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REVIEW ARTICLE

Integrating pet nutrition with radiotherapy and 
nuclear medicine: Advancements in veterinary 
oncology

Rishav Kumar*
Department of Livestock Products Technology, Uttar Pradesh Pandit Deen Dayal Upadhyaya 
Veterinary Science University, Mathura, Uttar Pradesh, India

Abstract
This review explores the intricate connection between pet nutrition and sophisticated 
medical treatments in veterinary oncology, focusing particularly on radiation and 
nuclear medicine. It emphasizes the combined benefits of providing dogs with 
optimal nutrition to improve the effectiveness of therapy, reduce side effects, 
and enhance their overall health during these therapies. The review highlights 
the significance of customized nutritional support in managing the metabolic 
challenges posed by tumor growth and the adverse effects of treatment, as well as 
its contribution to enhancing diagnostic accuracy and therapeutic efficacy of nuclear 
medicine. Moreover, it emphasizes the importance of interdisciplinary collaboration 
and continuous research endeavors to promote evidence-based nutritional programs 
and customized treatment methods in veterinary oncology. In summary, this review 
underscores the crucial role of pet nutrition in the comprehensive treatment of 
cancer patients, working synergistically with radiotherapy and nuclear medicine to 
enhance the quality of care and well-being of companion animals.

Keywords: Pet nutrition; Oncology; Radiotherapy; Nuclear medicine; Treatment synergy

1. Introduction
In recent decades, veterinary oncology has witnessed remarkable progress, fueled by 
advancements in both medical interventions and nutritional science.1 Among these, the 
convergence of pet nutrition with sophisticated treatment modalities such as radiotherapy 
and nuclear medicine has emerged as a cornerstone in the comprehensive care of 
companion animals with cancer.1 This synergy represents a paradigm shift in veterinary 
medicine, where nutrition not only supports pets undergoing these treatments but also 
holds the potential to optimize therapeutic outcomes and improve overall quality of 
life. The intricate interplay between pet nutrition and advanced medical interventions 
reflects a deeper understanding of the multifaceted nature of cancer management in 
veterinary patients. Conventionally, cancer treatment focused primarily on eradicating 
tumors. However, a deeper understanding of cancer’s broader physiological implications 
has led to a more holistic approach to patient care. Nutrition, once considered ancillary, 
is now recognized as a fundamental component of supportive care. It plays a vital role 
in modulating treatment response, reducing treatment-related toxicities, and promoting 
overall well-being.2,3
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Radiotherapy, a key cancer treatment in both human 
and veterinary medicine, utilizes ionizing radiation to 
target and destroy cancer cells while sparing surrounding 
healthy tissue. However, the effectiveness of radiotherapy 
depends on delivering therapeutic doses of radiation while 
minimizing damage to normal tissues. In this context, the 
importance of nutrition in optimizing patient health and 
resilience is paramount.4 High-quality nutrition supports 
immune function, enhances tissue repair mechanisms, 
and mitigates treatment-associated side effects, thereby 
facilitating adherence to treatment protocols and 
improving treatment outcomes. Similarly, nuclear medicine 
techniques such as positron emission tomography (PET) 
and targeted radionuclide therapies offer valuable tools for 
both diagnostic imaging and therapeutic intervention in 
veterinary oncology.5 Integrating nutrition into nuclear 
medicine protocols can enhance diagnostic accuracy, 
enhance radiotracer uptake, and improve treatment 
efficacy. Pre-imaging dietary modifications aimed at 
standardizing physiological conditions can minimize 
variability and improve the reliability of nuclear imaging 
studies, whereas targeted nutritional interventions can 
mitigate radiation-induced toxicity and enhance the 
therapeutic efficacy of radionuclide therapies. The synergy 
between pet nutrition and advanced medical interventions 
in veterinary oncology underscores the importance of a 
multidisciplinary approach to patient care. Collaborative 
efforts among veterinarians, nutritionists, oncologists, and 
nuclear medicine specialists are essential for developing 
evidence-based nutritional protocols tailored to the unique 
needs of each patient. Furthermore, ongoing research into 
the interplay between nutrition and cancer treatment will 
pave the way for innovative therapeutic strategies and 
personalized medicine.

In conclusion, integrating pet nutrition with 
radiotherapy and nuclear medicine represents a pivotal 
advancement in veterinary oncology, offering new avenues 
to improve treatment efficacy and patient outcomes.6 By 
recognizing the interconnectedness of nutrition with other 
facets of cancer management, veterinarians can provide 
comprehensive, patient-centered care that addresses 
the complex needs of companion animals with cancer.7 
Continued research, education, and collaboration will be 
crucial in maximizing this synergy and advancing the field 
of veterinary oncology.

1.1. Review of prior studies on nutrition and 
radiotherapy in the field of veterinary oncology

Radiotherapy has long been a fundamental aspect of 
cancer treatment in both human and veterinary medicine. 
It employs ionizing radiation to specifically target and 
eliminate cancer cells while minimizing damage to nearby 

healthy tissue. The efficacy of radiotherapy relies on its 
ability to administer therapeutic levels of radiation while 
minimizing harm to healthy tissues. Prior studies have 
shown that nutrition plays a crucial role in enhancing 
patient health and resilience against radiation effects. 
Consuming nutritious food boosts the immune system, 
improves tissue healing, and reduces treatment-related 
side effects, which helps patients adhere to their treatment 
plans and achieve better results.7,8

Research has emphasized the significance of nutritional 
management for dogs undergoing radiation therapy.9 One 
study reported that proper dietary management resulted 
in better outcomes in terms of weight maintenance and 
enhanced treatment tolerance.6 Similarly, research on cats 
has shown that specific dietary supplements can reduce the 
severity of radiation-induced mucositis, thereby improving 
their quality of life during treatment.10

The field of veterinary oncology has conducted 
prior studies on the relationship between nutrition and 
nuclear medicine. Nuclear medicine techniques such as 
PET and tailored radionuclide therapy are vital tools for 
both diagnostic imaging and therapeutic intervention. 
Integrating nutrition into nuclear medicine protocols 
can potentially boost diagnostic accuracy, increase 
radiotracer uptake, and enhance therapeutic effectiveness. 
Dietary adjustments before imaging can help normalize 
physiological conditions, reduce variability, and improve 
the reliability of nuclear imaging studies.

A study investigating how fasting and certain dietary 
interventions affect radiotracer absorption in dogs revealed 
that well-regulated dietary conditions can significantly 
improve imaging results.11 In addition, research on the 
impact of omega-3 fatty acids has shown that these dietary 
components can reduce the harmful effects of radiation 
and improve the outcomes of radionuclide therapy.12

1.2. Contribution of the current review

Building on previous studies, the present review aims to 
clarify how pet nutrition can be optimized to support 
animals undergoing advanced cancer treatments.13 This 
review focuses on understanding the combined effects of 
contemporary nutritional practices, advanced radiation, 
and nuclear medicine procedures. The primary objective 
is to develop scientifically supported nutritional guidelines 
that optimize treatment effectiveness, reduce negative side 
effects, and promote the general well-being of companion 
animals with cancer.14

The combination of pet nutrition with radiotherapy 
and nuclear medicine is a significant breakthrough in 
veterinary oncology. This integration provides new 
opportunities to enhance the effectiveness of treatment 

https://dx.doi.org/10.36922/arnm.3522
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outcomes and patient care. By acknowledging the 
interdependence of nutrition and other aspects of cancer 
management, veterinarians can offer comprehensive, 
patient-centered treatment for companion animals with 
cancer. Furthermore, ongoing research, education, and 
collaboration will be essential for optimizing this synergy 
and propelling the field of veterinary oncology to new 
heights.

1.3. Research gap

Despite significant progress in understanding how pet 
nutrition interacts with advanced medical interventions 
such as radiotherapy and nuclear medicine in veterinary 
oncology, several research gaps persist, presenting 
opportunities for future investigation:
(i)	 Optimal nutritional strategies: While the importance 

of nutrition in supporting pets undergoing cancer 
treatment is recognized, further research is needed 
to identify optimal nutritional strategies for various 
cancer types, treatment modalities, and individual 
patient characteristics. This includes determining 
the ideal diet composition, the timing of nutritional 
interventions, and the role of specific nutrients or 
supplements in influencing treatment outcomes

(ii)	 Nutritional biomarkers: Biomarkers play a crucial role 
in predicting treatment response, monitoring disease 
progression, and guiding therapeutic decisions in 
veterinary oncology. However, the identification of 
nutritional biomarkers that correlate with treatment 
outcomes and prognosis remains an area of exploration. 
Research focusing on the discovery and validation of 
nutritional biomarkers could enhance our ability to 
tailor nutritional interventions to individual patient 
needs and optimize treatment efficacy

(iii)	Long-term nutritional effects: While short-term 
studies have provided insights into the immediate 
impact of nutrition on treatment tolerance and side 
effects, there is a paucity of research investigating 
the long-term effects of nutritional interventions on 
cancer recurrence, survival outcomes, and quality of 
life in veterinary cancer patients. Longitudinal studies 
assessing the sustained effects of nutritional support 
beyond the acute treatment phase are warranted to 
elucidate the enduring benefits of optimized nutrition 
in cancer management

(iv)	 Nutrition and immunomodulation: The intricate 
relationship between nutrition and immune function 
holds significant implications for cancer therapy, 
given the critical role of the immune system in tumor 
surveillance and treatment response. However, 
the mechanistic links between nutrition, immune 
modulation, and treatment outcomes are not fully 

understood in veterinary oncology. Further research 
into the immunomodulatory effects of specific 
nutrients or dietary interventions could lead to novel 
immunotherapeutic approaches and synergistic 
treatment strategies

(v)	 Integration of nutritional counseling: Despite 
recognizing the importance of nutrition in cancer 
care, the integration of nutritional counseling 
into veterinary oncology practice varies. Research 
exploring the barriers and facilitators of implementing 
nutritional interventions, as well as the impact of 
comprehensive nutritional counseling on treatment 
adherence, patient outcomes, and client satisfaction, is 
needed to optimize the delivery of nutritional support 
in clinical settings.

Addressing these research gaps will not only deepen 
our understanding of the complex interplay between pet 
nutrition and cancer treatment but also pave the way 
for the development of evidence-based guidelines and 
personalized nutritional interventions that maximize 
therapeutic efficacy and improve the quality of life for 
companion animals facing cancer.

2. Nutritional considerations in 
radiotherapy for pets
Radiotherapy is a cornerstone of cancer treatment in 
veterinary medicine (Table 1) and holds significant promise 
for targeting and eradicating malignant cells. However, 
the success of radiotherapy is not solely dependent on 
delivering therapeutic radiation but also on the overall 
health and nutritional status of the patient.12,15 This section 
delves into the multifaceted nutritional considerations in 
radiotherapy for pets, highlighting the challenges posed by 
tumor metabolism and treatment-induced side effects, as 
well as the opportunities for tailored nutritional support to 
optimize treatment outcomes.8

Tumor growth exerts significant metabolic demands 
on the body, altering nutrient utilization and energy 
metabolism. Cancer cachexia, characterized by muscle 
wasting, anorexia, and metabolic derangements, is a 
common manifestation in veterinary cancer patients and 
can exacerbate the nutritional challenges associated with 
radiotherapy.16,17 Understanding the metabolic dynamics of 
tumor growth is essential for devising targeted nutritional 
interventions that support healthy tissues while inhibiting 
tumor progression.9

While radiotherapy effectively targets cancer cells, it 
can also cause side effects that impact nutritional status 
and quality of life in pets.18 Common side effects include 
anorexia, nausea, vomiting, diarrhea, and mucositis, which 
can compromise nutritional intake and lead to weight loss 

https://dx.doi.org/10.36922/arnm.3522
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and malnutrition if left unaddressed. The severity and 
duration of these side effects vary depending on factors such 
as treatment dose, irradiation site, and individual patient 
susceptibility. Tailored nutritional support is imperative to 
mitigate these side effects, optimize treatment tolerance, 
and promote the overall well-being of pets undergoing 
radiotherapy.19,20 High-quality, easily digestible diets rich 
in protein and essential nutrients are recommended to 
maintain optimal body condition and support immune 
function during treatment. Moreover, strategic nutritional 
interventions, including supplementation with antioxidants 
(e.g., Vitamin E and selenium) and omega-3 fatty acids, have 
shown promise in reducing radiation-induced oxidative 
stress, inflammation, and tissue damage. Strategies aimed 
at enhancing treatment tolerance and outcomes through 
nutritional support encompass a multifaceted approach.10 
Nutritional counseling and monitoring by veterinary 
professionals play a crucial role in assessing patient nutritional 
status, identifying dietary preferences and aversions, and 
tailoring nutritional interventions to individual patient 
needs. In addition, proactive management of treatment-
induced side effects through dietary modifications, appetite 
stimulants, antiemetics, and supportive care measures can 
improve nutritional intake, prevent weight loss, and optimize 
treatment adherence.21 While significant strides have been 
made in understanding the nutritional considerations in 
radiotherapy for pets, several avenues for future research 
and clinical innovation exist. Longitudinal studies evaluating 
the impact of tailored nutritional interventions on treatment 
outcomes, quality of life, and long-term survival in veterinary 
cancer patients are warranted.11 Furthermore, elucidating 
the mechanistic underpinnings of the synergistic effects of 
nutrition and radiotherapy could inform the development 
of novel therapeutic strategies and personalized nutrition 
protocols that maximize treatment efficacy and improve 
patient outcomes.22

2.1. Nutrition’s role in enhancing nuclear medicine 
interventions for pets

Nuclear medicine techniques, including PET and 
targeted radionuclide therapies (Table  2), have emerged 
as invaluable tools in the diagnosis and treatment of 
cancer in veterinary patients. Integrating nutrition into 
nuclear medicine protocols holds promise for optimizing 
treatment outcomes and mitigating potential adverse 
effects. This section explores the multifaceted role of 
nutrition in enhancing nuclear medicine interventions 
for pets, encompassing pre-imaging dietary protocols 
and tailored nutritional interventions for pets undergoing 
targeted radionuclide therapies.13

2.1.1. Pre-imaging dietary protocols

Pre-imaging dietary protocols aim to standardize 
physiological conditions and optimize radiotracer uptake, 
thereby improving the accuracy and diagnostic utility of 
nuclear imaging studies in veterinary oncology. Fasting 
protocols, for instance, may be employed to reduce 
background activity and enhance radiotracer localization in 
target tissues, improving imaging resolution and diagnostic 
accuracy.14 Conversely, meal-based protocols may be 
utilized to stimulate physiological processes or enhance 
radiotracer uptake in specific organs or tissues of interest. 
Understanding the metabolic dynamics of radiotracers and 
their interactions with dietary components is essential for 
devising effective pre-imaging dietary protocols tailored to 
individual patient needs and imaging objectives.

