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Abstract 

In this study, we evaluated and forecasted the cumulative opportunities for residents to access radiotherapy services 
in Cali, Colombia, while accounting for traffic congestion, using a new people-centred methodology with an equity 
focus. Furthermore, we identified 1–2 optimal locations where new services would maximise accessibility. We utilised 
open data and publicly available big data. Cali is one of South America’s cities most impacted by traffic congestion.

Methodology: Using a people-centred approach, we tested a web-based digital platform developed through an iterative 
participatory design. The platform integrates open data, including the location of radiotherapy services, the disaggre‑
gated sociodemographic microdata for the population and places of residence, and big data for travel times from Google 
Distance Matrix API. We used genetic algorithms to identify optimal locations for new services. We predicted accessibility 
cumulative opportunities (ACO) for traffic ranging from peak congestion to free-flow conditions with hourly assessments 
for 6–12 July 2020 and 23–29 November 2020. The interactive digital platform is openly available.

Primary and secondary outcomes: We present descriptive statistics and population distribution heatmaps based 
on 20-min accessibility cumulative opportunities (ACO) isochrones for car journeys. There is no set national or inter‑
national standard for these travel time thresholds. Most key informants found the 20-min threshold reasonable. These 
isochrones connect the population-weighted centroid of the traffic analysis zone at the place of residence to the cor‑
responding zone of the radiotherapy service with the shortest travel time under varying traffic conditions ranging 
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from free-flow to peak-traffic congestion levels. Additionally, we conducted a time-series bivariate analysis to assess 
geographical accessibility based on economic stratum. We identify 1–2 optimal locations where new services would 
maximize the 20-min ACO during peak-traffic congestion.

Results: Traffic congestion significantly diminished accessibility to radiotherapy services, particularly affect‑
ing vulnerable populations. For instance, urban 20-min ACO by car dropped from 91% of Cali’s urban population 
within a 20-min journey to the service during free-flow traffic to 31% during peak traffic for the week of 6–12 July 
2020. Percentages represent the population within a 20-min journey by car from their residence to a radiotherapy 
service. Specific ethnic groups, individuals with lower educational attainment, and residents on the outskirts of Cali 
experienced disproportionate effects, with accessibility decreasing to 11% during peak traffic compared to 81% dur‑
ing free-flow traffic for low-income households. We predict that strategically adding sufficient services in 1–2 loca‑
tions in eastern Cali would notably enhance accessibility and reduce inequities. The recommended locations for new 
services remained consistent in both of our measurements.

These findings underscore the significance of prioritising equity and comprehensive care in healthcare accessibility. 
They also offer a practical approach to optimising service locations to mitigate disparities. Expanding this approach 
to encompass other transportation modes, services, and cities, or updating measurements, is feasible and affordable. 
The new approach and data are particularly relevant for planning authorities and urban development actors.

What we know on this topic
The benefits of setting up new hospitals and health ser-
vices in areas that are accessible and convenient to 
patients are well known, particularly for vulnerable pop-
ulations. Moreover, people increasingly prefer to visit 
healthcare sites within a short trip where they spend their 
daily lives rather than embarking on long journeys or sit-
ting in traffic. Direct and indirect costs associated with 
long journeys impact adherence, clinical outcomes, and 
patients’ and their family’s quality of life and economy. 
Having conveniently located health services contributes 
to spatial justice and health equity.

This report expands on our studies for haemodialysis and 
tertiary care emergency services. Those studies assessed the 
feasibility of generating dynamic geographical accessibility 
measurements by integrating open data and big data in par-
ticipatory processes with stakeholders while incorporating 
an equity perspective. Our previous findings also identified 
eastern Cali as the priority area where new services would 
optimise accessibility. However, the recommended sectors 
varied as the distribution of haemodialysis and tertiary care 
emergency services differs from radiotherapy services.

What this study adds
This study introduces an innovative methodology and tool 
codesigned with stakeholders and data end users to be 
applied by the public and private sectors to strategically 
plan the establishment of new healthcare sites, focusing on 
urban accessibility to critical services such as radiotherapy. 
In addition to the participatory approach, the tool relies 
on relatable cartography and descriptive statistics to effec-
tively communicate assessments and predictions regard-
ing urban accessibility to radiotherapy services in Cali. It 

identifies optimal locations for new radiotherapy services, 
considering factors such as traffic congestion, and offers 
crucial data-driven insights for enhanced health services 
planning. This study tests a practical approach involving 
relevant stakeholders in response to numerous calls from 
leaders and intersectoral organisations advocating for 
participatory intersectoral actions to align the urban and 
health agendas by focusing on equity and social justice.

How might this study affect research, practice, 
or policy?
This study supports a fundamental shift in how accessi-
bility measurements for health services are approached 
when traffic congestion is a factor. This approach equips 
advocates and stakeholders to participate in urban and 
health services planning with accurate and relatable data, 
fostering intersectoral and multistakeholder collabora-
tions. The study also offers an interactive public platform 
for testing data and scenarios.

Governments, local authorities, and health/insurance 
companies benefit from incorporating these measure-
ments into their health and urban planning policies. 
Civic organisations, government, and patient groups can 
explore how to monitor and link traffic congestion with 
equity and accessibility. This integration can improve 
overall accessibility, efficiency, and public participa-
tion. Moreover, the study can influence policies prior-
itising public health by underscoring the critical role of 
addressing traffic congestion in ensuring equitable access 
to health services. It sheds light on the impact of travel 
times as barriers to adherence and access to health ser-
vices, particularly in conjunction with appointment 
opportunities, authorisations, and the fair allocation of 
subsidies.
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Background
Traffic congestion reduces accessibility to health services 
and might affect population groups differently. How-
ever, measuring congestion has been elusive for practi-
cal reasons [1–3]. Most measurements have focused on 
average travel times or distances, which is problematic 
since fixed average estimates are misleading when traf-
fic fluctuates and varies across sectors [3–7]. In these 
situations, residents often plan their movements based 
on travel times rather than distance due to the rarity of 
smooth, free-flow traffic that usually allows for predict-
able and economical transportation. In this article, we 
will refer to geographical accessibility measurements 
that consider temporospatial variations in traffic conges-
tion as dynamic geographical accessibility measurements 
(DGAMs).

