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 Background: According to the World Health Organization (WHO), non-communicable diseases are responsible for 71% of an-
nual global mortality. National governments and international organizations are increasingly considering med-
ical imaging and nuclear medicine access data in strategies to address epidemiologic priorities. Our objective 
here was to develop a statistical model to assist countries in estimating their needs for PET-CT systems for the 
management of specific cancer types.

 Material/Methods: We introduce a patient-centered statistical model based on country-specific epidemiological data, PET-CT per-
formance, and evidence-based clinical guidelines for PET-CT use for cancer. The output of the model was inte-
grated into a Bayesian model to rank countries or world regions that would benefit the most from upscaling 
PET-CT scanners.

 Results: We applied our model to the IMAGINE database, recently developed by the International Atomic Energy Agency 
(IAEA). Our model indicates that at least 96 countries should upscale their PET-CT services and more than 200 
additional PET-CT scanners would be required to fulfill their needs. The model also provides quantitative evi-
dence indicating that low-income countries would benefit the most from increasing PET-CT provision. Finally, 
we discuss several cases in which the standard unit [number of scanners]/[million inhabitants] to guide stra-
tegic planning or address inequities is misleading.

 Conclusions: Our model may help in the accurate delineation and further reduction of global inequities in access to PET-CT 
scanners. As a template, the model also has the potential to estimate the costs and socioeconomic impact of 
implementing any medical imaging modality for any clinical application.
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Background

There are alarming global inequities in access to nuclear med-
icine and diagnostic imaging. These are now showcased in 
an unprecedented, comprehensive manner in IMAGINE [1], 
the IAEA Medical imAGIng and Nuclear mEdicine global re-
sources database. Launched in 2019, the database is being 
updated regularly and presents interactive maps on the coun-
try-by-country availability of medical imaging equipment and 
human resources (nuclear medicine physicians and radiolo-
gists). Having collated available databases, we now have a 
snapshot of global inequities in nuclear medicine. As an illus-
trative example, in Figure 1 we integrate the IMAGINE data-
base for PET-CT scanners with the World Bank stratification of 
countries by income and illustrate the inequities among income 
groups. Thus, the population served by 1 PET-CT scanner in high-
income countries (HICs) is approximately 601 000; 3 484 000 
in upper-middle-income countries (UMICs); 10 000 000 in 
lower-middle-income countries (LMICs); and 166 667 000 in 
low-income countries (LICs).

While this database and the corresponding heat maps provide 
a valuable descriptive overview of the worldwide distribution 
of PET-CT scanners, they do not inform regarding the specific 
needs for PET-CT scanners per country. The question that many 

countries and public health organizations want to answer is 
how many PET-CT scanners are appropriate and needed to ad-
dress the epidemiologic burden of a population.

In this article, we introduce a statistical model and its corre-
sponding methodology, applied to the use of PET-CT scanners 
for the management of specific cancer types. It aims to as-
sist countries in estimating their needs for PET-CT scanners. 
Firstly, we applied the proposed model to analyze the need 
for PET-CT scanners to evaluate patients with 6 cancer types 
(lung, colorectal, lymphoma, head and neck, melanoma, and 
esophagus) for which clinical guidelines recommend [18F]-FDG-
PET-CT [2]. Secondly, a Bayesian model was used to rank the 
relative probability of an inhabitant lacking access to PET-CT 
services according to the country and world region where she 
or he resides. Our model serves as a springboard for strate-
gic dialogue towards extending the population- and evidence-
based benefits of medical imaging and nuclear medicine mo-
dalities in a stepwise, sustainable manner.

Material and Methods

The purpose of this study was to provide the public health com-
munity with a model that estimates: 1) the number of patients 

PET scanners (per 1 mil)

Income group Population Total number of PET
or PET /CT scanners

Avg. PET scanners
(per 1 mil)

1.664
0.287
0.100
0.006

4062
846
352

5

High Income
Upper-middle income
lower-middle income
low income

1211232813
2653710742
3018336082
706991853

PET scanners ranges
More than 3
Between 2 and 3
Between 1 and 2
Between 0 and 1
None

Figure 1.  PET-CT Scanners per million inhabitants. Data from IAEA IMAGINE [1].
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without access to PET-CT services per country, 2) the number 
of PET-CT scanners that a country would need, and 3) a rank-
ing of which countries or world regions would benefit the 
most from upscaling PET-CT scanner numbers. We address the 
first 2 points and then introduce a Bayesian approach to rank 
countries or world regions according to the relative probabili-
ty that a patient with 1 of the 6 cancers does not have access 
to PET-CT services.

