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1. Patients from the Stanford Center for Lymphatic and Venous Disorders were
clinically assessed for the presence/absence of lymphatic disorders.
2. All relevant comorbid ICD-10 diagnoses were tabulated to permit statistical

analysis.

3. The study disclosed that the presence of lymphatic dysfunction alters disease
interrelationships.

4. Future prospective study may provide novel concepts regarding disease patho-
genesis and targeted molecular therapeutics.
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Abstract

Background: The lymphatic contribution to the circulation is of paramount
importance in regulating fluid homeostasis, immune cell trafficking/activation
and lipid metabolism. In comparison to the blood vasculature, the impact of the
lymphatics has been underappreciated, both in health and disease, likely due to
a less well-delineated anatomy and function. Emerging data suggest that lym-
phatic dysfunction can be pivotal in the initiation and development of a variety
of diseases across broad organ systems. Understanding the clinical associations
between lymphatic dysfunction and non-lymphatic morbidity provides valuable
evidence for future investigations and may foster the discovery of novel biomark-
ers and therapies.

Methods: We retrospectively analysed the electronic medical records of 724
patients referred to the Stanford Center for Lymphatic and Venous Disorders.
Patients with an established lymphatic diagnosis were assigned to groups of
secondary lymphoedema, lipoedema or primary lymphovascular disease. Indi-
viduals found to have no lymphatic disorder were served as the non-lymphatic
controls. The prevalence of comorbid conditions was enumerated. Pairwise co-
occurrence pattern analyses, validated by Jaccard similarity tests, was utilised to
investigate disease-disease interrelationships.

Results: Comorbidity analyses underscored the expected relationship between
the presence of secondary lymphoedema and those diseases that damage the
lymphatics. Cardiovascular conditions were common in all lymphatic sub-
groups. Additionally, statistically significant alteration of disease-disease inter-
relationships was noted in all three lymphatic categories when compared to the
control population.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the

original work is properly cited.
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1 | INTRODUCTION

Disease-disease interrelationships can be considered to
reflect the likelihood of co-occurrence among multiple
chronic or acute conditions. These non-random disease
interrelationships theoretically reflect an underlying
etiology or pathogenesis shared among the co-occurring
diseases. Disease interrelationships will impact both
morbidity and mortality, and comprehension of these
interrelationships may substantially influence current
and future clinical management. In this context, there is
increasing recognition of the lymphatic contribution to
the pathogenesis of a wide array of human pathologies,
including metabolic, gastrointestinal, neurological, and
ocular disorders; neoplasia; and, notably, cardiovascular
diseases.!”” To date, the presence and significance of a
lymphatic substrate in given organ-specific or systemic dis-
eases has been ascertained primarily through pre-clinical
experimental observations. How lymphatic disorders
contribute to non-lymphatic morbidity, and the relevant
mechanistic relationships, remain unknown. Enhanced
insights into the association of human clinical lymphatic
dysfunction with altered disease interrelationships would
provide valuable, hypothesis-generating evidence for
future investigation and the potential discovery of novel
biomarkers and therapies.

The most common lymphatic circulatory disorder is
lymphedema, classified as either primary, due to heredi-
tary or other unidentified in-born features, or secondary,
caused by lymphatic injury originating from infection, can-
cer, cancer-related therapies, physical trauma or sustained
increases in lymphatic preload.>® Throughout the world,
secondary lymphoedema is the predominant form of the
disease. In the US, secondary lymphoedema arises most
commonly in cancer patients subjected to lymphadenec-
tomy and/or radiotherapy.” The incidence of secondary
lymphedema in cancer patients ranges between 8% and
30%, and the natural history of lymphedema onset within
these susceptible subgroups appears to vary significantly.!’
Risk factors for secondary lymphedema include: obesity

lymphovascular disease

Conclusions: The presence or absence of a lymphatic disease significantly influ-
ences disease interrelationships in the study cohorts. As a physiologic sub-
strate, the lymphatic circulation may be an underappreciated participant in dis-
ease pathogenesis. These relationships warrant further, prospective scrutiny and

co-morbidity, disease co-occurrence, disease interrelationship, lipedema, lymphedema,

at the time of cancer diagnosis, type of surgery, num-
ber of lymph nodes removed, radiotherapy protocol and
the use of certain chemotherapeutic agents.'’ Lipedema,
another commonly encountered disorder, is a disease char-
acterised by disproportionate, pathological subcutaneous
adipocyte hypertrophy that occurs in the context of sub-
clinical compromised lymphatic function.'""'® Lympho-
vascular disease, as a subgroup, includes not only primary
lymphedema, but also lymphatic malformations, both sim-
ple and complex.

