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Radiation therapy access is in-
sufficient in low- and mid-
dle-income countries.1 As 

cancer cases are projected to increase 
in countries of all economic tiers, the 
need for radiation therapy will continue 
to expand.2 Several analyses have fo-
cused on radiation therapy equipment 
needs as inferred by national cancer 
burdens.3,4 However, radiation ther-
apy services depend on factors beyond 
equipment, with factors such as qual-
ity and safety management and human 
resources playing an important role.5,6 
Human resources, and well-trained 
radiation and clinical oncologists in 
particular, are essential to ensuring 
access, efficacy, quality and safety of 
radiation therapy. This review will ex-
plore the capacity gap in radiation ther-
apy through the lens of human resource 
needs. We will model the current and 
projected radiation oncologist training 

needs and investigate the disparity be-
tween high-income countries vs low- 
and middle-income countries. We will 
then examine existing and novel solu-
tions to radiation oncologist physician 
training and licensure. We will focus 
on the critical nature of regional collab-
oration between countries in different 
income strata to meet physician training 
needs for low-income countries.

Methods 
Cancer Incidence and 
Income Groups

The International Agency for Re-
search on Cancer (IARC) recently up-
dated the Global Cancer Incidence, 
Mortality and Prevalence database 
(GLOBOCAN), providing revised 
estimates of cancer incidence and 
mortality in September 2018.7 Using 
the accompanying web-based plat-
form, the Global Cancer Observa-

tory (GCO) cancer burden estimates 
for the 173 countries analyzed by the 
Global Task Force on Radiotherapy 
for Cancer Control (GTF RCC) were 
obtained for 2018 and 2030.1,2 The in-
dividual country datasets were then 
grouped according to the World Bank 
income groups classification for 2017 
into high-income (50 countries), up-
per-middle-income (46 countries), 
lower-middle-income (47 countries), 
and low-income (30 countries).8

Equipment Needs and Costs
The evidence-based estimation 

(EBEST) method from the Collabo-
ration for Cancer Outcomes Research 
and Evaluation (CCORE) was used to 
calculate the number of radiation ther-
apy courses required in 2018 and 2030 
based on the cancer incidence for each 
income group.9-11 The required number 
of investment, machines and staff to 
deliver these courses was then calcu-
lated using the activity-based costing 
model used by the GTF RCC.1 Because 
the EBEST method has the potential to 
overestimate actual needs if radiation 
therapy utilization rates are not opti-
mized, we also included a “lower esti-
mate” using published Criterion-Based 
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Benchmarking (CBB) estimates of ra-
diation therapy utilization rates within 1 
year of diagnosis (RT1Y). We used 26% 
RT1Y for our “lower estimate” based on 
recently published Australian data by 
Barton et al, which was 7% lower than 
the rate reported by Mackillop et al for 
Canada.12,13 

Available Machines, Staffing Level 
and Training Program Capacity

The number of radiation therapy cen-
ters and megavoltage machines in 2018 
was obtained from the IAEA Directory 
of Radiotherapy Centres (DIRAC).14  
Due to the lack of reliable data on the 

availability of radiation oncologists on 
a global level, we estimated the num-
ber of radiation oncologists needed to 
deliver optimal radiation therapy ser-
vices with the number of existing ma-
chines for each income group using the 
approach and assumptions used by the 
GTF RCC.1 The number of radiation 
oncologist full-time equivalents (FTEs) 
obtained from this calculation was used 
to represent the current number of prac-
ticing radiation oncologist FTEs in 2018. 
Using the same model, the projected 
number of radiation therapy courses in 
2030 was used to calculate the required 
number of megavoltage machines and 

practicing radiation oncologist FTEs  
for 2030.

