
Abstract 

This study assessed spatial accessibility to fixed mammography centres across Oklahoma State, USA using the Two-Step Floating 
Catchment Area (2SFCA) and the Enhanced Two-Step Floating Catchment Area (E2SFCA) methods to identify areas with limited 
or no access. For this analysis, we used data from the mammography facilities database of the US Food and Drug Administration 
verified by direct contact with the facility and the U.S. Census block group population and demographics for women aged 40 years 
and older. Analyses were stratified by urban areas; large rural areas; and small rural areas. Accessibility scores were calculated using 
the 2SFCA method with 30-minute drive times and the E2SFCA method with drive times of 10, 20 and 30 minutes weighted by dis-
tance decay. Block groups were categorized into quartiles based on accessibility scores. Among 940,994 eligible women, 10% lived 
in areas with no access. Small rural regions faced the greatest barriers. Spatial disparities were linked to racial and socioeconomic 
differences: non-Hispanic American Indian/Alaska Native and non-Hispanic White populations were more likely to reside in no-
access zones, while Black and Hispanic populations clustered in high-access urban areas. Spatial analysis reveals significant rural 
disparities in mammography access. Mobile machines should prioritize underserved rural regions to improve equity.
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Introduction 
Breast cancer is the leading cause of cancer in the United 

States (US), with an estimated 313,510 cases in 2024 (Siegel et al., 
2024). It is the fourth leading cause of cancer death, with an esti-
mated 42,780 deaths in 2024 (Siegel et al., 2024). Early detection 
through mammography significantly improves survival rates 
(Berry et al., 2005; Kaplan et al., 2015; Maiz et al., 2020). 
Mammography screening, although high, is not universal, with 
71.3% of women aged 40 years and older in the US receiving 
mammography screening in the past two years in 2024 (Centers for 
Disease Control and Prevention, 2024). Mobile screening vans are 
crucial in improving access to cancer screening, especially for 
underserved and rural communities (Fontenoy et al., 2013; 
Greenwald et al., 2017; Stanley et al., 2017; Vang et al., 2018; 
McElfish et al., 2019; Spak et al., 2022). They bring life-saving 
breast cancer screening services directly to areas where healthcare 
facilities may be scarce or difficult to access, and the mobile vehi-
cle approach helps reduce disparities by reaching populations that 
face barriers, such as limited transportation, financial challenges, 
or busy schedules (Maheswaran et al., 2006; Fontenoy et al., 2013; 
Greenwald et al., 2017; Stanley et al., 2017; Vang et al., 2018; 
Torrez et al., 2024). 

American Cancer Society recommendations currently state 
that women aged 40-44 years can begin screening yearly, and 

women aged 45 should get a mammogram every year until age 55, 
after which the recommendation is to do so every one or two years. 
The US Preventive Services Task Force recommends that all 
women get screened for breast cancer every other year, starting at 
age 40 and continuing through age 74. At this time, it is neither rec-
ommended nor not recommended, but shared decision-making is 
suggested for women of age 75 years and older (Richman et al., 
2023). Accessibility of screening reflects both spatial and non-spa-
tial factors. Non-spatial accessibility issues include, for example, 
acceptability, cost, perceived quality of services, socioeconomic 
barriers to services and structural racism (Alexandraki & 
Mooradian, 2010; Stoll et al., 2015; Miller et al., 2019; Aleshire et 
al., 2021; Henderson et al., 2024; Trentham-Dietz et al., 2024; US 
Preventive Services Task Force et al., 2024). Spatial accessibility 
encompasses factors such as distance, congestion, traffic patterns 
and road construction (Chen et al., 2020). There are several ways 
to measure spatial accessibility, for example, including the popula-
tion-to-provider ratio, simple buffers (such as Euclidean and ser-
vice area or time catchment areas) or floating catchment areas 
(McGrail & Humphreys, 2009; McGrail, 2012). Population-to-
provider ratios are used by the Health Resources and Services 
Administration of the US Department of Health and Human 
Services in health professional shortage areas or medically under-
served areas. The problem with population-to-provider ratios is 
that they use administrative areas, which often do not capture the 
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day-to-day movement of people. In the US, movement between 
counties and states is unrestricted; however, there are still barriers 
to accessing services across state lines, including state-based insur-
ance and Medicaid program limitations. These ratios are essential 
when planning services for that administrative district, but other 
factors are more critical for cross-district planning services. Simple 
buffers are areas around a point, such as a mammography centre, 
which can be defined by a Euclidean distance (circulating the 
point) or a time-based area (such as a 30-minute travel area around 
a point) are often used. The problem with these buffers is that they 
assume full accessibility within the buffer, an abrupt fall-off and no 
access outside the buffer.  

