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Purpose: To understand the distribution of trabeculectomies, glaucoma drainage implants
(GDI) and micro-invasive glaucoma surgeries (MIGS) performed in the United States
through geospatial mapping.

Methods: We performed an observational cohort study to evaluate glaucoma surgeries in
patients age >65. The most recently released data from Centers for Medicare Part B Carrier
Summary Files were queried to determine the number of glaucoma surgeries performed per state
during the year of 2017. We created choropleth maps, titled “GlaucoMap”, to characterize the
rates of various surgeries performed across the United States, defined as the number of proce-
dures performed per 10,000 individuals. A chi-squared analysis was further used to evaluate
differences in surgical preferences across geographic region. Standardized residuals (SR) were
calculated to determine regional influences on surgical distribution.

Results: There were 174,788 glaucoma surgeries performed: 22,862 trabeculectomies
(13.1%), 19,991 GDI (11.4%) and 131,935 (75.5%) MIGS. The Northeast had the highest
trabeculectomy rate, GDI was highest in the Southeast and MIGS were highest in the
Southwest. There was a statistically significant difference in proportional use of conventional
surgeries versus MIGS across various regions in the United States (p < 0.0001). Given the
high trabeculectomy and GDI rates and relatively low MIGS adoption in the Southeast, we
observed a +7.03 SR for conventional surgeries and —4.01 SR for MIGS. The Southwest and
Western states had the highest MIGS rate and contributed +3.29 and +3.24 SR toward
disproportional MIGS preference, respectively. The preference for conventional surgeries
in the Northeast (SR = +2.93) and MIGS in the Midwest (SR = +0.99) also contribute to the
overall differences in glaucoma surgeries across the United States.

Conclusion: GlaucoMap is useful for visualizing the distribution of glaucoma surgeries in
the United States. The heterogeneity in surgical preferences points to regional differences in
glaucoma management.
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Introduction
Glaucoma is a progressive optic neuropathy and is the leading cause of irreversible
blindness and the second most common cause of blindness worldwide.! According to the
latest census and prevalence models, the number of people with open-angle glaucoma
(OAG) and angle-closure glaucoma (ACG) worldwide has been climbing from
60.5 million in 2010 to 79.6 million in 2020 and a projected 111.8 million by 2040.>*
Surgeries include trabeculectomy, glaucoma drainage implants (GDI) and
micro-invasive glaucoma surgery (MIGS).* MIGS allow for IOP reduction with
minimal trauma, an overall higher safety profile, and quicker recovery.”*® Their role
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within the glaucoma treatment algorithm has been gaining
popularity as the philosophy of interventional glaucoma
spreads. Interventional glaucoma involves performing
MIGS at an earlier stage of disease to bridge the treatment
gap between maximal medical therapy and more invasive
surgeries. In effect, MIGS could reduce a patient’s reliance
on drops and have an excellent safety profile with minimal
side effects.’

Geospatial visualization tools have recently become
widely popular in implementation and application for
studies in public health, chronic diseases, and even
ophthalmology.® ' Applying methods in spatial epidemiology
allow a better understanding of environmental factors that
contribute to geographical variation in disease incidence and
surgical management.'' Recent advances in data visualization
technologies, both in the private sectors (ie, Tableau Software,
Seattle, WA, USA) and open source software packages such as
D3: Data Driven Documents (Stanford, CA, USA) and Plotly
(Montreal, Quebec, Canada), facilitate such analyses to rapidly
transform large numerical datasets into geospatial heatmaps
that are intuitive in revealing novel patterns regarding disease
and treatment progression.'*'* These maps, called choropleth
maps, in which areas are shaded in proportion to the measure-
ment of the statistical variable being displayed on the map, are
highly intelligible and allow for better understanding of pat-
terns that may not typically be visualized.

In this study, we aim to understand with geospatial
heatmaps, how glaucoma is being managed in various
states and regions across the United States.

