (BCRL) is manifested by
a noticeable increase in excess arm volume due to treatment
(e.g., surgery, radiation therapy) effects on the functioning
of the lymphatic fluid drainage system [IJ. This swelling
can occur soon after treatment or may take several vears
to develop [2]]. Regardless of its time to appearance, BCRL
typically progresses through several clinical stages (Stages 0-
3) with the initial stages (Stages 0-1) characterized by mild
fluid accumulation that can be reversed by simply elevating
the arm [3]]. However, the successive stages (Stages 2-3) are
defined by irreversible swelling that is not totally related
to fluid accumulation but to suspected changes in tissue
morphology of the arm such as in the skin, subcutancous fat,
and skeletal muscle. These tissue adaptations may be directly
related to an abnormal pathophysiology resulting in localized
inflammation of the arm leading to adipose tissue hypertrophy
and pathological fibrotic changes [[1]]. Clearly, a shift in staging
from Stage 0-1 to Stage 2-3 represents a significant change
in the clinical course of this condition and warrants future
investigation into the ways in which BCRL is detected and
staged.

Currently, BCRL staging consists of a simple subjective
assessment procedure involving an assessment of tissue pitting.
Using this method, if the skin becomes “pitted” after applying
finger pressure to the area, then the patient is categorized
into a certain stage. This technique lacks precision and a
vision of what is happening beneath the level of the skin.
Thus, more sophisticated methods must be explored. There
are imaging modalities that have been used in the past to
detect lymphedema including magnetic resonance imaging
(MRI), computed tomography (CT), and ultrasonography [B]-
[7]. While MRI and CT show structural changes to tissues,
their clinical utility is limited due to their considerable cost
and limited availability. On the other hand, ultrasound can
provide real-time measures, is portable and does not emit ra-
diation. Furthermore, recent advances in ultrasonography such
as elastography may help better assess mechanical properties
of the skin, subcutaneous fat and skeletal muscle of the arm
and to aid the clinician in staging lymphedema based upon
changes in tissue morphology.

Ultrasound imaging can be used to investigate changes in
the subcutaneous tissue that are associated with lymphedema,
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which include increased thickness of the dermis, a shift from
hypo- to hyperechogenicity of the subcutis, and fluid retention
located in the dermis, interlobular space, and superficial fas-
cia [B]-[10]. However, ultrasonic appearance of these changes
can be negligible and hard to detect.

Certain ultrasound-based techniques have been used to
tackle these problems, Poroelastographic techniques are em-
ployed to explore changes in mechanical properties of the tis-
sue [TT]-[13]. Recent work has also applied compression with
the ultrasound probe, and measured the thickness of the skin
and subcutis in the upper extremity [T4-[T7]. These studies
show that skin thickness and subcutis layers are different in
the unaffected versus affected arms. However, these methods
use B-mode ultrasound to manually measure tissue thickness.
This measurement can be performed with greater accuracy by
using Radio-Frequency (RF) data instead of B-mode images,
and by using Time Delay Estimation (TDE) methods that
are widely used in ultrasound elastography [I8]-23]. Such
automatic TDE estimation will also be less time consuming
and less subjective than manually measuring tissue thickness.
Ancther difficulty in manually measuring skin thickness lies
in normalization of the applied pressure. When comparing the
thickness of the two arms, the applied pressure should be
equal. Therefore, new research has proposed to use pressure
sensors to generate equal pressure in both arms [26]. In this
work, we propose an alternative approach wherein we use
an acoustic gel pad to normalize the applied pressure on the
tissue. In addition to normalizing the applied pressure, the gel
pad will increase the quality of the ultrasound data at the skin.

TDE from RF data is a challenging task that is the heart
of almost all ultrasound elastography methods, and as such,
is an active field of research. The most common approach
divides the RF data in one of the images into (usually
overlapping) windows, and performs TDE by finding the
best corresponding window in the other image using either
intensity or phase of the RF data [27]-[29]. The second
class uses optimization techniques to calculate a displacement
field [30]{34]. In addition to its wide application in almost
all elastography methods, TDE has many applications such as
segmentation [35] and motion compensation [36]. Our group
has developed several techniques in the second class, which
are usually less susceptible to decorrelation noise compared to
the window-based methods [37].

Herein, we calculate TDE from the RF signal using a
novel method, and estimate strain values for the gel pad, skin,
subcutaneous fat, and skeletal muscle layers in the affected and
unaffected arms. We use the strain values to study differences
between the two arms. To the best of our knowledge, this is the
first time that this approach is used in studying the differences
in different layers of subcutaneous tissues between the affected
and unaffected arms. More specifically, the contributions of
this work are:

1) Introducing a novel method based on ultrasound elas-
tography for comparing affected and unaffected arms in
patients with lymphedema.

2) Proposing a novel method for TDE of quasi-static elas-
tography that works reliably with the challenging patient
data.