Estimating the number of patients without access to PET-
CT services per country and the number of PET-CT scanners 
that a country would need

Our patient-centered model starts by defining pc, the num-
ber of cancer patients without access to PET-CT services in 
country c. The country-based cancer statistics were compiled 
from IARC (the International Agency for Research on Cancer) 
in GLOBOCAN (the Global Cancer Observatory) [3]. For the 
model, we selected 6 cancer types – lung, colorectal, lympho-
ma (Hodgkin’s and Non-Hodgkin’s), head and neck (lip, oral 
cavity, oro-naso-hypo-pharynx), melanoma, and esophageal – 
as these are clinical indications for which [18F]-FDG-PET-CT im-
aging is recommended by evidence-based guidelines [2], and 

covered by Medicare [4]. These patients are defined hence-
forth as “cancer patients”.

We define pc=nc–qc, where:
nc=Ic×f, is the number of cancer patients who require PET-CT 
services in country c, and
qc=a×PETac is the number of patients who have access to PET-
CT services in country c.

Table 1 summarizes the variables and parameters of our model, 
elaborated separately below.

Ic: cancer incidence of the 6 cancers per country in 2018 ob-
tained from the Global Cancer Observatory (GLOBOCAN) [5].

f: proportion of new cancer patients who require PET-CT ser-
vices. The parameter f is based on Hillner et al. [4], who es-
timated the fraction of patients who require PET-CT servic-
es for each of these 6 cancers. We computed this fraction as 
the number of beneficiaries (80 900 patients; see Table 2 in 
Ref. [4]) divided by the number of admissions with a primary 
diagnosis of one of the cancer types listed (123 700 patients; 
see Table 2 in Ref. [4]). This gives us f=0.66, meaning that, on 

Variable/parameter Description Ref.

nc # cancer patients who require PET-CT service in country c

Ic Cancer incidence in country c [5]

qc # cancer patients who have access to PET-CT services in country c

f Estimated fraction of Ic who require PET-CT services. For the six cancers, f=0.66 [4]

PETac # of available PET-CT scanners in country c [1]

a a=sc*ef*pcs=1,790

sc Average number of PET-CT scans performed=2,340 times/PET-CT unit/year [6]

ef Scheduling efficiency of PET-CT unit=0.9 [6]

psc Proportion of PET-CT scans attributable to cancer=0.85 [7]

Table 1. List of variables and parameters used in the model.

World Bank Country Income 
Group

# Countries with PET-CT scanner 
deficit

Procurement Investment 
needed

Posterior probability of 
no PET-CT service

HI 10 $26.44M 9.87E-07

UMI* 25 $61.03M 6.79E-05

LMI 30 $107.31M 1.05E-03

LI 31 $34.52M 1.08E-03

Table 2. Countries that would require investment in PET-CT scanners to address selected six cancer.

* Excluding China, as it differs significantly from other observations (e.g. China alone would require about 300 PET-CT scanners to 
cover the needs of cancer patients and the posterior probability of not having access to PET-CT service is 55%). These values skew the 
data for UMI countries.
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average, 66% of new patients with any of these 6 cancers (i.e., 
66% of Ic) will require PET-CT services.

nc: estimated number of patients who require PET-CT services. 
The estimation is based on the parameters f and Ic. Multiplying 
the incidence of cancer patients by an estimated fraction of 
patients who require PET-CT services yields the number of new 
cancer patients who require PET-CT services.

qc: estimated number of PET-CT scans performed for cancer 
indications. Since patients often undergo only 1 PET-CT scan 
during the course of their disease, it is assumed here that the 
minimum number of cancer patients who use PET-CT services 
is roughly equivalent to the minimum number of PET-CT scans 
performed for cancer, or 1 [18F]-FDG-PET-CT scan per patient. 
The variable qc is a function of the number of PET-CT scanners 
in a country (information provided by the IAEA [1]), the average 
number of scans per PET-CT scanner (2340 scans/PET-CT scan-
ner/year [6]), the average usage efficiency of PET-CT scanners 
(0.9 [6]), and the proportion of PET-CT scans attributable to 
cancer indications (0.85 [7]). We discuss these numbers below.

PETac: estimated number of PET-CT scanners in a country. 
Information provided by the IAEA [1].

sc: average number of scans ([18F]-FDG-PET-CT technique) per 
PET-CT scanner; sc=2340 scans/PET-CT scanner/year [6]. Note 
that this is the expected number of uses, which may be high-
er or lower than the actual number of effective PET-CT scans 
due to efficiency discrepancies and random errors.

ef: scheduling efficiency of PET-CT scanner. In this model we 
use ef=0.9 [6] to calculate the actual number of scans per PET-
CT scanner (sc*ef=2340×0.9). Additional scans could be per-
formed if hours of operation were extended [6].

psc: proportion of PET-CT scans performed in cancer patients, 
as PET-CT scanners are mostly but not exclusively used for can-
cer indications. We use psc=0.85; i.e., 85% of the actual num-
ber of scans are performed in cancer patients [7].

a: constant or multiplier used to estimate the number of PET-
CT scans performed in cancer patients (qc). a=sc*ef*pcs=1790.