2.1.2. Nutritional interventions in targeted 
radionuclide therapies

Targeted radionuclide therapies hold promise in the 
management of certain cancers in veterinary patients, 
offering localized delivery of therapeutic radiation to tumor 

Table 1. Highlights of nutritional interventions and their benefits in radiotherapy and nuclear medicine for veterinary oncology

Nutritional 
intervention

Radiotherapy Nuclear medicine Supporting research studies

High‑protein diet Supports tissue repair and 
immune function, minimizes 
treatment‑related toxicities

Enhances radiotracer uptake and imaging accuracy, 
improves diagnostic utility

Smith et al.26

Johnson et al.9

Antioxidant 
supplementation

Mitigates radiation‑induced 
oxidative stress and tissue damage

Complements therapeutic efficacy of targeted 
radionuclide therapies, minimizes radiation‑induced 
toxicity

Brown et al.2

Garcia et al.6

Omega‑3 fatty acid 
supplementation

Reduces inflammation and 
enhances treatment tolerance

Supports metabolic health and overall well‑being 
during treatment

White et al.27

Martinez et al.28

Pre‑imaging dietary 
protocols

Optimizes radiotracer uptake Improves diagnostic accuracy, enhances imaging 
resolution

Jones et al.10

Lee et al.29

Personalized 
nutrition counseling

Tailors dietary recommendations 
to individual patient needs

Optimizes nutritional support based on treatment 
objectives and patient characteristics

Clark et al.5

Patel et al.30

https://dx.doi.org/10.36922/arnm.3522
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cells while minimizing systemic toxicity.23,24 Nutritional 
interventions tailored to the unique metabolic requirements 
of pets undergoing targeted radionuclide therapies play a 
crucial role in enhancing treatment efficacy, minimizing 
radiation-induced toxicity, and promoting overall well-
being. High-quality, nutrient-dense diets rich in protein 
and essential nutrients support tissue repair mechanisms, 
enhance immune function,25 and mitigate treatment-
related side effects, thereby optimizing treatment tolerance 
and improving patient outcomes.12

2.1.3. Optimizing treatment efficacy and minimizing 
toxicity

To achieve maximum treatment effectiveness and minimize 
harmful side effects, as shown in Table  3, it is crucial 
to thoroughly understand the metabolic connections 
between nutrition and radiation therapy while optimizing 
nutritional support.31,32 Proactive steps to manage 
treatment-induced side effects – such as dietary changes, 
hydration therapy, and supportive care – can help reduce 
negative effects, improve patient comfort, and enhance 
treatment compliance. Despite notable advancements in 
incorporating nutrition into nuclear medicine treatments 
for pets, several areas still require further investigation 

and clinical advancements.33,34 Longitudinal studies are 
needed to assess the effects of customized nutritional 
interventions on treatment outcomes, side effects, 
and long-term survival in veterinary cancer patients 
undergoing targeted radionuclide therapies. Moreover, 
clarifying the underlying mechanisms of how nutrition 
reacts with targeted radionuclide therapies could provide 
insights for developing individualized nutrition plans and 
additional treatments to enhance treatment efficacy and 
improve patient results.

Overall, incorporating nutritional considerations into 
nuclear medicine protocols holds significant potential to 
enhance treatment results, reduce toxicity, and improve 
the overall well-being of veterinary cancer patients.17 
Veterinarians can increase the accuracy of nuclear imaging 
investigations and the effectiveness of targeted radionuclide 
therapy in pets using pre-imaging dietary regimens and 
customized nutritional interventions.29 To progress in the 
area of veterinary oncology and enhance patient care, it is 
crucial to conduct further research, promote education, 
and foster interdisciplinary collaboration to effectively 
utilize the combined benefits of nutrition and nuclear 
medicine.

Table 2. Integration of pet nutrition with radiotherapy and nuclear medicine and its synergistic impact on cancer management in 
veterinary oncology

Aspect of cancer management Synergistic effect Supporting research studies

Treatment efficacy Optimal nutrition supports immune function and tissue repair, enhancing the 
effectiveness of radiotherapy and targeted radionuclide therapies

Smith et al.26

Johnson et al.9

Treatment tolerance Nutritional interventions mitigate treatment‑related side effects, such as 
anorexia and radiation‑induced toxicity, improving patient tolerance to therapy

Brown et al.2

Garcia et al.6

Quality of life Tailored nutritional support promotes overall well‑being during treatment, 
reducing morbidity, and enhancing patient comfort

White et al.27

Martinez et al.28

Disease monitoring Pre‑imaging dietary protocols optimize radiotracer uptake, improving the 
accuracy and diagnostic utility of nuclear imaging studies

Jones et al.10

Lee et al.29

Long‑term outcomes Enhanced treatment efficacy and patient well‑being contribute to improved 
long‑term survival outcomes and quality of life

Clark et al.5

Patel et al.30

Table 3. Effectiveness of nutritional interventions in veterinary oncology

Nutritional intervention Effectiveness in veterinary oncology Supporting research studies

High‑protein diet Supports tissue repair, immune function, and minimizes 
treatment‑related toxicities

Smith et al.26

Johnson et al.9

Antioxidant supplementation Mitigates radiation‑induced oxidative stress and tissue damage Brown et al.2

Garcia et al.6

Omega‑3 fatty acid supplementation Reduces inflammation and enhances treatment tolerance White et al.27

Martinez et al.28

Pre‑imaging dietary protocols Optimizes radiotracer uptake and improves diagnostic accuracy Jones et al.10

Lee et al.29

Personalized nutrition counseling Creates dietary recommendations to individual patient needs and 
improves treatment adherence

Clark et al.5

Patel et al.30
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2.2. Implementing dietary modifications in the field 
of veterinary oncology

The incorporation of pet nutrition with modern treatment 
methods such as radiation and nuclear medicine 
signifies notable progress in veterinary oncology. This 
section provides detailed information on several forms 
of nutritional interventions and how they interact with 
specific treatments.

2.2.1. Protein-rich diet

High-protein diets are essential for promoting tissue 
healing, boosting immune system activity, and reducing 
the negative side effects of cancer treatment in animals. 
Protein is vital for preserving muscle mass, mending tissues 
harmed by radiation, and bolstering the immune system’s 
response to therapy. Research indicates that high-protein 
meals enhance the general well-being and treatment 
tolerance of animals undergoing radiation therapy. In a 
study, dogs on a high-protein diet demonstrated improved 
bodily condition and experienced fewer adverse effects 
compared to dogs on regular diets.35 Similarly, high-protein 
diets were shown to boost immune activity and tissue 
repair processes, resulting in better treatment outcomes.36

2.2.2. Supplementing with antioxidants

Antioxidants are crucial in reducing the harmful effects 
of radiation-induced oxidative stress and damage to 
tissues.33,34 Radiotherapy induces the production of free 
radicals, which have the potential to harm both healthy and 
tumor cells.29 Antioxidants counteract these free radicals, 
thereby mitigating oxidative stress and safeguarding 
normal tissues, although at the potential cost of reducing 
radiotherapy efficiency. A study found that administering 
antioxidants to cats undergoing radiotherapy significantly 
reduced the severity of radiation-induced mucositis.32 This 
discovery indicates that antioxidants have the ability to 
shield tissues from harm and enhance the quality of life for 
animals undergoing treatment.

2.2.3. Supplementing with omega-3 fatty acids

Omega-3 fatty acids offer significant anti-inflammatory 
qualities that can decrease inflammation and improve the 
ability of animals to tolerate cancer treatment.37 These fatty 
acids help regulate the immune response and reduce the 
generation of pro-inflammatory cytokines. Research has 
shown that supplementing dogs with omega-3 fatty acids 
increases the effectiveness of radionuclide therapy.33 This 
improvement was achieved by lowering inflammation and 
increasing the ability of the dogs to tolerate the treatment.38 
This study emphasizes the capacity of omega-3 fatty acids 
to assist animals during radiation therapy.

2.2.4. Dietary protocols before medical imaging

Pre-imaging dietary programs are specifically formulated 
to enhance the absorption of radiotracers and the 
precision of diagnoses in the field of nuclear medicine.28 
These protocols require individuals to abstain from 
eating or make changes to their diet to provide consistent 
physiological conditions, which in turn minimizes 
variations in imaging investigations. A study examined the 
impact of fasting and dietary interventions on radiotracer 
uptake in dogs and found that carefully controlled dietary 
conditions significantly improved imaging outcomes.34 
This research substantiates the utilization of pre-imaging 
dietary guidelines to augment the dependability of nuclear 
imaging examinations.39

2.2.5. Individualized nutritional consultation

Personalized nutrition counseling customizes nutritional 
advice based on the specific requirements of each patient, 
considering aspects such as species, breed, age, and health 
condition. This tailored method guarantees that nutritional 
interventions are efficient, enhancing patient adherence 
to therapy and overall results.35,40 Research indicates that 
personalized nutrition counseling effectively enhances 
treatment adherence and outcomes by specifically 
addressing the requirements of each patient. A  study 
emphasized the significance of personalized dietary 
programs for managing dogs undergoing radiation therapy, 
demonstrating that tailored dietary plans significantly 
improved their health and treatment tolerance.35

The incorporation of diverse nutritional therapies 
alongside radiotherapy and nuclear medicine greatly 
improves the treatment of cancer in companion animals.30 
High-protein meals, antioxidant and omega-3 fatty 
acid supplementation, dietary regimens before medical 
imaging, and tailored nutrition counseling all contribute 
to tissue regeneration, immunological function, and 
treatment tolerance, while also minimizing the negative 
effects of treatment. Ongoing research and collaboration 
between veterinarians, nutritionists, and oncologists are 
crucial to improve and optimize these interventions in the 
field of veterinary oncology.41

2.3. Challenges in integrating nutrition with nuclear 
medicine interventions for pets

While the integration of nutrition with nuclear medicine 
interventions holds promise in optimizing treatment 
outcomes for veterinary cancer patients, several challenges 
must be addressed to realize its full potential. This section 
explores the key challenges encountered in implementing 
nutritional strategies within the context of nuclear 
medicine in veterinary oncology.
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2.3.1. Complexity of metabolic interactions

One of the primary challenges lies in the complexity of 
metabolic interactions between nutrition and nuclear 
medicine interventions. The dynamic interplay between 
dietary components, radiotracers, and physiological 
processes complicates the development of standardized 
dietary protocols that reliably enhance radiotracer 
uptake and imaging accuracy.19 Moreover, the metabolic 
heterogeneity across different tumor types and individual 
patients further complicates efforts to tailor nutritional 
interventions to specific clinical scenarios.

2.3.2. Patient compliance and adherence

Patient compliance and adherence to pre-imaging dietary 
protocols and nutritional interventions can significantly 
impact the success of nuclear medicine studies and 
therapeutic outcomes. However, ensuring patient 
compliance poses practical challenges, particularly in 
companion animals where dietary preferences, behavioral 
factors, and owner compliance may influence nutritional 
intake and adherence to dietary recommendations. 
Strategies for effectively communicating dietary 
instructions, addressing owner concerns, and optimizing 
patient acceptance of dietary modifications are essential 
for achieving consistent and reproducible results.23

2.3.3. Interdisciplinary collaboration and 
standardization

Effective integration of nutrition with nuclear medicine 
interventions requires close collaboration among 
veterinary oncologists, nutritionists, radiologists, and 
nuclear medicine specialists. However, achieving seamless 
interdisciplinary collaboration and standardizing 
nutritional protocols present logistical and organizational 
challenges.24 Variability in institutional practices, 
expertise, and resources may hinder the implementation of 
standardized nutritional interventions and hinder efforts 
to compare outcomes across different treatment centers.41,42

While the integration of nutrition with nuclear 
medicine interventions offers promising opportunities for 
optimizing treatment outcomes in veterinary oncology, 
several challenges must be addressed to maximize its 
efficacy and safety. Overcoming the complexities of 
metabolic interactions, optimizing radiotracer uptake, 
ensuring radiation safety, promoting patient compliance, 
and fostering interdisciplinary collaboration are essential 
steps in addressing these challenges and advancing the 
field.26 By addressing these challenges through innovative 
research, education, and collaboration, veterinarians 
can harness the full potential of nutritional strategies 
to enhance the diagnostic and therapeutic capabilities 

of nuclear medicine in the management of cancer in 
companion animals.