For example, a 2017 study using fixed estimates to 
measure accessibility to tertiary care emergency services 
in Cali, Colombia, yielded results like free-flow traf-
fic in the first hours of weekdays, which a 2020 DGAM 
also captured. However, Cali is among the most traffic-
congested cities in South America [8–10]. The DGAM 
showed that under usual traffic congestion conditions, 
15-minute urban accessibility to tertiary care emergency 
services by car dropped from 84% to 38%, revealing a 
previously overlooked problem [11–15]. Reduced acces-
sibility can adversely impact the overall quality of health-
care, life, and health outcomes.

DGAM studies are increasingly becoming available 
for health services [2, 6, 7, 16–19]. However, studies on 
accessibility to service provision are often done with 
minimal stakeholder involvement and disregard other 
knowledge translation recommendations [1, 20–27]. 
Furthermore, these studies employ complex methods 
and communicate findings to a specialised audience, 
which may not always be directly related to healthcare. 
While such assessments are very much needed in pub-
lic health, for example, to understand the interactions 
between patients and services, consider service agglom-
eration and spatial accessibility, or geographical distribu-
tion of service users and providers, [28, 29] reports are 
frequently of limited practical value in multistakeholder 
or intersectoral deliberations; they are usually cumber-
some to update and rarely offer interactive options, ren-
dering them ineffective for testing different scenarios, 
assumptions, monitoring, and planning [3, 13, 28, 30–
34]. The AMORE Project and the OnTIME consortium 
are addressing some of these limitations, and this report 
for radiotherapy services adds to these. This report 
describes an innovative integrative approach that strate-
gically engages diverse stakeholders involved in providing 
and receiving cancer treatment [5, 12, 18, 35–37]. While 
this report focuses on radiotherapy, the broader study 

tests a methodological approach applicable to diverse 
services within and beyond the health sector, providing 
an equity perspective and elements that differentiate it 
from existing approaches. For example, it points to where 
to place new services, going beyond describing service 
agglomeration to consider traffic congestion and urban 
sprawl, as well as the city’s mobility network with the 
control measures that sometimes exacerbate inequities 
[36, 38].

A research project in Cali’s informal settlements of the 
western peripheral Commune 18 produced qualitative 
data highlighting the problems people face when com-
muting to ambulatory cancer and dialysis services they 
require several times weekly [39–41]. These patients and 
their families can face financial hardship because of the 
high costs, direct and indirect (e.g., lost wages, missed 
opportunities) [42–49] (Supplementary Material 1).

Patients in Cali’s slopes and other peripheral areas offer 
striking testimonies of the impact of their commute, fre-
quently struggling to reach a paved road where a taxi can 
pick them up. Those in a wheelchair face the additional hur-
dle of finding a taxi that carries the chair. They sometimes 
struggle to find the money to pay for transportation, risking 
their well-being [39–41] (Supplementary Material 1).

Radiotherapy is an essential component of cancer care 
[50]. Radiotherapy capacites are strained and strategic 
efficient planning is needed to maximise efficiencies [51–
53].  Comprehensive quality cancer treatments involving 
radiation therapy encompass additional interventions to 
improve physical, social, and mental well-being, provid-
ing support, education, and rehabilitation for patients and 
carers [54–57]. Radiotherapy is typically administered on 
an outpatient basis, requiring patients to visit the radio-
therapy facility daily throughout the treatment course, 
which may span several weeks. This fact adds complexity 
to the analysis of accessibility to service provision.

Data and insights are needed to understand the fac-
tors contributing to poor spatial (geographical) acces-
sibility to radiotherapy services and to address health 
equity and social justice [2, 58–61]. Measuring the effects 
of traffic congestion on accessibility among populations 
enables data-driven approaches to address underly-
ing issues. These include land-use policies or other fac-
tors contributing to market failure and service scarcity 
in underserved areas, including revenue, availability of 
specialists, or insecurity. Individual ability to pay is not 
directly linked to service payments in Colombia because 
health insurance schemes make most payments but need 
to cover transportation systematically [62]. A system-
atic review assessing the use of geographical informa-
tion systems for radiotherapy planning found no studies 
providing an equity perspective that considered traffic 
congestion in low or middle-income countries, part of a 
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multistakeholder coalition, or following a participatory 
people-centred approach [63]. We found no other stud-
ies co-designed with end users and stakeholders provid-
ing dynamic spatiotemporal accessibility measurements 
and predictions for health services [1]. Participation 
of beneficiaries and health services users in health ser-
vices research promotes trust, effectiveness, community 
rights and several other benefits [37, 64].

Transportation subsidies are increasingly available in 
Colombia to treat high-cost diseases like cancer. However, 
these subsidies can perpetuate inequities because they 
need to account for factors that define out-of-pocket and 
indirect costs, such as travel time or distance. Furthermore, 
implementing these subsidies in 2020 was not systematic, 
leaving disadvantaged populations facing accessibility chal-
lenges [42, 65–68]. Poor geographical accessibility to cancer 
treatments diminishes the quality of care and is associated 
with poor clinical outcomes [56, 63, 69–73].

In this study, we aim to assess the impact of traffic 
congestion on the accessibility of radiotherapy services 
within urban Cali; explore the connections between soci-
odemographic factors influencing health equity, traffic 
congestion patterns, and the accessibility of healthcare 
services; and predict the enhanced accessibility of radio-
therapy services by strategically introducing facilities in 
1–2 key locations. This predictive model is designed to 
optimise service accessibility, cater to the healthcare 
needs of Cali’s diverse population, and be accessible to 
diverse stakeholders [13, 29, 74].