Unlike fixed methods, a Floating Catchment Area (FCA) is a 
spatial analysis method that evaluates accessibility, or the 
provider-to-population ratio based on a specific radius or boundary 
across administrative boundaries. Such an area incorporates the 
idea that population demand or resources are mobile and can 
“float” between locations. Supply and demand are the economic 
concepts that describe the relationship between the quantity of a 
resource (supply) and its availability and the desire of consumers 
to purchase that resource (demand). It is vital that facilities be in 
areas of demand or where the population is located. Although this 
concept is straightforward, implementing a supply-and-demand 
network can be a complex process.  

This study aimed to use Two-Step Floating Catchment 
(2SFCA) and Enhanced Two-Step Floating Catchment (E2SFCA) 
using time to determine the spatial accessibility of fixed mammog-
raphy centers in Oklahoma. These approaches have been used to 
determine the spatial accessibility of primary care physicians (Luo, 
2004; McGrail & Humphreys, 2009; McGrail, 2012; Gao et al., 
2016), hospitals (Gao et al., 2021; Kiani et al., 2021; Raeesi et al., 
2023), medical clinics (Ngui & Apparicio, 2011; Vadrevu & 
Kanjilal, 2016), pulmonary rehabilitation facilities (Matthews et 
al., 2019), pharmacies (Zhou et al., 2021), fire stations (Kiran et 
al., 2020), urban parks (Hu et al., 2020), residential care facilities 
(Ni et al., 2015), daycare centres (Fransen et al., 2015), food 
access (Chen, 2019) and mammography facilities (Maheswaran et 
al., 2006; Eberth et al., 2014). Our goal was to identify geographic 
areas with women who lack ready access to fixed mammography 
facilities. A secondary goal was to compare the results of the two 
methods. The 2SFCA estimates the number of mammography 
radiographic imaging machines per 100,000 women, while the 
E2SFCA provides a more accurate picture because it is used to 
assess three rings of the service area. However, interpreting 
E2SFCA is more complex and does not allow the determination of 
the mammography centre to population ratio. 

 
 
 

Materials and Methods 

Study area 
The study area was the catchment area for the University of 

Oklahoma’s Stephenson Cancer Center, which is the state of 
Oklahoma. This state encompasses almost 181,038 km2 near the 
centre of the 48 contiguous US states. Oklahoma had an estimated 
population of 4,053,824 in 2024, corresponding to a population 
density of 22.4 people per km2, which is reported to be 64.6% 
White; 7.2% American Indian or Alaska Native (AI/AN); 6.8% 
Black or African American; 2.3% Asian; 0.2% Native Hawaiian or 
other Pacific Islander (NH); and 3.8% other races (US Census 
Bureau, 2024). Additionally, 15% reported being multi-racial and 

12.9% reported being Hispanic (US Census Bureau, 2024). When 
accounting for AI/AN populations as one group or in combination 
with one or more races, the percentage was 14.3%. Oklahoma is 
home to 38 tribal nations. A higher proportion of Oklahomans live 
in poverty compared to the US (15.9% vs. 12.5%) and are unin-
sured (11.4% vs. 7.9%) (US Census Bureau, 2024). 

