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Purpose: Chronic rhinosinusitis with nasal polyps (CRSwNP) is associated with high healthcare resource utilization (HRU) and
economic cost; however, heterogeneity of clinical burden among patients with differing clinical characteristics has not been fully
clucidated. Here, an unsupervised machine learning approach supported by clinical validation identified distinct clusters of patients
with CRSwWNP and compared healthcare burden.

Patients and Methods: This retrospective analysis identified adult patients with >2 claims for CRSWNP and date of first diagnosis
(index date) between January 2015 and June 2019 from a healthcare database. Patients were required to have enrollment in the
database 6-months pre- and 12-months post-index. Patients were assigned to clusters using latent class analysis. All-cause and nasal
polyp (NP)-related HRU and costs were compared between clusters.

Results: Among 12,807 patients, 5 clusters were identified: cluster 1: no surgery/low comorbidity/low medication use (n = 4076);
cluster 2: no surgery/low comorbidity/high medication use (n = 2201); cluster 3: no surgery/high comorbidity/high medication
use (n = 2093); cluster 4: surgery/low comorbidity/moderate medication use (n = 3168); cluster 5: surgery/high comorbidity/high
medication use (n = 1269). All-cause HRU was similar across clusters. NP-related HRU was highest in the surgical clusters
(clusters 4 and 5). All-cause costs were similar in clusters 1-3 ($15,833-$17,461) and highest in clusters 4 ($31,083) and 5
($31,103), driven by outpatient costs. Total NP-related costs were also highest for clusters 4 and 5 ($14,193 and $16,100,
respectively).

Conclusion: Substantial heterogeneity exists in clinical and economic burden among patients with CRSwNP. Machine learning offers
a novel approach to better understand the diverse, complex burden of illness in CRSwNP.
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Introduction

The standard of care for the management of chronic rhinosinusitis with nasal polyps (CRSwNP) includes nasal saline
irrigation or intranasal corticosteroids (INCS), oral antibiotics and antihistamines with short-course oral corticosteroids
(OCS), prescribed in the case of exacerbations or insufficient symptom control.' Surgery is usually reserved for
recalcitrant cases; however, repeated surgeries are often required, with nasal polyp (NP) recurrence rates estimated at
48-79%, depending on length of follow-up.*> Given the commonality of symptom recurrence and the need for
ongoing management, CRSWNP is associated with a significant clinical and economic burden compared with the
general population.®” Moreover, the economic and clinical burden of CRSWNP is significantly higher than that for
chronic rhinosinusitis without NP, as highest direct costs are associated with patients who have undergone NP surgery.”
Additionally, it has been recently reported that patients with CRSwNP with a high clinical burden (history of
functional endoscopy sinus surgery, comorbid asthma, or receiving OCS) incurred higher healthcare costs than
those with a low clinical burden.® Despite this recent research, there is a lack of further literature regarding direct
economic and clinical burden of patients with CRSWNP in the United States. Additionally, a systematic literature
review of the economic burden of CRSWNP noted that there is no data on the economic burden associated with the
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various severities (mild, moderate, severe) of CRSWNP or associated symptoms.” Given the evolving treatment
landscape for patients with CRSWNP,> an understanding of differential clinical and economic burden experienced
by patient subgroups is critical to identify unmet needs that will help to guide long-term disease management.

Machine learning is increasingly utilized in medical research due to the continuous generation of vast amounts of
healthcare data.'® Using machine learning, computers can learn tasks and learn from experience. There are two main
types of machine learning, supervised and unsupervised. In supervised learning, the computer learns using labelled data
and human guidance to infer a function. With unsupervised learning, the computer is given data from which to infer
a pattern without any human guidance.'® Unsupervised machine learning techniques are a valuable addition to healthcare
research as they can identify important relationships between disparate variables through analysis of the data and do not
require human supervision to provide explicit instructions.'® Furthermore, these techniques are of benefit with vast
amounts of data where traditional statistical methods such as regression modelling may struggle. Therefore, this type of
unsupervised analysis has an important and evolving role in the identification of patient characteristics and their
relationships in population-based studies and can provide contrast to the traditional view that only one average phenotype
exists in conditions such as CRSwWNP.

The primary aim of this study was to evaluate differences in economic burden of disease based on healthcare resource
utilization (HRU) and healthcare costs in patients with CRSwNP, according to patients’ key features of clinical disease
burden. Using an unsupervised machine learning approach, clusters of patients with varying burdens of disecase were
identified based on age, frequency of NP surgery, medication use, and comorbidities. HRU and healthcare costs were
compared between these clusters of patients and drivers of HRU and healthcare costs were determined. This real-world
study presents a novel method of phenotyping CRSWNP in a manner that could inform clinical decision-making in

practice.