The new technique for estimation of the displacement map
between two frames of RF data is based on minimization of a
regularized cost function that has two terms of data similarity
and continuity of TDE. It is based on our recent work entitled
GLobal Ultrasound Elastography (GLUE) [38]. We introduce
two novel techniques to improve GLUE. First, second-order
Taylor expansion is used in the cost function, compared to
first-order Tavlor expansion used in GLUE. We show that
inclusion of second-order Taylor terms makes the optimization
problem intractable, and therefore propose a novel method
for linearizing the cost function. Second, we utilize Efficient
Second-order Minimization (ESM), an optimization technique
that is widely shown to have superior convergence properties
in computer vision and image registration [39]-{41]. We call
our new method GLUE2, and show using simulation and
phantom experiments that it outperforms GLUE. To focus
the clinical results on differences between the mechanical
properties of the unaffected and affected arms, we only present
the results of GLUE2. More detailed comparisons of GLUE
and GLUE?2 is provided in the Supplementary Material.

To improve the quality of the superficial tissue and to nor-
malize the compression applied to the arm during elastography,
we use a gel pad, which does not contain any scatterers
and appears dark in ultrasound images. It is important to
measure the strain in the gel pad to normalize the manual
compression, which unfortunately is not straightforward us-
ing window-based methods. To solve this problem, previous
work has proposed post-processing steps to fill-in these dark
regions [42]. However, both GLUE and GLUE2 are able to
reliably calculate the displacement field in the gel pad since
they automatically rely on the regularization term if no data
term is available. Therefore, in addition to providing high-
quality strain images, our proposed method is ideally suited
for staging lymphedema.

A much shorter version of this work is recently published
in a conference [43]]. The differences are as follows. First,
the introduction and literature review of this paper are more
comprehensive. Second, this paper includes results of finite
element and Field IT simulations as well as data from seven
patients, whereas the conference paper did not include simula-
tion results and was further limited to two patients only. And
last, the results are discussed in substantial more detail in this
extended paper.

II. METHODS

In this section, we first briefly describe the closely related
previous work of GLUE [38]]. We then present GLUE2.

A. GLobal Ultrasound Elastography (GLUE)

Let 77 and I, be images of size m x n that correspond to
images obtained before and after some deformation. Also, let
as,; and {; ; denote be axial and lateral displacements of sam-
ple (7,4), where? =1---m and § = 1-- n. First, an estimate
of the displacement field in the axial (a; ;) and lateral (/s ;)
directions are calculated using the Dynamic Programming An-
alytic Minimization (DPAM) method [#4]]. DPAM calculates
TDE by optimization of a cost function that incorporates both
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Fig. 1. Results of the Field 1T and Finite Element Method (FEM) simulation
experiment. (a)-(c) show axial strains corresponding to respectively ground
truth, GLUE and GLUEZ2. (d)-(f) show lateral strains corresponding to
respectively ground truth, GLUE and GLUE2, The red windows in (a) and
(d) are used for SNR and CNR calculations.

amplitude similarity and displacement continuity. The simulta-
neous estimation is performed for individual RF-lines, limiting
the algorithm to utilize only a small fraction of the information
available from the entire image in every optimization. The goal
of GLUE is to find subsample Aa; ; and Al; ; displacements
such that the duple (a;; + Aa, ;. l;; + Al; ;) which refines
DPAM estimates (a; . l;;) and provides more accurate axial
and lateral displacement estimates for all the samples of the
RF frame simultaneously. The GLUE cost function is defined
as:

ClAg11;s s Dl Blyg, o+ s Blpn) =
Yo DL ) + R )}

where the data term D is:

(1)

D(i, j) = [ (i, §) — La(itai j+ Dag j, j+Li +AL )P, @)
and the regularization term R is:

R=

aa;;+ Aaij — ai_1; — Dag_1;)?
+B1(lij + Ay — bica,j — ALy )2
-i—(rz(u,-.‘,- = Aﬂ,‘_,‘ — i j—1 — A(L,:J_1 )2
F8:li5 + Al g—li -1 = AL 0 ),

(3)

and « and /3 are regularization weights in axial and lateral
directions respectively. The first-order 2D Taylor expansion
around (i + a; ;.7 +1; ;) gives:

Il(f.j) — Iz(i + Q4,5 + Au,,-_j.j + l,*_‘, + Ai”) =~ 1[([._})-
L{i+ ai g, J + f,,) — I.;_(,An,‘_‘,- - I;,A/,J
)

where I, , and I, ; are the derivatives of the I, at the point (i
ti . +1; ;) in the axial and lateral directions. Inserting Eq.ﬁ
in Eq. [T] will make the cost function quadratic with respect
to variables Aa; ; and Al; ;, and therefore can be efficiently
optimized by setting its derivative to zero.

Fig. 2. CIRS phantom and the acoustic gel pad.

B. Incorporation of the Second-Order Taylor Expansion into
the Cost Function

Minimizing the cost function provides us the displacement
map. GLUE uses the first order Taylor expansion (Eq. @ to
approximate the nonlinear data term of cost function with
a linear term. Including higher order derivatives of Taylor
expansion reduces the error in the estimated data term. As a
result, having more accurate cost function by including higher
order derivatives for the data term can improve the accuracy
of displacement estimation. However, doing so will make the
derivative of Eq. [T] nonlinear, and therefore the optimization
problem becomes intractable given that this equation typically
has millions of variables. For example, an RF frame of size
1000 x 500 has a total of 500,000 samples. Each sample
Eq. [I] results in two variables (i.e. the axial and lateral
displacements). Therefore, the cost function in this case has 1
million variables.

