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Abstract

Introduction—Current clinical classifications of chronic rhinosinusitis (CRS) have been largely
defined based upon preconceived notions of factors thought to be important, such as polyp or
eosinophil status. Unfortunately, these classification systems have little correlation with symptom
severity or treatment outcomes. Unsupervised clustering can be used to identify phenotypic
subgroups of CRS patients, describe clinical differences in these clusters and define simple
algorithms for classification.

Methods—A multi-institutional, prospective study of 382 patients with CRS who had failed
initial medical therapy completed the SinoNasal Outcome Test (SNOT-22), Rhinosinusitis
Disability Index (RSDI), Short Form-12 (SF-12), Pittsburgh Sleep Quality Index (PSQI), and
Patient Health Questionnaire (PHQ-2). Objective measures of CRS severity included Brief Smell
Identification Test (B-SIT), CT and endoscopy scoring. All variables were reduced and
unsupervised hierarchical clustering was performed. After clusters were defined, variations in
medication usage were analyzed. Discriminant analysis was performed to develop a simplified,
clinically useful algorithm for clustering.

Results—Clustering was largely determined by age, severity of patient reported outcome
measures, depression and fibromyalgia. CT and endoscopy varied somewhat among clusters.
Traditional clinical measures including polyp/atopic status, prior surgery, B-SIT and asthma did
not vary among clusters. A simplified algorithm based upon productivity loss, SNOT-22 score and
age predicted clustering with 89% accuracy. Medication usage among clusters did vary
significantly.
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Discussion—A simplified algorithm based upon hierarchical clustering is able to classify CRS
patients and predict medication usage. Further studies are warranted to determine if such
clustering predicts treatment outcomes.
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Introduction

Chronic rhinosinusitis (CRS) is a heterogeneous disease currently defined by at least 3
months of cardinal sinonasal symptoms, along with visible evidence of inflammation on
either physical exam or imaging study.? Although this definition is useful to differentiate
CRS from other upper airway conditions with similar symptoms, these diagnostic criteria are
notably broad in nature. It has long been suggested that CRS is not a single entity, but
instead many subtle clinical phenotypes are likely to exist with different underlying
pathophysiologies. Consensus guidelines have recommended clinical classification of CRS
into those with polyps (CRSWNP) and those without polyps (CRSsNP).2 Clinicians who
treat CRS implicitly “phenotype” patients during the course of day to day practice. In
addition to polyp status, this involves other demographic and medical comorbidities thought
to be influential, such as age, gender and presence of asthma or atopy. Attempts to further
refine the classification of CRS patients have also been made by quantifying the eosinophilic
inflammation of sinonasal tissue.34

Unfortunately all of the current classifications remain quite broad and fail to account for the
spectrum of inflammation and clinical presentation. While nasal polyps in the United States
and Europe are predominantly eosinophilic, there are significant numbers of CRSWNP
patients with varying degrees of neutrophilic inflammation, and conversely there are
numerous CRSsNP patients who have eosinophilic inflammation but have not yet developed
polyps that can be detected endoscopically.>® Researchers have examined symptom severity
and treatment outcomes in patients based upon these different classification systems, some
simply based upon polyp or eosinophil status and others more complex, utilizing many
clinical measures. In most of these studies, noteworthy clinical measures (ie computed
tomography (CT) scores, asthma, atopy, eosinophil status) often fail to predict clinical
outcomes, calling into question their utility.”-10

Identification of CRS subgroups is critical on multiple levels. From a clinical standpoint,
appropriately classifying a patient with CRS might allow for better disease prognostication
and help to guide patient decision-making with regards to medical or surgical treatments.
Subclassification of CRS is also critical to research efforts aimed at understanding
endotypes of CRS. Endotypes are subclasses of disease that share a common underlying
pathophysiologic mechanism. If patients are enrolled into research protocols using only
broad classifications, then inherent heterogeneity can reduce power and confuse findings,
particularly in biomolecular studies where sample sizes are often small. Further refining
clinical phenotypes thus complements studies aimed at understanding underlying endotypes
and developing targeted therapeutics.
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A major limitation of our current CRS classifications is that subgroups are typically defined
a priori based upon the researcher’s preconceived notion of what is or is not important.
Asthma researchers deal with a similar heterogeneous disorder and unsupervised clustering
has been used to develop less biased clinical classifications of asthma.ll The aim of this
study was to 1) utilize unsupervised clustering methods to identify phenotypic subgroups
from a large, multi-institutional prospective cohort of patients with CRS, 2) describe clinical
differences in identified clusters, and 3) perform discriminant analysis in order define a
simple algorithm to classify patients into identified clusters.