Materials and Methods

Study Design

This study was a retrospective, longitudinal, observational cohort study that utilized health insurance claims data from
the Optum® Clinformatics® Data Mart (CDM) database. The CDM database is a de-identified administrative claims
database that holds information from 15 to 19 million patients annually across all US census regions, including patients
with commercial health plans and Medicare Advantage health plans. All patient data in the Optum CDM database were
de-identified, therefore, informed consent, ethics committee, or institutional review board approval was not required. The
study period ran from October 1, 2015 to June 30, 2019 (Figure 1). Patients were required to have their first diagnosis for
CRSwWNP (defined as index date) between April 1, 2016 and June 30, 2018, to allow for an 18-month evaluation period (6
months pre- and 12 months post-index date) during which patient clusters were identified based on input variables
determined by a targeted literature search and clinical input. Input variables consisted of seven categories: demographic
characteristics; allergic, eosinophilic, or inflammatory comorbidities; OCS use; INCS use; oral antibiotics use,

End of observation
Index date Earliest end of continuous
Apr 2016-Jun 2018 enrollment or data availability

! !

/ Baseline period \ / Observation period \

. 6 months prior to index I Time from the index date to the end of observation .

18-month evaluation period
(Identification of CRSWNP clusters)
\ 6 months prior to the index date to 12 months after the index date /

Figure | Study design.
Abbreviation: CRSWNP, chronic rhinosinusitis with nasal polyps.
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montelukast; and sinus surgery characteristics (Supplementary Table 1). The 6-month period prior to the index date was

defined as the baseline period. The observation period was defined as the period post-index date to the end of continuous
eligibility or data availability (ie, June 30, 2019).

Study Population
Patients were >18 years on their index date and had >18 months of continuous database enrollment (6 months pre- and 12
months post-index) with complete information on input variables (Supplementary Table 1). Eligible patients also had >2

medical claims with a primary or secondary diagnosis code for NP (International Classification of Diseases, Tenth
Revision, Clinical Modification [ICD-10-CM]: J33.0, J33.1, J33.8, or J33.9) on different days, the first of which was
defined as the index date and had to occur between April 1, 2016 and June 30, 2018. This ensured a minimum of 18
months of data available in the evaluation period.

Outcomes and Assessments

Baseline demographics, clinical characteristics and medication use were assessed during the 6-month baseline period.
HRU and healthcare costs were assessed during the observation period. HRU endpoints were the annualized number of
all-cause, nasal polyp (NP)-related and NP surgery-related hospitalizations, emergency department (ED) visits, outpatient
visits (including office or clinic visits, ambulatory surgical center, urgent care facility visits, or outpatient hospital visits)
and other visits (home/hospice care visits, visits at nursing facilities). Healthcare cost endpoints were annual all-cause,
those related to nasal polyps (NP-related) and related to nasal polyp surgery (NP surgery-related) direct medical costs
from the payer perspective, overall and by setting (hospitalizations, ED visits, outpatient visits, other visits, and
pharmacy costs) in 2019 US dollars (USD). NP-related claims were defined as any claim on a day with any NP coded
diagnosis. NP surgery-related claims were identified using Current Procedural Terminology codes based on clinical input.
Claims made on the same day as a claim with NP surgery procedure codes were considered NP surgery related. NP
surgery-related claims were also considered NP-related claims.

Statistical Analysis
NP patient clusters were identified using an unsupervised machine learning approach, latent class analysis (LCA). LCA
uses observed patient characteristics (input variables, Supplementary Table 1) to identify distinct patient clusters (latent

classes) in the study population. Each identified cluster is distinct from other clusters and relatively homogenous within
the cluster in regard to patients’ clinical profiles, early treatment patterns, and disease characteristics.'’ In this study,
statistical justification for the number of patient clusters was provided using the Bayesian Information Criterion (BIC).'
Preliminary clusters were identified using 2-cluster to 8-cluster models. Preliminary clusters were determined according
to the best fit model, based on lowest BIC value. Each patient was assigned to only one cluster for which they had the
highest posterior probability estimated from the LCA model (modal assignment). Meaningfulness and interpretability of
the best fit model was then evaluated. Final LCA-defined CRSwNP clusters were determined based on a combination of
statistics and clinical feedback, to maximize validity of the model.

Given the noninterventional nature of this study, imbalances in distribution of baseline characteristics between
CRSwNP clusters may have distorted effect estimates for the endpoints of interest. Additionally, as a patient’s presence
in a particular cluster is a latent variable, there is uncertainty regarding the true cluster membership of each patient.
Baseline confounding variables were controlled for using a three-step modal assignment approach incorporating inverse-
probability-of-treatment weighting (IPTW) to reduce noncomparability between clusters (Supplementary Materials).'?