We therefore propose a novel technique to incorporate the
second-order Taylor expansion into the cost function while
keeping the problem computationally efficient. Our proposed
cost function is:

C=3"> {w(i.i)DG.j) + R(i.))} ®
j=li=1
where w is the weight of each data term:
w(i, j) = 1 ()

e+ [0 f)2,al + [17(0. j)24]

where € is a small positive constant to prevent the denominator
from becoming zero, and |17 ,| and |I” ;| are the absolute
values of second-order derivatives in the axial and lateral
directions respectively. The weight w reduces the contribution
of regions of the RF-data with high second-order derivatives
where Eq. @ does not hold. Therefore, this method uti-
lizes second-order derivatives while keeping the cost function
quadratic and tractable. This idea has some similarities to a
previous work that utilized areas of the images wherein cost
functions approximations are more accurate [43].

C. Efficient Second-order Minimization (ESM)

We also utilize the Efficient Second-order Minimization
(ESM) optimization method for the first time for TDE.
ESM is shown to have superior convergence properties [40].
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[@T)). [#6) compared to the asymmetric Gauss-Newton opti-
mization method used in GLUE.

Let p = (i + a;;.j + l;;) denote a vector containing
the coordinate of a pixel after an approximate displacement
(aij.1i;). and consider p+ Ap = (i+a; ; + Aa; ;. j+1i;+
Al; ;) as its refined location after a small displacement esti-
mate (Aa, ;. Al; ;). ESM uses the following Taylor expansion
to linearize the data term [39]:

Lp+ Ap) = Lip) + ${L.0) + I} ,(0)} Aa, j+
${I,(p) + I} ,(p)} AL

Utilizing Eq. [7]in our cost function of Eq. 5] we have:

(7

ClAayy, - Al Al g Al p) =

Pim L Aw (@ (6 g) — Lo(i +aig. j + lig)—
5(L5.0(0) + 11 o () A 5 — 513 ,(p) + I} () AL 5)?
+R(.5))

(8)
where I{ ,, I3 ,. I{, and I}, are calculated at the point
(i+ a; .7+ 1 ;). This equation is a quadratic equation with
respect to the unknowns Aa, ; and Al, ;, and therefore can
be efficiently optimized by setting its derivative with respect
to the unknowns to zero. ESM (Eq. [7) uses the derivatives
of both images i.e. I}(p) = 3(I3(p) + I;(p)). This equation
can be utilized in both axial and lateral directions. By taking
derivatives from this equation and obtaining I”5(p) in both
axial and lateral directions, we modify the weight of the data
(Eq. [6) term as follows:

e SN o 1
w(i, i) = DA PO ey R 3 PR Ty PO

Once the displacement field is estimated, it is common to
estimate its spatial gradient to generate strain images. We
consider several displacement measurements and perform a
least square regression to calculate the strain image [47].
Generally, large kernels are used to reduce noise amplification
of the derivative operator. They generate smooth strain fields,
but make the boundary of two different types of tissue blurred.
In this work, the window length of 93 is used for differentiable
kernel to strike a balance between smoothness and contrast
of the strain image. Note that GLUE and GLUE2 estimate
displacements for all samples of RF data, and therefore, 93
is the number of samples in the RF data and not number
of windows typically used in popular window-based TDE
methods.

The results are not sensitive to the values of the parameters.
A good combination of the tuneable parameters of the GLUE2
technique are set to oy = 0.2, ap = 0.1, 3} = 0.2, and
s = 0.1. The parameter € is set to 0.07 in simulations,
0.8 for phantom experiment and 0.012 for the in-vivo patient
data. Higher values of this parameter are more suitable for
homogenous tissues, whereas lower values are more suitable
in layered inhomogenous tissues discussed in Section [[V]
Changing the value of € by 100% for the patient data will
change the CNR and SNR values in the strain map by less than
only 2%. Therefore, the results are not sensitive to the value
of this parameter. For the parameters of the DPAM method we

0 )
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(a) CIRS phantom (b) B-mode image (¢) GLUE2 Axial strain
Fig. 3. B-mode image and axial strain obtained from the ulirasound probe
placement on the gel pad. CIRS elastography phantom and the ultrasound B-
mode image are shown in (a) and (b). The axial strain obtained from GLUE2
is depicted in (¢). The red windows in (b) are used for calculation of SNR
and CNR.

gl

Fig. 4. Data collection from patients. (a) shows the six skin landmarks where
ultrasound data collection was performed, and (b) shows RF data collection
from an arm affected with lymphedema.

set app = 0.15, a = 5, 3 = 1, and v = 0.005. Ultrasound
machines usually have presets for different organs (breast,
thyroid, prostate, transcranial, etc.) for optimized imaging.
The aforementioned parameters can be stored alongside these
imaging presets in a commercial implementation of GLUE2.
GLUE2 is implemented in MATLAB, and our current
implementation takes approximately 0.8 sec to run on a 4*h
generation 3.6 GHz Intel Core i7 for two RF frames of size
1000x 100 to generate a 2D displacement map of the same
size. The code can be optimized by implementing it in C++,
and also by parallelism and use of GPU to run in real-time.