We posited that the presence of a lymphatic dis-
ease would alter comorbid disease interrelationships. To
explore this hypothesis, we performed a retrospective, 3-
year observational study of consecutive, newly evaluated
patients in the Stanford Center for Lymphatic and Venous
Disorders, a specialized, tertiary care center that is devoted
to the evaluation and management of the broad array of
lymphatic disease. Our study cohort was comprised of
patients with either secondary lymphedema, lipedema or
lymphovascular disease. A control comparator group was
comprised of those patients consecutively evaluated in the
same clinical setting in whom, after thorough evaluation,
no lymphatic dysfunction was detected.

To assess comorbidity, we enumerated the prevalence of
each of the identified comorbid diagnoses within the stud-
ied patient cohorts and performed analyses of disease pro-
portion, risk factors and odds ratios (ORs). To detect the
impact of alymphatic diagnosis upon disease interrelation-
ships, we undertook both disease-pair co-occurrence and
Jaccard similarity analyses, both of which evaluate pair-
wise co-occurrence relationships within binary presence-
absence data.'’” In this single-center cohort, the presence
of a recognized lymphatic disease conferred specific pat-
terns of comorbidity and altered disease interrelationships.
The results support the concept that lymphatic function
impacts the manner in which distinct conditions arise
together; in other words, how these diseases interrelate,
presumably on the basis of a heretofore unrecognised,
shared dependence upon a lymphatic substrate in patho-
genesis. Our findings underscore the potential impact of
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this lymphatic substrate upon disease expression across a
variety of organ systems.

2 | METHODS

2.1 | Study design
This retrospective study was conducted at a single aca-
demic site (Stanford University), entirely within the
Stanford Center for Lymphatic and Venous Disorders, a
dedicated lymphatic disease program (https://stanford
healthcare.org/medical-clinics/center-lymphatic-venous-
disorders.html). The protocol was approved by the Admin-
istrative Panels for the Protection of Human Subjects of
Stanford University (IRB 64647). Investigations were
conducted according to Declaration of Helsinki principles.
Seven hundred and twenty-four patients who received
an initial outpatient clinical evaluation at the center were
retrospectively evaluated. Body mass index (BMI) and age
were recorded on the date of the initial clinical visit at
the center. The presence or absence of a lymphatic dis-
ease was ascertained by a lymphatic vascular specialist on
clinical grounds, supported by imaging and other clinical
analysis, and, in each subject. The presence of any comor-
bid diagnosis was established through ICD-10 diagnosis
codes assigned within the electronic medical record (Table
S1). Each patient in this investigation was assigned either
to the non-lymphatic control group or to the lymphatic
cohort. Individuals were assigned to the non-lymphatic
control cohort if, after thorough clinical evaluation, there
was no clinical evidence of edema or of any detectable lym-
phatic substrate to the patient’s clinical presentation. A
lymphatic diagnosis was sub-classified into one of three
broad categories of lymphatic diseases: secondary lym-
phedema, lipedema or lymphovascular disease (i.e., pri-
mary lymphoedema and/or lymphatic vascular malforma-
tion). Note that BMI > 30 is considered as obesity.

2.2 | Disease incidence

Incidences of a total of 124 conditions were calculated. We
followed previously established methodology'®'” to use a
frequency of 2% as a cut-off, given median incidences for
control and lymphatic cohorts are 0.085 and 0.055.

2.3 | Comorbidity prevalence

ORs and 95% confidence intervals (CIs) were estimated
by logistic regression models using the generalized lin-
ear model (glm) function in R. Age, gender and race were

3

considered as confounding variables when calculating the
adjusted ORs. Fisher exact tests were performed to cal-
culate the p-values. Diseases with significantly differing
proportions between patient cohorts were selected for fur-
ther investigation. Relative proportions within each cohort
were calculated, and the heatmap was created with the
‘ggplot2’ (v3.3.5) package in R.