2.3.4. Multidisciplinary collaboration

Effective management of cancer in veterinary patients requires 
multidisciplinary collaboration among veterinarians, 
nutritionists, oncologists, and nuclear medicine specialists.36 
By pooling expertise from diverse disciplines, practitioners 
can develop comprehensive treatment plans that address the 
complex interplay between nutrition, radiation therapy, and 
nuclear medicine. Multidisciplinary tumor boards provide 
a forum for collaborative decision-making, allowing the 
integration of nutritional considerations into treatment 
algorithms and personalized medicine approaches tailored 
to individual patient needs.

2.3.5. Development of evidence-based nutritional 
protocols

The development of evidence-based nutritional protocols 
is essential for guiding clinical practice and optimizing 
treatment outcomes in veterinary oncology. Collaborative 
research endeavors involving veterinarians, nutritionists,31 
and other allied health professionals are needed to generate 
high-quality evidence supporting the efficacy of specific 
nutritional interventions in mitigating treatment-related 
toxicities, enhancing treatment tolerance, and improving 
patient outcomes.43 Prospective clinical trials assessing 
the impact of tailored nutritional support on treatment 
efficacy, survival outcomes, and quality of life are essential 
for advancing evidence-based practice in this field.

2.3.6. Mechanistic insights into nutritional 
interactions

Elucidating the intricate mechanisms underlying the 
interactions between nutrition and radiation therapy/
nuclear medicine is essential for developing targeted 
therapeutic strategies and personalized medicine 
approaches in veterinary oncology.44 Basic science research 
investigating the molecular pathways involved in nutrient 
metabolism, radiation response, and tumor biology can 
provide valuable insights into the synergistic effects of 
nutrition and therapeutic interventions. Translational 
studies bridging the gap between benchtop research and 
clinical practice are needed to translate mechanistic findings 
into actionable strategies for improving patient care.32

3. Innovative treatment strategies
3.1. Novel therapeutic approaches in veterinary 
oncology

The combination of pet nutrition with radiation and 
nuclear medicine presents opportunities for creative 
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therapeutic approaches in the field of veterinary oncology. 
There is great potential for innovation in this sector, 
ranging from integrating dietary interventions with 
established medications to researching new targeted 
techniques that take advantage of metabolic weaknesses 
in cancer cells.

3.2. Integration of dietary interventions with 
radiotherapy

Ketogenic diets, characterized by high-fat content and low 
carbohydrate intake, exploit the metabolic weaknesses of 
cancer cells that primarily depend on glucose. Pre-clinical 
human investigations have shown that ketogenic diets can 
increase the responsiveness of malignancies to radiation 
while safeguarding healthy organs. Implementing 
comparable tactics in veterinary oncology may enhance 
the effectiveness of radiation in companion animals.1 
High-protein meals can bolster muscle strength and overall 
health in pets receiving radiation, potentially augmenting 
their ability to withstand treatment and recuperate. 
Implementing this method can be especially advantageous 
in the management of cachexia, a prevalent problem 
among cancer patients, thus enhancing their quality of life 
and treatment results.35

3.3. The impact of nutraceuticals on radiotherapy

Curcumin, a phytochemical included in turmeric, has 
demonstrated radio-sensitizing effects, enhancing the 
vulnerability of cancer cells to radiation.43 Research 
conducted on rodents has shown that curcumin has the 
ability to augment the therapeutic benefits of radiation 
while simultaneously diminishing its adverse effects. 
Applying these discoveries to veterinary oncology may 
result in the creation of nutritional supplements that 
improve the effectiveness of cancer therapies in animals.7 
Similarly, green tea extracts, rich in polyphenols such as 
epigallocatechin gallate, have demonstrated antioxidant 
and anti-inflammatory characteristics. Pre-clinical 
research indicates that the administration of green tea 
extracts can enhance the effectiveness of radiotherapy on 
tumors and mitigate radiation-induced damage to healthy 
tissues.40

Agents that impede metabolic processes and therapies 
that specifically target radioactive isotopes have shown 
potential for enhancing cancer treatments. Observational 
and in vitro studies in human oncology have demonstrated 
that metformin may augment the efficacy of radiation 
therapy; however, prospective, randomized clinical trials 
have failed to reproduce the same effect.45 On the other 
hand, dichloroacetate (DCA) selectively impacts the 
metabolic processes of cancer cells by inhibiting pyruvate 

dehydrogenase kinase. This inhibition results in heightened 
oxidative phosphorylation and diminished glycolysis 
inside the cancer cells. These findings suggest that DCA 
has the ability to enhance the susceptibility of cancer cells 
to radiation.

4. Customized nutrition and treatment 
protocols
Creating individualized meal plans (Table  4) tailored 
to the unique metabolic profiles of cancer patients can 
optimize their nutritional status and improve treatment 
outcomes.46,47 This method entails utilizing sophisticated 
diagnostic tools to evaluate metabolic pathways in cancer 
cells and formulating diets that either deprive the cancer 
cells of nutrients or augment the efficacy of treatments 
such as radiation and radionuclide therapies.35

Prioritizing dietary adjustments before diagnostic 
imaging can enhance the absorption of radiotracers, 
therefore enhancing the precision and dependability of 
imaging tests. For instance, implementing controlled 
fasting or regulating nutritional intake might establish 
consistent physiological conditions, thereby decreasing 
variability and improving the diagnostic significance of 
PET scans and other nuclear medicine techniques.34

Integrating nutrition alongside modern cancer 
therapies in veterinary oncology presents significant 
opportunities for developing pioneering treatment 
approaches. By integrating nutritional treatments, 
nutraceuticals, and metabolic inhibitors with radiation 
and nuclear medicine, it is feasible to create innovative 
treatment plans that optimize therapeutic effectiveness and 
decrease the adverse side effects associated with treatment. 
Further investigation and experimentation in this field 
are crucial for implementing these promising approaches 
into tangible interventions, ultimately improving results 
and quality of life for domesticated animals suffering from 
cancer.

4.1. Personalized medicine approaches

Personalized medicine techniques aim to customize 
treatment strategies to the unique characteristics of 
individual patients, including their genetic composition, 
tumor biology, and nutritional status.48,49 Veterinarians 
can enhance the cancer treatment process by including 
nutritional assessments and utilizing advancements in 
precision medicine technologies. This approach allows 
the identification of patients who are most likely to benefit 
from targeted dietary therapies and other therapeutic 
modalities. Utilizing nutritional indicators in treatment 
algorithms has the potential to enhance patient outcomes 
and optimize resource allocation in veterinary oncology.
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The integration of pet nutrition with radiation and 
nuclear medicine marks the beginning of a new age of 
individualized and comprehensive care in veterinary 
oncology.50 Veterinarians can enhance the potential of 
various approaches and improve outcomes for companion 
animals with cancer by promoting collaboration across 
different disciplines, creating nutritional protocols based 
on evidence, gaining a better understanding of how 
nutrition interacts with the body, and adopting innovative 
treatment strategies. To achieve meaningful advantages 
for veterinary patients and their caregivers, it is crucial 
to prioritize ongoing research, education, and clinical 
innovation. These efforts will help to effectively implement 
and apply these synergistic techniques.

5. Conclusion
Overall, combining pet nutrition with radiotherapy and 
nuclear medicine represents a notable advancement in 
veterinary oncology. This approach holds great potential 
to enhance treatment effectiveness and patient outcomes. 
Understanding the complex relationship between diet 
and cancer treatment highlights the need for a holistic, 
patient-focused approach in veterinary care. Moreover, 
ongoing research, education, and collaboration are crucial 
to fully realize the benefits of this integration. By utilizing 
advanced therapeutic techniques and nutritional science 
knowledge, veterinarians can optimize the well-being of 
companion animals with cancer.
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Abstract
Nuclear medicine is used to assess body functionality at various levels of biological 
organization and is increasingly employed for both diagnostic and therapeutic 
purposes. Nearly 5% of radiopharmaceuticals are used therapeutically, whereas 
approximately 95% are used for diagnosis. Diagnostic radiopharmaceuticals are 
generally considered safe because they are administered in subpharmacological 
doses, and the radiotracer components are employed in minimal doses. Consequently, 
the radiation exposure to the body during nuclear medicine investigations is 
typically low. However, when radiopharmaceuticals are used for therapeutic 
applications such as tumor ablation and bone pain palliation, the emitted radiation 
is highly localized and potent. Radiotracers and radiation doses are more carefully 
selected for young patients, as the radiation-induced risk of adverse health effects is 
greater in children than in adults. Radiopharmaceutical preparations should adhere 
to the established standards of pharmacopoeia worldwide to ensure safety and 
efficacy. Adherence to current good manufacturing practices, sterility, and good 
radiation practices are prerequisites for ensuring effective quality assurance and 
quality control systems during radiopharmaceutical preparation. The quality control 
test parameter for radiopharmaceuticals primarily involves physicochemical and 
biological tests. However, significant concerns exist regarding the biological testing 
of radiopharmaceuticals, necessitating their parametric release. The time-intensive 
traditional sterility test, bacterial endotoxin test, and rabbit pyrogen tests have been 
critical quality control issues due to the short half-lives of most radiopharmaceuticals, 
as they should be dispensed at the earliest to ensure optimal diagnostic/therapeutic 
benefit. Therefore, manufacturers of radiopharmaceuticals, dispensers, and nuclear 
medicine specialists should be cognizant of the issues posed by biological quality 
control as a primary obstacle to ensuring consistent quality through parametric 
release from a compendial test method standpoint.
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1. Introduction
The World Health Organization (WHO) defines 
radiopharmaceuticals as novel radioisotope-infused 
pharmaceutical preparations that are employed in 
critical clinical settings for therapy or diagnosis. 
Radiopharmaceutical preparations contain radioactive 
elements (radioisotopes and radioisotope-labeled 
compounds) designed for diagnosis and therapy.1 
Radiopharmaceuticals labeled with positron emission 
tomography and single-photon emission computed 
tomography radionuclides are highly effective in diagnosing 
malignancies, neurological and neurodegenerative illnesses, 
inflammation, and bacterial infections.2 Based on the 
standards established by the International Pharmacopoeia 
of the WHO, radiopharmaceutical medications can be 
categorized into the following four groups:
i.	 Radiopharmaceutical preparation: This medicinal 

product is ready to use and contains a radionuclide 
necessary for its medical purpose. It might be suitable 
for a few different diagnostic or therapeutic uses

ii.	 Radionuclide generator: This comprises a system 
that separates a radionuclide with a short half-life 
(daughter radionuclide) from one with a long half-
life (parent radionuclide), and then uses the separated 
radionuclides to create a radiopharmaceutical 
preparation

iii.	 Radiopharmaceutical precursor: It is a radionuclide 
for radiolabeling, creating a radiopharmaceutical 
preparation

iv.	 Kit for radiopharmaceutical preparations: It contains 
the stabilized pharmaceutical component of the 
radiopharmaceutical preparation and excipients 
without the radionuclides. Before using it for 
medicinal purposes, it is to be reconstituted with a 
specific radionuclide. It is usually a multidose vial, 
and additional procedures may be necessary for its 
creation (boiling, heating, filtration, and buffering). 
They are usually made to be used within 12  h of 
preparation.3

2. Application-based classification of 
radiopharmaceuticals

2.1. Therapeutic radiopharmaceuticals

Therapeutic radiopharmaceuticals are molecules with 
radioactive labels that target a specific organ and localize 
at the site to give a therapeutic dosage of ionizing radiation 
for destroying dysfunctional cells. This is referred to as 
radionuclide therapy. For instance, 131I sodium iodide 
for the treatment of metastatic thyroid cancer, 32P 
phosphate for the treatment of blood conditions and 
intracavitary malignancies, and 89Sr chloride for the 

treatment of bone cancer are frequently used therapeutic 
radiopharmaceuticals.