Study cohort

Study participants were prospectively recruited from rhinologic practices at 4 tertiary
medical centers across North America (Medical University of South Carolina, Stanford
University, University of Calgary, and Oregon Health and Sciences University). All patients
had CRS as defined by consensus criteria, including 3 months of at least 2 cardinal
symptoms and evidence of inflammation on sinonasal endoscopy and CT scan.212 Al
patients had ongoing symptoms after initial attempts at medical treatment, including broad
spectrum or culture-directed antibiotics, oral steroids, and topical steroids. Importantly, this
cohort thus does not include those patients with CRS whose symptoms resolve with initial
medical therapy. We also excluded patients with cystic fibrosis, ciliary dyskinesia or other
autoimmune disorders, as these are discrete disorders with unique pathophysiologies.
Fungus ball or mucoceles were also excluded since they are well identified clinical entities
with straightforward treatment outcomes.

After informed consent was obtained, research coordinators administered questionnaires that
assessed demographic information, medical comorbidities, medication usage over the
preceding 90 days, and productivity loss (work days missed in the preceding 90 days).
Sinus-specific quality of life (QOL) was assessed using the 22-item Sinonasal Outcome Test
(SNOT-22) and Rhinosinusitis Disability Index (RSDI) instruments.1314 General QOL was
assessed using the Medical Outcomes Study Short Form-12 (SF-12).1° Sleep quality was
assessed using the Pittsburgh Sleep Quality Index (PSQI).16 Depressed mood and anhedonia
were assessed using the Patient Health Questionnaire-2 (PHQ-2).17 Objective olfactory
function was evaluated using the Brief Smell Identification Test (B-SIT).18 For each subject,
CT scans were reviewed in blinded fashion and graded according to Lund-Mackay staging
system.19 Sinonasal endoscopy was performed and grading according to the Lund-Kennedy
system, with reviewers blinded to patient-reported clinical data.20

Variable reduction

The dataset consisted of a total of 103 variables. This included 3 demographic variables, 14
comorbidity/exposure variables, 3 objective measures of CRS and 83 patient-reported
outcome measure (PROM) variables, including those from five validated questionnaires.
Prior to performing a cluster analysis, PROM variables were reduced to meaningful factors
which contained questions with a high degree of correlation. Corresponding composite
scores were determined. For instance, the SNOT-22 questionnaire, which consisted of 22
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individual questions related to sinonasal QOL, was reduced to three factors. Similarly, the
RSDI was reduced to four factors and the SF-12 to two factors (Table 1). The PSQI and
PHQ did not reduce to meaningful factors, thus total scores were used. After the factor
analysis of the PROMs, the 103 original variables were reduced to 32 variables (Table 2).
These variables encompass the range of typical clinical assessment of patients with CRS,
including but not limited to demographic data (age, gender, race/ethnicity), medical
comorbidities thought to influence CRS (atopy, asthma, diabetes), prior sinus surgery,
exposures (smoke, alcohol), objective CRS severity metrics (CT, endoscopy, olfaction), and
patient-reported outcome measures (QOL, sleep quality, depression, productivity loss).
Similar to cluster analyses performed in asthma, we defined “clinical phenotype” to be a
visible characteristic of an organism that results from the interaction between the genetic
makeup and the environment.2! Thus PROMs were considered to be a result of this
interaction and a clinically observable variable, similar to prior cross sectional cluster
analyses performed in asthma.l! Subjects were required to have all 32 variables to be
included in the cluster analysis. One patient was excluded after being identified as an outlier;
their alcohol consumption was more than 3.5 standard deviations greater than the second
greatest value and more than 11 standard deviations greater than the mean. Unlike asthma,
well defined algorithms for use of medications does not exist for CRS, but varies widely
among practitioners based upon preconceived notions of what is effective, often with little
supportive evidence. Thus, medication usage by class was not used to determine clusters, as
it was not a specific characteristic of a given patient’s CRS, but rather a factor determined
by the treating physician. After the 32 variables above were used to define clusters, recorded
variations in medication usage were analyzed.