Baseline characteristics were described for the original unweighted and the IPTW samples. In addition, characteristics
that remained imbalanced across patient clusters in the IPTW sample were included in each weighted regression model
for comparative analyses of HRU and healthcare costs. HRU and healthcare costs during the observation period were first
described in annual terms, and then compared between clusters versus a common reference cluster (cluster 1) using
multivariable regression models incorporating IPTW (Supplementary Materials). Incidence rate ratios (IRR) and asso-

ciated 95% confidence intervals (ClIs) were estimated for HRU, and mean differences and associated 95% Cls were
estimated for healthcare costs.
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Three additional, exploratory clusters were defined from the five identified clusters. These clusters were constructed
to further understand the heterogeneity in economic and clinical burden across CRSwNP clusters: (1) The NP surgery
cluster combined clusters of patients with a NP surgery within 12 months of the index date; (2) high-cost NP surgery
cluster included patients in the surgery cluster who had total NP-related costs in the >80th percentile; (3) nonsurgery
cluster included patients who did not have a NP surgery within 12 months of the index date. HRU and direct costs were
described between the surgery cluster and the nonsurgery cluster and between the high-cost surgery cluster and the
nonsurgery cluster and compared using Wilcoxon rank sum tests. Patient demographic and clinical characteristics were
also described and compared using standardized differences.

Results

Identification of NP Patient Clusters via LCA
A total of 12,807 patients from the Optum CDM database met all eligibility criteria for inclusion in the study
(Supplementary Figure 1). Mean (standard deviation [SD]) length of the observation period was 24.1 (7.7) months

in the original unweighted sample and 24.0 (7.7) months in the weighted sample. Of the 2- to 8-cluster LCA
models, the 5-cluster model had a good fit of the data and was the most clinically interpretable and clinically
meaningful, while allowing for continued distinction between clusters. BIC and Akaike information criterion
(AIC) for each model are available in Supplementary Table 2. The five distinct CRSWNP clusters identified are

described in Figure 2.

Baseline Demographics and Clinical Characteristics by NP Patient Cluster
In the unweighted study population, mean (SD) age at the index date was 57.7 (16.7) years and 40.4% of patients
were female (Supplementary Table 3). Cluster 1 was identified and defined as the common reference cluster for

comparative analysis based on the characteristics of the overall cohort. This reference cluster was characterized by
no sinus surgeries within 12-months of the first CRSwNP diagnosis, low comorbidities, low medication use, and
older age. While prevalence of most allergic, eosinophilic, or inflammatory comorbidities was similar across
clusters, key differences between clusters in prevalence of allergic rhinitis, asthma, and chronic obstructive
pulmonary disease (COPD) were observed. Patients in clusters 3 and 5 had a higher prevalence of allergic
rhinitis, asthma, and COPD compared with the reference cluster. Prevalence of allergic rhinitis was also higher

Cluster 1 Cluster 2 Cluster 3 Cluster 4 Cluster 5
(reference)

* n=4076 (32%) *n=2201 (17%) * n=2093 (16%) * n=3168 (25%) * n=1269 (10%)

* No NP surgeries* * No NP surgeries* * No NP surgeries* * 21 surgery* * 21 surgery*

* Low comorbidity profile | « Low comorbidity profile | « High comorbidity profile | « Low comorbidity profile | « High comorbidity profile
— 48% allergic rhinitis — 55% allergic rhinitis — 76% allergic rhinitis — 56% allergic rhinitis — 82% allergic rhinitis
— 27% asthma — 27% asthma —60% asthma — 26% asthma —60% asthma
- 17% COPD - 19% COPD —24% COPD —16% COPD —23% COPD

* Low medication use * High medication use * High medication use * Moderate medication use | * High medication use
- 39% OCS - 56% OCS —70% OCS —65% OCS —86% OCS
— 0% INCS —100% INCS —51% INCS —35% INCS —48% INCS
— 22% antibiotics — 32% antibiotics —41% antibiotics — 34% antibiotics —49% antibiotics
— 0% montelukast — 0% montelukast — 100% montelukast — 0% montelukast — 100% montelukast

* Mean (SD) age, years: * Mean (SD) age, years: * Mean (SD) age, years: * Mean (SD) age, years: * Mean (SD) age, years:
60.3 (16.9) 60.1 (16.5) 57.2 (15.6) 55.2 (16.7) 52.0 (15.8)

Figure 2 Characterization of LCA clusters. *In the 12 months following the index date.
Abbreviations: COPD, chronic obstructive pulmonary disease; INCS, intranasal corticosteroids; LCA, latent class analysis; NP, nasal polyps; OCS, oral corticosteroids; SD,
standard deviation.
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Table | Baseline Patient Characteristics for CRSWNP Patient Clusters (IPTW Sample)