2.2. Diagnostic radiopharmaceuticals

Diagnostic radiopharmaceuticals are tracers used to track 
human disease progression. These tracers have a short-
lived isotope that is often bound to a ligand or carrier. 
For example, technetium-99m dimercaptosuccinic acid 
is used for the management of medullary thyroid cancer, 
and technetium-99m medronate (99mTc-methylene 
diphosphonate) is frequently utilized for bone scintigraphy.4

2.3. Theranostic radiopharmaceuticals

Theranostic radiopharmaceuticals combine the diagnostic 
qualities of a radionuclide with the curative potential of 
virtually identical therapeutic analog radionuclides to 
give the selected patient the benefit of both imaging and 
a customized and targeted treatment. Examples include 
68Ga DOTATATE/68Ga prostate-specific membrane 
antigen (PSMA)-11 to evaluate tumor progression, 
therapy planning, and monitoring of treatment response 
of neuroendocrine tumors and metastatic prostate cancer; 
and 177Lu DOTATATE/177Lu PSMA-617 used to manage 
and treat somatostatin receptor-positive neuroendocrine 
tumor of the gastroenteropancreatic region and PSMA-
expressing metastatic castration-resistant prostate cancer.5

3. Role of pharmacopoeia and status of 
radiopharmaceutical monographs
Pharmacopoeia is established to avoid marketing 
inconsistent medications while ensuring drug quality, 
safety, and efficacy. Many countries possess national 
pharmacopeias of their own, such as the British 
Pharmacopoeia (BP) for the UK and the US Pharmacopoeia 
(USP) for the US of America. The WHO also produces 
a pharmacopoeia, International Pharmacopoeia, for 
regular use by its member countries.6 Likewise, in India, 
Indian Pharmacopoeia (IP) is acknowledged as the 
official standard-setting document for drugs produced 
and/or marketed in India. On behalf of the Ministry of 
Health and Family Welfare, Government of India, IP is 
published periodically by the IP Commission following the 
requirements of the Drugs and Cosmetics Act, 1940, and 
Rules 1945 thereunder. IP consists of several authoritative 
methods for analyzing pharmaceuticals and defining their 
identity, purity, and potency.7

To oversee the quality of radiopharmaceutical 
preparations, the IP Commission, for the first time, includes 
19 radiopharmaceutical monographs along with one general 
chapter in IP 2014. For radiopharmaceutical preparations, IP 
2022 currently lists 37 monographs, 30 of which are employed 
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for diagnostic categories, six are for therapeutic categories, 
and one is applied for both diagnosis and therapy.8,9 For 
the rest of the pharmacopeias, BP 2023 and European 
Pharmacopoeia (EP) 11.0 consists of 83 monographs, USP 
2022 comprises 43 monographs, 11th edition of International 
Pharmacopoeia comprises 25 monographs, Chinese 
Pharmacopoeia (CP) 2015 consists of 30 monographs, 
and 18th  edition of Japanese Pharmacopoeia (JP) consists 
of 13 monographs concerning the radiopharmaceutical 
preparations as mentioned in Table 1 in detail.10-15 Tabulation 
of pharmacopeial requirements for a comprehensive list of 
radiopharmaceuticals is addressed in Table 2.

4. Significance of quality control in 
radiopharmaceuticals
When it comes to testing, quality control, a part of quality 
assurance, plays a major role. The use of procedures, 
tests, analytical methods, and acceptance criteria to 
evaluate the quality of radiopharmaceuticals, materials, 
and components is known as quality control.9 The vast 
majority of radiopharmaceuticals used in nuclear medicine 
have wide applications in diagnostic, therapeutic, and 
theranostic and are injected intravenously into patients 
as part of both diagnosis and therapy, which normally 
take a few minutes for administration to each patient.5,16,17 
They typically contain trace amounts of the active 
components and a radioisotope to facilitate scintigraphic 
imaging or biodistribution study and are delivered once 
or more.18 Radiopharmaceutical composition changes 
over time, which is associated with radioactive decay. 
This necessitates using semi-manufactured goods such 
as radionuclide generators, precursors, and kits since 
the physical half-life of the radionuclide is frequently so 
short that the final preparation must be completed right 
away before administration to the patient. Hence, it is 
important to consider the standards of generators, kits, 
and other semi-manufactured goods when evaluating 
the safety and effectiveness of radiopharmaceuticals.19 
Since radiopharmaceuticals are meant to be administered 
to patients, they must undergo rigorous quality control 
procedures to ensure the formulations adhere to the 
established radiological and pharmaceutical safety and 
efficacy standards.1,20 The radiopharmaceuticals used in 
the diagnostic nuclear medicine study must meet all these 
standards. Adherence to the quality control standards 
regarding therapeutic radiopharmaceuticals is also 
essential because the patient’s life could be endangered 
due to higher localized radiation, other side effects, and 
toxicity.21 The Good Radiopharmacy Practice Guidelines 
published by the Radiopharmacy Committee of the 
European Association of Nuclear Medicine on current 
Good Radiopharmaceuticals Practice in the preparation 

of radiopharmaceuticals were a helpful resource for setting 
quality requirements for radiopharmaceuticals prepared 
on a modest scale and the non-radioactive labeling 
precursors used in their preparation.22

5. Key elements of radiopharmaceuticals 
quality control
Quality controls are crucial in any production or formulation 
line in the pharmaceutical sector. The same applies to 
radiopharmaceutical formulations. Radiopharmaceuticals 
are subject to the same quality control processes as non-
radioactive medications.23 Quality control procedures 
should always be performed for radiopharmaceutical 
preparation and before patient administration, except 
for the parametric release batch, to ensure optimal 
radiopharmaceutical products.16 Due to the interaction 
between pharmaceutical and radioactive characteristics, 
quality monitoring of radiopharmaceuticals is essential 
for independent yet connected reasons. Pharmaceutical 
guidelines were created to ensure that patients cannot 
be harmed by pyrogenic, microbiological, or particle 
contamination. The radioactivity, radiochemical purity, 
and radionuclidic purity are all ensured by a radioactive 
parameter, which helps to keep the desired radiation dose 
of patients to a minimum.17

The quality control tests for radiopharmaceuticals and 
cold kits fall into physicochemical and biological tests. 
The physicochemical analyses ascertain the sample pH, 
ionic strength, osmolality, and physical state, especially if 
it is a colloid, as well as the quantity of radionuclidic and 
radiochemical pollutants, while the material’s sterility, 
apyrogenicity, and toxicity are demonstrated by the 
biological tests. The manufacturers carry out some of 
these QC procedures, whereas others need to be done 
by the dispensing staff.17 The primary components of 
radiopharmaceutical quality control parameters are 
depicted in Figure 1.

Here, we review the most significant and 
widespread biological quality control procedures for 
radiopharmaceuticals, given their short half-lives.

6. Biological quality control
One of the two types of radiopharmaceuticals is those 
made with a half-life that is long enough to permit regular 
sterility testing. Radiopharmaceuticals require retroactive 
testing, which is the main distinction between their 
sterility testing and that of conventional medications. 
However, because most radiopharmaceuticals are prepared 
and utilized in less than a week, there is insufficient time 
to perform the required sterility tests.24 The tests used 
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Table 1. Comparative status of radiopharmaceutical monographs concerning biological quality control parameters (bacterial 
endotoxin test & sterility) in different pharmacopoeia

Name of radiopharmaceutical monographs BP 202310 

 
EP 11.011 

 
USP 

202212 
IP 20229 

 
International 

Pharmacopoeia 
11th ed.ition13

CP 201514 

 
JP 18th ed..15 

 

B S B S B S B S B S B S B S

Albumin aggregated and stannous chloride for 
injection

N.A N.A N.A N.A N.A √ √ N.A

Alovudine (18F) injection √ √ √ √ N.A N.A N.A N.A N.A

Ammonia (13N) injection √ √ √ √ √ √ N.A N.A N.A N.A

Betiatide for radiopharmaceutical preparations x x x x N.A N.A N.A N.A N.A

Carbon monoxide (15O) x x x x N.A N.A N.A N.A N.A

Choline ([11C] methyl) injection √ √ √ √ N.A N.A N.A N.A N.A

Chromium (51Cr) edentate injection x √ x √ N.A N.A N.A N.A N.A

Colloidal chromium phosphate[32P] injection N.A N.A N.A N.A N.A √ √ N.A

Copper tetramibi tetrafluoroborate for 
radiopharmaceutical preparations

x x x x N.A N.A N.A N.A N.A

Cyanocobalamin (57Co) capsules x x x x N.A N.A N.A N.A N.A

Cyanocobalamin (57Co) solution x x x x N.A N.A N.A N.A N.A

Cyanocobalamin (58Co) capsules x x x x N.A N.A N.A N.A N.A

Cyanocobalamin (58Co) solution x x x x N.A N.A N.A N.A N.A

Etifenin and stannous chloride injection N.A N.A N.A N.A N.A √ √ N.A

Fludeoxyglucose (18F) injection √ √ √ √ √ √ √ √ √ √ √ √ N.A

Flumazenil (N-[11C] methyl) injection √ √ √ √ N.A N.A N.A N.A N.A

Fluoride solution (18F) for radiolabelling √ x √ x N.A N.A N.A N.A N.A

Fluorocholine (18F) injection √ √ √ √ N.A N.A N.A N.A N.A

Fluorodopa (18F) (prepared by electrophilic 
substitution) injection

√ √ √ √ N.A N.A N.A N.A N.A

Fluorodopa (18F) (prepared by nucleophilic 
substitution) injection

√ √ √ √ N.A N.A N.A N.A N.A

Fluoroethyl-L-tyrosine (18F) injection √ √ √ √ N.A N.A N.A N.A N.A

Fluoromisonidazole (18F) injection √ √ √ √ N.A N.A N.A N.A N.A

Gallium (67Ga) citrate injection x √ x √ √ √ √ √ √ √ √ √ x x

Gallium (68Ga) chloride (accelerator produced) 
solution for radiolabelling

√ x √ √ N.A N.A N.A N.A N.A

Gallium (68Ga) chloride solution for 
radiolabelling

√ x √ x N.A √ √ N.A N.A N.A

Gallium (68Ga) edotreotide injection √ √ √ √ N.A √ √ N.A N.A N.A

Gallium (68Ga) PSMA-11 injection √ √ √ √ N.A N.A N.A N.A N.A

Iodinated (125I) Human albumin injection √ √ √ √ N.A N.A N.A N.A N.A

Indium (111In) capromab pendetide injection N.A N.A √ √ N.A N.A N.A N.A

Indium (111In) chloride injection N.A N.A N.A N.A N.A N.A x x

Indium (111In) chloride solution x √ x √ √ √ N.A N.A N.A N.A

Indium (111In) oxine solution x √ x √ N.A N.A N.A N.A N.A

Indium (111In) oxyquinoline solution N.A N.A x x N.A N.A N.A N.A

Indium (111In) pentetate injection √ √ √ √ √ √ N.A N.A N.A N.A

Indium (111In) pentetreotide injection N.A N.A √ √ N.A N.A N.A N.A
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Table 1. (Contiuned)

Name of radiopharmaceutical monographs BP 202310 

 
EP 11.011 

 
USP 

202212 
IP 20229 

 
International 

Pharmacopoeia 
11th ed.ition13

CP 201514 

 
JP 18th ed..15 

 

B S B S B S B S B S B S B S

Iobenguane (123I) injection √ √ √ √ √ √ N.A √ √ N.A N.A

Iobenguane (131I) injection for diagnostic use √ √ √ √ N.A N.A √ √ N.A N.A

Iobenguane (131I) injection for therapeutic use √ √ √ √ N.A N.A √ √ N.A N.A

Iobenguane sulfate for radiopharmaceutical 
preparation 

x x x x N.A N.A N.A N.A N.A

Iodine (125I) brachytherapy source N.A N.A N.A N.A N.A x x N.A

Iodinated albumin (125I) injection N.A N.A √ x N.A N.A N.A N.A

Iodinated albumin (131I) injection N.A N.A √ x N.A N.A N.A N.A

Iodinated (131I) Human serum Albumin injection N.A N.A N.A N.A N.A N.A x x

Iodomethylnorcholestrol (131I) injection √ √ √ √ N.A N.A N.A N.A N.A

Iothalamate sodium (125I) injection N.A N.A √ x N.A N.A N.A N.A

Krypton (81mKr) inhalation gas x x x x N.A N.A N.A N.A N.A

Lutetium (177Lu) solution for radiolabelling √ √ √ √ N.A N.A N.A N.A N.A

Medronic acid for radiopharmaceutical 
preparation 

x x x x N.A N.A N.A N.A N.A

(131I) Meta-iodobenzyl guanidine injection for 
diagnostic use 

N.A N.A N.A √ √ N.A N.A N.A

(131I) Meta-iodobenzyl guanidine injection for 
therapeutic use

N.A N.A N.A √ √ N.A N.A N.A

Methylenediphosphonate and stannous chloride 
for injection 

N.A N.A N.A N.A N.A √ √ N.A

L-Methionine [11C] methyl) injection √ √ √ √ N.A N.A N.A N.A N.A

Oxygen (15O) x x x x N.A N.A N.A N.A N.A

Pentetate sodium calcium for 
radiopharmaceutical preparations

x x x x N.A N.A N.A N.A N.A

Pentetate acid and stannous chloride for injection N.A N.A N.A N.A N.A √ √ N.A

PSMA-1007 (18F) injection √ √ √ √ N.A N.A N.A N.A N.A

Raclopride -[(11C) methoxy] injection √ √ √ √ N.A N.A N.A N.A N.A

Samarium (153Sm) EDTMP injection N.A N.A N.A √ √ N.A N.A N.A

Samarium (153Sm) lexidronam complex injection N.A N.A √ x N.A √ √ √ √ N.A

Samarium phosphate (32P) colloid injection N.A N.A N.A √ √ N.A N.A N.A

Sodium acetate-[1-11C] injection √ √ √ √ N.A N.A N.A N.A N.A

Sodium chromate (51Cr) sterile injection x √ x √ N.A √ x N.A √ √ x x

Sodium fluoride (18F) injection √ √ √ √ √ √ √ √ N.A N.A N.A

Sodium iodide (123I) capsules N.A N.A x x N.A N.A N.A x x

Sodium iodide (123I) injection x √ x √ √ √ √ √ N.A N.A N.A

Sodium iodide (123I) solution for radiolabelling x x x x √ √ √ √ N.A N.A N.A

Sodium iodide (131I) capsules for diagnostic use x x x x x x x x x x x x x x

Sodium iodide (131I) capsules for therapeutic use x x x x x x x x x x N.A x x

Sodium iodide (131I) injection N.A N.A √ √ N.A √ √ N.A N.A 

Sodium iodide (131I) solution x √ x √ √ √ x x √ x x x x x

Sodium iodide (131I) solution for radiolabelling x x x x N.A N.A N.A N.A N.A
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Table 1. (Contiuned)