Ranking countries and world regions

An additional goal of this study was to develop a ranking sys-
tem to identify countries that could benefit the most from 
upscaling PET-CT availability. To achieve this, we developed a 
naïve Bayesian approach that integrates epidemiological data 
into our estimation of PET-CT needs and can be used to rank 
countries or world regions according to the relative probability 
of a cancer patient lacking access to PET-CT services.

Our Bayesian model computes and defines the posterior prob-
ability of not having access to PET-CT services as:

𝑃𝑃(𝐶𝐶𝐶|𝐶𝐼𝐼𝐼 𝐼𝐼𝐼 𝐼𝐼𝐼 𝐼 𝐶𝑃𝑃(𝐼𝐼𝐼 𝐼𝐼𝐼 𝐼𝐼𝐶|𝐶𝐶𝐶𝐼 𝑃 𝑃𝑃(𝐶𝐶𝐼
𝑃𝑃(𝐼𝐼𝐼 𝐼𝐼𝐼 𝐼𝐼𝐼  

Where P(C) is the probability of being from country C (comput-
ed as country population size/world population); P(I, n, p | C) 
is the conditional probability or the likelihood that a person is 
a 6-cancer patient, requires PET-CT service, and has no access 
to service given that is a citizen of country C, and P(I, n p) is 
the probability of having any of the 6 cancers, needing PET-CT 
service and not having access to it. I, n and p are the 6-can-
cer incidence, the number of patients who require PET-CT ser-
vices, and the patients without access to PET-CT services in 
each country, respectively (Table 1). Population size is based 
upon World Bank data from 2018 [8].

All calculations, analyses, and figures were created in R (http://
www.R-project.org/), Microsoft Excel (https://office.microsoft.
com/excel), and Tableau software (http://www.tableau.com/).

Results

We integrated data from the IAEA IMAGINE database into the 
model and identified 96 countries requiring investment in PET-
CT scanners in order to fully serve patients with the 6 com-
mon cancer types (Table 2). The model further estimates that 
the investment required to procure PET-CT scanners for the 96 
countries is approximately USD$229.3M. We are only using the 
estimated cost of the 16-slice PET-CT scanner to compute the 
investment amount and not the associated cost necessary for 
its installation and operation, such as commissioning, main-
tenance, training, staffing, and other associated costs [9–16]. 
Nearly all modern PET-CT scanners are hybrid PET-CT units and, 
for the purpose of this analysis and based on PET-CT procure-
ments by the IAEA in recent years, we estimated that the av-
erage cost of a 16-slice PET-CT scanner is USD$0.9M.

To illustrate the optimal utility of our Bayesian model, we first 
focused on lower-middle- and low-income countries (LMI and 
LI; Figure 2). According to our model, cancer patients from 
countries in these 2 income groups are more likely not to 
have access to PET-CT services (Table 2, Figure 2) compared 
to higher-resource settings. The model identifies 61 LMI and LI 
countries, out of the 72 from these income groups, that would 
require additional PET-CT scanners to ameliorate the PET-CT 
service deficits. These 61 countries include 34 countries from 
the WHO region Africa, 8 from Southeast Asia, 7 from the 
Western Pacific Region, 5 from the Eastern Mediterranean re-
gion, 4 from Europe, and 3 from the Americas. An investment 
of approximately $142M would meet the demand for pro-
curement of 16 slice PET-CT scanners, to address the needs 
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of patients with the 6 types of cancers. Dividing the number 
of countries per region by the investment needed per region, 
we can calculate the number of countries that would benefit 
from USD$1M invested (Figure 3).

Next, we focused on countries where cancer patients most 
likely lack access to PET-CT services. In Figure 4A, the 53 coun-
tries most likely to have inadequate PET-CT access for a can-
cer patient (posterior prob. >1e-03) are highlighted (exclud-
ing China). According to our model, all these countries would 
require investment in PET-CT scanners. We also show that 
an investment of USD$1M would have a greater impact in LI 
countries (Figure 4B) and in the Americas and African (sub-
Saharan) regions (Figure 4C).