Statistical analysis

All analyses were performed using SAS 9.4 ©. Ward’s minimum-variance hierarchical
method was used to perform the cluster analysis. This analysis places subjects into groups,
or clusters, suggested by the data, not defined a priori. Therefore, subjects in a given cluster
tend to be similar to each other in some sense, and subjects in different clusters tend to be
dissimilar. Cluster analysis can only be performed on datasets without missing variables;
therefore, those subjects with missing data were removed. Chi-square tests for categorical
measures and t-tests for continuous measures were performed for all variables between the
complete data set used in the cluster analysis and the data set of individuals not used in the
cluster analysis because of missing data in order to ensure no major differences existed.
Once clusters were generated, differences between clusters for all recorded risk factors were
tested using analysis of variance for continuous measures and chi-square for categorical
measures.

Backward stepwise discriminant analysis was performed on all variables used in the cluster
analysis to identify the main variables that distinguish the clusters. From the discriminant
analysis, a set of variables capable of discriminating the study population into their
respective clusters was identified. Binary classification trees were generated by defining
thresholds for each of the variables in this set through clinical considerations. A sensitivity
analysis was performed to examine the validity of the intuitive thresholds by shifting them
over a range of +/- 5 units. A resampling algorithm was used to determine the distribution
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of the estimate of classification error in all combinations of cut-off points that performed
equally best in the binary classification tree analysis. The resampling was performed 1000
times for each combination of cut-off values. Statistical significance was assessed at a =
0.05. When testing differences between clusters and sample subsets, statistical significance
was adjusted using the Bonferroni correction.

Study cohort and demographics

The overall dataset included 539 patients ranging in age from 18-86, of whom 482 patients
remained after exclusion criteria were applied. Of these, 382 patients who had complete data
constituted the analysis data set. No significant difference was found between the 382
patients with complete data and 100 patients with incomplete data across all variables (data
not shown). The demographics and clinical characteristics for the final cohort are presented
in the first column of Table 2. The total cohort was equally split between genders and 34%
(130/382) had nasal polyps. Overall, 40% (153/382) of patients had undergone prior sinus
surgery and comorbidities such as atopy (13%, 49/382) and asthma (34%, 131/382) were
common.

Cluster Analysis

Using the clustering approach outlined above, a dendrogram was generated as shown in
Figure 1. A five-cluster reduction was chosen to describe outcomes. Differences across
clusters are presented for demographic factors and medical comorbidities, disease severity
metrics, PROM measures, and medication usage (Tables 2 and 3). Interestingly, traditional
clinical characteristics such as presence of polyps, atopy, asthma, aspirin sensitivity, allergic
fungal rhinosinusitis, and history of prior sinus surgery did not differ to any significant
degree across clusters. Objective measures of CRS severity, such as CT and endoscopy, did
vary somewhat as described below, however, B-SIT scores did not vary among clusters.

Cluster 1—Thirteen percent of patients are grouped into Cluster 1. This cluster is
characterized by the highest percentage of males (63%) and is the oldest cluster (mean age
of 65 years). Cluster 1 has a higher frequency of type 2 diabetes (14%) and more alcohol
intake (3.1 drinks/week). This cluster had the lowest rate of depression (2%) compared to
other clusters. Objective disease severity measures were intermediate, with a mean CT score
of 11.5 (SD = 6.4) and endoscopy score of 5.9 (SD = 3.9). Despite intermediate objective
disease measures, this group reported the least severe PROMS, including sinus-specific
QOL, general QOL, sleep quality and productivity loss.

