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Purpose of the Study—More than 50% of breast cancer survivors without a diagnosis of
lymphedema suffer daily from numerous and co-occurring lymphedema symptoms. This study
aimed to identify lymphedema symptom patterns and the association of such patterns with
phenotypic characteristics and biomarkers using latent class analysis (LCA). A prospective,
descriptive, and repeated-measure design was used to enroll 140 women and collect data.

Recent Findings—LCA identified three distinct lymphedema symptom classes at 8 weeks and
12 months post-surgery: low, moderate, and severe symptom classes and associated phenotypic
characteristics. Participants were more likely to be in the severe symptom classes at 12 months
post-surgery if they had lower education level, cording, an axillary syndrome at 8 weeks post-
surgery, neoadjuvant chemotherapy, and radiation.

Summary—~Pre-surgery level of IL1-a, IL-6, IL-8, and VEGF was associated with the severe
symptom class at 8 weeks post-surgery, suggesting that such biomarkers may be used to predict
risk for lymphedema symptoms.

Keywords

Symptom; Lymphedema; Phenotype; Biomarkers; Latent class analysis; Limbvolume;
Bioimpedance; Symptom distress

Introduction

Arm lymphedema, an abnormal accumulation of lymph fluid in the ipsilateral upper limb, is
a chronic condition for 20-40% of the 3.8 million breast cancer survivors in the USA [1, 2,
3e, 4e¢, 5]. Attaining the best health possible after breast cancer treatment remains an
ongoing challenge since more than 50% of breast cancer survivors without a diagnosis of
lymphedema suffer from daily distressing symptoms related to lymphedema (hereafter,
lymphedema symptoms) [6¢e, 7]. Lymphedema symptoms are subjectively perceived
indicators of abnormal biological or physiological changes that may or may not be observed
objectively [4ee, 6¢]. Lymphedema symptoms are numerous and typically co-occur,
including arm swelling, breast swelling, chest wall swelling, heaviness, firmness, tightness,
stiffness, pain, aching, soreness, fibrosis, tenderness, numbness, burning, stabbing, tingling,
arm fatigue, arm weakness, and limited movement in shoulder, arm, elbow, and wrist/fingers
[6ee, 8¢°]. Such complex symptom experience has been linked to detrimental health
outcomes (e.g., disability, psychosocial distress), which are known risk factors for breast
cancer survivors’ poor quality of life (QOL) [7+]. Most importantly, lymphedema symptoms
may indicate an early stage of lymphedema for which timely intervention may prevent
lymphedema from progressing into a chronic condition (i.e., arm lymphedema) that no
surgical or medical interventions at present can cure [6ee, 9]. Little is known about the
patterns of co-occurring lymphedema symptoms (i.e., symptom phenotype) and their
associations with the patient characteristics (e.g., demographic, clinical, and behavioral
factors), physiological characteristics (i.e., limb volume and lymph fluid level), and patient-
reported (i.e., QOL) outcomes.

Besides the unavoidable risk from cancer treatment (e.g., cancer surgery, lymph node
procedures, radiation), inflammation and infection are the primary known risk factors for
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developing lymphedema [10, 11]. Little is known about the association of inflammatory
biomarkers with lymphedema symptoms. As part of a larger research project aimed at
defining the biological differences that may underlie arm lymphedema and lymphedema
symptoms [4ee], this study aimed to determine whether latent class analysis (LCA) would
aid in the following: (1) the identification of lymphedema symptom patterns and the
association of such patterns with demographic, clinical and behavioral factors, physiological
outcomes (i.e., increased limb volume, lymph fluid level), and symptom distress; and (2) to
evaluate the relationships of inflammatory and lymphatic biology biomarkers with
lymphedema symptom patterns over time.

Background

Arm Lymphedema

Criteria for defining arm lymphedema remain inconsistent. Research and clinical practice
has focused on measuring limb girth, limb volume, limb size, and/or bioimpedance ratio to
define the phenotype of arm lymphedema with arbitrarily set criteria of > 2-cm increase in
limb girth, > 200-mL limb volume, > 5% increase in limb volume, or estimation of lymph
fluid using a bioimpedance ratio = + 10 [3e, 8+]. Such a limited focus on arm lymphedema
with inconsistent criteria on its definition has not only stymied precision characterization of
the arm lymphedema phenotype(s) but also hampered the evaluation of lymphedema
symptom patterns.