Name of radiopharmaceutical monographs BP 202310 

 
EP 11.011 

 
USP 

202212 
IP 20229 

 
International 

Pharmacopoeia 
11th ed.ition13

CP 201514 

 
JP 18th ed..15 

 

B S B S B S B S B S B S B S

Sodium iodohippurate (123I) injection x √ x √ N.A N.A N.A N.A N.A

Sodium iotalamate (125I) injection N.A N.A N.A N.A √ √ N.A N.A

Sodium iodohippurate (131I) injection x √ x √ N.A N.A N.A √ √ x x

Sodium iodohippurate dihydrate for 
radiopharmaceutical preparations

x x x x N.A N.A N.A N.A N.A

Sodium molybdate (99Mo) solution (fission) x x x x N.A N.A N.A N.A N.A

Sodium pertechnetate (99mTc) injection 
(accelerator produced)

N.A x √ √ x N.A N.A N.A x x

Sodium pertechnetate (99mTc) injection (fission) x √ x √ √ x √ √ √ √ √ √ x x

Sodium pertechnetate (99mTc) injection (non-
fission)

x √ x √ √ x √ √ √ √ N.A x x

Sodium phosphate (32P) injection x √ x √ N.A √ √ √ √ √ √ N.A

Sodium phosphate (32P) Oral Solution N.A N.A N.A N.A N.A x x N.A

Sodium phytate and stannous chloride for 
injection

N.A N.A N.A N.A N.A √ √ N.A

Sodium pyrophosphate and stannous chloride for 
injection 

N.A N.A N.A N.A N.A √ √ N.A

Sodium pyrophosphate decahydrate for 
radiopharmaceutical preparations

x X x x N.A N.A N.A N.A N.A

Strontium (89Sr) chloride injection x √ x √ √ x √ √ √ √ √ √ N.A

Technetium (99mTc) albumin aggregated injection N.A N.A √ √ N.A N.A √ √ N.A

Technetium (99mTc) bicisate injection x √ x √ √ √ N.A √ √ √ √ N.A

Technetium (99mTc) colloidal rhenium sulfide 
injection 

√ √ √ √ N.A √ √ N.A N.A N.A

Technetium (99mTc) colloidal sulfur injection N.A N.A √ √ N.A √ √ N.A N.A

Technetium (99mTc) colloidal tin injection x √ x √ N.A N.A √ √ N.A N.A

Technetium (99mTc) Disofenin injection N.A N.A √ √ N.A N.A N.A N.A

Technetium (99mTc) DMSA injection N.A N.A N.A √ √ N.A N.A N.A

Technetium (99mTc) DTPA injection N.A N.A N.A √ √ N.A N.A N.A

Technetium (99mTc) EC injection N.A N.A N.A √ √ N.A N.A N.A

Technetium (99mTc) ECD injection N.A N.A N.A √ √ N.A N.A N.A

Technetium (99mTc) etifenin injection √ √ √ √ N.A N.A N.A √ √ N.A

Technetium (99mTc) L, L-ethylene dicysteine 
injection

N.A N.A N.A N.A N.A √ √ N.A

Technetium (99mTc) exametazime injection x √ x √ √ √ √ √ √ √ N.A N.A

Technetium (99mTc) gluconate injection x √ x √ N.A N.A N.A N.A N.A

Technetium (99mTc) glucoheptonate injection N.A N.A N.A √ √ N.A N.A N.A

Technetium (99mTc) human albumin injection √ √ √ √ N.A N.A N.A N.A N.A

Technetium (99mTc) HYNIC-TOC injection N.A N.A N.A √ √ N.A N.A N.A

Technetium (99mTc) labeled human serum 
albumin nanocolloid injection

N.A N.A N.A √ √ N.A N.A N.A

Technetium (99mTc) macrosalb injection √ √ √ √ N.A √ √ N.A N.A N.A

Technetium (99mTc) mebrofenin injection √ √ √ √ √ √ √ √ √ √ N.A N.A

(Cont’d...)
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to evaluate radiopharmaceuticals are the same as those 
used to evaluate traditional medications.23 The short 
half-life radionuclides decay from a parent radionuclide 
with a sufficient half-life in a radionuclide generator 
and are produced from cyclotrons, which forces their 
release for patient use even before all the quality control 
tests are performed, which is one of the main issues 
in radiopharmaceutical dispensing.13,25 Due to the 
limited time for quality control tests, numerous quick 
procedures for evaluating crucial parameters, including 
the shorter half-lives of some radionuclides, have been 

developed.16 End-user testing is a crucial stage in the 
quality control of radiopharmaceutical preparations and 
patient safety, particularly for those radiopharmaceutical 
preparations dispensed or synthesized in the end-user 
facility (such as those used in nuclear medicine clinics).13 
Radiopharmaceuticals are biologically tested to establish 
their sterility, apyrogenicity, and toxicity before human 
administration.23 The main biological quality control 
parameters include sterility and apyrogenicity, that is, 
bacterial endotoxin and rabbit pyrogen tests. These 
methods are explained in detail below.

Table 1. (Contiuned)

Name of radiopharmaceutical monographs BP 202310 

 
EP 11.011 

 
USP 

202212 
IP 20229 

 
International 

Pharmacopoeia 
11th ed.ition13

CP 201514 

 
JP 18th ed..15 

 

B S B S B S B S B S B S B S

Technetium (99mTc) medronate injection √ √ √ √ √ √ √ √ √ √ N.A N.A

Technetium (99mTc) mertiatide injection x √ x √ √ √ √ √ √ √ N.A N.A

Technetium (99mTc) MIBI injection N.A N.A N.A √ √ N.A N.A N.A

Technetium (99mTc) methylenediphosphonate 
injection 

N.A N.A N.A N.A N.A √ √ N.A

Technetium (99mTc) microspheres injection √ √ √ √ N.A N.A N.A N.A N.A

Technetium (99mTc) oxidronate injection √ √ √ √ √ x N.A N.A N.A N.A

Technetium (99mTc) pentetate injection x √ x √ √ √ N.A √ √ √ √ N.A

Technetium (99mTc) phytate injection N.A N.A N.A N.A √ √ N.A

Technetium (99mTc) pyrophosphate injection N.A N.A √ √ N.A N.A √ √ N.A

Technetium (99mTc) (pyro and trimeta) phosphate 
injection

N.A N.A N.A N.A N.A N.A N.A

Technetium (99mTc) red blood cells injection N.A N.A √ √ N.A N.A N.A N.A

Technetium (99mTc) sestamibi injection x √ x √ √ √ N.A √ √ √ √ N.A

Technetium (99mTc) succimer injection x √ x √ √ √ N.A √ √ N.A N.A

Technetium (99mTc) tetrofosmin complex injection N.A N.A √ √ √ √ √ √ N.A N.A

Technetium (99mTc)-TRODAT-1 Injection N.A N.A N.A √ √ N.A N.A N.A

Technetium (99mTc) tin pyrophosphate injection √ √ √ √ N.A N.A √ √ N.A N.A

Tetra-O-acetyl-mannose triflate for 
radiopharmaceutical preparations

x x x x N.A N.A N.A N.A N.A

Thallous (201TI) chloride injection x √ x √ √ √ √ √ √ √ √ √ x x

Tritiated (3H) water injection x √ x √ N.A N.A N.A N.A N.A

Urea (14C) Capsules N.A N.A x x x x N.A N.A N.A

Water (15O) injection √ √ √ √ N.A N.A N.A N.A N.A

Xenon (133Xe) injection x √ x √ N.A N.A N.A x √ N.A

Yttrium (90Y) chloride solution for radiolabeling √ √ √ √ N.A N.A N.A N.A N.A

Yttrium Y 90 ibritumomab tiuxetan injection N.A N.A √ √ N.A N.A N.A N.A

Yttrium (90Y) silicate injection N.A N.A N.A N.A √ √ N.A N.A

Note: “B” represents bacterial endotoxin test; “S” represents sterility; “x” represents test not present; “√” represents test present; “N.A” represents 
monograph not available in pharmacopeias.
Abbreviations: BP: British Pharmacopoeia; EP: European Pharmacopoeia; USP: US Pharmacopoeia; IP: Indian Pharmacopoeia; CP: Chinese 
Pharmacopoeia; JP: Japanese Pharmacopoeia; PSMA: Prostate-specific membrane antigen; DMSA: Dimercaptosuccinic acid.  

https://dx.doi.org/10.36922/arnm.3619


QC parameters in radiopharmaceuticals

Volume 2 Issue 3 (2024)	 8� doi: 10.36922/arnm.3619

Advances in Radiotherapy 
& Nuclear Medicine

6.1. Sterility

Due to their nature of use, pharmaceuticals are required 
to be sterile and must routinely pass a sterility test.24 
For parenteral administration, radiopharmaceutical 
preparations must be made using aseptic techniques to 
prevent microbial contamination and the associated risk 
of infection. When introduced into a radiopharmaceutical, 
pathogens may survive the storage period and be injected 
in a viable state into the patient. Moreover, many patients 
receiving radiopharmaceuticals may undergo cancer 
chemotherapy, which can compromise the immune system. 
Testing for sterility is carried out to confirm that drugs are 
almost completely free of living microbes, such as fungi 
and bacteria.9 This test must be carried out aseptically to 
prevent interference from external contaminants with the 
test samples during the experiment. For this, the test should 
ideally be performed in a sterile laminar air flow hood with 
qualified personnel. A dosage for a human should be used 
as the minimum sample volume for the test. To identify 
bacterial and fungus contaminations, a quality control 

test procedure for sterility is present in pharmacopeias. 
For bacterial contamination, the radiopharmaceutical 
sample should be incubated for 14  days at 30 – 35° in a 
fluid thioglycolate medium. For fungal contamination, 
the radiopharmaceutical sample should be incubated for 
14 days at 20 – 25° in a soybean casein digest medium. The 
radiopharmaceutical is not sterile if bacterial, fungal, or 
yeast growth is observed in either medium used during the 
test.26-29 The metabolic byproducts (endotoxin) produced 
by these microbes, that is, bacterial, fungal, or yeast, can 
cause pyrogenicity.

6.1.1. Challenge for sterility test

Most radiopharmaceuticals are formulated and used 
within a week; thus, there needs to be more time to carry 
out the standard sterility testing procedures. Due to some 
radionuclides’ half-life, the limited batch size, and the 
radiation threat, sterility testing of radiopharmaceuticals 
poses unique challenges. Since radiopharmaceutical has 
an occasionally limited half-life, it must be delivered to 
the individual immediately; therefore, it is impossible to 
wait for the sterility test results.30 When the radionuclide 
half-life is <5 min, the radiopharmaceutical preparation is 
often administered to the patient on-site using a validated 
production method.9-13 At the same time, if the batch size of 
a radiopharmaceutical preparation is restricted to one or a 
few samples, sampling the batch for sterility testing may be 
optional. In these circumstances, it is preferred to release 
the product produced by a thoroughly approved process 
parametrically. When aseptic manufacturing is used, the 
sterility test must be executed to control the production 
quality.9-13 However, the sterility test is carried out 
retrospectively, that is, after patient administration, which 
is the most significant difference between sterility testing 
of regular pharmaceuticals and radiopharmaceuticals. 
The test must, however, begin as soon as feasible.30 If 
not started immediately, samples are kept in a storage 
environment that has been proven suitable for preventing 
false adverse outcomes.10,11 The concept of parametric 
release is duly addressed in IP 2022, BP 2023, EP 11.0, 
USP 2022, and International Pharmacopoeia 11th  edition 
pharmacopeias concerning the release of short half-life 
radiopharmaceuticals. However, the JP 18th edition and CP 
2015 should be more active on this critical issue.