Cluster 2—Cluster 2 contains 19% of patients and also has slightly more men (59%) than
women and tends to have older patients (mean of 63 years). Patients in this cluster were
more likely to report depression (13%) as compared to Cluster 1 (2%). Despite the most
severe CT scores (mean=13.1; SD=6.1) and severe endoscopy scores (mean =5.9, SD =
4.0), their sinus-specific QOL, general QOL, sleep quality and productivity loss were
intermediate in severity.
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Cluster 3—Cluster 3 is the largest cluster (n=166; 43%) and has slightly more women
(56%) than men. From a comorbidity standpoint, depression was more common in this
cluster (19%). Objectively, this group had the worst endoscopy scores of all the clusters
(mean = 6.4, SD = 3.9), but intermediate CT scores (mean = 11.7, SD = 6.0). Except for
Cluster 5 (discussed below), patients in Cluster 3 reported the worst sinus-specific QOL,
general QOL, sleep quality and productivity loss.

Cluster 4—Sixteen percent of patients are grouped into cluster 4, with 57% males and the
youngest mean age (39 years). Presence of medical comorbidities is similar to Clusters 2 and
3, including depression (12%). This cluster is characterized by the least severe objective
disease, including CT (mean = 9.0, SD = 6.0) and endoscopy (mean = 4.4, SD = 3.3). In
general, this group had worse sinus-specific QOL, general QOL, sleep quality and
productivity loss compared to Cluster 1, despite less severe objective disease. However,
except for Cluster 1, PROMs were less severe than the other 3 clusters.

Cluster 5—Cluster 5 is the smallest group (n=31; 8% of patients), but is characterized by
the highest percentage of women (68%). Almost half (48%) of patients reported a prior
diagnosis of depression and 16% reported fibromyalgia. Objectively, this cluster had worse
CT (mean = 12.7, SD =5.7) and endoscopy scores (mean = 6.3, SD = 3.4) compared to all
other clusters except cluster 2. PROMs in this group displayed the most severe PHQ-2
scores, indicating depressed mood and anhedonia, as well as the worst sinus-specific QOL,
general QOL, and sleep quality. Out of the last 90 days, patients in this cluster reported an
average 61 days of productivity loss, with the next highest cluster reporting 6 days missed.

Medication usage

After clusters were defined, medication usage by classification was assessed. Cluster 5 used
significantly more steroid drops, decongestants, antibiotics and saline than all other clusters.
Medication usage among the other 4 clusters was relatively equivalent (Table 3).

Discriminant Analysis

Discriminant analysis was performed on all 32 variables used in the cluster analysis in order
to identify those measures which best separate patients into clusters. Age, productivity loss,
and total SNOT-22 were the most discriminating. Binary classification tree analysis was
used to develop a clinical algorithm in order to place patients into appropriate clusters. The
sensitivity analysis identified 12 combinations of cut-off values that performed equally well,
in which patients were assigned to the appropriate clusters 89.4% of the time. The results of
repeating the resampling algorithm 1,000 times per combination of cut-off values showed no
difference between any combinations. Cut-off values were then chosen by what was
considered most clinically meaningful. The resulting algorithm is shown in Figure 2.
Appropriate classification into clusters ranged from 80% for Cluster 4 to 96% for Cluster 2
(Figure 3, Table 4). This analysis suggests that these simple clinical measures can be used to
classify patients into statistical clusters with considerable accuracy.
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Discussion

Current consensus groups recommend classification for CRS by polyp status, while other
studies base separation upon factors such as atopy, asthma, aspirin sensitivity, and allergic
fungal rhinosinusitis.1=3.722.23 Assessments of CRS severity have traditionally been broken
down by endoscopic or CT scores, driven largely by polyp status. Unfortunately, these
traditional classifications and measures of disease severity have not universally been found
to impact clinically relevant features such as symptom severity, treatment selection or
therapeutic response. A large prospective study investigating surgical outcomes found that
the only clinical predictor of surgical success was lack of prior surgery.8 Rather than using a
priori defined characteristics, the current study used unsupervised statistical methods to
generate clusters based on prospectively collected clinical data from a large cohort of
patients with CRS. Interestingly, traditional measures such as polyp status or atopy did not
differ significantly across clusters and objective measures of CRS severity, such as CT and
endoscopy only varied slightly among clusters. Instead, measures such as age, gender,
productivity loss, and QOL impairment characterized differences between groups.