Methods

Data Source

We obtained Part B National/Carrier Summary Data Files
in the year of 2017 from the Centers for Medicare and
Medicaid Services (CMS).'> The 2017 data set includes
the most recent information available regarding the num-
ber of procedures performed under each carrier. Procedure
counts at the carrier level were aggregated to compute the
number of procedures performed in the individual 50
states and 5 regions of the United States. No directly
identifiable patient population was utilized, and the study
was exempted by the Yale Institutional Review Board. The
Medicare Part B data includes information regarding both
the number of procedures performed annually for
a specified Current Procedural Terminology (CPT) code
as well as demographic information of the patients who
are Medicare beneficiaries. Overall, the CMS data provide

a representative sample of the United States population
>65 years and older, which corresponds to the age demo-
graphic most affected by glaucoma.

CPT codes were used to query the CMS database for
common surgical procedures used for glaucoma manage-
ment. The CPT codes used were 66170/66172 for trabecu-
lectomy, 66180/66179 for GDI, 65820 for goniotomy,
66183 for Ab externo drainage device, 66174 for trans-
luminal dilation, 66711 for Endocyclophotocoagulation
(ECP), 0191T for iStent and 0253T for iStent Supra
(Glaukos, San Clemente, CA, USA), 0449T for Xen Gel
Stent (Allergan Inc, Irvine, CA, USA), and 0474T for
CyPass (Alcon, Fort Worth, TX, USA). For each proce-
dure, we collected the number of allowed services (ie,
procedures paid for by Medicare Part B for all 50 states
in the US.

We queried the American Glaucoma Society member-
ship directory to determine the number of fellowship
trained glaucoma specialists per state. Glaucoma specialist
availability was defined as the number of glaucoma spe-
cialists in a state divided by 10,000 individuals >65 years
of age.

Statistical Analysis
We first performed a qualitative analysis to understand the
distribution of various glaucoma surgeries used in the United
States. Surgery rate was defined as the number of procedures
performed per 10,000 individuals in a state. These rates were
plotted on a choropleth map visualization scheme with Plotly
(Montreal, Quebec, Canada, 2015).13 10

To understand the degree of heterogeneity of glaucoma
surgery types across the United States, we subdivided the
procedure counts across the 50 states into 5 major regions:
West (AK, CA, CO, HI, ID, MT, NV, OR, UT, WA, WY),
Southwest (AZ, NM, OK, TX), Midwest (IL, IN, TA, KS,
MI, MN, MO, NE, ND, OH, SD, WI), Northeast (CT, ME,
MA, NH, NJ, NY, PA, RI, VT) and Southeast (AL, AR,
DE, FL, GA, KY, LA, MD, MS, NC, SC, TN, VA, WV).
Next, we performed a chi-squared analysis with calculated
standardized residuals to understand whether there were
regional variations in glaucoma surgery preference. The
standardized residual (SR) was calculated as follows, SR =
(O - E)NE, where O and E are the observed and expected
procedure counts for a particular glaucoma surgery respec-
tively. Residuals of absolute value greater than 2.00 were
considered major influencers on the significance of the chi-
squared test statistic. A p-value < 0.05 was used to define
the cutoff of significance in our study.
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All data and statistical analyses were performed in
Python (Amsterdam, Netherlands), R software version
3.5.1 (Auckland, New Zealand), and Excel v16.18
(Redmond, WA, USA)."'®"7

Results
Rates of Glaucoma Surgeries in the

United States and by Region

In the year of 2017, the elderly population above 65 was
50.7 million and 174,788 glaucoma surgeries were per-
formed under Medicare Part B. Of those procedures,
22,862 were trabeculectomies (13.1%), 19,991 were GDI
(11.4%), and 131,935 were MIGS (75.5%).

There was notable variation in the proportion of
a regional population receiving surgeries for glaucoma. The
Northeast region of the United States has a population of
9.4 million people older than 65 years, and a total of 34,558
glaucoma surgeries performed through Medicare in 2017.
This yields an overall surgery rate of 36.9 per 10,000 indivi-
duals, which was the highest of all regions. The Southwest
had a slightly lower overall rate of glaucoma surgery, with
36.2 surgeries per 10,000 followed by the Southeast with
35.7 surgeries per 10,000 individuals. The West and Midwest
had the lowest glaucoma surgery rate at 33.6 and 30.5 sur-
geries per 10,000 individuals, respectively (Table 1).