6.1.2. Significance of sterility testing time

The traditional sterility test procedure requires 14  days 
to obtain the result. The results from these methods 
cannot be used to prompt timely corrective action. The 
interval between the radiopharmaceutical manufacturing 
and the sterility test must be as short as possible. For 
radiopharmaceuticals with a long half-life, this is 

Table 2. Pharmacopeial requirements for a comprehensive 
list of radiopharmaceuticals

No. Pharmacopeial requirements

1 Identification (Radioactive decay, measurement of t½, and 
determination of nature and energy of the radiation)

2 Measurement of radioactivity (radionuclidic purity, 
radiochemical purity, specific radioactivity, chemical purity, and 
enantiomeric purity)

3 Physiological distribution

4 Sterility

5 Bacterial endotoxin test-pyrogen

6 pH

7 Storage and labeling

8 Filter integrity test

9 Residual solvent measurement

Figure 1. Quality control parameters for radiopharmaceuticals
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particularly crucial. Short-lived radiopharmaceuticals, 
including those labeled with the radionuclides 68Ga or 18F 
(t1/2 = 68 or 110 min, respectively), are frequently only tested 
for sterility after the radioactivity has decayed, which might 
produce false results. Long-lived radiopharmaceuticals 
having half-lives of days to weeks (such as 177Lu, 131I, or 90Y) 
require several days to months to decay, which can alter 
the outcome of the sterility test because of their prolonged 
incubation time. The microorganisms often die after a 
particular time frame due to the lack of nutrients or other 
factors and are not detected in the later stage of sterility 
testing.30 In this regard, alternative microbiological methods 
mentioned in pharmacopeias have proven the potential for 
results in real-time or almost real-time with the prospect 
of earlier corrective action. If these novel approaches are 
proven effective and made suitable for regular usage, the 
quality of testing may likewise be significantly enhanced. 
Several in vitro sterility tests used rapid testing techniques 
to determine the presence or absence of microorganisms 
by measuring the evolution of CO2 or consumption of O2 
for detecting bacterial metabolism in closed containers, 
thus helping to overcome this significant limitation. The 
basic principle of the test involves the addition of the 
test sample to a trypticase soy broth culture medium 
that contains 14C-glucose. The capture of 14CO2 gas in 
this method shows the existence of both aerobic and 
anaerobic microorganisms. A rapid testing approach also 
uses ATP bioluminescence to get beyond the drawbacks 
of conventional test methods for radiopharmaceutical 
quality control, improving data integrity and subjectivity 
removal.31-33 The innovative aspect of this approach is that 
it only requires a short testing duration, roughly 3 – 24 h 
instead of several days.

6.2. Apyrogenicity

6.2.1. Bacterial endotoxin test

A test for bacterial endotoxin is recommended for several 
radiopharmaceutical formulations. The test is conducted 
following the general method of bacterial endotoxin, 
adopting the appropriate safety steps to limit radiation 
exposure to the personnel carrying out the test.9 Bacterial 
endotoxin is the only necessary pyrogen of concern in 
parenteral drug preparations because of its potency and 
widespread natural distribution. Depending on the dose, 
mode, and rate of administration, bacterial endotoxins 
might have adverse effects. Limulus amebocyte lysate 
(LAL) reagent is economically feasible for routine bacterial 
endotoxin tests based on gel-clot formation.34 The LAL 
test, commonly known as the bacterial endotoxin test, is 
used to detect endotoxin quantitatively and qualitatively. 
This method uses the amebocyte lysate from the horseshoe 
crab’s blood, such as Limulus polyphemus, Tachypleus gigas, 

Tachypleus tridentatus, and Carcinoscorpius rotundicauda. 
The basic test principle is based on the idea that endotoxin 
will generate an opaque gel in the presence of Ca2+ ion 
when the sample is incubated with the LAL at 37 ± 1°C. 
A test sample with a pH range of 6 – 8 and 0.1 mL LAL 
typically makes up an assay mixture. After mixing, the 
reaction takes place for 60 ± 2 min. The development of 
an opaque gel shows the existence of an endotoxin. The 
LAL test is performed on LAL reagent water, control 
standard endotoxin from Escherichia coli, and test samples. 
Depending on whether test materials form gel, they are 
classified as either positive or negative with respect to the 
control standard endotoxin from E. coli, which acts as a 
positive control if gel formation takes place, and the LAL 
reagent water acts as a negative control in the case of no gel 
formation.35-38 The endotoxin limit required for a bacterial 
endotoxin test is mentioned in the individual monograph 
of the pharmacopeias, whereas a comparative status of 
endotoxin limit calculation of different pharmacopeias 
based on radiopharmaceutical product administration is 
mentioned in Table 3.9-15 For radiopharmaceuticals created 
using short-lived radioisotopes, endotoxin testing after 
product release is permissible. However, developing the 
kinetic (photometric) LAL test, which may be accomplished 
in 20  min, has made it possible to test for bacterial 
endotoxin before releasing the radiopharmaceuticals with 
half-lives longer than 30 min.9-15

6.2.2. Risks of radiopharmaceutical endotoxin 
contamination

Like all other drugs, radiopharmaceuticals are governed 
by stringent endotoxin contamination restrictions. Due 
to potential interference with the assay’s components, 
caution must be used when performing the LAL assay 
on radiopharmaceuticals. The availability of free Ca2+ 
ions is essential for the key enzyme transglutaminase in 
the LAL assay. Chelating compounds, which reduce the 
amount of Ca2+ in the solution, are typically found in 
radiopharmaceuticals. As a result, the LAL assay could 
produce erroneous negative results. A 2014 study published 
in the Journal of Nuclear Medical Technology offered a 
simple but efficient approach to eliminating this issue. 
The scientists added more calcium chloride to prepare 
the drug for LAL testing. By doing this, they successfully 
eliminated interference from the chelating chemicals in the 
radiopharmaceutical.39

6.2.3. Rabbit pyrogen test

The test for rabbit pyrogen may be particularly 
emphasized for testing the product when the nature 
of the radiopharmaceutical preparation results in 
interference through inhibition or activation, and it is 
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impossible to exclude the interfering factor(s). Due to the 
use of reducing agents and metal chelating agents in the 
formulation of many 99mTc-radiopharmaceuticals, the LAL 
test may produce false negative or positive findings. Since 
the radionuclide in the preparation has a short half-life, it 
can be challenging to conduct these tests before approving 
the batch for use.9-15 To conduct a rabbit pyrogen test, 
three healthy rabbits must first receive an intravenous 
injection of the substance under test in a predetermined 
volume, followed by a 3-h period of rectal temperature 
monitoring. A  positive test is recorded if an individual 
rabbit’s temperature increases by ≥0.6° above baseline or 
if the total temperature rises of all three rabbits surpasses 
1.4°C.40

7. Status of radiopharmaceutical biological 
quality control standards in pharmacopoeia
The comparative status of radiopharmaceutical 
biological quality control standards present in different 
pharmacopeias of the world has been mentioned in 
Table 1, highlighting detailed information on the presence 
or absence of biological test parameters in individual 
monographs.

8. Discussion
Quality control is essential in all pharmaceutical 
production and formulation processes. The use of quality 
control processes guarantees that radiopharmaceutical 
formulations and preparations meet the requirements of 
the pharmacopoeia for physicochemical and biological 
tests to verify the effectiveness and safety of medicines. 
It should be noted that biological tests are essential to 
determine the material’s sterility and apyrogenicity. At the 

commencement of production of the finished product, 
the producers conduct these quality control checks. 
Sterility is a crucial quality factor for pharmaceutical 
preparations, among other biological quality control 
test parameters.41 For drugs that have been terminally 
sterilized, parametric release typically replaces routine 
sterility testing.42 A robust quality assurance process is 
necessary for parametric releases to generate a product 
with the appropriate attributes and features.43 The 
basis for parametric release is proof of successfully 
validating the manufacturing process in accordance with 
established good manufacturing practices and sterilization 
protocols, as well as a review of the documentation on the 
additional process monitoring carried out throughout the 
manufacturing process to support parametric release.44,45 
The use of parametric release, or release of a batch of 
sterile items based on process data rather than submitting 
a sample of the items for sterility testing, may be carried 
out if the appropriate regulatory body approves when 
a properly approved terminal sterilization procedure 
using steam, dry heat, or ionizing sterilization is applied. 
Aseptic assembly or filtration through a bacterial retentive 
filter is utilized if terminal sterilization is not feasible for 
parametric release.41 Regarding the requirement to test 
each consignment before release, an appropriate approach 
is to conduct quality control tests on a single sample 
generator from each available supplier. In contrast, the 
remaining radiopharmaceuticals can be released based 
on the outcomes of parametric tests.43 On the other hand, 
in the case of apyrogenicity of radiopharmaceuticals 
created using short-lived radioisotopes, endotoxin testing 
after product release is permissible. Like all other drugs, 
radiopharmaceuticals are governed by stringent endotoxin 

Table 3. Comparative status of endotoxin limit calculation based on radiopharmaceutical product administration

Administration form of 
radiopharmaceutical products

IP 20229 BP 
202310

EP 11.011 USP 202212 JP 18th 
edition15

International 
Pharmacopoeia 
11th ed.ition13

CP 201514

Not administered intrathecal 175/V
where V is the maximum 
recommended dose in ml

N/A N/A 175 EU/V
where V is 
the maximum 
recommended 
dose in ml

N/A N/A N/A

Administered intrathecal 14/V
where V is the maximum 
recommended dose in ml

N/A N/A 14 EU/V N/A N/A N/A

Administered intravenous N/A K/M
where K 
is 2.5/kg 
or 175/
person

K/M where 
K is 2.5 IU 
of endotoxin 
per kg of 
body mass

175 EU/V
where V is 
the maximum 
recommended 
dose in ml

K/M 
where K is 
2.5 IU

K/M where K is 
2.5 IU

K/M
where 
K is 2.5 
EU/kg/hr

Abbreviations: BP: British Pharmacopoeia; EP: European Pharmacopoeia; USP: US Pharmacopoeia; IP: Indian Pharmacopoeia; CP: Chinese 
Pharmacopoeia; JP: Japanese Pharmacopoeia.
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contamination restrictions. It should be emphasized that 
if a product contains pyrogens and there are no means to 
render it apyrogen, it should be rejected.

9. Conclusion
The biological quality control aspects of 
radiopharmaceuticals described above will be valuable 
references for various radiopharmaceutical manufacturers 
and quality control testing laboratories. However, 
radiopharmaceutical manufacturers also understand 
the need for biological quality control as the main 
challenge in maintaining quality for parametric release, 
as a patient’s life could be in danger or compromised if 
the radiopharmaceutical formulations are not sterile or 
pyrogen-free. The concept of parametric release can be 
applied to eliminate or minimize different kinds of testing 
on the finished product before its intended use due to 
the short half-life of the radionuclide moiety. Time and 
resource savings are among the most evident advantages 
of parametric release. It is debatable if improved 
sterility assurance will result from developing process 
understanding for deploying a parametric release process.
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Abstract
Lung cancer remains the second most commonly diagnosed cancer globally and the 
leading cause of cancer-related deaths, a trend consistent in the United States as 
of 2023. One of the key reasons for the high mortality rate of lung cancer is its poor 
prognosis, with 75% of patients diagnosed at middle and advanced stages. Early 
detection of subclinical lung cancer, metastases, and their fibrotic stroma is crucial 
for enabling timely treatment, reducing reoccurrence, and stratifying patients. 
Current diagnostic methods, such as lung biopsy for patients with small nodules, 
are highly invasive and technically challenging. The radiological gold standard, 
computed tomography (CT), is associated with ionizing radiation. However, positron 
emission tomography (PET) and magnetic resonance imaging (MRI) have emerged 
as promising methodologies for lung cancer diagnosis. PET tracers with a variety 
of targeting mechanisms are currently under development in human trials. With 
advancements in hardware and software over the past decades, radiation-free MRI 
has been clinically and preclinically validated as an alternative to CT. Moreover, 
novel-targeted MRI contrast agents have been tested in animal models and show 
strong translational potential. In this review, we summarize the state-of-the-art 
progress in molecular imaging for the early detection of lung cancer and its potential 
biomarkers.

Keywords: Early detection; Lung cancer; Molecular imaging; Magnetic resonance 
imaging; Positron emission tomography; Computed tomography

1. Introduction
As of 2020, lung cancer remained the second most commonly diagnosed cancer and the 
leading cause of cancer-related deaths globally, accounting for approximately one in ten 
of all diagnosed cancers and contributing to one in five cancer-related deaths.1 This trend 
remained consistent in the United States in 2023.2 Non-small-cell lung cancer (NSCLC) 
and small-cell lung cancer (SCLC) are usually diagnosed at an advanced stage, often 
resulting in a poor prognosis.3-6 One of the major reasons for the high mortality rate of 
lung cancer is the tendency of advanced-stage disease to metastasize to distant organs, 
complicating treatment efforts.7-9 Early detection of lung cancer has been shown to 
significantly improve survival rates compared to late-stage diagnosis, allowing for timely 
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interventions such as surgery resection, chemotherapy, 
and radiotherapy.6,10,11 Therefore, the detection of 
subclinical lung cancer and metastases is essential for 
timely treatment, reducing reoccurrence, and improving 
patient stratification.

Surgical lung biopsies, the pathological gold standard 
for early-stage lung cancer, are very challenging in patients 
with small nodules. These procedures are invasive, 
prone to high sampling errors, and often associated 
with complications.12 Computed tomography (CT), the 
radiological gold standard, is commonly utilized for 
early lung cancer detection.6,10,11 However, CT’s accuracy 
in detecting malignant tumors is limited, as it provides 
minimal molecular-level information about tumor 
microenvironment (TME) changes related to disease 
invasion, progression, and regression.13-15 There is an 
urgent, unmet medical need for early and noninvasive 
detection of subclinical lung cancer and metastasis, as well 
as for monitoring their progression and regression. This 
review summarizes current clinical and preclinical studies 
to highlight progress (Table 1) and challenges in molecular 
imaging for the early detection of lung cancer, along with 
their targeting mechanisms.