Data 
For supply and locations of mammography screening loca-

tions, we utilized the Mammography Facilities Database of the US 
Food and Drug Administration (FDA) (2024). Because they are not 
accessible to all populations, we performed the analysis excluding 
fixed mammography machines in Indian Health Services facilities 
(5), tribal health facilities (17), urban Indian clinics (2), including 
both Veteran’s Administration (VA) and Department of Defense 
(DOD) facilities (2) for a total of 134 mammography facilities in 
the study area. Our team contacted the facilities to determine the 
number of mammography machines used for screening. When 
calls were made, two new facilities were located, while 21 no 
longer performed mammography and 23 either did not answer or 
refused. However, they were found through advertisement on the 
Internet as offering mammography service, so we assumed they 
had one machine. We identified 115 facilities with one or more 
mammography machines located in their facility (Figure 1); 
among those, we identified 80 located within the borders of 
Oklahoma, with the remaining 35 outside of the state (15 in Texas, 
9 in Kansas, 6 in Arkansas, and 5 in Missouri). They ranged from 
one to six machines in the facility, with most (n=90) having only 
one machine. For analysis, we included all mammography centres 
within a 30-minute drive time service area in Oklahoma, including 
those in surrounding states. 
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Figure 1. Workflow for Oklahoma mammography screening facil-
ity location.
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For the demand or population data, we used the 2022 US 
Census block group geography, the lowest geographic unit that 
includes population by sex and age. Based on recommended ages 
for mammography screening (US Preventive Services Task Force, 
2024), we obtained the number of women aged 40 years or older 
from the National Historical Geographic Information System for 
2018-2022 (Manson et al., 2024). While we recognized that 
screening is neither recommended nor discouraged for women 
aged 75 years and older, we also recognized that many women and 
their physicians continue screening for various reasons (Schrager 
et al., 2020; Braithwaite et al., 2023; Lee et al., 2023; Dickson-
Swift et al., 2024). For this study, we converted the block group 
polygons to centroid points to create the demand or population ser-
vice area. We used the 30-minute driving time to the service area 
for the 2SFCA and 10, 20, and 30 minutes driving times for the 
E2SFCA analysis. For analysis purposes, we collapsed those block 
groups with geographic access to mammography facilities into 
low, moderate or high access tertiles. We added zero spatial access 
as a separate group for analysis, which gave four groups: no 
access, low spatial access (the lowest tertile), moderate spatial 
access (the middle tertile) and high spatial access (the highest ter-
tile). For demographic data, we examined the entire population of 
the block group. We included the following variables: general 
demography (White, Black, AI/AN, Asian, NH and two or more 
races), ethnicity (Hispanic, non-Hispanic), education (less than 
high school diploma (GED), equivalent to GED, higher than 
(GED), civilian unemployment, home tenure (owner vs. renter) 
and poverty. To measure the degree of rural living (rurality), the 
United States Department of Agriculture (USDA) Economic 
Research Service’s (ERS) of 2023 and Rural-Urban Continuum 
Codes (RUCC) were used (Economic Research Service & U.S. 
Department of Agriculture, 2023). These codes, applied at the 
county level, refer to the gradual transition and interdependence 
between rural and urban areas along a spectrum, encompassing 
various degrees of population density, economic activities and 
infrastructure development. To analyze different levels of rurality 
in Oklahoma, large rural counties were included in the RUCC 4-6 
group and small rural counties were included in the RUCC 7-9 
group. Urban refers to counties in the RUCC 1-3 group. Among the 
77 counties in Oklahoma, 18 were urban counties, 28 were large 
rural counties and 31 were small rural counties. 

Analysis 
We employed a 2SFCAand a gravity-based E2SFCA analysis 

to generate accessibility scores for each block group in Oklahoma. 
The 2SFCA is a spatial accessibility measure that evaluates the 
availability of services by considering both the supply within a 
catchment area and the demand, here defined as women aged 40 
years and older from surrounding populations. Step 1 calculates 
the availability of services, or the supply side, at each provider’s 
location, considering the provider’s capacity and the population 
within its 30-minute catchment area. Step 2 identifies all service 
locations within their catchment area and sums their service-to-
demand ratios. For the 2SFCA, we created a 30-minute drive time 
supply and demand service area. E2SFCA enhances the basic two-
step floating catchment method by accounting for variations in ser-
vice availability and demand. For the E2SFCA, we established 
drive times of 10, 20 and 30 minutes for supply and demand ser-
vice areas. E2SFCA typically adjusts for variable travel distances 
or times, weighting by distance (e.g., closer services are more 
accessible than those situated further away) using distance weights 
of 1 for the small 10-minute ring, 0.68 for the second 20-minute 
ring and 0.22 for the third 30-minute ring (Hashtarkhani et al., 

2024). Compared to more straightforward measures, this method 
provides a more realistic and detailed assessment of spatial access 
to services. For our analysis, we utilized both the classic and the 
E2SFCA models developed by Hashtarkhani (2024) and 
Hashtarkhani et al. (2024), employing the travel time tool in 
ArcGIS Pro v. 3.4.2, (ESRI, Redlands, CA, USA). 

Sensitivity analysis 
We performed two sensitivity analyses, excluding 20% and 

50% of AI/AN women. These analyses were conducted to account 
for the exclusion of Indian Health Services, tribal health services 
and urban (ITU) fixed mammography facilities. Since we excluded 
the ITU facilities from this analysis, we were able to assess the 
impact of these exclusions as shown in the supplemental material. 

Geocoding and mapping 
For the geocoding and service area development of mammog-

raphy facilities and block group geography, we used the ESRI 
Street Map for the 3rdquarter of 2024. For visualization purposes, 
we clipped the features of the final map to represent just 
Oklahoma. Data were projected to the USA contiguous equidistant 
conic. All analyses were performed using ArcGIS Pro. 