2.4 | Disease pairwise co-occurrence
analysis using a probabilistic model

A probabilistic model to study disease co-occurrence was
employed for this investigation.?’ The model predicts the
probability that two diseases would co-occur at a fre-
quency less than, greater than, or approximately equal to
the observed frequency if the two diseases are distributed
independently of one another among groups of individu-
als. Based on the observed and expected frequencies, the
model can be used to classify disease associations as nega-
tive, positive or random. Positive associations were defined
as those in which the observed frequency is significantly
greater than expected. Negative associations were defined
by an observed frequency less than expected. A random
association was iterated for an observed frequency not sig-
nificantly different from the expected frequency. Disease
pairs with less than 1 co-occurrence were filtered from
the ensuing analysis (default value). In this investigation,
the presence-absence data were used to test whether pair-
wise interactions between diseases were random or non-
random using the R library ‘co-occur’ (v1.3). Significantly
non-random interactions (p < .05) were determined via
default model specifications. Species pairs that did not
occur more than once were excluded (thresh = TRUE).
The p-values derived from the probabilistic model are exact
probabilities (p-values), which are distribution-free and
non-parametric (non-distributional), without reference to
a statistic. As this type of probabilistic approach has very
low Type I (false positive) and Type II (false negative) error
rates due to its lack of reliance on computer algorithm-
based randomization, no p-value corrections were made
for multiple comparisons.

2.5 | Jaccard analysis

For each patient subject, the comorbid ICD-10 diagnosis
codes were tabulated. The data were utilised to calculate
the Jaccard index, a statistical parameter that gauges pair-
wise similarity of disease pairs within a sample set. The
Jaccard index is based upon the Jaccard coefficient, which
measures the similarity between finite sample sets. The
Jaccard coefficient, defined as the size of the intersection
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divided by the size of the union of the sample sets, can
be conceptualized more simply as the number of patients
with co-occurrences of disease A and B divided by the sum
of total occurrences of disease A and B in the entire pop-
ulation (Figures S2 and S3). A Jaccard distance <1 per-
mits the identification of a co-occurring disease pair that
does not display co-occurrence in the alternate cohort,
where the Jaccard distance is equal to 1. The Jaccard anal-
ysis detects similarity or dissimilarity of two entities in
terms of their context within a matrix of subjects, where-
ases traditional epidemiolocal methods only consider posi-
tive/negative correlations between two signals. Using iden-
tical Jaccard algorithms, we first calculated Jaccard index
for the lymphatic and non-lymphatic control patient pop-
ulation and built disease dissimilarity networks. The two
networks generated by this computational methodology
were utilised to create dendrograms of disease interrelat-
edness. Statistical comparisons between two dendrograms
were made by Mantel tests. p-Value less than .05 is consid-
ered as significantly different.

2.6 | Statistical methods

All computational analyses were generated with R version
4.0.0. The Jaccard distance matrices of pairwise disease
distances’' were generated in the R package ‘vegan’ (v2.5-
7). To determine if two distance matrices are statistically
similar, a two-sided Mantel test was performed using R
package ‘ape’ (v5.5), and this test was permutated 1000
times to improve the precision of test results.”*** The phy-
logenic dendrograms of disease networks were generated

in the R package ‘factoextra’ (v1.0.7).”> All other figures
were generated with the R package ‘ggplot2’ (v3.3.5).%°

2.7 | Datasharing

The data that support the findings of this study are avail-
able from the corresponding authors upon reasonable
request.

3 | RESULTS

3.1 | Cohort characteristics

Patients in this investigation were assigned either to the
non-lymphatic control group (without a lymphatic abnor-
mality) or to the lymphatic cohort (with an assigned lym-
phatic diagnosis). The lymphatic patients comprise those
with either secondary lymphedema, lipedema or lympho-
vascular disease. The demographic characteristics of the
study population are summarized in Table 1. The control
group (N =106) does not differ substantially from the three
subgroups of lymphatic patients (N = 618) by age, sex, race
or BMI. As expected, lymphatic patient cohorts are pre-
dominated by female subjects; in particular, lipedema is
known to be virtually absent in male patients. Within our
retrospective study, the control cohort was also predom-
inantly female. Furthermore, among the secondary lym-
phoedema patients, the percentage of those with cancer
was higher than that either in the lipedema or lymphovas-
cular groups (Table 1), consistent with the fact that cancer

Lymphatic patients (n = 618)

TABLE 1 Patient demographics
Control Secondary
patients lymphoedema
(n=106) (n=407)
Age 53+13 62 +15
Sex (%)
Male 7 21
Female 93 79
Race (%)
White 52 53
Black
Hispanic 9 6
Asian 17 9
Other® 20 29
BMI 28+7 31+10

Abbreviation: BMI, body mass index.
aX? test.
bQther include Native American, Pacific Islander and unknown.

Lymphovascular
Lipoedema disease
(n=93) (n =118) p-Value®

57+13 45+ 23 1.2e-08
2.6e-11

0 37

100 63
3.4e-05

51 52

1 3

9 5

2 3

37 37

38+9 30+10 2



ROCKSON ET AL.