Research investigating the biological differences underlying arm lymphedema defined by
limb girth, limb volume, limb size, or bicimpedance ratio is limited. To date, the
examination of biological differences associated with arm lymphedema after breast cancer
has focused primarily on lymphangiogenic and/or inflammatory genetic variations with
minimal overlap in the candidate genes assessed [4ee, 12, 13+, 14, 15¢]. Of note,
lymphedema case definition was different for each cohort and only 16 of the 45 genes were
evaluated in more than one cohort with only one of the genes (interleukin 4; /L4; which
encodes for a multifunctional pro-inflammatory cytokine) associated with an arm
lymphedema phenotype in more than one cohort. One study evaluated arm lymphedema
defined by bioimpedance ratio and found that an /L4 polymorphism was associated with arm
lymphedema [13¢], while another study observed no associations between /L4 and arm
lymphedema phenotype defined by > 5% limb volume increase and lymph fluid level of = +
10 at 12 months following breast cancer surgery, but did observe an association with
lymphedema symptoms [4ee].

Lymphedema Symptoms

Multiple lymphedema symptoms usually co-occur, even before swelling can be observed or
measured along the trajectory of breast cancer recovery [4+¢]. While the exact etiology of
lymphedema symptoms after breast cancer treatment remains ill-defined, breast cancer
survivors are known to have a compromised lymphatic system due to cancer surgery,
dissection of lymph nodes and vessels, and radiation, often leading to ineffective lymphatic
drainage and accumulated lymph fluid in the affected area or limb. Physiologically, the
accumulation of lymph fluid in the affected area or limb can create undue pressure on
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nerves, producing feelings of pain, aching, tenderness, soreness, burning, tingling, stabbing,
and numbness, as well as inducing sensations of swelling, heaviness, tightness, and firmness
[8¢¢]. Accumulated lymph fluid in the affected area or limb also leads to stiffness and limited
limb movement of the arm, shoulder, elbow, wrist, and fingers. Lymphedema symptoms are
associated with accumulation of lymph fluid in the ipsilateral upper limb [8¢¢]. Moreover,
the number of symptoms reported is positively correlated with breast cancer survivors’ limb
volume and lymph fluid level [Ges, 8ee].

Defining lymphedema symptom clusters after breast cancer treatment has received limited
attention in the field. In addition, research and clinical practice has focused solely on the
lymphedema symptom of swelling, likely because of its measurability in terms of limb size,
limb volume increase, or lymph fluid level, which has been used to define lymphedema [6ee,
8ee]. In a previous study, we defined lymphedema symptom clusters by clustering co-
occurring lymphedema symptoms employing exploratory factor analysis [4e¢]. We observed
three lymphedema symptom clusters (i.e., fluid accumulation, impaired limb mobility, and
pain/discomfort), which may reflect more discrete biological processes than considering
limb volume or lymph fluid level alone. Thus, an evaluation of how individuals cluster based
on their patterns of lymphedema symptoms represents the next step in empirically defining
lymphedema symptom patterns that may differ in their causes and impact on clinical and
patient-reported outcomes. In addition, sub-groups of individuals who differ in their
experience of lymphedema symptom clusters may in part be explained by biological
differences. Defining differences in biomarkers that reflect such biological differences could
improve our limited understanding of lymphedema symptomology.

Design and Ethical Consideration

This study utilized a prospective, descriptive, longitudinal, and repeated-measure design to
enable phase-specific monitoring of phenotypes and biomarker trajectory prior to surgery
(baseline), at 8 weeks and at 12 months post-surgery. This study (IRB # 10-02540) was
approved by the Institutional Review Board of a metropolitan cancer center in New York of
the USA, and all the participants signed the informed consent.

Study Participants

The sample of 140 participants was recruited from among consecutively identified, pre-
operative patients. Each participant was followed for 12 months after breast cancer surgery
in a larger research project [4¢¢]. Study participants were women over age 21 years: (a)
newly diagnosed with invasive breast cancer (stage I-111) and scheduled for surgical
treatment of lumpectomy or mastectomy, including sentinel lymph node biopsy (SLNB) plus
lymph node dissection or axillary lymph node dissection (ALND) and neoadjuvant therapy;
(b) willing to provide a blood sample for biomarker data collection; (c) without prior history
of lymphedema and breast cancer; and (d) willing to participate in the two research follow-
up assessments, that is, at 8 weeks and 12 months post-surgery. Women were excluded if (a)
she was diagnosed with breast cancer, but would not undergo surgical treatment as breast
surgery and removal of lymph nodes are the major treatment-related risk factors for
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lymphedema; and (b) she was diagnosed with renal or heart failure, had a cardiac pacemaker
or defibrillator, artificial limbs, or pregnant, as the manufacturer suggests that bioimpedance
measure may not be accurate under these conditions.