D. Simulation and Experimenial Data

Simulation, phantom and in-vive data from seven patients
with stage 2 lymphedema are used to validate the performance
of our proposed method. The simulated ultrasound images are
generated using Field II [48], and ABAQUS (Providence, RI)
Finite Element Method (FEM) software packages. We dis-
tribute more than 10 scatterers per cubic mm in the simulated
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Fig. 5. Ultrasound and strain images of the 6 landmarks shown in Figure [ in the unaffected arm (first and second columns) and affected arm (third and
fourth columns).
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phantom [49]], and mesh the phantom for FEM analysis. We
then displace the mesh nodes using the FEM package and cal-
culate the displacement of each scatterer through interpolation
of the neighboring nodes.

In phantom and in-vive data collections, RF data was
collected with an Alpinion E-Cube system (Bothell, WA) using
the L.3-12H transducer at the centre frequency of 10 MHz and
the sampling rate of 40 MHz. The patient data were collected
at the McGill University Health Centre (MUHC) Lymphedema
clinic. Ethics approval was obtained from MUHC, and all
subjects provided written consent to participate in this study.
In all phantom and in-vivo experiments, the ultrasound probe
was hand-held and was used to compress the tissue.

E. Normalization of the Compression Level Using Strain Ratio

According to the Hooke’s law for linear elastic materials,
8= ﬁ, where S is the strain, F is the perpendicular force, A
is the area, and F is the Young’s modulus. Note that according
to this equation, increasing the force increases the strain, and
therefore strain values from different experiments cannot be
compared since the force can vary. However, assuming that
the gel pad is linear elastic and that the applied force varies
slowly so that viscous damping can be ignored, the force
in the gel pad is equal to the force applied to the tissue,
and therefore, dividing the strains by the strain in the gel
pad allows comparison of strain values under different forces.
We validate this theoretical prediction through real phantom
experiments. To this end, we use the unit-less metric strain
ratio (SR) to quantitatively compare the results of the affected
and unaffected limb in patient data. SR is calculated for the
skin, subcutaneous fat and skeletal muscle tissue using the
following equations:

Sm
S,

where Sy, 95, Sp and Sy, are the spatial average of the strain
in the gel pad, skin, subcutaneous fat and skeletal muscle. All
the spatial average values are calculated within a window of
size 8Bmmx3mm in the corresponding regions of the strain
image except for the skin which has less thickness and the
window of size 8mmx 1mm is used in calculations.

III. RESULTS

S, S,
SR, =2 SRy =2 SR_ = 10
Rq s R¢ 3, Rm (10

This section includes results on simulation and phantom
data, as well as results on women who are suffering from
BCRL. The unitless metrics signal to noise ratio (SNR) and
contrast to noise ratio (CNR) [;50] are used to guantitatively
assess the quality of strain imageé:

5 e .
onr=C _ [Hem ) p &
N o?+af o

where s, and s; are the spatial strain average of the back-
ground and target windows, and of and o are the spatial

strain variance of the background and target windows.

an

A. Simulation Results

The strain images are calculated from the displacement
fields obtained from GLUE and GLUEZ2 and are shown in

Figure EI These images, especially at the lesion boundaries,
show that GLUE2 provides strain images that are sharper
and have more contrast which makes it easier to distinguish
the lesion from background. SNR and CNR values calculated
using the background windows in Figure [1] (a) and (d) are
reported in the Supplementary Material. These results show
that GLUE?2 improves the CNR in the axial strain from 18.15
to 52.74, i.e. a 190% improvement.

B. Phantom Results

For experimental validation, RF data is acquired from a
CIRS elastography phantom (Norfolk, VA) with a Young’s
Elasticity Modulus of 7KPa as shown in Figure The results
are shown in Figure E (a) and (b) show the phantom and
B-mode image respectively. The phantom is a uniform tissue
which leads to an approximately uniform strain depicted in (c)
for GLUE2. Unlike the simulation experiment, this phantom
is uniform, and hence, it is hard to visually compare the
results of GLUE and GLUE2. For this reason, and to keep
the paper concise, we do not visually compare GLUE and
GLUEZ2 and only compare them quantitatively. The SNR and
CNR are caleulated for 3 regions using the windows shown in
(b). Please refer to Supplementary Material for the CNR and
SNR measurments. The proposed method has 28% and 24%
improvements in terms of CNR and SNR over the previous
technique, GLUE.