CLINICAL AND TRANSLATIONAL MEDICINE

. Abnormal_uterine_bleeding

. Breast_cancer

. Celluiitis
CHF

. Chronic_back_pain
cvi

. Endometriosis 050
GAD

[
Lipedema

. Lymphovascular_disease
Obesity

. Secondary_lymphedema

Uterine_fibroid

Control Lymphatic

FIGURE 1

1. l]_q

Abnormal_uterine_bleeding Hypothyroidism
Asthma Insomnia
Breast_cancer . Lipedema

G Celluliis Lymphovascular_disease
|| chronic_back_pain . MDD
cvi Melanoma
- Endometriosis Obesity
— GAD . Osteoarthritis
. HTN Secondary_lymphedema
Hypercholesterolemia . Uterine_fibroid

Control  Secondary Lymphedema  Lipedema Lymphovascular

Prevalence distribution of comorbidities by patient cohort. (A) Patients were assigned to either the control group (individuals

without a lymphatic diagnosis) or the lymphatic group (subjects with clinically ascertained lymphatic abnormalities). (B) The lymphatic

subjects were represented by those with secondary lymphedema, lipedema or lymphovascular disease. Within each study cohort, the

prevalence of a given comorbid diagnosis was calculated as the ratio of disease positive subjects to the total number of subjects within the
cohort. The composition of these diseases was plotted as their relative ratio to the total disease occurrence (this ratio is normalized to 1 for the

purpose of cross-group comparison)

and cancer-related therapies are the predominant causes
of secondary lymphoedema in the US.’

3.2 | Disease incidence within each
subgroup

Among the 724 patients enrolled in our study, we observed
114 comorbidities, with an acceptably comparable repre-
sentation of identified comorbidities among control and
lymphatic subjects. Appropriate disease categories use the
Medical Subject Heading Controlled vocabulary. To assure
that our analysis of disease interrelationships is not dis-
torted by any disproportional disease distribution in each
subgroup, we first analysed the prevalence of any comor-
bid disease within each patient cohort (Table S2 and Figure
S1). In the 106 non-lymphatic control patients, we selected
51 diseases with an incidence greater than 0.02 for analy-
sis. Breast cancer, general anxiety disorder (GAD), chronic
back pain, obesity, and hypertension (HTN) are the top
five most prevalent conditions (Table S2 and Figure S1).
Among 618 lymphatic patients, 66 comorbid conditions

surpassed the same incident threshold, with 66 conditions
selected in the secondary lymphedema group, 46 selected
in the lipedema group and 38 in the lymphovascular dis-
ease group (Table S2 and Figure S1). Within the lym-
phatic cohort, secondary lymphoedema, lipoedema and
lymphovascular disease reflect an incidence of 0.66, 0.15
and 0.19, respectively. Other common diagnoses among
the lymphatic patients are obesity, HTN, hypercholes-
terolemia, chronic venous insufficiency (CVI), gastroe-
sophageal reflux disease (GERD), chronic back pain, cel-
lulitis, osteoarthritis, GAD and breast cancer.