 
 
 

Results 
An estimated 940,994 eligible women (aged 40 years and 

older) residing in Oklahoma from 2018 to 2022 were located in 
3,374 block groups (Table 1). The mean population of the block 
groups was 279 with a standard deviation (SD) of 156.4, ranging 
from 0 to 1,056. 

Two-step floating catchment analysis (2SFCA) 
Among eligible women, 95,756 lived in 371 (11%) block 

groups without access to fixed mammography centres within 30 
minutes, and another 279,849 (28%) lived in block groups with 
low spatial access to fixed mammography locations (Table 1). 
Among those block groups in areas of high spatial access, 100% 
were in urban areas, compared to 91% in moderate spatial access 
areas, 26% in low spatial access areas, and 21% in zero spatial 
access block groups (Figure 2). Among those block groups in areas 
without spatial access, 59% were located in small rural counties, 
compared to 0% in high spatial access areas and 3% and 24%, 
respectively, in moderate and low spatial access areas. Large geo-
graphic parts of Oklahoma lack access to fixed mammography ser-
vices (Figure 3); in particular, large sections of north-western and 
south-eastern Oklahoma lack spatial access to these services. 
Using the 2SFCA method, 51% of Oklahoma’s geographic area 
(expressed in km2) was found to lack spatial access to fixed mam-
mography services (Table 1).  

Enhanced two-step floating catchment analysis 
(E2SFCA) 

Among eligible women, 96,101 (10%) lived in 372 (11%) 
block groups without spatial access to fixed mammography centres 
within 30 minutes, and another 280,114 (30%) lived in a block 
group with low spatial access to fixed mammography facilities 
(Table 1). Among those block groups in areas of high spatial 
access, 100% were in urban areas compared to 63% in moderate 
spatial access areas, 25% in low spatial access areas and only 12% 
in areas without spatial access to fixed mammography facilities 
(Figure 2). Again, we saw that large parts of Oklahoma lack access 
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to fixed mammography services (Figure 4), including north-west-
ern and south-eastern Oklahoma. Using the E2SFCA method, 90% 
of Oklahoma’s geographic area was found to lack access to fixed 
mammography services.  

E2SFCA compared to 2SFCA 
Overall, there are very few differences between the 2SFCA and 

the E2SFCA. We noted similar patterns regarding no spatial access 
to fixed-site mammography facilities within 30 minutes in overall 
or the urban, large rural, and small rural areas, with both methods 
showing 18%, 21%, and 61%, respectively (Tables 1 and 2). The 
major difference noted was in the number of block groups that were 

moderate or low in the large rural area. Using the 2SFCA, only 7% 
of moderate access block groups were in large rural areas compared 
to 21% using the E2SFCA area (Table 2). Also, using the 2SFCA 
method, 50% of low-access block groups were in large rural areas, 
compared with 31% using the E2SFCA method (Table 2). 

Demographic analysis 
In evaluating population demographics in relation to spatial 

access to fixed-site mammography services, we observed a higher 
proportion of White population in areas with low or no spatial 
access (both at 71%) within 30 minutes using either 2SFCA or 
E2SFCA (Table 3). Additionally, Black populations were more 
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Table 2. Comparison of the two catchment methodologies in estimating spatial access to fixed-site mammography facilities within 30 minutes. 

Target                                                              2SFCA                                                                                   E2SFCA 
                                      High             Moderate            Low            Zero                     High           Moderate              Low                 Zero 
                               Number (%) 

Block group                       

Urban                                   918                       973                      239                  66                              1                       880                       250                       66 
                                           (99.9)                    (89.8)                  (23.9)             (17.8)                        (100)                  (88.4)                   (24.8)                   (17.7) 
Large rural                             1                          70                       503                  78                              0                        78                        496                       78 
                                            (0.1)                      (6.5)                   (50.2)             (21.0)                        (0.0)                  (21.0)                   (31.3)                   (21.0) 
Small rural                             0                          40                       259                 227                             0                        37                        261                      228 
                                            (0.0)                      (3.7)                   (25.9)             (61.2)                        (0.0)                   (3.7)                    (25.9)                   (61.3) 
Block group population  