We followed the research procedures used in our prior studies [7¢, 8ee, 16], including for
using the perometry and bioimpedance devices as recommended by the manufacturers, and
in the collection of blood samples [3¢, 16, 17]. Protection of human subjects was ensured by
following the guidelines set forth by the Institutional Review Board. Each participant signed
the written study consent.

Phenotype Measures

Lymphedema Symptoms and Symptom Distress—The breast Cancer and
Lymphedema Symptom Experience Index (BCLE-SEI) is a valid, reliable, 5-point Likert-
type self-report instrument to assess symptoms related to lymphedema or fluid accumulation
[6ee, 8¢+, 18, 19]. This instrument consists of two parts, one evaluating the occurrence of
lymphedema symptoms and another evaluating QOL in terms of symptom distress. The
lymphedema symptom assessment (part 1) assesses impaired limb mobility in shoulder, arm,
elbow, wrist, and fingers, arm swelling, breast swelling, chest wall swelling, heaviness,
firmness, tightness, stiffness, numbness, tenderness, pain/aching/soreness, stiffness, redness,
blistering, burning, stabbing, tingling (pain and needles), hotness, blistering, seroma, limb
fatigue, and limb weakness. Symptom distress (part 2) evaluates the adverse impact and
suffering evoked by one’s experience of lymphedema symptoms [6ee, 8¢+, 18, 19]. Symptom
distress includes dimensions of daily living, social function, sleep disturbance, sexuality,
emotional/ psychological distress, days absent from work.

Infrared Perometer Measurement—\We used the Perometry 350S device to measure
each arm. The Perometry generated a 3-dimensional limb image with limb volume
calculated for each participant. This optoelectronic method has a standard deviation of 8.9
mL (arm), less than 0.5% of limb volume with repeated measuring [3, 16, 17].

Lymph Fluid Level—We used the Imp XCA® (Impedimed, Brisbane, Australia), a
bioelectrical impedance analysis (BIA) device to assess lymph fluid level. The device
measures resistance of the extra-cellular fluid in terms of the L-Dex ratio. With the
development of lymphedema, the impedance of the limb decreases and the L-Dex ratio
increases [16].

Demographic, Clinical, and Behavioral Data—Demographic data included age,
education, marital status, race, and ethnicity. Clinical data included breast cancer diagnosis,
stage of disease, cancer location, surgeries, lymph nodes procedure, neoadjuvant
chemotherapy or radiation before cancer surgery, type of adjuvant therapy (radiation or
chemotherapy post-surgery or hormonal therapy after cancer surgery), lymphedema
diagnosis/treatment, medications, and treatment complications (e.g., infections and cording).
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Behavioral information focused on receiving physical therapy for shoulder and arm mobility,
weekly physical activity [8+¢], and engagement of physical activity of vigorous, moderate
and light intensity at least 2—3 times a week since their breast cancer surgery [20].
Participants would provide “yes” or “no” answer to each question regarding physical therapy
and physical activity.

Height and BMI—Height was measured to the nearest 0.1 cm with a portable stadiometer
without shoes. An electrical bioimpedance device (InBody 520, Biospace Co., Ltd) was
employed to measure weight and the device automatically calculated BMI using the
following formula: weight (kg)/height (m?).

Biomarker Data Collection

Biomarker Selection—Biomarkers were selected based on previous research on arm
lymphedema [4ee, 12, 13+, 14, 15¢]. The inflammatory biomarkers evaluated included
lymphatic growth factors (vascular endothelial growth factor (VEGF, VEGFC & VEGFD)
and cytokines IL1-a, IL-4, IL-6, IL-8, IL-10, IL-13, tumor necrosis factor-alpha (TNF-a)
(Table 1).

Blood Sample Collection and Serum Extraction—Biomarker data were obtained
from blood specimens collected from each participant at baseline (prior to surgery), and at
the 8-week and 12-month post-surgery visits. A phlebotomist drew 3.5 mL of venous blood
in Vacutainer SST tubes (BD, Franklin Lakes, NJ, USA) containing a clot activator and
serum separator gel between 8:00 AM and 10:00 AM after an overnight fast. After the whole
blood in the SST tubes was allowed to clot for 30 min at room temperature, the specimens
were transported on ice in a cooler to the designated laboratory where they were centrifuged
at 1000g for 15 min to separate the serum and clotted blood. Serum aliquots were stored at -
80 °C until analysis.