Cluster | Cluster 2 Cluster 3 Cluster 4 Cluster 5
N=4076 N=2201 N=2093 N=3168 N=1269
Age, mean (SD) 56.7 (17.0) 57.6 (17.0) 56.4 (15.9) 57.0 (16.6) 56.3 (15.8)
Female, n (%) 1619 (40.7) 857 (40.1) 849 (41.8) 1279 (40.3) 496 (40.3)
Allergic, eosinophilic, or
inflammatory comorbidities,* n (%)
Allergic rhinitis 1078 (27.1) 574 (26.9) 628 (30.9) 914 (28.8) 352 (28.5)
Asthma 729 (18.3) 382 (17.9) 441 (21.7) 634 (19.9) 251 (20.4)
COPD 349 (8.8) 214 (10.0) 206 (10.1) 320 (10.1) 116 (9.4)
Medication usage, n (%)
OCs 1123 (28.2) 601 (28.1) 604 (29.8) 898 (28.3) 370 (30.0)
INCS 830 (20.9) 457 (21.4) 466 (23.0) 704 (22.2) 260 (21.1)
Oral antibiotics 850 (21.4) 448 (21.0) 455 (22.4) 705 (22.2) 284 (23.1)
Montelukast 494 (12.4) 303 (14.2) 317 (15.6) 492 (15.5) 200 (16.2)
All-cause HRU, mean (SD)
Hospitalizations 0.05 (0.25) 0.04 (0.22) 0.05 (0.28) 0.05 (0.25) 0.05 (0.28)
ED visits 0.49 (1.47) 0.42 (1.16) 0.51 (1.73) 0.51 (1.58) 0.49 (2.78)
Outpatient visits 7.58 (9.44) 7.58 (9.04) 7.72 (9.23) 7.64 (8.74) 7.28 (9.46)
Other visits' 1.27 (4.67) 1.28 (4.84) 1.25 (4.30) 1.28 (5.25) 1.47 (5.74)
Healthcare costs, USD,* mean (SD) 15,765 (38,163) 17,331 (49,764) 15,946 (36,319) 15,667 (37,000) 16,962 (36,780)
Hospitalizations 2545 (20,628) 2645 (12,933) 2492 (16,975) 2865 (16,797) 3379 (18,412)
ED visits 1814 (5779) 1676 (5930) 1878 (6884) 1867 (5679) 1910 (8019)
Outpatient visits 7471 (19,956) 9357 (41,615) 7648 (15,721) 7376 (24,811) 7808 (17,084)
Other visits’ 791 (6251) 844 (4170) 701 (3048) 699 (3802) 833 (5664)
Pharmacy 3144 (15,131) 2809 (11,325) 3227 (13,305) 2860 (10,237) 3032 (8756)

Notes: *Allergic, eosinophilic, or inflammatory comorbidities were identified using ICD-10-CM diagnosis codes. TOther visits included but were not limited to home/
hospice care visits and visits at nursing facilities. *Cost values were from the payer perspective and inflated to 2019 USD.

Abbreviations: COPD, chronic obstructive pulmonary disease; CRSWNP, chronic rhinosinusitis with nasal polyps; ED, emergency department; HRU, healthcare resource
utilization; ICD-10-CM, International Classification of Diseases, Tenth Revision, Clinical Modification; INCS, intranasal corticosteroids; IPTW, inverse-probability-of-
treatment weighted; OCS, oral corticosteroids; SD, standard deviation; USD, US dollars.

among patients in cluster 4 compared with the reference cluster. Baseline all-cause HRU and healthcare costs
were similar across clusters except in all-cause ED visits and all-cause pharmacy costs. Cluster 5 all-cause ED
visits were slightly higher than in cluster 1; all-cause pharmacy costs were higher in cluster 3 than in cluster 1.

Following IPTW, the distribution of nearly all baseline characteristics was balanced across all clusters (Table 1).