Training 
There are several recommendations 

regarding the maximum number of res-
idency positions in a training program. 
The European Society for Radiation 
Therapy and Oncology (ESTRO) rec-
ommended that the number of residents 
in a training program should not ex-
ceed the number of FTE staff.15,16 The 
Accreditation Council for Graduate 
Medical Education (ACGME) required 
at least four FTE radiation oncologists 
at the primary clinical site dedicated to 

Number of Radiation Therapy Centers and Machines Registered in DIRAC in 2018, by Income Group
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teaching activities with at least a 0.67 
FTE faculty-to-resident ratio.17 Both 
ratios were used to estimate training 
program capacity based on the num-
ber of practicing radiation oncologist 
FTEs for each income group. The pro-
portion of practicing radiation oncolo-
gists involved in training residents was 
adjusted iteratively until the number 
available in 2030 matched the pro-
jected needs, or 100% involvement was 
reached (maximum potential capacity).

Most published curricula for ra-
diation oncology residency training 
required 5 years from entry to certifi-
cation, with some variation in terms of 
entry points to the training program 
following completion of medical 

school.18,19 The IAEA Syllabus for the 
Education and Training of Radiation 
Oncologists, published in 2009, rec-
ommended at least 3 years of residency 
training.20 Both scenarios were consid-
ered in a sensitivity analysis.

Results 
Equipment Needs in 2030

There were 7100 radiation ther-
apy centers worldwide in 2018, 66% 
of which were in high-income coun-
tries (Figure 1). The number of mega-
voltage machines in high-income 
countries were 8444, and combined 
with the 3870 megavoltage machines in  
upper-middle-income countries they con-
stitute 98% of the world’s megavoltage 

machines, leaving the remaining 2% in 
lower-middle- and low-income coun-
tries—212 and 26 machines, respectively. 

In 2030, there will be a 21% and 
32% increase in the projected cancer 
incidence in high-income countries and 
upper-middle-income countries, respec-
tively, compared to 2018. Lower-mid-
dle- and low-income countries will see 
even higher rates of increase of 38% 
and 34%, respectively. Under the same 
set of assumptions as in the GTF RCC 
publication, these increases in cancer 
incidence will raise the required number 
of machines in 2030 to 9716 machines 
in high-income countries, 7872 in up-
per-middle-income countries, 4134 in 
low- and middle-income countries, and 

A
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Estimates of Radiation Oncology Training Capacity by Income Tier and Division of Capacity Sharing

FIGURE 2. Projected radiation oncologist supply and demand from 2018-2030 for high-income countries (HIC) (A), upper-middle income 
countries (UMIC) (B), lower-middle-income countries (LMIC) (C), and low-income countries (LIC) (D) under the assumption of 5-year national 
training programs involving a fixed proportion of practicing radiation oncologists at a ratio of 1 full-time equivalent (FTE) staff per trainee. For 
high- and upper-middle-income countries, the supply and demand matched when the proportion used (“own capacity”) was 23% and 46%, 
respectively, while for lower-middle- and low-income countries the proportion used (“own capacity”) was 100%. Different demand scenarios with 
“optimal” and “lower estimate” radiation therapy utilization rates (RTUs) were provided.
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610 in low-income countries, corre-
sponding to a total investment of USD 
82.7 billion  in capital and USD 31.7 
billion in training.

Human Resources Supply  
and Demand

Assuming there are currently enough 
radiation oncologists to provide re-
source-optimized care with the existing 
number of machines in 2018, we esti-
mated 664 practicing radiation oncolo-
gists in lower-middle- and low-income 
countries. This number needs to grow 

to 13 322 over the next 12 years to pro-
vide optimal radiation therapy access 
by 2030, assuming enough investment 
is made in infrastructure. Currently, this 
would require an increase at the rate of 
28% annually without considering any 
loss from the pool of practicing radia-
tion oncologists including retirement, 
which, assuming a 30-year interval be-
tween training completion and retire-
ment, occurs at a rate of 3% per year. 