Urban                               224,235                309,272               71,361            19,311                     247,773              282,642                 74,453                 19,311 
                                           (99.8)                    (90.8)                  (25.5)             (20.2)                        (100)                  (89.2)                   (26.6)                   (20.1) 
Large rural                           464                     21,339               143,005           19,065                          0                     25,17                  139,638                19,065 
                                            (0.2)                      (6.3)                   (51.1)             (19.9)                        (0.0)                   (7.9)                    (49.9)                   (19.8) 
Small rural                             0                       10,079                65,483             57,38                           0                     9,194                   66,023                 57,725 
                                            (0.0)                      (3.0)                   (23.4)             (59.9)                        (0.0)                   (2.9)                    (23.6)                   (60.1) 
Coverage (km2)  

Urban                                 2,077                   11,966                 15,156            11,055                       1,677                 10,342                   17,18                  11,055 
                                           (98.9)                    (59.9)                  (23.0)             (11.9)                        (100)                  (63.2)                   (24.6)                   (11.9) 
Large rural                            24                       5,121                 20,997            11,626                          0                     4,315                   21,827                 11,626 
                                            (1.1)                     (25.6)                  (31.8)             (12.5)                        (0.0)                  (26.4)                   (31.3)                   (12.5) 
Small rural                             0                        2,895                 29,812             70,31                           0                     1,717                   30,756                 70,544 
                                            (0.0)                     (14.5)                  (45.2)             (75.6)                        (0.0)                  (10.5)                   (44.1)                   (75.7) 
2SFCA, two-step floating catchment area; E2SFCA, enhanced two-step floating catchment area.  
 

Table 1. Comparison of the two catchment methodologies in relation to levels of access to fixed mammography centres within 30 minutes. 

Spatial access                       Block groups                                  Women ≥40 years old                                 Areal size 
                                              number (%)                                        number (%)                                             km2 (%) 
                                    2SFCA                        E2SFCA                   2SFCA                 E2SFCA                2SFCA                  E2SFCA 

High                                     919                                       1                             224,699                      247,773                        2,1                              1,677 
                                           (27.2)                                 (29.6)                           (23.9)                         (26.3)                         (1.2)                             (0.9)  
Moderate                            1,083                                   995                            340,69                       317,006                     19,982                          16,374 
                                           (32.1)                                 (29.5)                           (36.2)                         (33.7)                        (11.0)                            (9.0)  
Low                                    1,001                                  1,007                          279,849                      280,114                     65,965                          69,763 
                                           (29.7)                                 (29.8)                           (29.7)                         (29.8)                        (36.4)                           (38.5)  
Zero                                     371                                     372                            95,756                        96,101                      92,991                          93,225 
                                           (11.0)                                 (11.0)                           (10.2)                         (10.2)                        (51.4)                           (51.5)  
Total                                                  3,374                                                                940,994                                                   181,038 
2SFCA, two-step floating catchment area; E2SFCA, enhanced two-step floating catchment area.                         



likely to be in block groups with high geographic accessibility 
(12%) in the 2SFCA and a slightly higher percentage (13%) using 
the E2SFCA method. We also observed a higher percentage of 
those populations reporting Hispanic ethnicity in block groups 
with high geographic access to fixed mammography services 
where the E2SFCA method showed slightly higher (17% vs 19%) 
percentages. Finally, areas with the highest percentage of AI/AN 
women were found to be associated with areas with lacking or lim-
ited geographic accessibility to non-tribal, non-VA or non-DOD 
fixed mammography facilities. The proportion of women residing 
in areas with zero geographic access to fixed mammography cen-
tres within 30 minutes and having lower educational attainment 
(14%), was higher than in areas with better access to fixed mam-
mography centres (12% for high and 9% for moderate) (Table 3). 
We also observed that the lowest percentage of women living 
below the poverty line was found among those living in areas with 
moderate access to fixed mammography service (13% for 2SFCA 
and 12% for E2SFCA). The block groups with zero spatial access 
had the highest percentage with no insurance coverage (11% for 
both). Areas with zero or low spatial access to fixed mammogra-
phy facilities had the highest homeownership rates (77% for both). 

Sensitivity analysis 
The sensitivity analysis using the 20% and 50% cut-off points 

for the proportion of AI/AN population within the study area 
revealed no significant differences from the primary analysis. 

 
 

Discussion 
This study employed a descriptive approach based on 2SFCA 

and E2SFCA to identify target areas with limited geographic 
access to fixed mammography facilities in Oklahoma, with the aim 
of contribute to planning optimal deployment locations for mobile 
mammography services. We identified large geographic regions in 
Oklahoma with limited or no spatial access to fixed mammography 
services throughout the state, with a concentration in thesouth-east 
and north-west. The lack lack of access was found to be particular-
ly pronounced small rural areas. 