All-Cause and NP-Related HRU

After application of IPTW, mean annual rates of all-cause hospitalizations and other (home/hospice care visits, visits at
nursing facilities) visits were similar across all clusters, while mean (SD) all-cause outpatient visits were highest in
cluster 5 (21.05 [15.41]), and lowest in cluster 1 (17.43 [18.14]) (Table 2). NP-related outpatient visits were highest
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Table 2 Annual All-Cause, NP-Related and NP Surgery-Related HRU for CRSWNP Patient Clusters (IPTW Sample)

Cluster | Cluster 2 Cluster 3 Cluster 4 Cluster 5
N=4076 N=2201 N=2093 N=3168 N=1269
All-cause HRU, annual, mean (SD)
Hospitalizations 0.14 (0.45) 0.13 (0.43) 0.14 (0.45) 0.15 (0.43) 0.15 (0.50)
ED visits 1.05 (2.56) 0.88 (1.99) 1.06 (2.45) 1.08 (2.57) 1.16 (5.66)
Outpatient visits 17.43 (18.14) 17.55 (18.20) 19.15 (16.80) 19.55 (15.77) 21.05 (15.41)
Other visits 3.37 (9.94) 3.37 (8.96) 3.53 (9.79) 3.49 (9.34) 3.36 (11.58)
NP-related HRU, annual, mean (SD)
Hospitalizations 0.01 (0.08) 0.01 (0.07) 0.01 (0.07) 0.01 (0.09) 0.01 (0.09)
ED visits 0.06 (0.29) 0.05 (0.24) 0.06 (0.29) 0.07 (0.29) 0.08 (0.38)
Outpatient visits 1.73 (1.73) 1.87 (1.36) 2.37 (4.49) 2.94 (2.19) 3.66 (2.78)
Other visits 0.15 (1.87) 0.08 (0.93) 0.10 (0.80) 0.13 (0.46) 0.18 (1.39)
NP surgery related HRU, annual, mean (SD)
Hospitalizations 0.00 (0.00) 0.00 (0.01) 0.00 (0.00) 0.01 (0.07) 0.01 (0.06)
ED visits 0.00 (0.01) 0.00 (0.01) 0.00 (0.02) 0.01 (0.08) 0.01 (0.07)
Outpatient visits 0.03 (0.19) 0.03 (0.15) 0.04 (0.15) 0.73 (1.03) 0.82 (1.53)
Other visits 0.00 (0.02) 0.00 (0.02) 0.00 (0.22) 0.03 (0.15) 0.03 (0.28)
Regression analysis of all-cause and NP related HRU for CRSWNP patient clusters
Cluster | (Reference) Cluster 2 Cluster 3 Cluster 4 Cluster 5
N=4076 N=2201 N=2093 N=3168 N=1269
All-cause HRU, annual, IRRT (95% CI)
Hospitalizations* Ref 0.88 (0.61, 1.29) 1.10 (0.78, 1.64) 0.96 (0.74, 1.30) 1.31 (0.52, 2.35)
ED visits® Ref 0.83 (0.68, 1.00)* 091 (0.71, 1.16) 1.06 (0.89, 1.28) 1.17 (0.71, 1.92)
Outpatient visits® Ref 0.96 (0.90, 1.03) 1.07 (1.00, I.15)* | 1.08 (1.02, I.14)* | 1.18 (l.10, 1.26)*
Other visits® Ref 0.93 (0.74, 1.20) 091 (0.73, 1.17) 0.93 (0.76, 1.16) 1.07 (0.75, 1.57)
NP-related HRU, annual, IRR (95% CI)
Hospitalizations Ref 0.75 (0.39, 1.25) 1.22 (0.68, 2.01) 1.65 (1.08, 2.53)* 1.69 (0.70, 3.06)
ED visits* Ref 0.72 (0.37, 1.19) 1.02 (0.68, 1.49) 0.82 (0.50, 1.18) 1.01 (0.63, 1.56)
Outpatient visits® Ref 1.03 (0.98, 1.08) 1.34 (1.21, 1.53)* | 1.63 (1.56, 1.71)* | 2.11 (1.97, 2.24)*
Other visits* Ref 0.73 (0.28, 1.73) 0.56 (0.16, 1.36) | 0.42 (0.23, 0.84)* | 0.67 (0.26, 1.75)

Notes:*Statistical significance (p-value <0.05). 795% Cls and p-values for IRR were derived using nonparametric bootstrapping with 1000 iterations. ¥To account for excess
zeroes, IRRs were estimated using zero-inflated Poisson regression models, weighted by stabilized IPT weights and adjusted for age, COPD, INCS use, and montelukast use
at baseline. ¥To account for excess zeroes and overdispersion, IRRs were estimated using zero-inflated negative binomial regression models, weighted by stabilized IPT
weights and adjusted for age, COPD, ICS use, and montelukast use at baseline. TIRRs were estimated using Poisson regression models, weighted by stabilized IPT weights and
adjusted for age, COPD, INCS use, and montelukast use at baseline.