3.3 | Comorbid prevalence within the
study cohorts

In order to facilitate the analysis of the most frequently
represented comorbid diagnoses within this study popula-
tion, we calculated and compared disease proportions, as
well as relative risks and ORs (Figure 1 and Tables 2, 3 and
S3). These analyses highlight the significant association of
congestive heart failure (CHF, risk ratio 6.00, 0.83-43.35,
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TABLE 2 Fourteen diseases with significant different proportions between lymphatic and control groups
Relative proportions Crude ORs (95% CI) Adjusted ORs (95% CI)
Control Lymphatic p-Value OR LowerCI UpperCI OR LowerCI Upper CI
Congestive heart failure 0.40 2.05 .05 6.30 1.34 112.62 4.29 0.87 77.64
Chronic venous insufficiency 2.81 8.01 .00 4.03 1.96 9.74 331 1.58 8.09
Cellulitis 4.42 7.43 .02 2.23 1.21 4.53 243 1.25 5.23
Obesity 13.65 16.90 .01 1.86 1.21 2.91 1.58 1.00 2.54
Chronic back pain 13.65 7.60 .02 0.56 0.36 0.89 0.53 0.32 0.87
Generalised anxiety disorder 14.86 7.08 .00 0.45 0.29 0.71 0.58 0.36 0.94
Insomnia 9.24 3.98 .00 0.45 0.27 0.77 0.49 0.28 0.86
Abnormal uterine bleeding 4.42 1.35 .01 0.33 0.16 0.73 0.47 0.21 1.07
Uterine fibroid 4.82 1.46 .01 0.33 0.16 0.70 0.36 0.17 0.80
Endometriosis 4.82 1.05 .00 0.24 0.11 0.52 0.25 0.11 0.56
Breast cancer 26.91 6.96 .00 0.14 0.09 0.21 0.15 0.09 0.25
Abbreviations: CI, confidence interval; OR, odds ratio.
TABLE 3 Nineteen diseases with significantly different proportions between any of the two groups
Secondary Lymphovascular
Control lymphoedema Lipoedema disease
Obesity 8.61 9.42* 18.93** 12.58
Hypertension 7.09 8.13" 435 7.23
Hypercholesterolemia 4.81 6.30" 4.86 4.40
Chronic venous insufficiency 1.77 6.08** 3.84" 2.83
Breast cancer 16.96 5.97%* 1.02%* 1.26™*
Cellulitis 2.78 5.33%* 1.79 6.60
Chronic back pain 8.61 5.22 5.37 3.77+*
General anxiety disorder 9.37 4.84* 3.58** 5.35%*
Osteoarthritis 5.06 4.79 5.88 3.46
Hypothyroidism 4.56 4.47 5.88 3.14
Major depressive disorders 5.82 3.98 4.86 2.83%*
Diabetic mellitus 2.28 3.12 1.53 1.57
Insomnia 5.82 2.69" 1.79° 3.46"
Asthma 4.05 2.53 4.35 1.89°
Migraine 3.04 1.45 3.84 1.57
Melanoma 0.51 1.29 0.00 0.00
Uterine fibroid 3.04 1.08" 1.02 0.31%*
Abnormal uterine bleeding 2.78 0.75" 2.05 0.31°%*
Endometriosis 3.04 0.65%* 1.28 0.31%*

Note: Asterisks indicate statistical significance in comparisons between each lymphatic abnormalities with the control cohorts.

*p <.05.
**p < .01

p = .05) and CVI (risk ratio 3.36, 1.62-6.97, p = .0001)
(Table 2). The observation of a robust, significant comor-
bidity among cardiovascular abnormalities and the pres-
ence of a lymphatic diagnosis resonates with multiple pre-
clinical studies that underscore the role of the lymphatic
vasculature in cardiovascular function and pathology.>?’
Obesity is strongly associated with lipedema in compari-

son with lymphedema and lymphovascular diseases, con-
sistent with the abnormal adipose/lymphatic interactions
that are hypothesised for lipedema pathogenesis (Tables 3
and S3). We also documented that venous insufficiency
and breast cancer are significant comorbid conditions of
secondary lymphedema (Tables 3 and S3). This observation
is congruent with the reported high prevalence of breast
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FIGURE 2

Pairwise co-occurrence analysis indicates prominent disease interrelationships among lymphatic patients. Disease

interrelationships in association with or without ascertained lymphatic diagnosis was calculated by a probabilistic model. Positive
associations are defined as those in which the observed frequency is significantly greater than expected one. Negative associations are defined

by an observed frequency less than expected. A random association is iterated for an observed frequency not significantly different from the

expected frequency. Disease pairs with less than 1 co-occurrence were filtered from the ensuing analysis

cancer and venous insufficiency in a recent large clinical
study of secondary lymphedema.?® Cellulitis, a common
source of morbidity in lymphoedema patients,”® is demon-
strably linked with lymphedema in the current analysis
(Tables 3 and S3). GAD is uniquely associated with all lym-
phatic disorders suggesting a potential role for lymphatic
function in the central nervous system (Tables 3 and S3).

3.4 | Disease pairwise co-occurrence
patterns within patient cohorts

To further understand the potential phenomenon of dis-
ease interrelationships in association with a lymphatic
diagnosis (as distinct from comorbidity with a lymphatic

diagnosis), we further applied a probabilistic model to
analyse disease co-occurrence.’’ Through this analysis,
we observed prominent disease interrelationships among
lymphatic patients that were not observed in the control
cohort (Figures 2 and S1 and Table 4). Among the identified
1591 disease pairs within the lymphatic patients, we found
943 positive, 42 negative and 606 random associations; cor-
respondingly, there were 106 positive, four negative and 357
random associations within the control cohort.