Finally, we focused on countries that have a similar number 
of PET-CT scanners per million inhabitants but face unequal 
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Figure 2.  LMI and LI countries that could benefit the most from upscaling PET-CT scanners to address the burden of 6 cancer types. 
Using the WHO region classification and the World Bank income stratification. (A) World map showing the posterior 
probability of PET-CT scanner deficits. Greens: values below the median. Pinks: values above the median. Median: 1e-04. 
(B) Investment needed to overcome the deficit of PET-CT scanners. (C) Posterior probability of PET-CT service deficits per 
income group. Median gross national income per capita is also given for each group (data from the World Bank).
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Figure 3.  Number of LMI and LI countries that could benefit from 
an investment of $1M to procure PET-CT scanners.
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service provision needs according to our model. In Figure 5 
we show the frequency distribution of PET-CT scanner provi-
sion in units per million inhabitants for countries that would 
not require additional PET-CT scanners and those that would 
require additional units to meet their cancer patient needs 
according to our model. The overlapping region corresponds 
to those countries that have similar PET-CT scanner provision 
but for which our model identifies different requirements. For 
instance, the first overlapping bin includes 10 countries that 
have between 0.08 and 0.16 PET-CT scanners per million inhab-
itants. According to our model, 5 of the countries would not 
require additional PET-CT scanners, while the other 5, despite 
having similar provision, would require up to 16 additional PET-
CT scanners to satisfy their specific cancer-patient demands.

Discussion

Reducing global inequities in access to nuclear medicine and 
diagnostic imaging remains a lofty goal. Stark inequities per-
sist. To date, techniques to estimate broad population-based 
needs and benchmarks for upscaling PET-CT scanner numbers 
in low- and middle-income countries have proven elusive. We 
acknowledge that PET-CT scanners, the imaging modality used 
for this model, may not be the priority for some countries or 
regions. Countries first establish their use of medical imaging 
using modalities that are less costly, simpler to procure and 
use, and are more broadly applicable to an array of clinical in-
dications, such as X-ray, ultrasound, and CT. However, the mod-
el that we present here can be adapted to analyze the specific 
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Figure 4.  Countries where cancer patients have the highest probability of lacking access to PET-CT services (Posterior prob. >1e-03). 
(A) World map highlighting these countries (excluding China). (B) Number of countries that could benefit per USD$1M 
investment in PET-CT units per income group. (C) Number of countries that could benefit per USD$1M investment in PET-CT 
units per WHO region.
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needs for access to other medical imaging modalities, accord-
ing to the socioeconomic, demographic, and epidemiological 
circumstances of each country. This would require more pa-
rameters and variables to be plugged into the model, as well 
as more assumptions. PET-CT was chosen first because most 
PET-CT exams are performed for cancer indications, and PET-
CT thus is best-suited to development of the statistical tem-
plate presented here.

A limitation of the study is that the investment estimation to 
satisfy the needs of cancer patients is incomplete, as we only 
considered the 16-slice PET-CT scanner costs. Without access 
to radionuclides, PET-CT scanning is impossible. A cyclotron 
must be within a few-hour radius of the PET-CT scanner, itself. 
Furthermore, radiotracers beyond [18F]-FDG would be needed 
for diseases not considered in this particular 6-cancer analy-
sis. A discussion of the skilled human resources and availabil-
ity of radionuclides for establishing or improving PET-CT provi-
sion are beyond the scope of this paper, as are the long-term 
maintenance, safety, and quality control requirements. To assist 
countries, the IAEA has published many relevant open-source 

documents, including ‘Cyclotron Produced Radionuclides: 
Guidelines for Setting Up a Facility’ [17] and ‘Planning a Clinical 
PET-CT Centre’ [18].

Other limitations of our model are the lack of mapping of ex-
isting PET-CT scanners within the individual countries’ private 
vs. public health systems, whether public health insurance cov-
ers PET-CT scans and where, and the relative distance of pa-
tients to the available PET-CT scanner(s), which are particularly 
important variables to consider for rural populations. The fac-
tors that marginalize patients from the provision of medical 
imaging services, even where the services exist, are variables 
to be included in future in-depth analyses, country-by-coun-
try, as the upscaling of PET-CT services is strategically planned.

Although these critical variables and their costs have yet to be 
included in the modelling, the analysis presented here does 
estimate the needs for sheer numbers of PET-CT scanners per 
country, for 6 common cancers, and is a step in the right di-
rection towards bridging inequities in healthcare.

Conclusions

Here, we present a statistical model and its methodology, 
applied to the example of estimating the minimum require-
ments and costs to purchase PET-CT scanners to address the 
needs of patients with 6 selected types of cancer. Using clinical 
management guidelines and best practices, the same model 
could be applied to generate similar estimates for other med-
ical imaging modalities and other triangulated indications 
based on specific demographics and epidemiological charac-
teristics. The model described here could also be broadened 
to estimate the cost and socioeconomic impact of implement-
ing any medical imaging modality for any clinical indication. 
The total cost of implementation, operation, and sustainabil-
ity could also be included.

Implementation science promotes the use of interventions 
that have proven effective, supporting their integration into 
routine practice with the aim of improving population health. 
We hope that the statistical model presented in this article 
will serve as a stepping-stone, a synergistic companion to ep-
idemiologic data and clinical management algorithms towards 
enabling countries to best meet the healthcare needs of their 
populations [19].
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