To illustrate the advantage of SR over strain values, we com-
pare their values in the phantom study at four different strain
levels using GLUE2 (Table[l. Basically, the strain values will
increase if the applied pressure on the tissue is intensified. It
causes problems for comparison of the strain values between
two different ultrasound images for affected and unaffected
arms because when sonographers take ultrasound images from
patients, the applied force on the tissue is different for every
ultrasound image. We therefore normalize the strain values
of the tissue within an image against the strain values of
the gel pad. This normalization makes the strain values less
dependent to the applied pressure. In Table EI S, are the
average values of the strain in the phantom, which change
substantially from 0.07% to 0.38% at different compression
levels (an increase of 443%) as expected. However, SR values
depict a much slower increase from 0.27 to 0.33 (an increase
of only 22%). Note that theoretically, SR should not change at
all and the small changes are likely caused by nonlinearities in
mechanical properties of the gel pad or phantom. Therefore,
SR can be used to reduce the impact of different levels of
commpression.

C. Patient Data

The study population was composed of women with Stage
2 breast cancer-related lymphedema. All participants in this
study had a Body Mass Index (BMI) greater than 24 kg/m?®
and ranged in age from 54 to 81 years old. All the patients
underwent breast cancer surgery and treatment more than 6
years ago. We placed the 6 following landmarks on both arms
to mark the location of the data collection (Figure H):
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TABLE I
COMPARISON OF STRAIN AND SR AT 4 DIFFERENT COMPRESSION
LEVELS. THE 443% INCREASE IN PHANTOM STRAIN 52 {FROM 0.07% TO
0.38%) IS SUBSTANTIALLY REDUCED TO 22% INCREASE IN SR (FROM

0.27 T0 0.33).
Comptession level  Sp, % SR
1 0.07 027
2, 0.18 0.30
3 029 031
4 038 0.33

(a) 20% of the distance between the styloid process of the
5t digit and tip of it

(b) 20% of the distance between the styloid process of the
5t digit and olecranon

(¢) 20% of the distance between olecranon and styloid pro-
cess of 5% digit

(d) 20% of the distance of olecranon and acromioclavicular
joint (AC) joint

(e) 40% of the distance of AC joint and olecranon

(f) 20% of the distance of AC joint to olecranon

Figure E| shows the strain results of patient 1 for the
unaffected arm in the first and second columns and for the
affected arms in third and fourth columns, respectively. It is
difficult to visually show the difference between GLUE and
GLUE2 strain images. Therefore, to keep the paper concise,
we only show the strain images of GLUE2. The windows
show the location of the boxes used for calculating average
strain and are placed on skin, fat and muscular regions. The
location of these windows is verified by a fellowship-trained
musculoskeletal radiologist (M. B.). We calculate SR for all
seven patients in all 6 landmark locations, and show the results
in Table [} Figure [f] visualizes the difference between strain
values of unaffected and affected arms as box plots, where
the strain values in Table [[I] are used to calculate U-A for
every landmark in skin, subcutaneous fat, and muscle regions.
The six landmarks (from L1 to L6) are demonstrated in the
horizontal axes.

Since the data cannot be assumed to have a normal Gaussian
distribution, we performed the nonparametric paired Wilcoxon
sign-rank test to compare the SR values of the unaffected
and affected arms. The results show that SR has significantly
higher values for the unaffected compared to the affected arm.
Figure [f] shows that there is statistically significant difference
between SR wvalues in the affected and unaffected arms in
all 6 locations in the subcutaneous fat tissue. The reason
that differences in the skin (part (a)) is not as significant as
fat and muscle (parts (b) & (¢)) is likely because the skin
layer is very thin, which can cause more variance in the SR
estimates. Another reason is that this figure is only considering
7 patients, which is too small to test statistical hypothesis. To
solve this problem, we consider differences at all 6 locations
to increase the number of samples from 7 to 6 X 7 = 42,
and show the results in Table [Il] Significant differences
between the affected and unaffected arms were found for skin,
subcutaneous fat and skeletal muscle SR values. The p-values
for the skin, subcutaneous fat, and skeletal muscle are as
follows: 1.24 x 1075, 1.77 x 1078, 8.11 x 10~7, well below

the 0.05 threshold for statistical significance. This strongly
confirms the substantial difference between SR values of the
unaffected and affected arms.

To compare the ratio of SR measurements at different
locations, we divide the average SR values of the unaffected
arm by the affected arm from Table [T} and show them in
Table One can see that all values are more than one,
meaning that SR is more in the unaffected arm. A visualization
of this Table is demonstrated in Figure m The ratio is shown
for the skin, fat, and muscle tissue types. In these seven
women, the optimal location for acquiring data to distinguish
the affected from the unaffected arm is the landmark 3 for
the skin tissue type, landmark 2 for both subcutaneous fat and
skeletal muscle area (Table [[V). To obtain the overall best
location, we add these three ratios at the skin, fat and muscle
regions, and show the results in the last column of Table m
The values demonstrate that locations 2, 3 and 5 have the
highest difference between the two arms.

Another interesting observation from this table is that sub-
cutis fat provides the highest difference between the SR values
of the affected and unaffected arms with a very high ratio of
2.50. This is in agreement with the results of Figure [f] which
showed a statistically significant difference between unaffected
and affected arms for a small population of only 7 samples.