Even if we assume that every ra-
diation oncology center in low- and 
low-middle-income countries merge to 

create one common training program 
using a 5-year common curriculum, 
with every practicing radiation oncolo-
gist involved as teaching faculty at the 
recommended ratio of 1 FTE staff per 
resident (100% involvement), only a net 
17% growth could be sustained annu-
ally. The deficit of radiation oncologist 
FTEs remains constant at 8900 despite 
the increase from 664 in 2018 to 4371 in 
2030. (Figure 2 C,D)

Reducing the FTE requirement can 
potentially increase the capacity of 
training programs to the level required 
to achieve at least the “lower estimate” 
of the needs in 2030, and so can reduc-
tion in the length of training. Short-
ening the training duration to 4 years 
enables the projected number to reach 
the “lower estimate” number of radia-
tion oncologists, while reducing it fur-
ther to 3 years or using a staff/resident 
ratio of 2:3 (0.67 FTE staff per resi-
dent) both dramatically boost capacity. 
(Figure 3) 

A significant proportion of the ra-
diation oncology workforce FTEs in 
upper-middle-income countries will 
need to be involved as teaching faculty 
to provide enough capacity for training 
programs to increase practicing radia-
tion oncologists from an estimated 9228 
in 2018 to 18 797 in 2030. Assuming 
the same 5-year curriculum and FTE 
requirement for residency training, 
46% of practicing radiation oncolo-
gists in upper-middle-income countries 
would need to be involved in residency 
training (Figure 2B). Assuming the 
“excess” capacity of 54% is utilized to 
train radiation oncologists for low- and 
low-middle-income countries, it ap-
pears possible to reach the “lower esti-
mate” number of radiation oncologists 
in low- and low-middle-income coun-
tries although the total number still falls 
short of the needs estimated by optimal 
RTUs (Figure 2C,D). 

High-income countries, on the other 
hand, would be more concerned about 
fine-tuning program requirements to 

A

B

Estimates of Radiation Oncology Training Capacity  
with Variations in Training Length, Faculty FTE

FIGURE 3. The impact of different durations of training (A) and full-time equivalent (FTE) faculty 
requirements (B) on projected growth in the supply of radiation oncologists. Different demand 
scenarios with “optimal” and “lower estimate” radiation therapy utilization rates (RTUs) were 
provided. Key: LMIC – lower-middle income countries; LIC – low-income countries
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prevent oversupply of radiation oncol-
ogists, because only a small proportion 
(23%) of practicing radiation oncologist 
FTEs need to be involved in a residency 
program to increase practicing radia-
tion oncologists from 13 665 in 2018 to 
16 575 in 2030 (Figure 2A). 

Cost Considerations
The estimated training costs of such 

an endeavor at scale are quite signifi-
cant. The GTF RCC estimated full train-
ing costs per trainee of USD 550 000 
for high-income countries and USD 
100 000 for upper-middle, low-middle, 
and low-income countries.1 With the 
training costs in high-income countries 
more than 5 times as expensive, there is 
a strong cost/logistics rationale for prior-
itizing training support from upper-mid-
dle-income countries. However, if only 
upper-middle income countries were 
involved in training support, there would 
still be a shortage of an estimated 1361 
radiation oncologists by 2030, assuming 
optimal utilization rates. 

Discussion 
Scaling Up Training in Low- and 
Low-Middle-Income Countries

We found that even when we used 
optimistic assumptions on a simple 
model, grossly overestimating the 
growth of radiation oncologist sup-
ply, it was still extremely difficult for 
low- and low-middle-income countries 
to train enough professionals to keep 
up with the optimal infrastructure in-
vestment needed by 2030. The train-
ing capacity in these countries would 
limit the potential rate of growth in 
radiation therapy access to no more 
than 17% annually, regardless of in-
vestments in infrastructure. In reality, 
the number that could be trained would 
be much lower because in most countries 
only practicing radiation oncologists 
working in the few accredited radiation 
oncology programs would be involved 
in training residents. High-income 
countries, on the other hand, tend to 

have a higher capacity than expected 
demand, necessitating in some cases 
regulation to avoid oversupply.21 This 
is not true for all high-income coun-
tries, however, with countries such as 
the UK facing a shortage of clinical 
oncologists that is expected to worsen 
in the next 5 years unless training ca-
pacity doubles and work conditions 
improve.22 Canada has also noted an 
incremental increase in supply of radi-
ation oncologists with rising caseloads, 
potentially suggesting an increased 
training need.23