Serum Biomarker Levels—Serum levels of cytokines were measured using customized
V-PLEX human cytokine panel kits from Meso Scale Discovery (MSD, Rockville, MD,
USA) according to the manufacturer’s instructions. The method uses multiplex sandwich
immunoassays with electrochemiluminescence detection, whereby the cytokines bind to
specific capture antibodies immobilized on MULTI-SPOT 96-well microplates and are then
labeled with electrochemiluminescent detection antibodies (SULFO-TAG). For this study,
serum samples were thawed on ice and assayed in triplicate at a 1:2 dilution in Diluent 7
(MSD). Each microplate measured one or more of the target biomarkers (i.e., human IL-1a,
IL-4, IL-6, IL-8, IL-10, IL-13, VEGF, VEGFC, VEGFD, and TNF-a) together with an 8-
point standard curve (0 up to 1000 pg/mL for most cytokines tested or up to 10,000 pg/mL
for VEGFC and VEGFD). As controls, samples spiked with 3 different concentrations (low,
medium, and high) of recombinant human cytokines (MSD) were assayed. The intensity of
the emitted light was measured on MESO QuickPlex SQ120 instrument (MSD) and
analyzed using Discovery Workbench 4.0 software (MSD). Sample data read against
corresponding linear standard curves covering greater than 4 logs of cytokine concentrations
provided a quantitative measure of each serum biomarker level with high sensitivity (lower
limit of detection ranging from 0.02 pg/mL for I1L-4 to 11.1 pg/mL for VEGFC) and high
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precision (coefficient of variation ranging from 2.8% for TNF-a to 5.8% for IL-4). There
were no outliers and missing biomarker data. The levels of the biomarkers of triplicate
samples were averaged for data analysis.

Statistical Analysis

Latent Class Analysis—LCA was used to empirically identify classes of individuals
reporting similar patterns of lymphedema symptoms [21]. We analyzed the occurrence of 26
lymphedema symptoms and an overall count of symptoms using LCA with varying number
of classes, ranging from 1 to 7 [22, 23]. The optimal number of classes was determined
using Bayesian information criterion (BIC), which balanced model fit and parsimony [24,
25]. The parameters of the LCA model included the following: (1) the creation of a total
symptom count indicator as a simple sum of all symptom items to reflect the cumulative
exposure, (2) the probability of each specific symptom being used within each latent class,
(3) the overall proportion of the population in each of the latent classes, and (4) the mean
number of different symptoms reported in each latent class. The LCA model was fit using
maximum likelihood in the Mplus version 6.11 [26], where the dichotomous symptom
indicators were modeled with a binomial logit link and the overall count of different
symptoms listed was modeled with a log Poisson link. Once the optimal number of classes
was determined, the posterior probability that a certain individual belongs to a certain latent
class was computed using Bayes’ rule [21]. Qualitative descriptions of the resulting
symptom profile classes are based on the prevalence of individual symptoms and types of
symptoms and were labeled as severe/low if the prevalence of use within the latent class was
above or below the overall sample prevalence by at least 10%.

Evaluation of Participant Characteristics and Biomarkers by Lymphedema
Symptom Latent Class—We conducted descriptive analyses for demographic and
clinical characteristics, physiological outcomes (i.e., limb volume change and lymph fluid
level), and biomarkers measured at baseline (pre-surgery), and at 8 weeks and 12 months
post-surgery. We compared the participant characteristics and biomarkers across the
predicted LCA lymphedema symptom classes using chi-square tests and analysis of variance
(ANQWVA) for categorical and continuous markers, respectively. We report the median
symptom distress subscales (i.e., daily living, social function, emotional/psychological
distress, sleep disturbance, sexuality, work outside home, days absent from work) among
each class using Kruskal-Wallis tests to examine differences in the median and interquartile
ranges of symptom distress subscale scores between classes. Biomarker measurements were
mathematically transformed using the natural logarithm (In) in order to achieve assumptions
of normality and the mean In (biomarker) levels among each class using one-way ANOVA to
examine differences in the average and standard deviations of specific biomarker levels
between classes. Non-parametric Spearman correlations were used to test for the association
between limb volume change, L-Dex ratio at all three time points, and the symptom distress
subscale scores at follow-up. Statistically significant differences among the three groups
were further evaluated by post hoc comparison of sub-groups using a Bonferroni correction
for the three pairwise tests performed (p= 0.05/3 = 0.017). All point estimates were
generated with 95% confidence intervals at which significance level of less than 0.05.
STATA (version 14) was used for all analyses.
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Findings

Of the 140 patients enrolled in the study, a total of 136 participants completed the study
(2.9% attrition rate). The participants were women with a mean age of 52 years (range from
age 26 to 81 years) and at least a bachelors’ degree (66.9%), being married (58.8%), and
employed (83.1%). The participants were diverse in both racial and ethnic background:
60.3% were white, followed by Black/African American (19.9%), Asian (9.6%), and
Hispanic (8.8%). The majority of the participants received adjuvant chemotherapy (70.7%)
and radiation (70.1%). Among all the participants, 48.5% had lumpectomy and 51.5%
mastectomy.