Methods
This study outlines a new strategic  people  and equity-
centred approach developed in 2020 to generate DGAMs 
for health services, combining a range of  methods, 
novel processes, and ideas. The investigators comprise a 
multistakeholder international collaboration with gov-
ernmental and  non-governmental contributors  taking a 
whole-of-system approach on health services accessibil-
ity seeking to promote data-driven health services plan-
ning and health equity [75, 76]. The project examined 
tertiary care emergency services, for which time is criti-
cal, and two outpatient services that require frequent and 
prolonged attendance: haemodialysis and radiotherapy. 
This report focuses on the latter [38].

We developed the AMORE web-based platform to 
integrate open sources such as the adjusted national 
census microdata, matching it to a Traffic Analysis 
Zone (TAZ), and travel times between TAZ popula-
tion-weighed centroids. This allowed us to obtain the 
dynamic spatial-temporal accessibility measurements 
(DSTAM) [12, 36, 38, 77]. The platform followed a par-
ticipatory design approach with engagement from data 
scientists, researchers, collaborators and stakeholders 

throughout the design, implementation and reporting 
[13, 25, 38]. We held twenty-eight interviews and discus-
sion groups with key informants, experts and stakehold-
ers to get feedback and insights as the AMORE Platform 
was developed, leading to enhanced prototypes and pre-
senting data in ways relatable to end users [13, 25, 38, 
75]. Interviews with end users were expanded in 2023 as 
part of an innovation challenge and an assessment [13, 
78]. We identified radiotherapy services in Cali using 
the Colombian National Health Services Registry (Sup-
plementary Material 5). We obtained big data on travel 
times from Google Distance Matrix API for the weeks 
of July 6–12 and 23–29 November 2020 to perform situ-
ational analyses. On July 3, 2020, we downloaded pre-
dicted travel times for the week of 6–12 July 2021. For 
the week of 23–29 November 2020, we downloaded the 
expected times on 27 October 2020. None of these weeks 
had holidays, and they offered an opportunity to explore 
variations during the COVID-19 pandemic [12, 36, 38].

The AMORE web-based platform displays accessibility 
cumulative opportunities (ACO), a contour measure also 
known as isochronic indices, a metric for the number 
or proportion of opportunities of reaching a destination 
(i.e., radiotherapy service) within a specified travel time 
(i.e., 20 minutes by car) [9, 79]. It measured travel times 
from the population-weighed centroid of each residential 
TAZ to the centroid of the TAZ with the shortest travel 
time [38]. We used advanced heuristic genetic algorithms 
to predict the 1–2 locations where new services would 
maximise the accessibility across Cali. Those algorithms 
factored in disaggregated accessibility data by the soci-
odemographic population characteristics [36].

The 20-minute threshold was arbitrary and found rea-
sonable by focus groups discussing commuting times for 
radiotherapy or haemodialysis. There is no set national 
or international standard for these travel time thresholds 
[38]. This was complemented by grading accessibility by 
socioeconomic stratum of housing at 10-minute inter-
vals to provide deeper perspectives into social justice and 
health equity [12, 36, 38, 61].

Study population and setting
Cali, a tropical city nested in a valley, lies between the 
western Andean mountains and the west bank of the 
Cauca River. Some of its neighbourhoods cover the 
western Andean slopes, including those along the road 
leading to the Pacific in northwest Cali on its western-
most border. Cali is the only major Colombian city with 
access to the Pacific coast (Fig. 1). This study focused on 
the urban population of Cali, as estimated for 2020 after 
updating the recorded 2018 national census microdata, 
as described in the research protocol.
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Cali consisted of 22 communes in 2020 and began tran-
sitioning to becoming a Special District with six localities 
in 2023 [81–85]. This change might raise the interest of 
local advocates in accessibility assessments among con-
stituencies concerned about the availability and quality 
of health services in their communities, as services will 
likely be concentrated in a few administrative districts.

Radiotherapy services
In 2020, Cali registered five radiotherapy facilities in the 
Colombian Special Registry of Health Services Providers 
(REPS in Spanish) [86]. Radiotherapy services are located 
in four TAZ along the north-south corridor on the lower 
part of the western Andean slopes and foothills, which 
are well-off areas of the city; two services at Imbanaco 

Medical Center are in the same TAZ. Four services are 
on the city’s west and one, Fundación Valle de Lilí, in the 
south, all in well-off areas (Fig. 1).

However, some high-income residents live in villas and 
mansions in southern Cali, and high-income housing 
hosts 9% of the population, including low-income resi-
dent homeworkers; almost half of the population lives in 
low-income areas, mainly in the city’s east and peripheric 
areas (Fig. 2) [80]. According to REPS, these radiotherapy 
facilities have extended hours from Monday to Saturday, 
providing crucial healthcare services.

Radiotherapy services are a sophisticated, expensive 
technology delivered by highly trained teams, with spe-
cialised radiotherapy modalities (e.g., 3D Conformal 
Radiotherapy, Intensity-Modulated Radiation Therapy, 

Fig. 1  Location of Cali’s radiotherapy services in 2020, with compass rose, mountain range, and road indications for clarity [80]
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Image Guided Radiation Therapy, Stereotactic Body 
Radiation Therapy, Proton Therapy) beyond conven-
tional radiotherapy (i.e., 2D Conformal Radiotherapy) 
There is an opportunity to look at the accessibility issues 
seeking to ensure a sound distribution of treatment 
modalities for existing service clusters and new centres 
to offer most common treatment options within rea-
sonable travel times from where most of the population 
resides [57, 87, 88].

Study design
This cross-sectional study used the AMORE web-based 
platform to integrate big data of travel times with geo-
referenced microdata from the adjusted 2018 national 
census, TAZs, and the geographic locations of radiother-
apy services [12, 38, 89, 90]. The data sources integrated 
into the platform included the 2018 National Census 
Data for Cali, obtained from the public official databases 
of the Colombian National Department of Statistics 

(DANE in Spanish); [91, 92] administrative divisions of 
Cali obtained from the Colombian IDESC Geoportal, 
Traffic Analysis Zones (TAZs), and census block sectors 
[93, 94]; Google’s Distance Matrix API; and informa-
tion about the five radiation therapy services in Cali. The 
study’s complete list of variables can be found in the pro-
tocol and previous reports [12, 36, 38].