Given that the E2SFCA uses gravity weighting of the 10, 20, 
and 30-minute rings, we would expect more areas to have low spa-
tial access to fixed mammography facilities. The greater refine-
ment and nuance of the E2SFCA approach compared to the 
2SFCA one was noted, particularly in urban areas with high spatial 
accessibility. In contrast, the 2SFCA exhibited better results in 
areas characterized by more moderate spatial accessibility, partic-
ularly in the Oklahoma City and Tulsa areas 

Eberth et al. (2014) used the 2SFCA to determine the accessi-
bility of mammography services from 2002 to 2008. The analysis 
showed a declining availability of mammography services over 
time, with significant variation in the extent of over- or under-sup-
ply across the southern US, including Oklahoma. This study also 
found that capacity reductions were concentrated in areas with an 
oversupply of machines, leading to a 68% decrease in the propor-
tion of women residing in areas with excess capacity between 2002 
and 2008, possibly due to the fact that many facilities were closed 
even though they remain on the FDA’s list. Conversely, the propor-
tion of women living in areas with poor capacity increased by 10% 
during the same period and the study by Eberth et al. (2014) high-
lighted a decrease in mammography availability and capacity over 
time, accompanied by notable differences across states. While our 
study did not examine the per capita changes in the availability of 
mammography over time, our survey of mammography facilities 

found that 16% of facilities listed in the FDA registry no longer 
provide this service.  Not surprisingly, Black and Hispanic popula-
tions were more likely to live in areas of high spatial access. In 
Oklahoma, these different groups are concentrated in urban areas. 
White and AI/AN populations have a higher proportion in the zero-
access area as compared to other racial or ethnic groups as these 
populations are the highest racial/ethnic groups residing in rural 
areas. For comparison, in the 2024 Behavioral Risk Factor 
Surveillance Survey (BRFSS) for Oklahoma among women age 40 
and older, 73.2% of NH White populations; 74.2% of NH Black 
populations; 64.2% of NH American Indian or Alaska Native pop-
ulations; 73.5% of NH Multiracial populations; and 59.7% of the 
Hispanic population had had a mammogram in the last two years 
(Centers for Disease Control and Prevention, 2024). Among block 
groups with high or moderate spatial access, a higher proportion of 
estimated individuals reported being Black and Hispanic. The lat-
ter low reported rate may be due to non-spatial access issues such 
as acceptability; cost; perceived quality of services; socio-econom-
ic barriers to services; language issues; lack of knowledge about 
screening; and structural racism (Alexandraki & Mooradian, 2010; 
Stoll et al., 2015; Miller et al., 2019; Aleshire et al., 2021; 
Henderson et al., 2024; Trentham-Dietz et al., 2024; US 
Preventive Services Task Force, 2024).These are key reasons to 
utilize a mobile mammography van in high-need areas, including 
both rural and urban settings. However, this paper aimed to exam-
ine areas with limited or no access to fixed mammography facili-
ties, and it was found that small rural areas had the most limited or 
zero spatial access, with a large geographic area of the state having 
low or no spatial access. 

The use of mammography facilities by AI/AN women is diffi-
cult to disentangle in Oklahoma. As mentioned previously, AI/AN 
populations (alone or in combination with at least one other ethnic 
population) comprise 14.3% of those who live in Oklahoma. For 
this study, we removed mammogram facilities that were ITUs, as 
well as VA and DOD facilities that only AI/AN women, veterans, 
or those in the military can access. It is essential to note that AIAN 
women may use ITU facilities but are not restricted to them; thus, 
they were included in this study. Further evaluation of this issue is 
a project for future analysis. We used two methods to account not 
using data from ITU facility location AI/AN women in our study, 
one representing the deletion of 20% of the AI/AN eligible women 
and another representing the deletion of 50% of AI/AN eligible 
women. These cut-off points represented low and high boundaries 
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Figure 2. A two-step floating catchment analysis (2SFCA) and 
enhanced two-step floating catchment analysis (E2SFCA) output 
block groups by high, moderate, low, and zero spatial access by 
block group, Oklahoma 2024.
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for the estimated number of women being seen in ITU facilities. 
However, these findings were not substantially different from oth-
ers described in this study.  

Those in moderate spatial access areas had a lower proportion 
of  the proportion of women living in poverty living in poverty in 
the 2SFCA (13%) and E2SFCA (12%), suggesting that areas with 
moderate access areas have some of the highest incomes or fewer 
pockets of poverty. It can be seen that suburban and large rural areas 
often have moderate areas of spatial access. Additionally, unexpect-
ed results showed that the block groups with the highest home own-
ership (often a proxy for wealth) were situated in areas with no spa-
tial access. This is not surprising given the high homeownership 
rates in suburban, large, and small rural areas, as well as a higher 
percentage of rental properties in urban areas (Sani et al., 2023). 