There was notable variation of glaucoma surgery rate per
state within larger geographical regions. In the Northeast,
where glaucoma surgery rate was highest of the regions at
36.9 surgeries per 10,000 individuals, New Jersey had the
highest rate of 68.8 surgeries per 10,000 individuals as com-
pared to Rhode Island with the lowest rate of only 3.8. The
Midwest had the lowest overall glaucoma surgery rate
amongst regions of 30.5, but there were large variations
between individual states. South Dakota had the highest state-
wide glaucoma surgery rate across the entire United States of
103.0 per 10,000 individuals, whereas Minnesota had a rate of
only 15.9 per 10,000. In the Southwest, the range of surgery
rates spanned from 10.6 in New Mexico to 64.4 in Oklahoma.
In the Southeast, West Virginia had a rate of 16.0 while
Virginia had a rate of 60.1. In the West region, the surgery
rates spanned from 16.9 in Oregon to 42.2 in Utah (Table 1).

Variation in Glaucoma Surgical Preference
Across the United States

Surgical rates for all types of glaucoma surgery (ie, trabe-
culectomy, glaucoma drainage implants, and MIGS) were
plotted to create geographical choropleth heat maps

(Figure 1). There was notable variability in the numbers
of trabeculectomies, GDI, and MIGS procedures per-
formed per 10,000 individuals by region. The Northeast
had the highest overall trabeculectomy rate of 5.58 per
10,000 individuals followed by 4.62 in the Southeast, 4.17
in Midwest and lower rates of 4.08 in West and 3.79 in the
Southwest (Table 1). GDI had the highest rate of 4.66 in
the Southeast, followed by 4.36 in the Southwest, 3.76 in
the Northeast, 3.64 in the West, and 3.16 in the Midwest.
MIGS were performed at the highest rate of 28.05 per
10,000 individuals in the Southwest, followed by 27.58
in the Northeast, 26.39 in the Southeast, 25.90 in the West,
and 23.17 in the Midwest (Table 1).

Within each region, there was variation in preference
In the
Northeast, trabeculectomies accounted for 15.1% of all

for certain glaucoma surgeries over others.

glaucoma procedures as compared to 74.7% MIGS. The
Southeast had the highest proportion of GDI utilization of
13.1% compared to 74.0% MIGS usage. The Southwest
and West had the largest preference for MIGS of 77.4%
and 77.0% respectively (Figure 2A).

There was also considerable variation in surgical pre-
ferences at the state level. Rhode Island and Arkansas had
the highest statewide preferences for trabeculectomy of
35.8% and 33.2% respectively as compared to zero cases
being performed through Medicare in South Dakota.
Rhode Island and Mississippi had the highest preference
for GDI at 28.4% and 18.7% as compared to Wyoming,
where zero were reported through this database. Given the
high rates of trabeculectomy and GDI in Rhode Island, it
lags behind as the state with lowest MIGS rate of 35.8%.
The top three states where MIGS was the most highly
preferred modality of glaucoma surgery were South
Dakota, Wyoming, and Oklahoma with rates of 94.6%,
94.4%, and 94.3%, respectively (Figure 2B).

The heterogeneity in regional preferences for conven-
tional surgeries (ie, trabeculectomy and GDI) versus
MIGS was evaluated. A chi-squared test demonstrated
a statistically significant difference in MIGS preference
across the 5 regions of the United States (p < 0.0001).
Standardized residuals (SR) were computed for each
region and surgical category (conventional versus MIGS)
and indicate the degree in which each region contributes to
the overall variability of surgical preferences in the United
States. As per convention, regions with absolute SR > 2
were considered significant contributors. In correspon-
dence to high trabeculectomy and GDI surgery rates and
relatively low MIGS rates in the Southeast, we observe
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Figure | National distribution of (A) trabeculectomies (B) glaucoma drainage implants (C) MIGS (D) and total glaucoma surgeries across the United States in 2017. Color
bars indicate the number of procedures performed per 10,000 individuals in a particular state.

a +7.03 SR for conventional surgeries and —4.01 SR for
MIGS. Similarly, the Southwest and Western states have
the highest MIGS surgery rate and contribute +3.29 and
+3.24 SR toward the disproportional preference for MIGS
surgeries respectively. Finally, the slight preference for
conventional surgeries in the Northeast and MIGS in the
Midwest corresponds to the SR contribution of +2.93 and
+0.99, respectively, to the overall differences in surgical
preference across the United States (Table 2).