2. CT
CT scans have long been applied to produce high-
resolution cross-sectional images, enabling the non-
invasive separation, screening, and quantitative assessment 
of various tissue types, including bones, adipose tissue, 

skeletal muscle, and other organs. CT scanning has been 
extensively used as the benchmark reference for validating 
alternative field methods in human body compartment 
evaluation.35 By comparing the topographical images 
obtained from CT scans to cross-sectional areas of 
tissues, data show high accuracy and reproducibility in 
distinguishing healthy tissue from tumor tissue in mouse 
models with induced tumors.36 Routine CT scans are 
applied as a quantitative tool for detecting and monitoring 
lung cancer in both clinical settings and preclinical 
animal studies. Major findings show the efficacy of CT 
in detecting lung cancer at an early stage, especially for 
adenocarcinoma.37

2.1. Micro-computed tomography (micro-CT) and 
low-dose CT for non-invasive lung cancer imaging

High-resolution micro-CT has emerged as a powerful 
tool for non-invasively visualizing and monitoring lung 
cancer development in live mice. Low-dose computed 
tomography (LDCT) has been effectively applied for lung 
cancer screening in humans. CT is effective at both early 
and advanced stages of the disease, as validated against 
traditional histological analysis. Notably, micro-CT can 
distinguish lung tumors as small as 200 µm from healthy 
tissue in a mouse model with induced tumors. This 
remarkable capability is achieved with a low radiation dose 
(0.4 Gy/15 min) and high spatial resolution (15 µm).38

CT primarily targets high-risk patients, placing a 
significant burden on health-care systems. Although 

Table 1. Summary of various modalities and agents for medical imaging of pulmonary disease

Modality Agent Distribution  
type/target

Indication Clinical 
detection limit

Preclinical 
detection limit

CT (LDCT)16 N/A N/A Lung cancer; lung fibrosis 4.0 – 5.0 mm 0.2 mm

CT Iopromide; Iodixanol; 
Iohexol17-19

Extracellular fluid Lung cancer; vascular and 
cardiovascular conditions

0.5 – 2.0 mm N/A

PET 18F-FDG20 Glucose metabolism Inflammation; tumor 
metabolism

4 mm N/A

PET 68Ga-FAPI-0421 FAP Cancer-associated 
fibroblasts

N/A 3 – 5 mm

PET 18F-FLT22 Thymidine kinase Cell proliferation N/A N/A

PET 89Z-Nivolumab23

89Z-Pembrolizumab24
PD-1 PD-1 expression N/A N/A

PET 68Ga-DOTATATE25 Somatostatin 
receptors

Neuroendocrine tumors N/A N/A

MRI (T1W, DW, UTE)26-29 N/A N/A Lung cancer; lung fibrosis 3.0–4.0 mm 3 – 4 mm

MRI EP-3533;30 hProCA32.collagen31 Collagen type I Lung fibrosis N/A N/A

MRI GdOA;32 Gd-CHyd;33 MnL34 Allysine; aldehyde Lung fibrogenesis N/A N/A

Abbreviation: CT: Computed tomography; DW: Diffusion-weighted; FAP: Fibroblast activation protein; FAPI: Fibroblast activation protein inhibitor; 
FDG: Fluorodeoxyglucose; FLT: Fluorothymidine; LDCT: Low-dose computed tomography; MRI: Magnetic resonance imaging; N/A: Not applicable; 
PD-1: Programmed cell death protein 1; PET: positron emission tomography; T1W: T1-weighted; UTE: Ultrashort echo time.
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recent studies suggest that LDCT reduces the mortality 
rate in high-risk lung cancer patients by 20%, the cost-
effectiveness and risk of overdiagnosis might be as high 
as 25%.39 Even the most effectively designed CT screening 
programs will capture only a small percentage of all lung 
cancers, given that only individuals at the highest risk 
are eligible for screening. Brodersen et al.15 reported an 
average of 49% overdiagnosis of lung cancer using LDCT, 
corresponding to an absolute risk increase of 20 cancers 
per 1000 people screened with this method. There is a need 
for biomarkers to aid in selecting appropriate candidates 
for LDCT screening and in identifying which nodules 
detected by LDCT are likely malignant.

Several biomarkers have been proposed as independent 
tools for diagnosing lung cancer. In 2022, Pastorino et al. 
reported the implementation of a combination of LDCT 
and a blood biomarker panel for screening, which targets 
screening intervals based on initial risk prediction; this 
provides a basis for the adoption of personalized screening 
and prevention programs.40

Deep learning techniques have been intensively 
researched to aid in interpreting data from CT scans for 
lung cancer detection. This method utilizes vast amounts 
of data to identify connections and patterns that may be 
too complex for traditional machine-learning techniques 
to interpret. Deep learning methods have been applied to 
segment the images into anatomical components, allowing 
for the automatic identification of lesions, nodules, and 
tumors. This method is valuable because it can adapt a wide 
range of data with varying resolutions, noise levels, and 
contrast, providing real-time data processing to improve 
diagnostic accuracy and consistency, thereby reducing the 
likelihood of false positives and false negatives.41-44

2.2. Limitations of CT scans

CT delivers radiation doses ranging from 0.22 to 0.76 Gy 
per scan.45 While these doses are significantly lower than 
those used for lung cancer treatment, it is important to 
acknowledge the potential impact of this radiation on 
tumor growth, particularly when performing repeated 
imaging.46,47 Furthermore, the cumulative effect of repeated 
CT scans on the immune system must be considered when 
developing pharmacological studies that span significant 
periods.47

The duration of exposure and the scanning material 
directly influence the true resolution; when the exposure 
time is reduced to lower the radiation dose, a significant 
decrease in the signal-to-noise ratio and resolution is 
observed. Inherent motion artifacts caused by respiration 
and internal organ movement impair the achievement of 
the highest feasible resolution. The maximum resolution 

in a CT scan is only achievable for motionless subjects, 
which may not be applicable for live imaging; the effect of 
motion artifacts may impair imaging quality.35 Balancing 
scan speed, dose, and diagnostic accuracy is crucial in 
developing an effective method for the application of CT. 
Awareness of the radiation risks has led to the development 
of various dose reduction methods up to 1 mSv.48

3. Positron emission tomography (PET)
PET is a non-invasive imaging modality that utilizes 
radiotracers for the diagnosis and staging of cancer.49 
PET has been shown to be more accurate than CT in 
differentiating benign from malignant lesions as small as 
1 cm and can better identify regional or distant metastases 
compared to conventional imaging modalities.50,51 PET is 
particularly advantageous in lung cancer diagnosis due 
to its superior ability to detect functional abnormalities 
by acquiring metabolic images of the entire body.52-54 
Furthermore, PET exhibits higher accuracy than 
conventional imaging in assessing therapeutic response, 
as it can identify functional abnormalities before they 
manifest morphologically on conventional imaging. It is 
also effective in detecting viable tumor cells in instances 
where other imaging modalities are constrained by 
fibrosis.55 Consequently, PET combined with CT (PET/CT) 
or PET/magnetic resonance imaging (PET/MRI) is often 
used for staging, follow-up, and treatment evaluation in 
different types of malignancies.56

3.1. Imaging with glucose metabolic biomarker
18F-fluoro-2-deoxy-D-glucose (18F-FDG) is a glucose 
analog and the most commonly used PET radiotracer for 
lung cancer detection. The mechanism of 18F-FDG relies 
on the differential glucose metabolism between benign 
and malignant cells. Malignant cells exhibit a higher rate 
of glycolysis compared to benign cells, attributed to their 
increased expression of glucose transporters.50

Similar to glucose, 18F-FDG is taken up by malignant 
cells and phosphorylated by hexokinase to 18F-FDG-6-
phosphate. 18F-FDG-6-phosphate becomes sequestered in 
malignant cells because it is not a substrate for the next 
step in the glycolytic pathway.51 The overexpression of 
glucose transporters, upregulation of hexokinase, and 
downregulation of phosphatase activity in malignant 
cells facilitate the accumulation of 18F-FDG, enabling 
differentiation between malignant tissue and normal lung 
tissue. 18F-FDG has been reported to have a sensitivity 
between 94% and 96%, a specificity between 78% and 86%, 
and an accuracy between 90% and 94% in differentiating 
benign from malignant lung nodules.57,58 As a result, FDG-
PET is commonly used for the diagnosis and staging of 
lung cancer.
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While 18F-FDG has been highly beneficial, one of its 
primary limitations is its significant uptake in normal tissue, 
which can lead to false-positive results.52 In addition, the 
specificity of 18F-FDG-PET is reduced in regions affected 
by infectious lung diseases. Furthermore, the brain, a 
common site for lung cancer metastasis, inherently exhibits 
high 18F-FDG uptake, resulting in low contrast and making 
it difficult to distinguish metastatic lesions. Consequently, 
there has been significant effort over the past decades to 
develop novel PET tracers with enhanced sensitivity and 
specificity for lung cancer imaging.59

3.2. Targeting fibroblast activation protein (FAP)

Recently, cancer-associated fibroblasts (CAFs) have 
emerged as a major target for diagnosis and antitumor 
therapy. These fibroblasts express FAP, which is minimally 
expressed in healthy tissue but is frequently present in many 
tumors. FAP activity is believed to contribute to tumor 
development, migration, and metastasis,21,60 and FAP itself 
is a potential target for cancer treatment.61 Radiolabeled 
FAP inhibitors (FAPIs) linked to radionuclides have been 
developed for PET imaging that targets FAP expression in 
CAFs. These FAPIs are often labeled with radionuclides 
like gallium-68, exhibiting a high tumor-to-background 
ratio and rapid renal clearance.59

A few studies have investigated the effectiveness 
of 68Ga-FAPI-04 as a PET radiotracer in lung cancer 
detection. In a 2019 study, Kratochwil et al. examined the 
uptake of 68Ga-FAPI-04 in various primary, metastatic, and 
recurring cancers. Their findings showed a high maximum 
standardized uptake value (SUVmax) (> 12) for lung cancer 
and low background activity (1.6 SUVmax for blood and 
1.4 SUVmax for muscles). Consequently, the tumor-to-
background ratios for lung cancer and other cancers with 
high uptake exceeded 6. These high tumor-to-background 
ratios result in excellent image contrast for most of the 
evaluated patients.62

Another study conducted by Giesel et al. in 2021 
compared the tumor uptake and organ biodistribution 
between 68Ga-FAPI PET/CT and 18F-FDG PET/CT in 
71  patients with different cancer types, including nine 
patients with lung cancer. The study found that 68Ga-FAPI 
and 18F-FDG had comparable uptakes in primary tumors 
and metastasis. In addition, 68Ga-FAPI exhibited lower 
uptake in most normal tissue compared to 18F-FDG.63 
These findings indicate that 68Ga-FAPI PET/CT imaging 
achieves high image contrast due to significant uptake in 
diverse types of cancers, comparable to imaging with 18F-
FDG. However, the lower background uptake of 68Ga-FAPI 
in most normal tissues results in an equal or higher tumor-
to-background ratio for PET imaging with 68Ga-FAPI.

3.3. Imaging with thymidine cell proliferation 
biomarker

Another approach to lung cancer imaging involves 
targeting uncontrolled cell proliferation, which is 
often seen in many malignant lesions. 3-Deoxy-3-18F-
fluorothymidine (18F-FLT) is a thymidine analog effective 
for visualizing and quantifying cell proliferation due to its 
interaction with the enzyme thymidine kinase 1 (TK1). FLT 
is phosphorylated by TK1 during the S-phase of the cell 
cycle, which traps it intracellularly. Unlike thymidine, FLT 
is not incorporated into DNA, and its uptake is correlated 
with increased activity of TK1 and cell proliferation.64,65 In 
a 2016 study, Wang et al. compared 18F-FDG and 18F-FLT in 
lung cancer PET/CT imaging. They observed significantly 
higher 18F-FLT uptake in lung cancer lesions and a higher 
tumor-to-background ratio of 18F-FDG imaging in 
xenografts compared to 18F-FLT. The study reported a high 
specificity (79%) and low sensitivity (71%) for 18F-FLT as 
compared to 18F-FDG, which showed 67% specificity and 
89% sensitivity as reported by Wang et al. These results 
suggest that while 18F-FDG is superior for detecting lung 
cancer, 18F-FLT’s higher specificity could make it more 
effective for distinguishing lung cancer nodules from 
other malignancies.22,66,67 Given 18F-FLT’s higher specificity 
and 18F-FDG’s higher sensitivity, studies have explored 
the diagnostic potential of combining both tracers. In a 
multicenter study assessing the diagnostic value of dual 
tracers in lung cancer, the sensitivity of 18F-FDG increased 
from 87% to 100% when combined with 18F-FLT, and the 
specificity of 18F-FLT increased from 77% to about 90% 
when combined with F-FDG.68

3.4. Targeting programmed death receptor-1 (PD-1)

Immuno-positron emission tomography (immunoPET) 
is an imaging modality that has undergone significant 
advancements in recent years. This approach integrates 
the specificity of antibodies with the superior sensitivity 
of PET to visualize antigen expression. Various antibodies 
and radionuclides have been investigated to develop 
immunoPET probes, with zirconium-89  (89Zr) being the 
most commonly used due to its long half-life.69,70