The E2SFCA found more high spatial access areas in urban 
areas than did the 2SFCA. We observed more nuanced results in 
high and moderate access areas, as well as an increase in low spa-
tial access. This is not surprising given that the third ring (the 20-
30 minutes service area) is weighted at just 22%. However, this 
may reflect reality better as it accounts for the decreased likelihood 
of women using the fixed mammography centre further out in the 
30-minute service area where they reside. When using E2SFCA, 
we noted that block groups with high access also had higher rates 
of poverty, higher rates of being uninsured, and slightly higher 
rates of civilian unemployment. It implies that uninsured women 
with relatively high rates of poverty live in high-access areas. In 
these areas, efforts to help women access fixed facilities, such as 
subsidizing screening costs through funds for breast and cervical 
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Table 3. Comparison of the two catchment methodologies in relation to the set of variables investigated. 

Variable                                                        2SFCA                                                                                              E2SFCA 
                                 High              Moderate                Low                    Zero                    High             Moderate              Low                 Zero 
                          % (95% CI)     % (95% CI)       % (95% CI)      % (95% CI)       % (95% CI)    % (95% CI)    % (95% CI)   % (95% CI) 

Demography 

White                             64.9                       68.4                         70.5                         71.3                         62.1                      70.9                      70.6                     71.3 
                                 (64.8-65.0)            (68.4-68.5)              (70.4-70.6)             (71.1-71.4)              (62.0-62.2)           (70.8-70.9)           (70.6-70.7)          (71.2-71.5) 
Black                             11.8                        8.2                           3.4                           2.7                          13.0                       6.9                        3.4                       2.7 
                                 (11.7-11.8)               (8.1-8.2)                 (3.4-3.4)                  (2.6-2.7)                (13.0-13.1)             (6.9-7.0)               (3.3-3.4)              (2.6-2.7) 
AI/AN                            3.7                         5.9                          11.5                         11.3                          4.2                        5.8                       11.5                     11.3 
                                   (3.7-3.8)                (5.9-6.0)                (11.5-11.6)              (11.2-11.4)                (4.0-4.2)               (5.8-5.9)              (11.4-1.5)           (11.2-11.5) 
Asian                              3.4                         3.0                           1.1                           0.5                           3.3                        3.1                        1.1                       0.5 
                                   (3.4-3.5)                (3.0-3.0)                  (1.0-1.1)                  (0.5-0.6)                  (3.3-3.3)               (3.1-3.1)               (1.0-1.1)              (0.5-0.6) 
NH                                  0.1                         0.1                           0.3                           0.1                           0.2                        0.1                        0.3                       0.1 
                                   (0.1-0.1)                (0.1-0.1)                  (0.3-0.4)                  (0.1-0.1)                  (0.1-0.2)              (0.1-0.1))               (0.3-0.4)              (0.1-0.1) 
Other                               4.5                         2.8                           2.5                           3.0                           5.0                        2.2                        2.5                       3.0 
                                   (4.4-4.5)                (2.7-2.8)                  (2.5-2.5)                  (2.9-3.0)                  (5.0-5.1)               (2.1-2.2)               (2.5-2.5)              (2.9-3.0) 
Two or more                 11.6                       11.5                         10.7                         11.2                         12.3                      11.0                      10.6                     11.1 
                                 (11.5-11.7)            (11.5-11.6)              (10.6-10.7)              (11.1-11.3)              (12.2-12.3)           (11.0-11.1)           (10.6-10.7)          (11.0-11.2) 
Ethnicity 

Hispanic                        17.2                       10.6                          8.6                           9.3                          19.0                       8.6                        8.6                       9.2 
                                 (17.1-17.3)            (10.6-10.7)                (8.6-8.7)                  (9.2-9.3)                (19.0-19.1)             (8.6-8.7)               (8.6-8.7)              (9.2-9.3) 
Education 