IV, DISCUSSION

The cost function of GLUE?2 has two competing terms of
data fidelity and continuity prior which guide the TDE towards
a smooth field that also satisfies similarity of RF data. The
gel pad does not have scatterers and appears dark in the B-
mode image. In this region, the data term cannot guide the
displacement and therefore the TDE is solely guided by the
continuity prior. Window-based cross correlation methods may
therefore create noisy TDEs in such regions [42]. Therefore,
GLUE?2 is ideally suited for the proposed study. This scenario
happens also in other real-life applications such as in imaging
cysts or other highly hypoechoic regions. If the gel pad
contains scatterers, both data and regularization terms will
guide displacement estimation and hence force normalization
will likely be improved. This will be investigated in a future
study.

The number of variables in the cost function is 2 x 10° for a
typical RF frame of size 1000 x 100. Therefore, optimization
of Eq. [Blentails solving a linear system with a large coefficient
matrix of size 2mn x 2mn given an RF frame of size
me x n, One of the advantage of our method is that this large
coefficient matrix is a sparse matrix with nonzero elements on
a diagonal band of the size 4n+ 1. Therefore, the optimization
step is computationally efficient.

Eq. E| allows us to incorporate second-order derivatives of
the data term into our cost function with negligible addi-
tional computational cost. If we set ¢ to a large number,
we reduce the impact of the second-order derivatives. There-
fore, ¢ should be set to larger values when imaging organs
that generate a mostly linear data term. Our experiments
corroborated this analysis and showed that higher values of
¢ are more suitable for homogenous tissues, whereas lower
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values are more suitable in layered inhomogenous tissues.
When a high/low value is considered regarding the tissue
type (homogenous/inhomogenous) as the value of ¢, it can
be changed by 100% without noticeable difference in the
results, which shows that the results are not sensitive to this
parameter. Ultrasound machines often require specifying the
imaging organ to load the optimized imaging parameters. The
optimal value of all parameters of GLUE2, including ¢, can
be loaded in a similar fashion when imaging different organs.

The landmarks in Figure E are identified using a measur-
ing tape. Therefore, the location of these landmarks in the
two arms might be slightly different. Our hypothesis is that
since tissue properties vary continuously, small differences
in these locations do not generate large differences in strain
measurements. Another limitation is that the direction of the
ultrasound probe can lead to different SR measurements since
tissue is anisotropic. To mitigate this, the sonographer should
hold the probe perpendicular to the skin. In the future, we will
estimate 3D ultrasound strain images [[31]], [52] to tackle these
limitations of 2D imaging.

Although this study is limited to seven women with docu-
mented Stage 2 breast cancer-related lymphedema, the findings
have uncovered several important and novel results that have
allowed us to gain insight into the differences in tissue
properties between the unaffected limb (non-lymphedematous)

compared to the affected limb (lymphedematous limb). It
would appear that the SR values in the affected limb are con-
sistently and significantly lower in the skin, subcutaneous fat
and skeletal muscle layers. The reduction in SR suggests a less
compliant tissue when compared to a more normal or healthier
tissue. This reduction was noted at every landmark location
suggesting that the tissue abnormalities that are contributing to
the firmer tissue properties are not specific to just a single area
of the arm but can be found from the most distal (wrist) to the
more proximal regions of the upper arm. Of particular interest
are the lower skin SR findings in the affected compared to the
unaffected limb (Table [[). The pitting test has been shown
to differentiate between the affected and unaffected arms in
stage 3, but not always in stage 2 [53]. Our findings therefore
may indicate that the proposed elastography technique is more
sensitive than the pitting test. Of course, these findings are
representative of only 5 women; thus more data is needed to
make a more definitive conclusion.

There are several factors that can explain the overall lower
SR values in the lymphedemic arm. Because of the probable
inflammatory processes that are present in the affected limb,
it would not be surprising that inflammatory-induced fibrotic
tissue has accumulated among the tissue layers thereby causing
the displacement to be less pronounced. Also, additional lay-
ering of subcutaneous fat once again brought on by localized
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TABLE I
SR VALUES FOR THE LANDMARKS 1 TO 6 IN SKIN, FAT, AND MUSCULAR
TISSUES (A = AFFECTED AND U = UNAFFECTED).

TABLE IV
SR RATIO OF THE UNAFFECTED ARM DIVIDED BY THE AFFECTED ARM
{U/A) FOR EACH LANDMARK LOCATION, AVERAGE VALUES FROM TABLE
@ARE USED TO COMPUTE THESE NUMBERS. HIGHEST NUMBERS ARE
HIGHLIGHTED IN BOLD FONT.

Skin Fat Muscle

Location L U A U A U A

Patient 1 04469 0.2653 04203 03789 05848 03957 Skin (Ave) Fat (Ave) Muscle (Ave)

Patient 2 07946 0.6047 0.7469 05789 0.5479 05327 Location U/A U/A U/A Sum
Patient 3 0.3565  0.3086 04547 0209 04619 01618 I TAT T35 T35 I
Datient 4 04323 02367 05303 04399 035732 04034 5 156 250 200 606
Patient 5 07747  0.6791 0.6048 06094 05717 05452 : : . .