Travel times varied substantially during the COVID-
19 pandemic. It is unclear how this influenced Google 
Distance Matrix algorithms [95]. As previously 
reported, everything indicates that these estimations 
remained accurate [36]. Radiotherapy facility data was 
obtained using REPS service codes 711 (radiotherapy as 
complementary or diagnostic treatment) and 408 (out-
patient radiotherapy). Centres were registered under 
both service codes in 2020 and remained unchanged as 
of 30 November 2023 (Supplementary Material 5) [80, 
86]. We did not include providers offering only nuclear 
medicine (code 715).

Fig. 2  Population distribution of Cali’s 2020 TAZs by housing economic stratification and travel time
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Statistical analysis
Our report provides frequencies and bivariate analy-
ses to represent cumulative opportunities as a meas-
ure of accessibility [79]. Critical variables for this report 
are travel time from the population weighed centroid 
of each residential TAZ to that of the TAZ hosting the 
radiotherapy service with the shortest journey time and 
the housing and sociodemographic characteristics of 
the population, as recorded in the Colombian national 
census microdata [38, 96]. The AMORE web-based plat-
form displays population absolute and relative distribu-
tion (percentages) per travel time threshold measured for 
each of the nine traffic congestion levels, ranging from 
free-flow to peak traffic congestion [12]. We use isoch-
rones or choropleths to represent the shortest median 
journey time required to reach a radiotherapy service at 
each hour of the day throughout the week. Univariate 
and bivariate analyses are described in the protocol and 
reports [12, 36, 38].

Results / Outcomes
Participants
This study focused on the urban population of Cali reg-
istered in the 2018 census, adjusted to 2020 figures, with 
2,258,823 residents [38]. Most of the population is mes-
tizo or white (83.7 %, labelled in the census as “Others”) 
or Afro-descendants (326,492; 14.5%). Islanders (from the 
Department of San Andrés and Providencia) and Rrom 
people represent less than 1% of the population [97]. Resi-
dents are distributed in 507 TAZs, comprising 596,051 
households within 582,814 housing units. Figure  3 

illustrates how the AMORE platform’s interface displays 
the sociodemographic characteristics of the popula-
tion, available from Tables 1 and 2, and previous reports 
describe the platform’s interface in detail [12, 36, 38].

The socioeconomic distribution of dwellings for Cali 
shows that 1,109,549 residents (49% of the population) 
live in low-income housing. Most low-income housing 
is in the eastern and northeastern Cali and the western 
Andean slopes, including the areas along the road to the 
Pacific coast on its westerly limits. Most of the 935,699 
middle-income Cali residents (about 41% of the popula-
tion) live in 257,153 households in the central and south-
east corridors of the city (Figs. 2 and 3) [12, 36].

Colombian national high-cost treatment monitoring 
services reported 527 new radiotherapy schemes (inci-
dent cases) in the five radiotherapy centres in Cali in 2020 
(Cuenta de Alto Costo, Data request 5376, 29 May 2023. 
Supplementary Material 6). While most Cali residents, 
including those in vulnerable situations, live in densely 
populated outlying regions, radiotherapy services are in 
well-off areas with low population density (Fig. 2) [38].

Baseline situational analyses
Figure  3 shows the situational analysis interface for 
Cali’s population in July 2020; Tables 1 and 2 present the 
peak traffic 20-min ACO and its distribution by housing 
income categorisation, and sociodemographic character-
istics like ethnicity, gender, age, education level, and civil 
status per adjusted census [38, 98].

Figures 4 and 5 show the interface for July and Novem-
ber, respectively, with a travel-time threshold of 20 

Fig. 3  AMORE web-based Platform demographics interface (absolute figures) [98]
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minutes and relative population data [98]. Figure 6 com-
plements these data, showing the territorial distribution 
variations for the July and November assessments and 
the matching population by housing income groups. It 
reflects improvements from reduced traffic congestion in 
November, when accessibility doubled.

Effect of traffic variations (6–12 July vs 23–29 November 
2020)
We found that, due to heavy traffic congestion, most 
people living in low-income housing and the city’s 
periphery had lower geographic accessibility to radio-
therapy services in November 2020 and July 2020 
(Table  1, Figs.  4, 5, 6, 7, 8 and 9). Traffic congestion 
exacerbated inequities by disproportionately impact-
ing the poorest populations in densely populated areas 
and the city’s outskirts (Table  1, Fig.  6, Supplementary 
Material 3 and Fig.  7); travel times are an access bar-
rier to radiotherapy. Traffic congestion significantly 

decreased in the November measurements following the 
reinstatement of COVID-19 pandemic measures, such 
as stay-at-home orders and license-plate-based driving 
restrictions. In contrast, such measures were absent in 
July, leading to lower accessibility, particularly for resi-
dents in low-income housing (11.2% in July compared to 
42.8% in November) and middle-income housing (42.8% 
in July compared to 75% in November). The change was 
less dramatic for those in high-income housing, with 
accessibility rates of 82.6% in July compared to 89.5% in 
November (Table 1, Figs. 6 and 9).

In July, Afro-descendants and the smaller Palenque 
community experienced the lowest accessibility rates, 
with 15.2% and 11%, respectively. In contrast, Islander 
and ‘Other’ populations (including whites and mestizos) 
fared significantly better, with accessibility rates of 40% 
and 33.4%, respectively. An earlier report showed that 
the small Palenque population is concentrated in a few 
neighbourhoods [12]. Because most of this population 

Table 1   Relative figures: situational analysis and predicted 20-minute ACO by car to radiotherapy in Cali in July and November 2020
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lives near the 20-minute ACO threshold borders, acces-
sibility improved greatly when traffic congestion eased 
in November, reaching an accessibility rate of 78.8%, fol-
lowed by indigenous communities at 67.5% (Table 2).