Abbreviations: Cl, confidence interval; COPD, chronic obstructive pulmonary disease; CRSWNP, chronic rhinosinusitis with nasal polyps; ED, emergency department;
HRU, healthcare resource utilization; INCS, intranasal corticosteroids; IPT, inverse-probability-of-treatment; IPTW, inverse-probability-of-treatment weighted; IRR, incidence
rate ratio; NP, nasal polyps; SD, standard deviation.

among patients from cluster 5 (3.66 [2.78]) and lowest in patients from cluster 1 (1.73 [1.73]). For NP surgery-related
visits, mean (SD) annualized outpatient visits were highest among patients from cluster 5 (0.82 [1.53]), and lowest in
clusters 1 (0.03 [0.19]) and 2 (0.03 [0.15]).
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In multivariable regression analyses, there were no significant differences in rates of annual all-cause hospitalizations, all-
cause other visits, or NP-related ED visits between cluster 1 and each of the other clusters (Table 2). There were significantly
higher rates of all-cause outpatient visits in clusters 3 (IRR [95% CIJ: 1.07 [1.00, 1.15], p = 0.048), 4 (1.08 [1.02, 1.14], p =
0.008) and 5 (1.18 [1.10, 1.26], p < 0.001) compared with cluster 1. Similarly, NP-related outpatient visits were significantly
higher in clusters 3 (IRR [95% CI]: 1.34 [1.21, 1.53], p <0.001), 4 (1.63 [1.56, 1.71], p < 0.001), and 5 (2.11 [1.97,2.24], p<
0.001) compared with cluster 1. Cluster 4 also had significantly higher rates of NP-related hospitalizations (IRR [95% CI]:
1.65 [1.08, 2.53], p = 0.0012) and NP-related other visits (0.42 [0.23, 0.84], p = 0.014) than cluster 1 (Table 2).

All-Cause and NP-Related Healthcare Costs

After implementation of [IPTW, mean (SD) annual total all-cause healthcare costs in the overall study population were
$21,869 ($40,519). Mean annual total all-cause costs ranged from $15,833 in cluster 2 to $31,103 in cluster 5
(Figure 3A). Highest all-causes costs were found in clusters 4 and 5 ($31,083 and $31,103, respectively). The primary
driver of all-cause costs was outpatient visits, for which costs were highest among patients from clusters 4 and 5. NP-
related costs were also highest for clusters 4 and 5 ($14,193 and $16,100, respectively, Figure 3B). As with all-cause
costs, the primary driver of NP-related costs was outpatient visits. Clusters 4 and 5 had the highest NP-related outpatient
visit, hospitalization, and ED visit costs. Similarly, mean annual total NP surgery-related costs were highest for clusters 4
and 5 ($13,023 and $14,741, respectively, Figure 3C). Again, outpatient visits were the primary driver of NP surgery-
related costs. Clusters 4 and 5 had higher NP surgery-related outpatient visit, hospitalization, and ED visit costs than
clusters 1, 2, and 3.

In multivariable regression analyses, annual total all-cause costs for clusters 4 and 5 were $14,238 (p < 0.001) and
$14,399 (p < 0.001) higher than costs for cluster 1, respectively (Figure 4A). Much of this difference was incurred by
significantly higher all-cause outpatient costs than cluster 1 (cost difference: $12,592, p < 0.001 and $13,874, p < 0.001,
respectively). Similarly, total NP-related annual costs in clusters 4 and 5 were $11,982 (p < 0.001) and $13,680 (p <
0.001) higher than costs in cluster 1, respectively (Figure 4B). These costs were incurred primarily for outpatient visits,
ED costs, other costs, and pharmacy costs.

Characteristics of the High-Cost NP Surgery Cluster
As detailed in the methods, three exploratory clusters were derived from the original five identified clusters: NP surgery
cluster, high-cost NP surgery cluster, and nonsurgery cluster (Supplementary Tables 4 and 5). Clusters 4 and 5 comprised

the NP surgery cluster which included 4437 (34.6%) patients who had undergone >1 NP surgery within 12 months of
CRSwNP diagnosis. The high-cost NP surgery cluster included 888 (6.9%) patients who underwent an NP surgery within
12 months of their CRSwNP diagnosis and had incurred total NP-related healthcare costs of >$23,260 (=80th percentile)
during the observation period. The nonsurgery cluster was drawn from clusters 1, 2, and 3 and included 8370 (65.4%)
patients who did not undergo a NP surgery within 12 months of their CRSWNP diagnosis. All patients in the high-cost
NP surgery cluster received 1 (77.8%) or >2 (22.2%) NP surgeries during the observation period (Supplementary
Table 4). Patients in the high-cost NP surgery cluster had a higher prevalence of allergic rhinitis, severe asthma, allergic

fungal rhinosinusitis, and cystic fibrosis than patients in the nonsurgery cluster during the study period. Patients in the
high-cost NP surgery cluster had higher OCS use (82.0% vs 61.0%), oral antibiotic use (52.8% vs 41.9%) and
montelukast use (42.1% vs 29.2%) than patients in the nonsurgery cluster during the observation period.