To assess the qualitative trends of glaucoma surgery
preference, we generated a heatmap visualizing the pro-
portion of MIGS to total procedures across all states
(Figure 3). We observed large variations of MIGS prefer-
ence across all states, with the highest rate of MIGS
surgeries in South Dakota, Wyoming, and Oklahoma.

Finally, we explored the relationship between the avail-
ability of fellowship trained glaucoma specialists per state and
MIGS usage. We computed the Pearson correlation between
the number of glaucoma specialists in a state per 10,000
individuals and the MIGS usage rate per 10,000 individuals
and got an R coefficient of —0.129 (p < 0.372) indicating
a slightly negative correlation that was not statistically

significant.

Discussion
The development of advanced data visualization software
platforms facilitates analysis of geospatial datasets of unpre-
cedented size and complexity. While data visualizations are
traditionally used in business analytics, there has been an
increasing popularity in applying these tools to clinical infor-
matics and public health. In the field of ophthalmology and
glaucoma, there have only been a handful of studies that have
used geospatial heatmaps to investigate geographical and
national trends on glaucoma prevalence and management
strategies. Geographical variations in prescription rates for
glaucoma and ocular hypertension have been studied in
England.'® Cassard et al performed one of the largest national
studies in the United States to elucidate the heterogenous
distribution of glaucoma diagnosis across various regions."’
They found that there were substantial regional differences in
diagnosed rates for all types of glaucoma, even after adjust-
ing for patient characteristics and provider concentration,
suggesting possible over diagnosis in some areas and/or
under diagnosis in other areas.

With the advent of MIGS, there remain certain gaps in
knowledge regarding how the landscape of glaucoma sur-
gery preference looks across the United States. Prior
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Figure 2 (A) Regional and (B) statewide preference for trabeculectomy vs GDI vs MIGS in glaucoma management. Columns indicate the percentage of surgeries performed

per region for each procedure type.

studies have demonstrated an undeniable shift away from

standard  trabeculectomies to other alternatives.
A Medicare study by Arora et al showed a national down-
trend in trabeculectomy in exchange for mini-shunts done
via external approach and periodic surveys of members
from the American Glaucoma Society (AGS) between

1996 and 2008 have shown increased adoption of GDI

over trabeculectomy.?’*! Furthermore, a recent study by
Lee et al highlights a large drop in percentage of total
Medicare payments attributed to trabeculectomy and GDI
from 92.3% in 2007 to 21.2% in 2017.%* Payments for the
iStent device alone represented 57.9% of the total payment
in 2017, doubling that of conventional filtering surgeries.**
The rise in popularity of MIGS may also be attributed to
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Table 2 Chi-Squared Analysis of Heterogeneous Preference of
Conventional vs MIGS Surgeries Across Different Regions in the
US. Absolute Procedure Counts and
Denoted for Each Region

Standard Residuals are

Region Conventional MIGS P
West 7551 25,331 <0.0001*
—5.69 +3.24
Southwest 4578 15,757
-5.77 +3.29
Midwest 8011 25,307
-1.74 +0.99
Southeast 13,971 39,724
+7.03 —4.01
Northeast 8742 25816
+2.93 —-1.67

Notes: *Chi-square test: Standardized residuals all + >2.

their potential term cost-effectiveness in managing glau-
coma as compared to SLT or medications alone.”> Berdahl
et al reported that the projected cumulative cost at 5 years
was lower in a two iStent treatment group compared to
SLT or medications-only groups, with savings over SLT or
medications-only of $309 and $1797. To complement
these findings regarding trends in surgical management
with visual analytics, our study provides visualization of
the current landscape of glaucoma surgeries in the United
States.

A recent Medicare database study performed by
Khanna et al demonstrated high geographical variation in
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L
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preference between trabeculectomy and GDI placement.?*
Their study, based on data from 2014, demonstrated that
GDI was used significantly more frequently than trabecu-
lectomy within the South and Midwest regions relative to
the Northeast. Our findings corroborate their results in that
the Southeast and Southwest have the highest GDI surgery
rates per capita. While we found the absolute GDI surgery
rate for the Northeast in 2017 was the third highest of all
regions, the trabeculectomy vs GDI rate was substantially
higher in the Northeast than in all other regions, thus
making the GDI to trabeculectomy preference the lowest
and consistent with their study. Determinants of regional
variations are likely multifactorial, and may be influenced
by patient demographics and socioeconomic conditions,
academic institutions which serve as investigational sites
for studies, as well as the rigor and locale of training for
regional physicians, who are mentored and taught similar
techniques and preferences.”* Further studies performed
on unified databases containing patient demographic and
clinical data may elucidate more of the underlying drivers
why MIGS adoption is faster in certain states than others.