Individuals with graduate and bachelor’s degrees consist-
ently experienced better accessibility and were less affected 
by reduced traffic congestion. Marital status also influ-
enced accessibility, with married individuals or those in 
partnerships having lower accessibility in July (calculated 
to 31.3%, based on Table 2). However, as traffic congestion 
eased in November, accessibility rates became more uni-
form across different marital statuses, ranging from 60.5% 
for couples to 66.5% for widowers (Tables 1 and 2).

We observed an age-related gradient in accessibility, 
with older populations enjoying better access. Interest-
ingly, all age groups benefited similarly from the traffic 
congestion relief (Tables 1 and 2).

Effects of the addition of new radiotherapy providers
We analysed what peak-traffic accessibility would look 
like if new radiotherapy facilities were optimally located 
in 1–2 TAZs. Optimisation analyses for urban accessibil-
ity during peak traffic hours consistently pointed to add-
ing new services in the eastern sector of La Base (Figs. 8 
and 11). This finding was consistent for both measure-
ment periods. Simulating the addition of this new service 
in July increased predicted urban accessibility from 30.8% 
to 61.6%. This addition expanded the 20-minute ACO to 
include 695,502 more inhabitants (Table 2).

This improvement remained substantial in November, 
with accessibility rising from 60.4% to 91.5% and incor-
porating 702,618 more inhabitants into the 20-minute 
ACO, markedly raising accessibility rates for all income 
levels and nearly all marital statuses, education levels, 
and ethnic groups. These results indicate that adding 
radiotherapy services in eastern Cali, specifically in or 

Table 2   Population data: situational analysis and predicted 20-minute ACO by car to radiotherapy in Cali in July and November 2020
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near La Base, will likely address critical health equity con-
cerns related to accessibility (Tables 1 and 2 and Fig. 9).

Adding services in two new locations would nota-
bly increase Cali’s accessibility to radiotherapy services. 
While July and November predictions point to four dif-
ferent geographical areas, the recommended sectors are 
located nearby in the northeast and southeast (Fig.  9). 

July predictions showed that adding radiotherapy ser-
vices in La Alianza in the northeast and Rodrigo Lara 
Bonilla in the southeast would increase peak-traffic ACO 
opportunities by 168%, reaching 82.6% of the population 
(Fig. 12), with 1,169,054 inhabitants incorporated into the 
20-minute peak-traffic ACO (compared to the baseline). 
Similarly, November predictions revealed that locating 

Fig. 4  Relative 20-min peak-traffic ACO by car to radiotherapy, 6–12 July 2020 [98]

Fig. 5  Relative 20-min peak-traffic ACO by car to radiotherapy 23–29, November 2020 [98]
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services at Los Parques de Barranquilla in the northeast 
would accommodate around 450,000 inhabitants, and at 
Los Comuneros III in the southeast, it would serve about 
842,000 into the 20-minute peak-traffic ACO (Fig. 8).

The evidence, drawn from measurements in July and 
November, shows that introducing new radiotherapy 
services in recommended locations would improve 
accessibility, particularly in eastern Cali, and reduce 
inequities (Figs.  9, 10, 11 and 12). Moreover, the data 
also shows that it is better to add more sites. In July, the 
increase from adding two sites instead of one was 21.0%. 
In November, although lower by 7.9% (178,426), this 
increase still improves ACO for a large population (Sup-
plementary Material 7 and 8).

Other analyses
Comparing July and November 2020
We measured the gradients by which traffic fluctuations 
from free flow to peak traffic affect populations per hous-
ing economic stratum (Fig. 7). We found that the nega-
tive impact of traffic congestion is more remarkable for 
the lower-income stratum groups. We found a small 

high-income population living in villas in the city’s south-
ern outskirts that remains beyond the 20-minute ACO.

Discussion
The city’s layout and demography have changed since 
the city was concentrated around the corridor where 
services are located, and our findings offer a justifica-
tion for updating land-use and health services plans. 
The new data provide insights for an equity-focused and 
data-driven approach that supports aligning the urban 
and health agenda [60, 99–101]. Our latest data indicates 
that populations in the peripheral areas and the densely 
populated city’s east must invest disproportionately when 
commuting to radiotherapy services. This should chal-
lenge traditional urban and planning approaches and 
support actions to enhance social justice by focusing on 
health equity [60, 71, 96].

Our findings highlight the potential for dramatic 
improvements by strategically locating radiotherapy ser-
vices in 1–2 new sectors that could optimise accessibility. 
Traditionally, radiotherapy services have been co-located 
with tertiary care emergency services, but none exist in 
Cali’s east (Figs. 1 and 2) [12, 56]. Recently, stand-alone 

Fig. 6  Assessed accessibility in July and November 2020 by economic stratum and location, with TAZ height representing population
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centres have been developed elsewhere, prompting con-
sideration of whether Cali should have a tertiary care 
hospital(s) in the east offering comprehensive radiother-
apy services or if stand-alone centres are more suitable.

If decision-makers add services in a single area, La 
Base or its surroundings emerge as the optimal location 
to maximise accessibility (Figs. 8 and 11). These services 
must have the capacity to meet the high demand from the 

Fig. 7  Accessibility gradients by housing economic stratum with peak vs free-flow traffic (6–12 July 2020)
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populations covered in their catchment area and remain 
accessible to all radiotherapy patients. Expanding capac-
ity in the east could alleviate demand pressure on existing 
centres, freeing up resources to accommodate the needs 
of metropolitan areas and neighbouring communities.