HRU and Healthcare Costs in the High-Cost NP Surgery Cluster
The high-cost NP surgery cluster had higher all-cause, NP-related, and NP surgery-related HRU than the nonsurgery
cluster, except in the case of all-cause other visits (Supplementary Table 5). The high-cost NP surgery cluster also had

substantially higher all-cause, NP-related, and NP surgery-related costs compared with the nonsurgery cluster. Again,
costs were primarily driven by outpatient visit costs. Patients in the high-cost NP surgery cluster incurred surgery-related
costs of $33,845 compared with $14,397 in the NP surgery cluster and $622 in the nonsurgery cluster.
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Figure 3 All-cause costs (A), NP-related costs (B) and NP surgery-related costs (C) for CRSWNP patient clusters in the IPTW samples. 12019 USD.
Abbreviations: CRSWNP, chronic rhinosinusitis with nasal polyps; ED, emergency department; IPTW, inverse-probability-of-treatment weighting; NP, nasal polyps; SD,
standard deviation; USD, US dollars.
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Figure 4 Differences in all-cause (A) and NP-related (B) healthcare costs for NP patient clusters identified through LCA in the IPTW samples. *p < 0.05. 72019 USD. 95%
Cls and p-values for cost difference estimates were derived using nonparametric bootstrapping with 1000 iterations. Cost differences were estimated using generalized linear
models with a gamma distribution and a log-link function, weighted by stabilized IPTW and adjusted for age, COPD, INCS use, and montelukast use at baseline. Pharmacy
and other visit cost differences were estimated using two-part models with a logistic regression model (for estimating the probability of observing a nonzero cost outcome)
and a generalized linear model with a gamma distribution and a log-link function, weighted by stabilized IPTW and adjusted for age, COPD, INCS use, and montelukast use at
baseline.

Abbreviations: Cl, confidence interval; COPD, chronic obstructive pulmonary disease; ED, emergency department; INCS, intranasal corticosteroids; IPTWV, inverse-
probability-of-treatment weighting; LCA, latent class analysis; NP, nasal polyps; SD, standard deviation; USD, US dollars.

Discussion

This analysis used health insurance claims data from the Optum CDM database and an unsupervised machine learning
approach informed by clinical validation to identify five distinct clusters of patients with CRSwNP, differentiated by
surgical history, medication usage, and comorbidity burden. Prior to IPTW, the clusters had similar baseline all-cause
HRU and healthcare costs. The only exceptions were cluster 3, which had higher all-cause pharmacy costs and cluster 5
with higher all-cause ED visits compared with cluster 1. IPTW allowed for confounding variables to be controlled and,
after this statistical technique was applied, baseline HRU during the period of observation was generally similar across
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clusters. However, it was noted that, following IPTW, patients who had undergone sinus surgery for NP (represented by
clusters 4 and 5) had significantly higher rates of HRU and healthcare costs during the period of observation, both of
which were primarily driven by outpatient visits. While this analysis represents a novel approach and provides new
insights into the heterogeneity in the clinical profile and economic burden among patients with CRSwNP, these findings
are also consistent with previous studies, which have shown that direct costs in CRSWNP are primarily driven by
outpatient visits, prescription costs, and NP surgeries.*'* Although this study did not differentiate between pre- and
postoperative HRU or costs, these higher NP-related HRU and costs may in part be due to worsening disease severity
between the cohorts. The total NP-related costs in these patients (cluster 4: $11,982, cluster 5: $13,680) are slightly
higher than the total average costs of NP surgery ($8500-$11,000 [2016 USD], approximately $9054-$11,717 in 2019
USD) previously reported for the general US CRS population.'* Patients assigned to clusters 4 and 5 were identified as
having an NP surgery within 12-months of their index date, these findings indicate that NP surgeries were a primary
driver of excess costs, and as such these patients should be considered high-burden patients.

Substantial heterogeneity in the clinical profile and economic burden remained prevalent across all five of the
CRSwNP clusters. The exploratory clusters allowed for an examination of the characteristics driving costs for the
overall CRSWNP population. The high-cost NP surgery cluster (ie, surgical patients from clusters 4 and 5 whose NP-
related costs were among the top 20% of the NP surgery cluster) were a substantial driver of total costs in the overall
population, with mean annual all-cause costs of $57,807, more than double that in the overall NP population. Mean
annual NP surgery-related costs of $33,845 were six times higher than that in the overall NP population. These patients
were also more likely to have allergic, eosinophilic, or inflammatory comorbidities than patients in the nonsurgery
cluster. As seen in clusters 4 and 5, data on this high-cost NP surgery cluster indicate that NP surgeries are a primary
driver of excess costs in patients with CRSwNP. High economic burden among this subset of patients represents an
unmet treatment need, which should be addressed by improved disease control strategies to avoid repeated revision
surgeries and high costs to the healthcare system, payers, and patients. Notably, all three characteristics identified by
machine learning (repeat surgery, high medication use, and inflammatory comorbidities) are characteristic of type 2
inflammation. In particular, the prevalence of allergic, eosinophilic, and inflammatory comorbidities is consistent with the
pathophysiology of CRSwNP, which includes higher levels of type 2 inflammation, eosinophilic inflammation, and
elevated blood eosinophils.>*