A challenge with statistical clustering methods is understanding the clinical relevance of the
groups generated. As physicians we naturally seek to understand and organize diseases
based upon clinical factors that may explain the underlying pathophysiology. This is critical
because treatments often target specific mechanisms of disease. It is too preliminary to know
whether the clusters generated in this analysis represent distinct pathophysiologies of CRS.
Perhaps more likely, these clusters are simply describing patients which share common
clinical features that may or may not share underlying mechanisms of disease. Most
physicians with a busy CRS practice are likely on any given day to treat individuals who fit
these clusters, such as the elderly male patient with significant disease on CT and endoscopy
yet minimal symptoms/QOL impairment (Cluster 1), the person with only mild changes on
CT but severe symptoms (Cluster 3), or the depressed patient who is so debilitated they can
no longer work (Cluster 5). Regardless of underlying pathophysiologies, patients who fall
into these various clusters result in different treatment approaches, as evidenced by the
variation in medication usage seen across clusters. It is unclear if such clustering also
predicts differences in treatment choices or therapeutic outcomes over time. It is important
to note that our patient population represented a more severe form of CRS that had failed
standard medical therapies and was deemed a potential surgical candidate. Patients
responding to first line medical therapy were excluded and may represent a milder form of
the disease.

Similar clustering techniques have been performed in severe asthmatics.112! Traditionally,
these patients were classified based upon atopy, age and eosinophilia; however limited
utility in predicting treatment outcomes led to unsupervised hierarchichal clustering.
Interestingly, one of these studies found a cluster dominated by males with the worst
objective measures of disease, but the best quality of life, similar to our cluster 1.21 Moore
et. al. performed discriminant analysis of asthma clustering and defined clusters based upon
age of onset and pulmonary function tests.1! In her series, discriminant analysis accurately
classified asthmatic patients 80% of the time. This is in contrast to our discriminant analysis
which correctly clustered all CRS patients just under 90% of the time. Future studies using
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discriminant analysis, rather than formal cluster analysis, will need to take into consideration
that patients may not be correctly placed into certain clusters, such cluster 4, up to 20% of
the time. Asthma clustering also used medication usage as a defining variable. In contrast to
asthma where there are well established, evidence based guidelines for recommending
medical therapies, CRS has limited evidence to support many of its therapies and this is left
to the discretion of the treating physician and probably varies among specialties and even
from physician to physician. We did include steroid dependence as a potential cluster
defining variable, since its use would likely be fairly consistent among practitioners.
However, use of other medications, such as systemic antibiotics, lack standards for choice of
medication, duration and indication, thus likely do not represent inherent phenotypic
characteristics and would be considered a potential confounder as described by others.2!
Thus we chose to include variations in medical therapy as a descriptive variable, rather than
a defining one.

Biomarkers of disease are notably absent in this dataset, as collecting these measures in a
large cohort is logistically and financially challenging. Several groups, including our own,
have suggested that tissue eosinophilia may impact outcomes in CRS.34 Biomolecular
differences clearly exist on average between CRSWNP and CRSsNP, with the former
displaying a more Th-2 skewed cytokine profile and the latter a mixed Th-2/Th-1 profile,
however a wide spectrum of disease exists and these differences are not clear cut.24-27
Widespread differences likely exist across patients with CRS, including those seen in the
genome, transcriptome, proteome, and microbiome. Including a robust set of potential
biomarkers in future cluster analyses may allow further stratification of disease by these
measures and an even better understanding of clinical phenotypes. An improved
understanding of CRS phenotypes is a critical step towards understanding potential
underlying endotypes/mechanisms of disease.

To date one other group has reported a cluster analysis of CRS patients that resulted in
groups separated by mucosal eosinophilia and polyp status.28 This study by Nakayama et al
differs from the current analysis in several important ways. From a demographic standpoint,
subjects were enrolled from Asia only and just over 80% were of male gender, a notable
contrast to the current study. The former study also excluded patients with aspirin
sensitivity. Perhaps most noteworthy, validated patient-reported outcome measures were not
utilized, including sinus-specific QOL, general QOL, sleep quality, or depression. When
comparing these studies it is important to remember that analyses are limited to the variables
utilized in the analysis, thus including/excluding certain key variables changes the clusters
identified. Interestingly, if we exclude patient-reported outcome measures from our dataset
and repeat the cluster analysis (data not shown) clusters separate out more by traditional
measures (polyp status, asthma, CT score), similar to that seen in the Nakayama study.
However, when this is done, the clusters no longer differ by clinically-relevant measures
such as QOL or medication usage. As mentioned above, separating patients based upon
these traditional measures has failed to correlate with symptom severity, treatment choice or
therapeutic outcome.