This study draws attention to the “inverse care law” in 
radiotherapy services in Cali, mirroring patterns seen in 
tertiary care emergency services and haemodialysis [12, 
36]. Such a higher impact on vulnerable populations 
exacerbates social injustice [102, 103]. Previous studies 
have suggested that residents in informal settings, like 
others facing vulnerability and inequity in accessibility, 
are more likely to be disconnected from formal transpor-
tation modes. Video testimonies (close captioned with 

automated translation) from Cali’s peripheric impover-
ished areas reveal compounding mobility and financial 
challenges residents face trying to reach a paved area 
where private or hired drivers can pick them up to attend 
ambulatory services requiring frequent use, such as can-
cer treatments. They describe incurring catastrophic 
health expenditure and losing their autonomy. In addi-
tion to prolonged travel times, they may need help get-
ting to where they can be transported to the service 
and still struggle to find suitable vehicles and the means 
to pay for their long commutes [3]. These testimonies 
broaden our understanding of the social justice issues 
that sink families into poverty and the consequences of 
keeping these populations beyond the reach of suitable 

Fig. 8  Locations to optimise urban accessibility by adding services in one vs. two sectors
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public transportation  [42, 48, 49]. The contrast is strik-
ing against the well-off locations hosting radiotherapy 
services and offering cheap and convenient commutes 
for neighbouring populations. This study underscores the 
imperative of bringing services within a short journey of 
patients.

Since radiotherapy is an integral part of a comprehen-
sive treatment, service providers should avoid fragment-
ing healthcare services to maximise accessibility and 

quality of care [54, 55, 104, 105]. Recognising that radi-
otherapy capacities are strained,  many individuals face 
long journeys to their service providers and that health 
services fragmentation makes things worse because they 
may not even be able to use the services with the short-
est travel times, our findings are intended to encourage 
and inform societal agreements to improve accessibility 
to radiotherapy services [37, 53]. The challenges found in 
Cali likely extend to other cities in Colombia and beyond, 

Fig. 9  Assessment and predictions for accessibility improvement by housing income stratum for two measurement periods
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amplifying inequities [90, 105]. The study’s approach has 
the potential to assess and monitor such issues in various 
contexts and enable participatory urban planning with 
inputs from advocates and civic groups [37, 42, 44, 104, 
106–109].

This study’s approach opens avenues for implement-
ing accessibility monitoring and evaluation, suggest-
ing periodic (e.g., annual, semi-annual) assessments 
and exploring the economics of different approaches to 
enhance accessibility. For instance, by informing develop-
ment plans, land-use and health services planning about 

adding services to existing public infrastructure, as tested 
in early AMORE web Platform prototypes, versus new 
infrastructure [77]. The expected release of projected 
census data in 2024 allows updating these findings and 
integrating this approach into urban observatory net-
works [110, 111]. This also presents a chance to promote 
community data initiatives involving intersectoral and 
multistakeholder collaboration. For instance, addressing 
the scarcity of data from informal settlements, popular 
neighbourhoods, or Cali’s new districts to tackle health 
equity and social justice issues for populations that often 

Fig. 10  Assessment and predictions for accessibility improvement for the three largest ethnic groups in Cali during two measurement periods
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lack agency and remain neglected [41]. Another oppor-
tunity for future development involves applying the 
approach to specialised radiotherapy services, such as 
brachytherapy.

Our findings emphasise the need to monitor demand, 
building on open and big data integration opportunities 

[30]. Epidemiological and economic studies could 
shape the services and capacities of new and existing 
radiotherapy facilities. Understanding current and pre-
dicted radiotherapy needs and expected trends would 
benefit such deliberations.

Fig. 11  AMORE Platform interface showing the relative effects of adding services in one location based on July data

Fig. 12  AMORE Platform interface showing the relative effects of adding services in two locations based on July data
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Another practical application is calculating a fairer 
distribution of subsidies by adjusting them according to 
DSTAM. These measurements could be used to priori-
tise the organisation of mobility services for patients in 
outlying urban areas, and extended to cover metropoli-
tan areas [63, 112].

Given the substantial expected demand that strategi-
cally located services could have, our findings underscore 
the urgent need for additional radiotherapy services 
accessible to all residents. Our data provides insights 
and valuable parameters for health services planning and 
advocating for re-evaluating Cali land-use policies.

Despite its limitations, the new methodological 
approach tested for tertiary care emergency services, 
haemodialysis, and radiotherapy reveals the potential 
for notable improvements to accessibility, social justice 
and health equity if services were added to Cali’s densely 
populated eastern Aguablanca district. In this district, 
optimal locations for new services would optimise acces-
sibility [12, 36, 80]. Whether that is done through con-
certed action for specific services or an integral approach 
to improve multiple services at once (e.g., tertiary care 
emergency services, ambulatory treatments for high-
cost conditions) is beyond the scope of this manuscript. 
The territorial distribution of existing services makes 
these findings unsurprising, and this study and the 
AMORE web-based interactive platform reveal the links 
between the population, the territory, and services, with 
cartography, measurements and predictions pertinent to 
public policy and urban planning.

Key results
The impact on health equity, as our findings show, is sub-
stantial and multifaceted. Our findings predict that acces-
sibility could be quickly improved by adding strategically 
located radiotherapy services and allowing patients to 
access services offering the shortest journeys. That could 
transform accessibility opportunities throughout the 
city, foment new data-driven approaches, and spur fur-
ther development and innovation to improve the quality 
of care [51, 53, 60, 101]. We found that it is possible to 
enhance peak-traffic accessibility levels to levels currently 
seen only with free flow or minimal traffic congestion. 
Our predictions point to solutions worth considering. 
We have informed stakeholders at every level of pri-
mary healthcare governance, enabling them to advocate, 
plan, and monitor [13, 21, 35, 38, 75]. These stakehold-
ers include government, communities, service provid-
ers and users, opinion leaders, local leaders, academics, 
patient groups, scientists, and the media [23, 25, 35, 37, 
38, 59]. Those entities actively engaged with this par-
ticipatory research project are of particular significance 
[3, 22, 35, 113]. We encourage policymakers to explore 

strategies for fairer transportation subsidies by grading 
them according to accessibility.