Latent Class Analysis Model-Based Patterns of Lymphedema Symptomatology

Prior to surgery, only one patient reported having 8 lymphedema symptoms and 18 had 1-7
symptoms while the rest of the patients reported no lymphedema symptoms; all of these
participants who reported symptoms at baseline had received neoadjuvant chemotherapy or
radiation prior to surgery. At 8 weeks post-surgery, 82% of participants reported at least 4
lymphedema symptoms. No patients reported symptoms of hand swelling or blistering. The
best fitting LCA model of lymphedema symptoms was a three-class solution: (1) a low
symptom class (mean 4.2 symptoms) with less than average prevalence of all reported
symptoms; (2) a moderate symptom class (mean 8.8 symptoms) defined by a higher than
average prevalence of limited shoulder movement (93%), limited arm movement (96%), and
arm tightness (83%); and (3) a severe symptom class (mean 14.8 symptoms) with a higher
than average prevalence of 21 symptoms. Of patients in the severe symptom class, 100% of
them reported tenderness (100%) and chest wall swelling (100%). Over 80% of patients in
the severe symptom class reported breast swelling (96%), arm tightness (83%), arm stiffness
(88%), and numbness (88%). It should be noted that 8% of patients in the severe symptom
class reported symptoms of limited wrist and elbow movement while no patients reported
such symptoms in the low and moderate symptom class. The LCA also estimated the
proportion of participants in each class: the low symptom class was the largest (48%),
followed by the moderate symptom class (34%) and a severe symptom class (18%). The
overall prevalence of different symptoms reported and the results of the prevalence within
the classes identified by the LCA are shown in Table 2. Overall, participants reported an
average of 7.6 symptoms, 85% reported tenderness, 59% reported breast swelling, and 62%
reported pain/aching/soreness at 8 weeks post-surgery.

At 12 months post-surgery, the LCA model also identified three distinct lymphedema
symptom classes: (1) a low symptom class (mean 1.2 symptoms) with less than average
prevalence of all reported symptoms; (2) a moderate symptom class (mean 5.9 symptoms);
and (3) a severe symptom class (mean 14.0 symptoms) defined by a higher than average
prevalence of all 26 symptoms. It should be noted while no patients reported hand swelling
and blistering at 8 weeks post-surgery, 57% of patients in the severe symptom class at 12
months post-surgery reported hand swelling, and 9% reported blistering. In addition, no
patients in the low and moderate symptom class at 12 months post-surgery reported
blistering. Table 3 presents the overall prevalence of different symptoms reported and the
results of the prevalence within the classes identified by the LCA at 12 months post-surgery.
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The moderate symptom class was the largest (46%), followed by the low symptom class
(37%) and the severe symptom class (17%). There was a significant association between the
latent classes at 8 weeks and at 12 months (X2 = 11.4; df = 4; p=0.023).

Patient Characteristics Associated with the Lymphedema Symptom Classes

Demographic, Clinical, and Behavioral Factors—~Participants who were older,
higher weight and BMI, and had more lymph nodes removed were more likely to be in the
severe symptom class at 8 weeks post-surgery, compared to those in the moderate and lower
symptom classes. At 8 weeks post-surgery, breast reconstruction and mastectomy were
associated with being in the moderate and severe symptom class, while lumpectomy was
associated with being in the lower symptom class (p = 0.002). Participants in the severe
symptom classes at 8 weeks and 12 months post-surgery reported more episodes of infection
during the time of study (p=0.018 and p = 0.001, respectively). Patients who reported to
engage in moderate physical activity 2—3 times per week were more likely to be in the
moderate symptom class at 8 weeks post-surgery (o= 0.007) (Table 4). Participants
reporting cording, an axillary syndrome, at 8 weeks post-surgery were more likely to be in
the severe symptom classes at 8 weeks and at 12 months post-surgery (0 < 0.001 and p=
0.015, respectively). Participants in the moderate or severe symptom classes at 12 months
post-surgery were more likely to have lower education level with an associate degree or less
(p=0.016) and were more likely to have neoadjuvant chemotherapy (p = 0.021) and
radiation (p= 0.001) (Table 5).