The question remains as to whether these clusters can be utilized to improve clinical care
and/or research inquiries into CRS. Using the algorithm generated in the discriminant
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analysis, our intention is to determine whether these clusters predict treatment choice
(medical versus surgical) and therapeutic outcomes. If discrete, meaningful differences exist
then these clusters might be utilized in routine clinical practice to better classify patients and
improve prognostication. From a research standpoint, one could consider utilizing these
clusters in hopes of generating more homogenous groups for biomolecular research. Use of
these clusters would run contrary to current practice, since clusters include both CRSsNP
and CRSwNP patients. Typically, CRSSNP and CRSWNP are separated, owing to average
differences seen between these groups on histologic and biomolecular studies. In fact, we
performed a cluster analysis using PROMSs as an outcome measure, rather than a cluster-
defining variable. Patients clustered into traditional groups, based largely upon polyp status,
CT and endoscopy scores with little difference in PROMSs across clusters, thus confirming
numerous prior studies. However, it remains possible that differences between patients with
CRSsNP and those with CRSWNP may be relatively subtle and have little impact upon
treatment response. Larger differences in the clinical presentation and severity of CRS may
be due to other factors and such classification may more strongly predict outcomes.
Regardless, significantly more data is needed in order to fully stratify patients. For this
reason, we aim in future studies to include an array of biomolecular markers in addition to
those utilized in this study. Only with this degree of comprehensive phenotypic description
are we likely to begin to understand underlying endotypes/mechanism of disease.

Conclusion

Traditional clinical phenotyping of CRS patients based upon nasal polyp status, atopy and
CT/endoscopic staging has failed to correlate with clinical presentation or treatment
response. Unsupervised hierarchichal clustering resulted in 5 distinct clusters that varied in
medication usage. Clinical classification of CRS patients can be done using age, total
SNOT22 score and productivity loss with high accuracy. It remains to be determined if such
clustering will better predict treatment selection and response.
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Figure 1.
Dendrogram for development of 5 clusters
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Figure 2.

Based on the discriminant analysis, the above algorithm can be used to classify patients into
the five statistical clusters using simple clinical measures. The likelihood of correct
classification using this algorithm is shown in Figure 3 and Table 4. SNOT-22=22-item
Sinonasal Outcome Test. Yr=years of age. Productivity loss equals the number of work days
missed in last 90 days.
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Figure 3.

Based on the clinical algorithm developed using discriminant analysis, 89.4% of all
individuals are categorized into the appropriate cluster, with individual clusters ranging from
80-96% correct classification. The size of each figure is proportional to the frequency/size
of each specific cluster and overlap into other clusters signifies the percentage of
misclassification.
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TABLE 1
Variable reduction in PROMS

Sinonasal Outcomes Test 22 (SNOT-22)
. Factor 1 (fatigue): Questions 1, 2, 4, 6, 10 explained 39.3% variance
. Factor 2 (drainage/emotional): Questions 3, 5, 7, 9 explained 11.1% variance

. Factor 3 (ear/smell/congestion): Questions 8, 11, 12 explained 6.8% variance

Rhinosinusitis Disability Index (RSDI)
. Factor 1: Emotional questions 1, 2, 3, 4, 5, 6, 7, 8, 9, 10 explained 49.8% variance
. Factor 2: Physical question 11 and function questions 1, 2, 3, 4, 5, 6, 7, 8, 9 explained 6.5% variance
. Factor 3: Physical questions 1, 2, 3, 4, 5, 10 explained 5.6% variance

. Factor 4: Physical questions 6, 7, 8, 9 explained 4.0% variance

12-1tem Short Form Health Survey (SF-12)
. Factor 1: Questions 1, 2, 3, 4, 5, 8, 10 explained 46.7% variance
. Factor 2: Questions 6, 7, 9, 11, 12 explained 12.2% variance

Factor analysis was done in order to identify correlated variables, allowing reduction into a smaller number of factors to be utilized in the cluster

analysis.
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