Less than GED              11.2                        9.2                          12.2                         14.1                         12.3                       8.3                       12.1                     14.1 
                                (11.1-11.3))              (9.2-9.3)                (12.1-12.3)              (13.914.2)              (12.2-12.4)             (8.2-8.3)             (12.0-12.1)          (14.0-14.2) 
GED level                      25.7                       27.7                         36.0                         39.7                         25.7                      27.8                      36.0                     39.7 
                                 (25.6-25.8)            (27.6-27.8)              (35.8-36.1)             (39.5-39.9)              (25.6-25.8)           (27.7-27.9)           (35.9-36.1)          (39.5-39.9) 
Higher than GED          63.1                       63.1                         51.9                         46.2                         62.0                      63.9                      52.0                     46.2 
                                 (63.0-63.2)            (63.0-63.2)              (51.8-52.0)             (46.0-46.4)              (61.9-62.1)           (63.8-64.0)           (51.9-52.1)          (46.0-46.4) 
Below Poverty             
                                      15.0                       13.4                         17.3                         16.8                         17.1                      11.6                      17.1                     16.8 
                                 (14.9-15.1)            (13.3-13.4)              (17.2-17.4)             (16.6-16.9)              (17.0-17.2)           (11.6-11.7)           (17.1-17.2)          (16.6-16.9) 
Uninsured                    
                                       8.0                         7.8                           9.4                          11.1                          9.2                        6.9                        9.3                      11.1 
                                   (7.9-8.1)                (7.8-7.9)                  (9.3-9.4)                (11.0-11.2)                (9.2-9.3)               (6.8-6.9)               (9.3-9.4)            (11.0-11.2) 
Unemployed                 
                                       4.9                         5.1                           5.3                           2.0                           5.1                        4.6                        5.0                       4.8 
                                   (4.9-5.0)                (5.1-5.2)                  (5.3-5.4)                  (2.0-2.1)                  (5.1-5.2)               (4.5-4.6)               (4.9-5.1)              (4.7-4.9) 
Own home                    
                                      59.6                       66.1                         68.1                         76.8                         55.7                      69.9                      68.4                     76.8 
                                 (59.4-59.7)            (66.0-66.2)              (68.0-68.2)             (76.5-77.0)              (55.6-55.8)           (69.8-70.1)           (68.2-68.5)          (76.5-77.0) 

AI/AN, American Indian or Alaska Native; NH, Native Hawaiian and other Pacific Islander; GED, high school diploma; 2SFCA, two-step floating catchment area; E2SFCA, 
the enhanced two-step floating catchment area.  



cancer early detection may make more sense than deploying a 
vehicle. This study examines only geographic access to fixed facil-
ities. It is essential to note that even people with high geographic 
access do not necessarily access the service because of health 
insurance coverage or financial barriers to mammography. 

Strengths and limitations 
Our study has several strengths, including investigating the 

small geographic units of the block group. Additionally, we 
accounted for mammography access for Oklahomans in out-of-
state facilities, thus reducing or eliminating the edge effects for the 
state. The limitations has to do with the out-of-state facilities; we 
may have overestimated access to fixed facilities along the edges 
of Oklahoma because of lack of insurance or free and reduced pro-
gram acceptance. Additionally, traffic congestion, road construc-
tion and public transportation lead to uncertainty about travel time 
as noted elsewhere by Chen et al. (2020). For this study, we did not 
consider travel time uncertainty. While it is an essential factor, it 
tends to be more critical in urban areas where there is more oppor-
tunity for traffic congestion and thus more opportunities to delay 
travel time. We plan to consider this factor for future work in urban 
areas that may benefit from mobile mammography. Another diffi-
culty is with the interpretation of the E2SFCA. Because of weight-
ing, we could not estimate the number of women per 100,000 in a 
geographic area. Another limitation was the difficulty in accessing 
detailed mammography data; only 83% of calls to mammography 
facilities were answered when we surveyed them. Some payment 
sources (such as the Breast and Cervical Cancer Early Detection 
Program) require the contractor or facility to be in Oklahoma, but 
this is a limited number of women with 2,378 women being 
screened by the three program (Oklahoma State Department of 
Health, Cherokee Nation, and Kaw Nation) in 2021 – the last year 
for which all three programs data were available (Oklahoma State 
Department of Health, 2021) we were unable to infer results from 
individual women. In addition, our study is susceptible to the 
Modifiable Area Unit Problem (MAUP) because of the block 
group used, and our results may vary depending on the administra-
tive unit chosen for analysis. We chose the block group for this 
study because it was the smallest geographic area that provided the 
age of women in a manner that allowed us to estimate the total 
population requiring mammography services. However, we recog-
nize that we might come to different conclusions if we had used, 
for example, census tracts.  

 
 

Conclusions 
Spatial accessibility analyses, including 2SFCA and E2SFCA, 

revealed that large portions of Oklahoma, especially small rural 
areas, lack adequate geographic access to fixed mammography 
centres. Findings emphasize the need for the targeted deployment 
of mobile mammography machines to address geographic and 
demographic disparities, thereby ensuring equitable access to 
breast cancer screening. 
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