The advent and growth of MIGS has largely impacted the
way ophthalmologists are managing glaucoma patients in the
United States. The transition from conventional surgeries to
MIGS has not occurred at a uniform pace across all parts of
the country. Our study elucidates how MIGS has altered the
glaucoma treatment landscape. Our results show that MIGS
is being performed at a higher rate in the Southwest and
Northeast regions, but with the highest state-wide rates in
South Dakota, Wyoming and Oklahoma. Even in the

MIGS/Total Procedures

&

\

0.5

Figure 3 Regional variations in preference for MIGS when choosing a surgical procedure for glaucoma. Color bar indicates the number of MIGS divided by the total number
of glaucoma procedures performed per state. Red indicates low MIGS preference while blue indicates high MIGS preference.
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Southeast region, where MIGS usage is the lowest, MIGS
still account for the overwhelming majority (74.0%) of all
glaucoma surgeries performed.

We also examined if the number of glaucoma specia-
lists per state was related to the number of MIGS being
performed. There was a slightly negative correlation, but it
was not statistically significant. This may indicate that
MIGS are being performed by all ophthalmologists, not
solely by glaucoma specialists. The number of glaucoma
specialists in each state has no bearing on the number of
MIGS being performed across the country.

There are limitations of this study. Medicare Part B is
a database that only includes a certain subset of the popula-
tion. We do not have data regarding glaucoma surgeries that
were not charged under Medicare insurance. Furthermore,
the publicly available data set is coarse in granularity as there
is only aggregate information regarding the total number and
charges for procedures for each state rather than individua-
lized data regarding a patient’s demographic background. For
instance, our data does not include clinical information
regarding disease severity, intraocular pressure, peri-
operative complication rates, patient co-morbidities, and
long-term outcomes of vision preservation. Finally, it should
be noted that the CMS Medicare Part B Carrier data are
released a few years behind schedule. With the rapid
advancements in MIGS, it should be taken into consideration
that regional preferences in glaucoma intervention may have
shifted since 2017.

It is also important to note, when performing future
studies on underlying drivers for MIGS usage, that asso-
ciations occurring at large aggregate levels may differ
from associations measured at the individual scale. This
phenomenon, better known as ecological bias, represents
another limitation to be aware of when drawing inferences
on correlations between MIGS utilization and underlying
demographics. It is notable, however, that studies based
solely on small regions or individual data may also poten-
tially yield spurious patterns as a result of random varia-
tions across few events.”> To obtain a comprehensive
understanding of the etiology behind MIGS geographical
preference, one may need to combine the strengths of
aggregate and individual level data through multi-levels
modeling.**?” Future work with richer databases with
individual patient information regarding demographics
and the course of glaucoma surgical management, such
as the IRIS registry, may effectively build upon this study
to identify definitive causative drivers of MIGS usage and

elucidate the trends of glaucoma outcomes in relation to
the evolving landscape of glaucoma surgical preference.?®

We present “GlaucoMap”, a glaucoma choropleth map to
visualize the distribution of glaucoma surgeries across the
United States, and demonstrate the preferences for trabecu-
lectomy, GDI and MIGS at the state and regional level. Our
findings have multiple implications in understanding glau-
coma treatment patterns. We provide the most recent snap-
shot of how glaucoma surgery has evolved in different states
and regions. Visualizing trends and discrepancies are an
important step to understanding the glaucoma landscape.
This study also allows a visualization on the patterns of
glaucoma surgery in the United States, and the different
surgery rates in each state. We have characterized the regio-
nal preferences of both conventional and MIGS approach to
glaucoma in the United States.

Conclusion

Micro-invasive glaucoma surgeries have greatly evolved
the way in which ophthalmologists manage glaucoma. In
this ecological study, we utilize heatmap visualizations to
effectively demonstrate that the adoption of MIGS tech-
nology has not been occurring at an equal pace across
various regions of the United States. We have character-
ized the regional preferences between conventional and
MIGS approach to glaucoma surgeries.
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