Detailed analysis of the three lymphatic subgroups
subsequently identified 1458, 312 and 151 disease co-
occurrences in secondary lymphedema, lipedema and
lymphovascular disease patients, respectively (Figures 3
and S1 and Table 4). Of note, 742 positive, five negative
and 711 random associations were found in the secondary
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TABLE 4 Numbers of positive, negative and random pairwise disease associations
Positive Negative Random
Lymphatic (n = 618) 943 42 606
Secondary lymphedema (n = 407) 742 5 711
Lipedema (n = 93) 99 0 213
Lymphovascular (n = 118) 57 0 94
Non-lymphatic control (n = 106) 106 4 357
(A) T,
Gegy
OSIB:,Z':Z% N

Lipedema (n=93) o o2 R

|| negative
RERRE N o
—~
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Lymphovascular (n=118)
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FIGURE 3 Disease co-occurrences in three lymphatic subgroups. Detailed analyses of disease co-occurrences in secondary

lymphedema, lipedema and lymphovascular disease groups
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FIGURE 4 Jaccard similarity analysis of comorbidity: the impact of concomitant lymphatic disease diagnosis. The Jaccard distance is

calculated from the Jaccard index (defined in the text). A Jaccard distance of 1 defines a disease pair that does not occur together within a
cohort, while a Jaccard distance <1 defines a disease pair that does simultaneously occur. The smaller the magnitude of the Jaccard distance
(the longer the line graphically depicted), the more likely it is that the specific disease pair will be detected within a given data set. (Upper

panel) Graphical representation of the Jaccard distances for disease pairs that coexist in the lymphatic disease cohort (red) but do not have

co-occurrence in the non-lymphatic cohort (blue); in the lymphatic disease cohort the prevalence of these disease pairs increases. (Lower

panel) A comparable analysis for disease pairs that are represented in the non-lymphatic cohort (blue) that do not co-occur in the lymphatic
disease cohort (red). For both graphs, the mean disease prevalence is depicted on the X axis and the Jaccard distance on the Y axis

lymphoedema patients. Significant disease interrelation-
ships were more frequently encountered in lymphovas-
cular patients than in lipedema patients (312 vs. 151 dis-
ease pairs), despite the comparable sizes of the two patient
cohorts (93 and 118, respectively).

3.5 | Jaccard similarity analysis identifies
unsuspected disease relationships

Having identified the relative prevalence of disease pair-
wise occurrence, we next sought to detect and confirm
unsuspected clustering among identified comorbidities.
Jaccard testing is a powerful and common tool to illus-
trate human disease network and comorbid profiles.?’~**
Given the large number of observed comorbidities within
the lymphatic patients, we hypothesised that a Jaccard
analysis of the aggregated group of comorbidities would
offer novel insights into the impact of a lymphatic diag-
nosis upon any associated comorbid disease interrelation-

ships (specifically, the relative likelihood of any other pairs
of diagnoses to be identified within the same patient).

We calculated 3081 pairs of comorbidities within the
control group, and 6670 pairs within the lymphatic cohort.
Here, 59.23% of comorbidity pairs in the control cohort
and 40.82% pairs in lymphatic cohort have an index of
1 (i.e., no observed co-occurrence in our data set). We
subsequently investigated those comorbidity pairs with a
Jaccard index equal to or <1, respectively. Through this
analysis, we observed that a large number of the iden-
tified disease pairs with an index of 1 (absence of co-
occurrence) in the control group gained co-occurrence, to
varying degrees, in the presence of a lymphatic diagnosis
(Figure 4, upper panel and Tables S4 and S5). This gain
of co-occurrence was observed across the spectrum of dis-
ease prevalence, from low to high. In contrast, the dis-
ease pairs that lose co-occurrence in the presence of a lym-
phatic diagnosis (Figure 4, lower panel and Tables S4 and
S5) are numerically fewer; these changes are observed pre-
dominantly within low prevalence pairs and with small
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changes in the calculated Jaccard distance. This analysis
further suggests that lymphatic disorders promote disease
co-occurrence.

3.6 | Lymphatic diagnoses influence the
relationships among disease conditions

To facilitate the interpretation of the large number of Jac-
card indices generated through this analysis, we decided
to graphically depict the indices as distances linking each
of the disease pairs within the analysis. Accordingly, we
generated dendrograms of disease networks based on the
Jaccard distances derived from the calculations. We com-
pared the comorbidity disease network of the lymphatic
cohort with that of the control cohort. As expected from
the data depicted in Figure 4, the lymphatic dendrogram
demonstrates a distinct reordering of disease-disease rela-
tionships when compared to the dendrogram of the non-
lymphatic control cohort (Figures 5 and 6). The Mantel
statistic indicates that these two pairwise disease distance
matrices are highly significantly different (p < .001).