Unless drastic changes are imple-
mented, it is likely that the radiation on-
cologist deficit will continue to widen 
if lower-middle- and low-income coun-
tries are tasked with training their own 
radiation oncologists. Compromises 
in length of training or FTE require-
ments could potentially accelerate the 
growth, but these will have to be care-
fully planned to avoid a negative im-
pact on quality and safety. High- and 
upper-middle-income countries can 
potentially help offset the low sup-
ply in lower-middle- and low-income 
countries, and such efforts are ongo-
ing on a small scale, with residency 
programs hosting a few international 
trainees per year. However, mobilizing 
and financing the residency training 
at scale would be a significant under-
taking. Besides the costs and logistics 
involved, there is a potential risk of 
migration that could further exacerbate 
the capacity mismatch between lower- 
and higher-income nations. Regional 
collaborations would need to be es-
tablished so that excess capacity from 
upper-middle- and high-income coun-
tries can be optimally utilized by their 
neighboring low- and low-middle-in-
come countries to the maximum possi-
ble extent while keeping the risk of loss 
due to migration to a minimum. 

Harmonization
For the collaboration to succeed, mu-

tual understanding and shared vision 

will be necessary. Many components of 
the residency training curriculum will 
need to be harmonized to establish the 
degree of expertise required for a con-
certed regional or global effort in train-
ing future radiation oncologists.

The IAEA recognized the need for 
harmonization and prepared a sylla-
bus to guide managers and directors of 
radiation oncology training programs 
in establishing or upgrading a training 
program for radiation oncologists.20 
The syllabus, published in 2010 and 
endorsed by major professional societ-
ies, was designed to be implementable 
within the various limitations in avail-
able resources while maintaining a high 
educational standard. Considering that 
more than 10 years have passed since it 
was drafted, however, the syllabus will 
need to be updated to keep up with re-
cent developments and best practices in 
the field of radiation oncology, incor-
porating best practices in postgraduate 
medical education while remaining re-
source-aware and system-neutral. Of 
particular interest would be the po-
tential for a modular, flexible-length 
training program incorporating a 
competency-based curriculum, which 
would enable training duration to be 
adjusted to the level of needs. The 
ACGME has begun to pilot such a sys-
tem in several residency training pro-
grams, although radiation oncology is 
not among these.24

The existence of a harmonized 
curriculum can potentially facilitate 
the mobility of trainees and teaching 
staff, allowing expertise to flow freely 
within the region but at the same time 
increasing the possibility of permanent 
emigration. In a recent survey con-
ducted by ESTRO, 77% of trainees ex-
pressed some interest in working in a 
different country than where they were 
trained.15 Similarly, in 2016, the World 
Bank recognized that higher education 
was an important avenue for facili-
tating the emigration of high-skilled 
workers.25
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Left to the market mechanism of sup-
ply and demand, emigration can worsen 
the disparity between low- and high-in-
come countries in access to trained 
radiation oncologists. A control and in-
centive mechanisms would be needed 
to prevent outflow of skills and exper-
tise from lower-middle- and low-in-
come countries. In other specialty 
training programs, this has included a 
minimum service commitment to the 
physician’s country or region of ori-
gin.26,27 Alternatively, incentives have 
been provided in areas that may be less 
sought after to recruit and retain quali-
fied health practitioners.28 However, 
despite the disadvantages of migration, 
accreditation standards must be shared 
or mutually recognized across training 
regions or partnerships. 

International Collaborations
When properly coordinated and main-

tained, shared learning resources will 
allow efficient use of available resources 
by reducing the teaching workload of 
faculty in training programs, allowing 
more time for clinical supervision. These 
resources, when mutually recognized 
and standardized, will also help establish 
a common baseline prerequisite for train-
ing programs across the region, accom-
modating resident training in different 
countries as discussed above. 