Physiological Outcomes of Limb Volume and Lymph Fluid—The moderate and
severe lymphedema symptom classes were associated with greater lymph volume change
and larger bioimpedance ratio. Participants in the severe symptom class were more likely to
have a higher median lymph volume change at 12 months post-surgery (6 vs 1 vs — 1%; p=
1.1) than those in the moderate and low symptom classes. In terms of lymph fluid levels,
participants in the severe symptom class were more likely to have a higher median L-Dex
level at 8 weeks (4.7 vs 1.15 vs — 0.4; p=0.002) and 12 months post-surgery (4.4 vs 0.15 vs
- 1.0; p<0.001) than their counterparts in the moderate and low symptom classes. The L-
Dex ratio at 12 months post-surgery was also able to detect a pairwise difference in the
moderate vs severe symptom class (4.40 vs 0.15; p < 0.001). In addition, the lower symptom
class can be differentiated from the severe symptom class in terms of the median L-Dex both
at 8 weeks (4.7 vs — 0.4) and 12 months post-surgery (4.4 vs — 1.0) (Table 6), while lymph
volume change differed only at 12 months post-surgery (6 vs — 1%) (Table 7).

QOL in Terms of Symptom Distress—Significant differences were found among the
three lymphedema symptom classes at 12 months post-surgery (o= 0.0001) in terms of
symptom distress subscales of impaired daily living, social distress, emotional distress,
impaired self-perception, sleep disturbance, impaired sexuality, work outside home, and
days absent from work (Table 8). Higher median values of all eight symptom distress
subscales were observed in the severe symptom class, suggesting higher distress from
lymphedema symptoms. In addition, significant symptom distress was also found in the
moderate symptom class in comparison to the low symptom class in terms of the following
symptom distress subscales: impaired daily living, emotional distress, impaired self-
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perception, sleep disturbance, work outside home, and days absent from work (all post hoc
Bonferroni-corrected p < 0.05) (Table 8).

Inflammatory Biomarkers in Relation to Lymphedema Symptom Classes—
Levels of IL1-a pre-surgery (o =0.0012) and at 8 weeks post-surgery (o= 0.0079) were
significantly lower in the severe as compared to the low symptom class at 8 weeks post-
surgery, 1L-8 levels at baseline were significantly lower in the severe as compared to the low
symptom class (o= 0.0334) at 8 weeks post-surgery, and IL-6 levels at baseline were
significant higher in the severe as compared to the low symptom class at 8 weeks post-
surgery (p=0.0168) (Table 9). Levels of VEGF at 8 weeks post-surgery were significantly
higher in the severe as compared to the low symptom class at 8 weeks post-surgery (p =
0.0029). Pre-surgery levels of VEGF showed a trend towards higher levels in the more
severe as compared to the low symptom class at 8 weeks post-surgery (o= 0.0681). Pre-
surgery levels of VEGF were significantly elevated in the severe as compared to the low
symptom class at 12 months post-surgery (p= 0.0477) (Table 10). Levels of VEGF at 8
weeks post-surgery showed a trend towards higher levels in the more severe as compared to
the low symptom class at 12 months post-surgery (p = 0.0029). Pre-surgery levels of IL-4
showed a trend towards lower levels in the severe as compared to the low symptom class at 8
weeks post-surgery (p = 0.0525). Levels of IL-4 at 8 weeks post-surgery also showed a trend
towards lower levels in the more severe as compared to the low symptom class at 8 weeks
post-surgery (o= 0.0747). Levels of IL-6 at 8 weeks post-surgery showed a trend towards
lower levels in the more severe as compared to the low symptom class at 8 weeks post-
surgery (p = 0.0835). Pre-surgery levels of 1L-10 showed a trend towards lower levels in the
more severe as compared to the low symptom class at 8 weeks post-surgery (o = 0.0835).
Baseline levels of VEGFC (p= 0.0938) and VEGFD (p = 0.0571) showed trends towards
lower levels in the more severe as compared to the low symptom class at 12 months post-
surgery. The median and IQR for each biomarker in terms of symptom classes at 8 weeks
and 12 months are presented in Tables 11 and 12.

Discussion

Very few research studies have focused on lymphedema symptomology. The current study is
the first to define lymphedema symptom patterns using LCA to empirically identify clusters
of individuals reporting similar patterns and trajectories of lymphedema symptoms. The
LCA model identified low, moderate, and severe symptom classes at both 8 weeks and 12
months post-surgery and there was a significant association between the latent classes at 8
weeks and at 12 months. About 18% of patients were classified into the severe symptom
classes at 8 weeks and 12 months post-surgery, which consisted of about 14 symptoms and
characterized by a higher than average prevalence of almost all 26 symptoms. Women in the
severe symptom class had the highest lymph fluid level and limb volume and that could be
classified as arm lymphedema based on current criteria [3¢, 16]. The moderate symptom
classes also had higher lymph fluid level and limb volume change in comparison with the
low symptom classes, a finding which may serve as initial evidence that patients in the
moderate symptom classes are at-risk patients. Given the incurable and progressive nature of
arm lymphedema and the fact that early intervention enables better clinical outcome, it is
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extremely important to provide timely intervention to patients in the moderate symptom
classes.