Patint 6 0.6918 04978 035617 03276 06157 04876 3 209 2.13 1.51 573
Patient 7 03467  0.2451 03387 02331 04273 02941 4 121 1.57 1.76 4.54
Average 0.58 0.41 0.53 0.39 0.54 0.40 5 1.40 1.90 1.91 521
Location 2 6 1.37 1.99 1.79 515
Datient 1 02560 0.0939 02298 01%8% 03632 03393

Patient 2 04481  0.5086 0.7551 04741 1104 06675

Patient 3 02949  0.1315 021 01783 05356 02834 : ;
s san Moyl IR o evaluate how these SR values would differ a..mong the ﬁlfferent
Patient 5 0.5634  0.4866 1.654 02715 0755 01375 stages of lymphedema and from a more basic perspective, how
Patient 6  0.8404  0.3308 05432 01707 04831 03489 : ;

o et B s Soh oa these values differ from the limbs of healthy women.

Average 047 0,30 0.60 0.24 0.64 0,32 V. CONCLUSIONS

Location 3 . . . . . .
Patient I 0.8280  0.103 0.6437 01616 L3174 02207 In this paper, we introduced the application of quasi-static
Patient 2 0.6282  0.3282 04779 02299 05344 02848 :

Patint 3 05188 03160 0406 02509 10987 0748 ultrasound elastography for assessment of differences between
Patient 4 0268 0.2427 0.1786  0.1724 05451 04156 affected and unaffected arms in patients with breast cancer-
Patient 3 0.3209  0.5038 0.6688 03108 113335 05181 : ;
Senie  iawo oain Shiio  Gocos e o relalted lymphedema. We pr.oploseq thfa blomarkelr of SR (IStram
Patient 7 04196 02802 02545 02033 07022 01544  Ratio), and showed that it is significantly different in the
L:z::.;ﬁz L I L] e affected and unaffected arms. Tn addition, we proposed a novel
Patient 1 0.3601  0.3148 0.6104 02362 147 o4aa1  method that utilizes the second-order derivative of the data
Patient 2 0733 0.5103 09173 05473 09107 08769 : ; ; I
ohsi - B o e o b il term to 1mp.rove the quality of .the dlsplacenllent.esnmatlon.
Patient 4 02983  0.1905 03321 01544 0.8401 04215  We further introduced a new time-delay estimation method
Patient 5 03757 04082 0454 04127 11081 04258 ; : - : : :

Bl o s BEe s yaess  1a1s  (hat reliably estimates stralm images in planent data in lless than
Patient 7 0.3699 02123 06093 02262 07115 03941  a second. Future work will focus on using the SR biomarker
L:}vetr_age < 047 039 0.58 0.37 1.16 0.66 for staging and early diagnosis of lymphedema.

cation

Patent 1 0.6451  0.5063 06160 03623 T.8268 05882 ACKNOWLEDGEMENTS

Patient 2 0.5168  0.3337 11071 05452 1475 04045 : ;
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Lymphedema of the upper extremity is a condition negatively affecting the quality of life
of many women who are breast cancer survivors. This chronic condition currently has no cure
and research has described it to be as stressful as the initial diagnosis of breast cancer as well as a
continuous reminder of the cancer (Park et al. 2008). Indeed, the swelling and complications
caused by the damage to the lymphatic system lead to negative changes on the patient’s self-
image on top of the impact many already obtained from the mastectomy itself. In addition to the
psychological and psychosocial burden, the patient also feels physical symptoms, such as pain,

heaviness and numbness, for the remainder of their life.

The lack of standardization in diagnosing the condition and the lack of information about
the various tissue changes that occur as a result of the condition, create multiple challenges in
treating and monitoring the improvements or progression of the lymphedema. First, tissue
changes of lymphedema occur much sooner than any visible swelling, causing clinicians to often
diagnose the condition passed the point of possible reversibility and focusing treatment on
maintenance. The reasons for this are numerous. In addition, there exist no standard defined
criteria that stage the severity of the lymphedema that are agreed upon by researchers and
clinicians. Furthermore, the currently used techniques to assess lymphedema are subjective and
provide no information on the underlying tissue changes occurring beneath the skin. Indeed, the
most common methods used include circumferential tape measurements and palpation.
Circumferential tape measures provide information on the area and volume changes of the arm,
but no information on whether these changes are due to alterations in fluid or blood flow, adipose
tissue changes, or muscle atrophy or hypertrophy. Palpation is used to evaluate the edema and
further stage the severity of the condition based on pitting, that is the ability of the tissue to

bounce back after pushing down on the skin.

There is very little research done on lymphedema and a large gap as to understanding,
diagnosing and monitoring the condition. Most studies focus on measuring the success of
treatments such as decongestive or compression therapy on patients who have been diagnosed
with the condition using relatively subjective techniques such as circumference measures. More
recent studies have begun to use ultrasonography as a measurement tool to diagnose the condition

or monitor treatment outcomes, and these early results suggest that tool is valid and reliable (Li et
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al. 2012). However, these results are preliminary, and fail to compare the affected lymphedema
side to the unaffected side or to compare to a group of healthy controls. This thesis project was
therefore divided into two parts; (1) gaining an overall understanding of the underlying tissue
changes in the affected lymphedema limb and how this compares to the opposite unaffected side
(2) obtaining measures of tissue strain through novel ultrasound elastography to detect
lymphedema and understand the effect of lymphedema on different tissue components (eg. fat,

skin and muscle).