Closer examination of the content of these dendro-
grams discloses the fact that, in comparison with the
normal disease cohort, the relationships among specific
disease entities are substantially re-aligned in the pres-
ence of a lymphatic diagnosis (Figures 5 and 6). This
is true, for example, for the likelihood of concomitant
obesity and breast cancer: while these two entities are
well recognized to be mechanistically linked,** the link-
age between obesity and breast cancer is remarkably closer
in the presence of a lymphatic disease than in the non-
lymphatic control patient cohort. These results support
the concept that lymphatic function impacts the way dis-
tinct diseases arise together and the manner in which
these conditions interrelate. Additional examples of dis-
ease pair likelihood that is strengthened by the pres-
ence of a lymphatic diagnosis include: chronic obstruc-
tive pulmonary disease (COPD)/transient ischaemic attack
(TIA); CHF/coronary artery disease; chronic kidney dis-
ease (CKD)/diabetes mellitus (DM); and peripheral arte-
rial disease (PAD)/Alzheimer’s disease (Figure 6 with
highlights), among others. In many of these disease pairs,
there is a historically recognized mechanistic relationship
that is apparently intensified in the presence of a concomi-
tant lymphatic diagnosis; in others, the mechanistic link
has not been identified or, in some cases, suspected. By
inference, these observations, supported by quantitative
analysis, suggest that the presence or absence of lymphatic
integrity has the potential to influence the pathogenesis or
natural history of pairs of diseases that may not be canoni-
cally linked to one another through identified, shared dis-
ease mechanisms.

4 | DISCUSSION

In this clinical investigation, we have retrospectively scru-
tinized the medical records of a cohort of 724 patients
that were clinically evaluated for the presence or absence
of a lymphatic diagnosis. This cohort of patients, drawn
from the general medical population, was referred to the
tertiary care clinic for the specific ascertainment of the
presence or the absence of lymphatic pathologies, given-
that this expertise is often underrepresented at the com-
munity level. In these patients, consecutively evaluated
in our center devoted to the evaluation and manage-
ment of lymphatic disease, the comorbid disease rela-
tionships of the 618 patients with a lymphatic diagnosis
were compared with those of the 106 patients in whom,
after thorough evaluation, no underlying lymphatic diag-
nosis could be established. Despite a relatively small sam-
ple size, our lymphatic cohort appears to display comor-
bid characteristics comparable to larger data sets previ-
ously collected and analysed in the US."?® Thus, while the
pairwise co-occurrence and Jaccard analyses performed
here are specifically relevant to the patient population of
our facility’s lymphatic disease center, the apparent con-
gruity of this population with other, more widely dis-
tributed patient groups suggests that this analysis might
be extrapolated to a larger disease population. Results sug-
gest that the presence of lymphatic dysfunction signifi-
cantly affects the way that co-existent conditions arise in
individuals.

In our initial analysis of comorbidity through a preva-
lence description, we determined that breast cancer and
venous insufficiency were among the most frequently
encountered concomitant diseases in secondary lym-
phedema (Figure 1 and Table 2), as previously reported.®
However, despite the prevalence of identical, compelling
risk factors for lymphedema, at best, only 30%-40% of
at-risk individuals develop lymphedema. In this context,
one might hypothesize that overt lymphedema after lym-
phatic vascular injury requires additional ‘hits’ such as
genetic mutations that not only limit lymphatic repair
and regeneration® but also promote disease in other
organ systems. Two conditions characterized by patho-
logical lymphatic remodelling,**%” glaucoma and macu-
lar degeneration, were represented in our secondary lym-
phedema cohort. CKD, another co-existent condition in
this study, can also present with pathological lymphatic
vasculature.*® The observed prevalence of venous insuffi-
ciency in this secondary lymphedema cohort is consistent
with the fact that chronic venous HTN increases the lym-
phatic preload and leads to secondary lymphatic failure.*
The prevalence of an array of cardiovascular diseases in
the lymphatic cohort may be explained through simi-
lar hypothesized mechanisms.>®?’ Thus, this study did
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replicate prior reports of specific pathologies that are iden-
tified to be comorbid with lymphatic dysfunction.

To build on this initial assessment, we next evaluated
the impact of lymphatic dysfunction on the clustering of
concomitant diseases using two bioinformatic tools: a dis-
ease pairwise co-occurrence analysis and a Jaccard analy-
sis. These methodologies are perhaps of greater theoretical
interest, insofar as such observations may help to uncover
unsuspected, unifying mechanisms that relate to the role of
the lymphatic circulation in the concomitant maintenance
of health in a variety of organ systems. Both analyses have
been successfully used to gauge interrelationships between
individuals for biological presence-absence data.'”*? Uti-
lizing this approach, we evaluated the interrelationships
among 114 comorbid diseases in the lymphatic and control
cohorts derived from the patient population of the Stanford
Center for Lymphatic and Venous Disorders. Our analysis