A major goal of lymphedema symptom science is to reduce symptom distress and improve
QOL among breast cancer survivors. The low symptom classes were characterized by the
lowest reported symptom distress. Severe symptom distress was observed in the 12-month
post-surgery severe symptom class in all symptom subscales: impaired daily living, social
distress, emotional distress, impaired self-perception, sleep disturbance, impaired sexuality,
work outside home, and days absent from work in the past month. The severity of symptom
distress in the severe symptom class makes it imperative to provide effective intervention to
improve their symptom experience and QOL. It is also important to note that significant
symptom distress was found in the moderate symptom class in comparison to the low
symptom class in all the symptom distress subscales except social distress and impaired
sexuality: impaired daily living, emotional distress, impaired self-perception, sleep
disturbance, work outside home, and days absent from work. Our findings provide initial
evidence that breast cancer survivors in the moderate symptom class should also receive an
intervention(s) to improve their symptom experience and decrease symptom distress or even
reduce their risk for progressing to the severe symptom class.

Precision characterization of lymphedema symptom patterns or clusters is essential to laying
the foundation for defining the underlying mechanisms that may lead to a cure. Our study
demonstrated that the severe and moderate symptom classes shared the same demographic
and clinical characteristics of arm lymphedema phenotype: lower level of education,
receiving neoadjuvant chemotherapy and radiation, and having breast reconstruction [2, 11].
Inflammation/infection has been identified as an important predictor for arm lymphedema
[10]. This prospective study found that patients in the severe symptom class at 8 weeks post-
surgery reported more episodes of infection during the time of study and more episodes of
infection at 12 months post-surgery. Perhaps, intense intervention at 8 weeks post-surgery
for women in the severe symptom class may help to prevent infection during the first year of
surgery and in turn reduce the risk of lymphedema.

Cording or axillary web syndrome is one of the common post-surgical complications among
breast cancer survivors. Our study found that patients with cording were more likely to be in
the severe or moderate symptom classes. Although the biological mechanism underlying
cording is ill-defined, inflammation is assumed to be the major cause. Physical activity is
important to help lymph fluid flow as patients in the study who reported to engage in
moderate physical activity 2—3 times per week were more likely to be in the moderate
symptom class at 8 weeks post-surgery. More research needs to be done to further elucidate
the effect of physical activity on lymphedema symptom classes. Identification of
characteristics such as inflammation/infection and physical activity provide a foundation for
future investigation on how these characteristics may influence symptom class membership
and be related to differences in biomarkers (e.g., serum/plasma protein, gene expression,
epigenetic regulation).

A long-term goal of our research is to advance symptom science by achieving precision
assessment and early detection of lymphedema symptom classes and defining the
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environmental and patient (e.g., demographic, clinical, biomarker) differences that
distinguish lymphedema symptom classes in order to devise approaches to decrease
symptom distress and improve QOL among breast cancer survivors. Our current study
identified significant differences in biomarkers (i.e., IL1-a, IL-8, IL-6, VEGF) prior to
surgery in the moderate and severe symptom classes. Changes in these inflammatory
mediators prior to surgery were also associated with class membership post-surgery. The
association between symptom classes and biomarker levels attenuated at 8 weeks and 12
months post-surgery. A striking finding is that differences in biomarkers at baseline (prior to
surgery) were associated with latent class membership at 8 weeks and 12 months post-
surgery. This finding is significant because it suggests that biomarkers may be used to
predict subsequent risk for lymphedema symptoms and potentially even arm lymphedema
after surgery. Levels of IL1-a, IL6, IL8, and VEGF at baseline were associated with latent
class membership at 8 weeks post-surgery.

Inflammation and infection are established risk factors for risk of arm lymphedema [10, 11].
IL1-a is an acutephase reactant that promotes inflammation and is expressed in lymph node,
epithelial cells, and fibroblasts [27]. Serum levels of IL1-a in healthy persons are estimated
to occur in concentrations of less than 1 pg/mL [28]. Elevated levels of IL1-a at baseline for
individuals in the low symptom class as compared to the moderate and severe symptom
classes suggest that the IL1-a-mediated pro-inflammatory response may be more robust in
patients who are in the low symptom class which could lead to a more efficient response to
infection (i.e., more rapid resolution of inflammation due to infection). This pattern of IL1-a
was also observed in serum levels at 8 weeks post-surgery in relation to latent class
membership at 8 weeks post-surgery.