The methodology outlined in this study provides a model for not only real-world analysis, but also a novel approach
to economic and HRU-based phenotyping of CRSwNP in a manner that could inform and shape clinical decision-making
in practice. CRSwWNP phenotyping by cluster analysis can offer practitioners insights not easily attained or verified by
other methods and provide practical guidance to specialists who aim to tailor their plan of care to individual patient needs
whether that be closer monitoring, heightened communication, more frequent visitation, or more aggressive therapeutic
medicinal and surgical intervention. To better tailor patient management plans for CRSwWNP, our findings suggest that
healthcare practitioners could consider their patients based on three factors: surgery status (number of previous NP
surgeries), medication burden (number of prescribed medications), and comorbidities (inflammatory conditions co-
occurring with CRSwNP). Overall, the results of this study highlight the utility of novel machine learning-based
phenotyping approaches, which may improve clinical management and enhance individualized care. LCA allows for
the identification of clusters of patients and quantifies the prevalence of the cluster, which is in contrast to traditional
regressions, which treat the population as an average. Furthermore, LCA is an unsupervised machine learning method
that allows the computer to comb through large amounts of data to discover notable patterns (ie, the 5 clusters identified
in this study) that naturally exist among the patient population. It is important to note that this is different from subgroup
analyses conducted in previously published studies. Subgroup analysis is a supervised method that requires
a preconceived hypothesis to differentiate patients based on specific characteristics (eg, patients who have had NP
surgery vs those who have not). This older method of pre-specifying subgroups may result in important characteristics
being overlooked (particularly those not already identified in the literature), whether by themselves or in combination
with other characteristics, and may also result in the identification of less relevant characteristics.

There are several limitations to the approach taken in this study. First, this analysis did not evaluate indirect costs such
as absence from work or lost productivity, which are common occurrences in patients with CRSWNP.'>'® As such, the
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true overall cost burden associated with CRSwNP may have been underestimated. Second, as the average follow-up time
in this study was approximately 24-months, a long-term economic burden cannot be estimated. Additionally, as CRSwNP
is a chronic disease, some of the baseline HRU, healthcare costs, and surgeries may not have been captured during the
6-month baseline period. Furthermore, the study did not consider patient flux between clusters over time, where for
example a patient in cluster 3 may have progressed to cluster 4. Long-term durability of cluster membership is of interest
in further studies. Third, use of administrative claims data also has inherent limitations because data can be incomplete,
inaccurate, or missing and incorrect diagnostic codes can be used.'” However, the need for two separate claims with
a code for NP enhanced the specificity in identification of patients with CRSwNP. Additionally, in some cases, patients
may have been seen for other illnesses such as asthma or diabetes at the same time as a NP-related treatment, thus some
overestimation of NP-related HRU or costs may have occurred. Fourth, this study did not evaluate whether patients with
repeated surgical intervention, who likely have a more severe disease burden, would have incurred even higher costs in
the absence of surgical treatment if they received alternative therapeutic interventions. While the discussion of biologics
is out of scope for this paper, the long-term, common standard of care measured in this analysis did include surgery. This
study provides insight into the patients who might have the highest burden of disease and who may require more frequent
care, closer monitoring, more aggressive intervention, and/or alternative therapeutic approaches. Finally, use of
a commercial insurance database may not be representative of the overall CRSWNP population in the United States.

Conclusions

Machine learning alongside clinician validation, offers a structured approach to better understand the burden of illness in
CRSwNP by distilling vast quantities of data into clearer patterns, characteristics, and, in turn, patient subgroups or
phenotypes. Overall, the results of this study highlight that patients with CRSWNP who had multiple NP surgeries were
more likely to have a higher disease burden and CRSwNP-related comorbidities resulting from type 2 inflammation.
Above all, this subgroup of patients have overall higher healthcare utilization, medication burden and increased costs.
Taken together, this study provides valuable insight into the distinct characteristics of patient subpopulations that may
help to inform treatment decisions and in return reduce costs to payers and patients. Future studies to assess the
movement of patients across clusters over a longer follow-up period and to evaluate both direct and indirect costs
associated with CRSwNP are warranted.
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