In the first study, we used multiple techniques including DXA, Perometer, arm
circumference measurement techniques and handgrip strength to observe the changes in lean
tissue, fat tissue, volume and strength. Interestingly, we found a significantly larger concentration
of lymphedema around the mid-forearm area. This difference remained when controlling for the
patients’ dominant hand. The palm area was also found to have the smallest circumference ratio
in the lymphedematous arm. This finding suggests that the onset of lymphedema may begin to
form around the mid-forearm area and further spread proximally, apart from the hand. We
believe there are protective anatomical factors regarding the early development of the
lymphedema in the hand such as the fascia, or blood vessels, or perhaps the more frequent hand
movements propel the fluid more proximally. Another of our interesting and this time surprising
finding is the lack of correlation between handgrip strength and lean mass in the women
diagnosed with lymphedema, as opposed to the strong correlation we found in the control group.
We believe the difference between the two groups is due to the fact that lean tissue as measured
by DXA is composed not only of muscle mass, but also includes fluids, minerals and proteins,
and that the fluids may be falsely raising the DXA measured estimate of muscle mass. The study
also raised a question as to whether excess fluid might also begin to develop in the unaffected

side.

These novel findings open multiple areas of new research regarding the pathogenesis of
lymphedema, the spread of lymphedema and could also provide additional information about
early diagnosis (given earlier findings in the mid-forearm) and which can potentially lead to
identifying the best treatment alternative for the patient. These results are pilot data, stemming

from a small cohort of women. Future research is needed to assess each of these questions in
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more detail, with a larger number of patients, and by controlling for additional variables, that we
did not take into consideration in this study, such as age, a narrower BMI window, and the type

of breast-cancer treatment that the patient underwent.

The second study was focused specifically on the use of ultrasound elastography to
observe the elasticity, or strain of the different tissue compositions in the lymphedematous limb
in order to provide additional insight and details on the changes occurring in the affected limb. To
our knowledge no such study has been conducted in this type of population. First, we established
a novel elastography method that focused on better time delay estimation and better quality of
displacement estimation by using a second-order derivative and reliably estimated strain images
(Hashemi et al. 2019). We then used this method in patients with unilateral breast-cancer related
lymphedema at stage 2 to compare the affected arm to the unaffected arm. The results showed
promising findings in terms of using this tool to assess the condition. We found differences in
skin strain, fat strain and muscle strain between both the affected limb and the unaffected limb,
where there was significantly lower strain in the affected arm, meaning the tissue was harder, and
less compressible the healthy limb, and these differences were more prominent in the lower-
forearm region, which aligns with the findings from the DXA from the first part of the study.
Both studies suggest that this area may be the area first affected by lymphedema as this area has
the largest circumference ratio and smallest strain values than the rest of the arm, meaning that
the changes are occurring at a faster rate in that region. Again, this data was strictly for
observational purposes and provided pilot data. Limitations of the study include the small
sample size, and the lack of a comparison to a group of healthy controls. We did; however, try to
factor in these limitations, by using the healthy unaffected arm of women with unilateral
lymphedema to act as a control limb, and the cohort of 7 women used in this study were
representative of the larger cohort of 20 women that were recruited, when examined for
differences in age, height, weight, BMI, and body composition (body fat%, lean mass, and fat

mass).
Overall, this project presented multiple novel findings in the area of breast cancer-related

lymphedema and raised multiple questions regarding the onset of lymphedema, the spread of

lymphedema and the possibility of the condition spreading to involve other regions. Furthermore,
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it provided positive and promising results regarding the use of the more objective ultrasound tool
to be used as method to diagnose, assess and monitor lymphedema as opposed to the classic
subjective techniques that are currently used in this field. Ultrasonography has proven to be
useful in providing more quantifiable data, is quick, easy to use, portable and more affordable
that other available technologies. Future studies focusing on reliability and reproducibility of this
tool in a larger sample of population are required, along with studies comparing both a group of
women affected by condition as well as a group of healthy controls. It would also be interesting
to study the correlations of volume segments along the arm and to see if they correlate with the
strain measurements taken from the ultrasound elastography, especially in terms of the
differences that were identified in the mid-forearm regions. Clinical observations have also
suggested possible early manifestation of lymphedema right above the elbow (personal
communication, Dr. Anna Towers, March 2019). It would be interesting to study that region in
additional detail along with the mid-forearm region and to complete a longitudinal study using
ultrasound elastography, where we would follow patients from their initial breast cancer
treatment in order to see the changes in strain over time. As research progresses in this domain,
we will gain a larger overall understanding of lymphedema, be able to stage the patients based on
severity, be better able to follow disease progression, and substantially determine the best

treatment alternatives for these patients.
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