Serum IL-6 in healthy persons ranges from 1 to 10 pg/mL [29]. IL-6 is lower than average in
the low and moderate as compared to severe symptom class. IL-6 has both pro- and anti-
inflammatory functions and is produced by a number of cell types including immune cells,
adipocytes, and myocytes. The lack of an increase in TNF-a in the context of increased
levels of IL-6 in the severe symptom class suggests that IL-6 may be acting primarily as an
anti-inflammatory mediator, in part by its suppression of TNF-a and IL-1. Taken together,
we speculate that these effects could culminate in impaired response to infection resulting in
prolonged infection and damage to the lymphatic system, resulting in more severe
lymphedema symptoms and risk for arm lymphedema.

Serum IL-8 in healthy persons ranges from 1 to 10 pg/mL [29]. IL-8 is lower in low and
moderate as compared to severe symptom class at 8 weeks and also at 12 months post-
surgery. IL-8 is a potent chemoattractant that functions early in the innate immune response.
Congruent to the observed findings for IL1-a and IL-6, we speculate that lower IL-8 levels
in individuals who are in the severe symptom class may have a less robust inflammatory
response which may result in prolonged infection and damage to the lymphatic system,
resulting in more severe lymphedema symptoms and risk for arm lymphedema.

The observation that VEGF levels at baseline and 8 weeks post-surgery were increased in
the severe symptom class as compared to the low and moderate classes at both 8 weeks and
12 months post-surgery is intriguing. VEGF is associated with cancer survivorship and
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cancer recurrence [30]. As lymphedema is a disease of the lymphatic and immune systems,
further longitudinal exploration of the impact of severe lymphedema symptoms is needed on
cancer recurrence and survival. Further exploration of these biomarkers, including their
regulation and downstream targets, is critical to improve our understanding of the biological
differences that characterize lymphedema symptom clusters, which is essential for finding
either effective interventions for lymphedema symptoms or even a cure for lymphedema.
Future studies are warranted to replicate our observation that differences in IL1-a, IL-6,
IL-8, and VEGF levels and lymphedema symptoms and to evaluate levels of these
biomarkers in relation to lymphedema symptom classes and arm lymphedema in an
independent sample.

Limitations and Strength of the Study

Although our sample size was adequate for an exploratory study, we are aware of the
limitations of sample size, limited scope of biomarkers evaluated, and having only 12
months of follow-up. The strengths of our study include a well-designed conceptual model,
a prospective approach, and consecutive repeated measurements of phenotypes and
biomarkers that enable the observation of changes in phenotypes and biomarkers at
meaningful time points. The use of a valid and reliable instrument to evaluate lymphedema
symptoms enables a more rigorous assessment of lymphedema symptom phenotypes and to
assess symptom distress specifically evoked by lymphedema symptoms. Selection of
biomarkers based on well-established risk factors of inflammation and infection is also the
strength of our study.

Conclusion

This prospective study has demonstrated strong evidence that multiple lymphedema
symptoms occur concurrently following breast cancer surgery. LCA of the occurrence of
multiple lymphedema symptoms is able to detect three distinct symptom class profiles at 8
weeks and 12 months post-surgery. The association of inflammatory biomarkers at baseline
with symptom classes at 8 weeks post-surgery suggests that such biomarkers may be used to
predict risk for lymphedema symptoms and even arm lymphedema. The observation that the
severe symptom class exhibiting the highest lymph fluid level and limb volume, followed
closely by the moderate symptom class, suggests that the moderate symptom class may
indicate an early stage of arm lymphedema. It should be noted that the detection of
significant symptom distress between low and moderate symptom classes is not observed
using the current, arbitrary criteria of objective measures of limb volume or lymph fluid
level, but is with the LCA model-based symptom classes. This indicates that symptom class
may be more sensitive to identify women at risk for the development of arm lymphedema.
Timely interventions should be provided to patients in this early prodromal stage to prevent
arm lymphedema from progressing into a chronic condition.
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Highlights
. Multiple lymphedema symptoms occur concurrently following breast cancer
surgery.
. Latent class analysis can distinguish low, moderate, and severe lymphedema
symptom classes.
. The severe symptom class had the highest symptom distress and highest limb

volume and lymph fluid level.

. The moderate symptom class may indicate an early stage of arm
lymphedema.
. Biomarkers may be used to predict risk for lymphedema symptoms.
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