Our evaluations could be replicated, perfected, and 
further developed with multistakeholder groups sup-
ported by data scientists to generate repeated geographi-
cal accessibility assessments for these and other services 
in urban and metropolitan areas where traffic congestion 
matters [12, 14, 30, 36, 37, 51, 53, 77, 101]. We encourage 
adopters of this approach to use relatable formats where 
the data speaks for itself and where stakeholders can test 
assumptions and scenarios for themselves and find that 
they can communicate these findings to their constituen-
cies and partners [13–15, 18, 21, 23, 25, 108, 113–115].

This study provides a valuable analysis of accessibility 
opportunities within the Colombian health system. It also 
sheds light on a practical estimation of traffic conges-
tion’s impact on equity and accessibility. It is informative 
to stakeholders from diverse sectors (e.g., health, urban 
planning, smart city, economy) with a stake in urban and 
health services planning [27, 37, 53, 61, 100, 101].

Interpretation
These findings empower citizens to participate in data-
driven dialogues with land-use and health services 
planners. The overarching goal is to facilitate necessary 
improvements, bridging the health equity gap and ensur-
ing universal access to healthcare [116].

Care models for bustling cities should incorporate 
quality aspects of health services like travel times. This 
analysis is an opportunity to recognise that comprehen-
sive care for radiotherapy patients is inherently linked 
to other services, including psychological support, reha-
bilitation therapies, nutritional guidance, pain manage-
ment, or palliative care. Therefore, to ensure that patients 
can access services without suffering hardship, planners 
must organise to offer integral care within reach, includ-
ing chemotherapy and other ambulatory services that can 
be combined with radiotherapy [52, 53, 55–57, 87, 104]. 
Future research and smart governance could monitor and 
optimise the distribution of treatments with an integral 
perspective to minimise travel and service fragmentation 
and to provide continuity with established integral can-
cer treatment teams [55, 104]. A refined version of the 
AMORE Platform could be used to monitor progress [51, 
60]. Local governments could adopt strategic approaches 
and  enhanced indicators for accessibility in cities with 
heavy traffic [53, 60].

In this context, balancing the advantages and disad-
vantages of centralising versus decentralising radiother-
apy services is essential. The geographical segregation 
of populations in Cali (Fig.  2) and the concentration 
of scarce  services in areas with low population den-
sity disproportionately reduce service quality for those 
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populations already hindered by a broad array of social 
determinants of health and result in geographic exclusion 
[90, 117].

Radiotherapy services are concentrated in the area 
from the north-to-south corridor of Cali to the west 
end of the valley where the city lies, leaving eastern 
Cali uncovered (Figs.  1 and 2). Restrictions that pre-
vent patients from accessing services available in every 
sector could further reduce accessibility. For instance, 
the Fundación Valle de Lilí radiotherapy service, in the 
southernmost part of Cali, is the sole provider for the 
densely populated southern areas of the city. Suppose 
health maintenance organisations or insurers (EPS/
EAPB, in Spanish) do not contract with providers close 
to patients or assign patients to distant services. In that 
case, patients won’t benefit from services in their prox-
imity. We consider that the low-accessibility and inequity 
gradients stress the urgency of implementing reforms to 
address the fragmentation of health service delivery.

Strategically adding radiotherapy services will benefit 
the overall population across all economic strata and eth-
nic groups, with advantages for currently underserved 
groups (see Tables  1, 2, Figs.  8 and 10). Future studies 
could measure the direct and collateral economic impact 
of putting services within shorter travel times and dis-
tributing transportation subsidies with schemes that sup-
port social justice.

Colombian law requires the treatment of emergencies 
throughout the health system, reducing fragmentation. 
However, such a law needs to be put in place for ambula-
tory services for high-cost conditions, like radiotherapy; 
therefore, patients might be restricted from accessing 
conveniently placed IPSs [12, 118]. Colombia is undergo-
ing a health reform, and assessments like this could pro-
vide insights for policy change, including free choice for 
radiotherapy providers.

We encourage readers to access the platform to test 
assumptions and scenarios. The interactive platform 
allows one to toggle or select specific radiotherapy pro-
viders. The platform can be accessed at https://​www.​
iquar​til.​net/​proye​ctoAM​ORE/ with additional guidance 
at https://​padlet.​com/​Proye​cto_​AMORE_​Proje​ct/​produ​
cts [21, 98].

This and previous assessments done as part of the 
AMORE Project Collaboration’s proof-of-concept show 
it is possible in LMICs to integrate open and big data to 
obtain dynamic geographical accessibility assessments 
for health services, providing an equity perspective and 
following recommendations to communicate findings to 
multiple stakeholders better [3, 12, 29, 36].

Generalizability
The availability of travel-time big data allows for assess-
ing various transportation modes. This approach applies 
to a broad spectrum of services, provided georeferenced 
data is available.

Notably, international policies and mandates are accel-
erating digitisation and datafication trends in many coun-
tries [119]. This study’s approach is transferable and can 
be replicated in other settings with traffic congestion, 
provided the essential data is available. Using population-
weighed TAZ centroids instead of blocks reduces the 
overall costs associated with travel-time data while allow-
ing for precise estimates [3, 36, 38, 89]. Like Colombia, 
other countries can harness available georeferenced open 
data of their population and services and integrate it with 
travel-time big data and TAZs to estimate ACOs [119, 
120]. Travel-time big data is available from various pro-
viders. The resulting assessments could inform land-use 
and health services planning and contribute to aligning 
radiotherapy and other cancer treatments with universal 
health coverage [29, 121].

The public and private sectors can also adopt and refine 
this methodology by integrating information about popu-
lation epidemiology, insurance providers, and payment 
agreements with health providers. These approaches are 
more complex and require investing in technology and 
participatory methods for stakeholder engagement. For 
example, integrating additional data might help identify 
the service with the shortest journey and availability for 
a specific appointment time. It might also guide insur-
ers’ prioritisation of providers to expand their cover-
age or reduce fragmentation. When patients can access 
services in every sector offering them, accessibility will 
reach the levels we measured. As we reported in this 
study, the benefits of obtaining more precise and sophis-
ticated assessments should be carefully weighed against 
the required resources, considering the high-level evalu-
ation feasible with reduced funding and in a short time.