The IAEA has developed a distance 
learning course to supplement the ed-
ucation and training in programs with 
limited access to expertise. The Applied 
Sciences of Oncology distance learning 
course currently covers 80 modules and 
has been updated several times since 
its first release in downloadable CD-
ROM format in 2004.29 The modules 
covered include a wide range of topics 
from functional anatomy to burnout and 
coping with patient death and dying. 
The modules have been downloaded 
more than 1100 times in the first year 
after they were launched and are now 
available as courses in the IAEA’s open 
e-learning platform.30

When more such resources are avail-
able, officially recognized, and continu-
ously maintained, they will be valuable 
resources to support curriculum har-
monization. Such resources will pro-
vide a common basic standard for the 
prior learning done by a foreign candi-
date. This allows training programs to 
use such distance learning resources as 
prerequisites before accepting foreign 
trainees. This could potentially shorten 
training time away from the country of 
origin and reduce overall training cost.

To further improve harmonization 
and reduce the need for trainees to train 
abroad, an online learning environment 
can be developed. This online platform 
will allow trainees, staffs and programs 
from different countries in the region to 
interact, share expertise and collaborate, 
forming a virtual “regional training pro-
gram.” One example is the e-learning 
platform for Advanced Medical Phys-
ics Learning Environment (AMPLE), 
which was designed and piloted under a 
Regional Technical Cooperation project 
in Asia Pacific to support training pro-
grams in implementing the IAEA syl-
labus and guidance documents for the 
education and training of medical phys-
icists. The platform, based on Moodle 
and hosted on the IAEA e-learning site, 
provided a centralized electronic re-
cord of training and assessment, linked 
sub-modules with learning resources, 
and promoted communication and col-
laboration through online communica-
tion tools. A particularly encouraging 
observation from the pilot project was 
that AMPLE enabled medical physicists 
from one country to assist in the supervi-
sion of trainees in neighboring countries, 
allowing a regional sharing of teaching 
workload and expertise.31 Work is now 
underway to develop similar online plat-
forms for the education and training of 
radiation oncologists (Advanced Radi-
ation Oncology Learning Environment, 
AROLE) and Radiation Therapy Tech-
nologists (Advanced Radiation therapy 
Technology Learning Environment, 

ARTTLE).  Additional tools such as 
discussion forums, online journal clubs, 
and shared repositories would further en-
courage collaboration.

Limitations
The EBEST method we used in this 

analysis allowed us to estimate the future 
needs in radiation therapy equipment 
and radiation oncologists. However, this 
method has the potential to overestimate 
the actual demands, risking excess ca-
pacity.12 Unfortunately, it is currently 
the best method we have to estimate the 
need in lower-middle- and low-income 
countries where data is limited and ac-
cess to radiation therapy is inadequate. 
The “lower estimate” based on 26% 
RTUs that we used in this analysis is 
included to provide a safety margin to 
avoid gross overestimation. The number 
is also very close to the median actual ra-
diation therapy utilization rate (aRTU) 
of 28% in a recently published survey of 
nine middle-income countries.32 Most 
of the strategies we describe in this ar-
ticle assume that although the optimal 
number is beyond reach, this “lower esti-
mate” is reasonably achievable.

Conclusions
While the cost and complexity of 

radiation therapy machine infrastruc-
ture has been well-documented, our 
analysis shows that radiation oncolo-
gist training will be equally important 
to ensuring access to radiation therapy. 
A significant deficit in trained radia-
tion oncologists in lower-middle- and 
low-income countries will likely persist 
and widen in 2030 unless alternative 
strategies are pursued. Upper-middle 
and high-income countries may have 
a substantial role in training the global 
radiation oncology workforce. System-
atic, scalable, and mutually supported 
training and accreditation strategies 
are needed. Collaborative, e-learning 
platforms in combination with tradi-
tional, apprenticeship-based, in-per-
son training are required to maximize 
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learning efficiency and minimize costs. 
Additionally, strategies to optimize mi-
gration and incentivize trainees to prac-
tice in lower-middle- and low-income 
countries are needed. Finally, while 
this analysis focused on radiation on-
cologists, multidisciplinary training for 
medical physicists, radiation therapy 
technologists, and radiation oncology 
nurses will be essential to realize global 
access to radiation therapy. 
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