confirmed the clustering between obesity and breast can-
cer in the lymphatic cohort, thus correctly underscoring
the co-occurrence of these two conditions in acquired lym-
phedema, as prior studies have demonstrated.**~*? Obe-
sity is often considered a risk factor for breast cancer,
possibly through the promotion of breast tissue tumori-
genesis through obesity-induced local inflammation.’*
Because inflammation is heavily fostered through mecha-
nisms associated with lymphatic immune traffic, any form
of undetected, underlying lymphatic dysfunction or struc-
tural abnormality could serve as a potential mechanis-
tic link for the clustering of breast cancer and obesity.
Of note, in the control cohort, obesity and breast can-
cer were less tightly clustered than within the lymphatic
cohort.

Additional exploration of the disease network dendro-
grams generated through this Jaccard analysis revealed
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additional notable pairs of diseases that display short-
ened Jaccard distances (i.e., a higher likelihood of con-
comitant presence) in the lymphatic cohort than those
observed in the control cohort for the same pairs of dis-
eases. These findings are particularly notable because
many of these identified disease pairs represent condi-
tions with relatively and comparably high prevalence in
both cohorts examined. These disease pairs include COPD
and TIA, PAD and Alzheimer’s disease, and CKD and
DM. It is known that COPD involves a dropout of alveo-
lar microvasculature,*** and COPD does increase the risk
of stroke.*® These results suggest that lymphatic derange-
ments accompany microvascular disease in these condi-
tions. In the presence of a lymphatic diagnosis, COPD
and TIA are much more likely to coexist, as reflected by
their proximity in the disease network dendrogram. These
observations help to generate the hypothesis that an under-
lying derangement in lymphatic function may, in paral-
lel, promote disease expression of two diseases that do
not share an obvious pathogenesis. A similar hypothet-
ical framework may influence the pairing of PAD and
Alzheimer’s disease,*”*® and of CKD and DM.!*%4° Such
notions are not definitive, but the hypothesis-generating
nature of these observations might certainly provide a plat-
form for future mechanistic investigations, both in the
prospective identification of relevant biomarkers to aid
diagnostic identification, and in the evolution of novel,
appropriately targeted therapies.

The interpretation of the current analysis must consider
our limited ability to accurately detect a relatively compre-
hensive array of disease prevalence in this finite dataset.
Because both disease-pair co-occurrence and Jaccard sim-
ilarity consider global similarity in presence/absence data,
and Jaccard analysis transforms presence/absence into
graphical distance, the accurate detection the presence of
any disease within the studied population will affect rela-
tionships among this disease and its associated comorbidi-
ties. Here, we observe that the prevalence of common dis-
orders, such as obesity, is comparable to what is observed
in the general population. Nevertheless, with a relatively
small sample size, our limited dataset may reflect disease
prevalence that differs from that observed in larger, gen-
eral populations. However, in the absence of large pub-
lic data bases for lymphatic diseases, this highly enriched
study cohort does provide a unique ability to examine dis-
ease interrelationships to the extent that they differ from
a closely matched control cohort that lacks any detectable
lymphatic pathology.

Another theoretical limitation of the approach is that
we have limited our analysis to a binary consideration of
simple presence/absence of the comorbidities analysed in
this patient cohort. However, disease can be characterised
not only by its presence/absence, but also, and meaning-

3

fully, by its severity. As an example, the diagnosis of obesity
for this study relied upon the presence of a BMI >30, but
our Jaccard analysis does not discriminate mild from super
obesity. It can be anticipated that severity of disease has
biological implications that would be relevant in an inves-
tigation of the lymphatic contribution to disease interrela-
tionships and should also be the subject of future prospec-
tive investigation.

In summary, the current retrospective analysis of a
cohort of subjects with and without identified lymphatic
pathology relies upon a novel concept. In the past, stud-
ies of comorbidity have chiefly relied upon the impact of
one variable or disease on the incidence or prevalence of
comorbidities. Here, we intend to advance the hypothe-
sis, supported by our data, that the presence or absence
of identified lymphatic dysfunction has a potential, defin-
ing influence on patterns of disease expression and disease
interrelationship. Our investigation has inherent limita-
tions that include the single-center nature of the study, the
relatively small cohort of studies subjects, and the reliance
upon historical identification of comorbidities. The cur-
rent study is not intended to identify specific pathologies
that may harbor a lymphatic mechanism, but our obser-
vations suggest that future, prospective evaluation of these
phenomena may provide new insights into disease patho-
genesis and, potentially, create a path to innovative, tar-
geted therapeutics.
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