Our methodology can be adapted to assess other trans-
portation modes, services, and geographical areas. Such 
replication might involve downloading travel times for 
additional transport modes, adjusting traffic congestion 
models, population centroids within traffic analysis zones 
(TAZs), and refining predictive models [38].

While this study included approaches for promot-
ing sectoral advocacy, social adoption and application 
of knowledge in health services planning, such assess-
ments go beyond the scope of this report. Sustainability 
for these models can be achieved if travel-time metrics 
and monitoring become standard and a requirement in 
urban, health, and mobility assessments [53, 60, 101] .

https://www.iquartil.net/proyectoAMORE/
https://www.iquartil.net/proyectoAMORE/
https://padlet.com/Proyecto_AMORE_Project/products
https://padlet.com/Proyecto_AMORE_Project/products
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Limitations
This study seeks to identify the radiotherapy service with 
the shortest travel time. However, patients in Colombia 
are assigned to a health services provider institution (IPS 
in Spanish) under contract with the health promotion 
entity (EPS, in Spanish) or Benefits Plan Administration 
Company (EAPB) responsible for providing services to 
them [118]. It may result in reported accessibility rates 
exceeding the accessibility individuals experience, which 
will be lower when EPS affiliation limits a patient’s access 
to the services offering the shortest travel times. We had 
no access to georeferenced data on EPS/EAPB coverage 
for populations; therefore, our findings show cumulative 
opportunities instead of actual accessibility. This frag-
mentation introduces a potential bias in our findings.

This report does not consider the characteristics 
of individual radiotherapy services, their capacity, or 
which ones offer specialised brachytherapy services, for 
example. It also does not integrate service agreements 
or georeferenced patient information. Therefore, our 
assessment errs on being optimistic; it reflects those 
populations that, even in the best-case scenario, would be 
beyond the assessed travel-time threshold. It points out 
that addressing these issues may involve actions on dif-
ferent fronts, from adding services to addressing health 
services fragmentation to enable access to those ser-
vices with the shortest journeys and providing an inte-
gral approach to cancer treatment where radiotherapy 
services are located. Nevertheless, it is possible to adjust 
for specific services by activating or deactivating ser-
vices considered in the accessibility assessments in the 
AMORE Platform. For faster response, the published 
AMORE platform is set to identify locations that opti-
mise accessibility with peak traffic [98].

Radiotherapy services are provided to the broader met-
ropolitan area and neighbouring cities; this study focused 
on urban Cali. While the approach’s efficiency relies 
on using open and big data, the accuracy of the find-
ings depends upon the accuracy of these publicly avail-
able data sources. Inaccuracies in sources may render 
some estimations or conclusions inaccurate. We did not 
include cost-effectiveness analyses or accurate demand 
and capacity estimates for new services.

Conclusions
This study advocates for using DGAMs to monitor acces-
sibility in cities where traffic congestion might be ampli-
fying inequities and as conditions, infrastructure and 
populations change [122]. It also demonstrates that pre-
dictions suitable for integrating health with urban and 
territorial planning can be made using open data. The 
engagement of local stakeholders improved the platform 

and the pertinence of the analysis options and placed the 
focus on the needs of data end users and beneficiaries.

The study pragmatically approached the singulari-
ties of bustling urban settings with a holistic approach 
considering the stakeholders, tensions, and challenges 
of territorial and health services planning. It meas-
ures accessibility per traffic congestion gradients with 
an equity perspective. It offers a simple and robust 
approach, provides baseline assessments, and predicts 
the impact of interventions building on readily accessible 
open data and accurate travel time big data. The data and 
analyses used to reach the conclusions presented here are 
drawn from multiple research tools and methodologies, 
including cross-sectional epidemiological study, partici-
patory research, and AI and data sciences. In using this 
approach, we have aimed to provide an integrative per-
spective built on a robust and diverse evidence base.

The potential of improving accessibility to radiother-
apy services for many patients stresses the urgency of 
acting on these data. We recommend prioritising new 
integrated radiotherapy or cancer care services in Cali’s 
densely populated east, considering locations that max-
imise accessibility and health equity. Subsequent updates 
and evaluations will determine if adherence to integrated 
knowledge translation and social appropriation of knowl-
edge principles lead to participatory urban and health 
services planning. They might also establish if services 
in eastern Cali will increase service referrals from the 
broader metropolitan area and neighbouring municipali-
ties where radiotherapy is in short supply.

We sought the engagement and input of diverse stake-
holders, including local government authorities and 
experts, health services planners, organised civil soci-
ety groups such as academia and urban observatories, 
health service providers, health services user groups, 
and knowledge brokers [26, 27, 38]. The impact of such 
engagement differs from this report’s focus [38, 78].

Integrating equity assessments into urban and health 
services planning is crucial in aligning urban and health 
agendas, and inequality monitoring is key to address-
ing the social determinants for health and promoting 
social justice [60, 109]. This approach can be refined and 
adapted for cities to improve data-driven planning and 
develop suitable indicators for monitoring accessibility 
when heavy traffic congestion is prevalent [40, 51, 60, 
99–101, 123]. This study points to solutions to address 
traffic congestion’s impact on social justice and health 
inequities. The new data can be used as part of an inte-
grated strategic approach to advance SDGs (3, 9, 10, 11, 
and 17)  in cities with heavy traffic and provide  a base-
line for Cali. The strategic approach used addresses calls 
made by United Nations agencies [37, 51, 99–101, 109].
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Other information
Health services planners could further research the 
effects of people-centred participatory approaches 
with multistakeholder engagement to seek stakeholder 
engagement in shaping urban and health services plan-
ning and social justice. The AMORE Project interactive 
interface is publicly available, and stakeholders can assess 
diverse scenarios and parameters [21, 24, 35, 38, 74, 124].
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