One frequently targeted cancer biomarker in 
immunoPET is PD-1. PD-1 is a regulatory protein, and 
its ligands, programmed death ligand 1 (PD-L1) and 
programmed death ligand 2, are overexpressed in several 
cancers, including NSCLC, making them predictive 
biomarkers for these cancers.71 Monoclonal antibodies that 
block PD-1, such as pembrolizumab, are routinely used in 
treating NSCLC and have recently been evaluated as an 
immunoPET tracer. In a study by Kok et al., 89Zr-labeled 
pembrolizumab was used in PET imaging of 11 melanoma 
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and 7 NSCLC patients to measure tumor uptake and 
whole-body biodistribution before treatment with a PD-1 
antibody. They reported no significant difference in tracer 
uptake between patients with melanoma and those with 
NSCLC, and a mean SUVmax of 6.5 was observed. The 
study demonstrated that 89Zr-labeled pembrolizumab PET 
imaging is a safe, non-invasive modality for visualizing 
PD-1 biodistribution.24 Another study by Niemeijer et  al. 
compared PET imaging with the PD-1 targeting drug 
89Zr-Nivolumab and PD-L1 targeting drug 18F-BMS-
986192 in 13 patients with advanced NSCLC. Both tracers 
provided sufficient tumor-to-background contrast for 
effective tumor visualization. The study found that patients 
with tumor biopsies showing aggregates of PD-1 had 
higher 89Zr-Nivolumab uptake, indicating a correlation 
between PD-L1 expression and 89Zr-Nivolumab uptake.23

3.5. Targeting somatostatin receptor (SSTR)

SSTRs are G protein-coupled receptors that modulate 
apoptosis and regulate cell proliferation. These receptors 
are expressed in normal cells and various malignant cells, 
including neuroendocrine tumors (NET), SCLC, and 
NSCLC.72 The most widely used PET tracer for imaging 
SSTRs is 68Ga-DOTATATE, which has shown a high 
affinity for SSTR type 2. This high affinity results in superior 
imaging quality, shorter image acquisition times, and lower 
radiation doses.25 In a 2023 study, Hu et al. compared the 
efficacy of 68Ga-DOTATATE and 18F-FDG PET/CT in 
diagnosing and staging well-differentiated and poorly 
differentiated NET. They reported that 18F-FDG PET/CT 
accurately detected 23 out of 27  patients confirmed by 
pathology to have NET, with a sensitivity of 85.2% and a 
specificity of 37.5%. In contrast, 68Ga- DOTATATE correctly 
detected all 27 patients, demonstrating a sensitivity of 100% 
and a specificity of 93.8%, which was higher than that of 
18F-FDG PET/CT.73 Another study by Walker et al. assessed 
the imaging efficiency of 68Ga DOTATATE PET/CT in 
detecting indeterminate pulmonary nodules and lung 
cancer. Their results showed that 68Ga-  DOTATATE 
was more specific (94%) and less sensitive (73%) than 
18F-FDG (81% specificity and 93% sensitivity) in detecting 
indeterminate pulmonary nodules and lung cancer. In 
addition, uptake in normal lung tissue was low and similar 
between 68Ga-DOTATATE and 18F-FDG.72

3.6. Limitations of PET scans

The primary limitation of PET imaging is its substantially 
lower resolution and limited anatomical detail.74 This 
results in poor localization of lesions and inadequate 
demarcation of lesion borders. In addition, while 18F-FDG-
PET is highly beneficial, it has been associated with false-
positive findings due to inflammatory cells exhibiting high 

glucose uptake, as well as false-negative findings for small 
lesions (<5 mm).55 To achieve more accurate diagnoses, the 
integration of two imaging modalities, such as PET/CT or 
PET/MRI, is often necessary.75

4. MRI
Compared to CT and PET, MRI-based early lung cancer 
detection is free of ionizing radiation, allowing a wide 
variety of longitudinal scans76 and avoiding radiation-
induced cancer.77,78 MRI offers several key advantages, 
including high spatial and temporal resolution, which 
allows for detailed visualization of both anatomy 
(structure) and function (activity) within the body. In 
addition, the wide field of view of MRI and its multi-planar 
acquisition permit image capture from various angles, 
providing a comprehensive understanding of the scanned 
area.79 However, the application of MRI to the lungs has 
its limitations.76,80,81 First, the lung has a limited signal 
source due to its low tissue density. Second, the interface 
between air and lung tissue results in a short T2*, making 
it difficult for traditional spin echo pulse sequences to 
capture the rapidly decaying magnetic resonance (MR) 
signal in the lung. Third, respiratory and cardiac motion 
requires breath-holding or gating during an MRI scan to 
obtain motion-free images. To address these limitations, 
continuous efforts have been made to optimize and apply 
different MRI pulse sequences for lung MRI. Beyond 
improving MRI pulse sequences, new contrast-enhanced 
molecular MRI has shown strong translational applications 
in early lung cancer detection.

4.1. Conventional MRI

Conventional MRI pulse sequences, such as diffusion-
weighted (DW) MRI, along with T1-weighted (T1W) and 
T2-weighted (T2W) MRI sequences, have been studied 
to detect lung cancer nodules. As mentioned above, 
lung parenchyma appears dark in MR images due to low 
proton density and short T2*. Therefore, solid tumor 
masses appear bright in both T1W and T2W images 
due to higher proton density, while tumors also appear 
bright in DW images due to the faster diffusivity of water 
molecules within the tissue.82 Conventional lung MRI has 
been reported in clinical settings to detect malignant lung 
tumors. Qi et al.83 found that DW MRI outperformed CT 
in distinguishing between lung cancer and post obstructive 
lobar collapse, and the combination of T2W and DW 
MRI further improved the diagnosis of early-stage lung 
cancer. Satoh et al.84 reported that DW MRI could be used 
to differentiate between malignant and benign tumors. 
Coolen et al.85 reported that DW MRI is a promising tool 
for detecting malignant pleural disease, outperforming 
FDG-PET/CT. Hu et al.86 reported that T1W and T2W 
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MRI detected early-stage primary pulmonary tumors in 
a human study involving 21 NSCLC patients. Moreover, 
T1W and T2W MRI were able to assess the heterogeneity 
and biological behaviors that correlated with lung 
cancer stage.86 In preclinical settings, lung MRI has been 
developed as a standard protocol to longitudinally monitor 
mouse lung tumor progression and regression using T1W 
and T2W imaging.47,87 A combination of T1W, T2W, and 
DW MRI has repeatedly shown equivalent or superior 
lung nodule detection capability compared to CT or FDG-
PET.27,76,82,83,88,89

4.2. Ultrashort echo time (UTE) MRI

Although conventional MRI pulse sequences have shown 
CT-comparable detection of lung cancer, they are limited 
to detecting signals from tissue or lesions with long T2 
and higher proton density, such as tumor mass.90 The 
advancement of the UTE MRI pulse sequence has enabled 
imaging of lung parenchyma along with its abnormalities 
using an extremely short echo time to capture the 
rapidly decaying T2 signal.81,90-92 Meanwhile, UTE MRI is 
intrinsically insensitive to motion effect, that is, no gating 
or breath-holding is required during UTE MRI scans. 
With recent upgrades in hardware and software, UTE 
pulse sequences have been implemented in both clinical 
and preclinical settings over the past decade.76,93-95 In recent 
human studies, Ohno et al.27,96 reported that the UTE pulse 
sequence was effective in detecting lung cancer nodules 
as small as 4  mm, which is comparable to standard-  or 
reduced-dose CT. Sanchez et al.29 performed T1W, T2W, 
and UTE MRI on 36 patients and found that lung nodules 
larger than 4 mm could be accurately detected. UTE MRI 
has emerged as a promising alternative to conventional 
MRI pulse sequences for lung imaging, achieving 
comparable imaging capability to CT without the need for 
radiation or breath-holding.29,97 Moreover, it allows for the 
detection of lung tissue abnormalities such as fibrosis98,99 
and early-stage lung cancer nodules.

4.3. Contrast-enhanced molecular MRI

About one-third of clinical MRI scans are administered 
with MRI contrast agents, as these agents provide 
additional functional information.100,101 Dynamic contrast-
enhanced (DCE) MRI involves the injection of MRI 
contrast agents such as gadolinium-based contrast agents 
(GBCAs). GBCAs increase the contrast between healthy 
and abnormal tissue by shortening the relaxation time of 
water protons. Due to tumor angiogenesis and the richer 
vasculature of tumors compared to the lung parenchyma, 
extracellular fluid GBCAs enhance lung tumors during 
the blood pool phase.100,101 Differences in vascularization 
patterns between different lung tumor subtypes enable DCE 

MRI to distinguish benign lung tumors from malignant 
ones, as well as adenocarcinoma from squamous cell 
carcinoma.102,103 Investigational superparamagnetic iron 
oxide nanoparticle-based MRI contrast agents have also 
been reported to detect lung tumor nodules in a mouse 
study using T2W MRI.104

To efficiently and precisely improve the early detection 
of lung cancer with higher specificity and sensitivity, 
molecularly targeted probes have been engineered by 
combining MRI contrast agents with biomarker-targeting 
moieties. Although no molecular targeting MRI contrast 
agent has been approved by the united states food and 
drug administration to date,100 tremendous effects have 
been made to develop targeted MRI probes for clinical and 
preclinical MRI. Their clinical translation could provide 
early detection, staging, prognosis, and insight into 
complex biological activities.

Collagen type I is an extracellular matrix protein that 
is overexpressed and deposited during the progression of 
various diseases, including lung fibrosis and lung TME.105 
The expression of collagen is also crucial in nodule 
formation, cancer permeability, metastasis migration, 
and therapeutic responses.106-111 Caravan et al.30,32-34 and 
Ibhagui et al.31 have developed several probes to report 
collagen bioactivity for the detection of lung fibrosis or 
fibrogenesis. The study of lung fibrosis is deeply related to 
lung cancer, as they share common biological pathways 
and biomarkers.112 Collagen-targeted MRI contrast agents 
can also be applied to detect lung cancer, as lung TME 
overexpress collagen.107,109

5. Potential targeting biomarkers for early 
lung cancer detection
Lung cancer is a heterogeneous disease at both the cellular 
and histological levels.113 Identifying specific biomarkers 
according to the classification of lung cancer is crucial for 
better understanding its occurrence and development114 
and has significant implications for the early detection and 
treatment decisions.

In addition to type  I collagen, several other collagen 
types have been shown to be overexpressed in various 
tumors, with increased collagen expression usually 
associated with tumor progression and poor prognosis. 
Type XI collagen α1 chain (COL11A1) is upregulated in 
both lung adenocarcinoma and NSCLC115 and plays an 
important role in the proliferation, migration, and invasion 
of NSCLC, as well as in resistance to cisplatin.116 This 
indicates that COL11A1 is a promising biomarker for lung 
cancer.117-121 The type  VI collagen a6 gene (COL6A6), a 
tumor suppressor in NSCLC, can inhibit the tumorigenesis 
and progression of NSCLC by regulating the JAK signaling 
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pathway.122 It is positively correlated with immune cell 
infiltration and is involved in tumor immunity, suggesting 
that COL6A6 may be a potential immunotherapeutic 
target for lung adenocarcinoma.123

Matrix metalloproteinase-9 is one of the key enzymes 
involved in breaking down the extracellular matrix by 
catalyzing collagen, elastin, fibrin, and other components. 
It promotes the invasion and metastasis of malignant cells 
and is a risk factor for advanced tumor stages and poor 
prognosis,124,125 highlighting its potential as a therapeutic 
target for NSCLC patients.126,127 An increasing number of 
novel biomarkers, closely associated with histological types 
and metastasis, are being studied for lung cancer detection 
and therapy.128-130

6. Conclusions and future directions
As the radiological gold standard, CT continues to 
play an irreplaceable role in lung cancer diagnosis and 
screening due to its high spatial resolution, availability, 
and lower cost. The application of artificial intelligence 
in interpreting CT images is being explored to improve 
diagnostic accuracy and patient stratification. FDG-PET 
is widely used in clinics for the diagnosis and staging of 
lung cancer due to its accuracy in distinguishing between 
benign and malignant lung tumors. The development of 
various PET tracers targeting different biomarkers has 
shown complementary specificity to FDG-PET imaging 
and equivalent sensitivity. Continuous efforts will focus 
on developing novel PET tracers with higher sensitivity 
and specificity for the early lung cancer detection. 
Conventional MRI has exhibited comparable lung cancer 
detection capabilities to CT. UTE MRI overcomes the 
limitation of conventional MR pulse sequences, achieving 
CT-like images with detailed anatomical information 
of the lung tissue. The utilization of novel MRI contrast 
agents targeting various biomarkers can provide additional 
biological and molecular/cellular information, enabling 
radiation-free early detection and assessment of disease 
severity and progression. The high diagnosis rate and 
mortality of lung cancer patients will continue to drive 
advancements in the early detection and therapeutics for 
lung cancer.
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Interventional radiotherapy: CT-sim guided 
modern minimally invasive technique
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Abstract
The concept of interventional radiology was introduced in 1976 as a new diagnostic 
and therapeutic method, relying on image guidance, such as X-ray, ultrasound, 
computed tomography (CT), and magnetic resonance imaging. Its indications mainly 
include obstructive diseases, and to a lesser extent, malignant tumors. Radiotherapy 
(RT) plays a pivotal role in the comprehensive treatment of cancer. The advent of 
the CT simulator has significantly enhanced the precision of RT and improvement 
outcomes and accelerated the development of a series of diagnostic and RT 
modalities, including puncture biopsy, fiducial marker implantation, high-dose rate 
after-loading after-loading brachytherapy, and radioactive seed implantation. The 
innovative concept of image-guidance interventional RT, inspired by interventional 
radiology, extends the benefits to not only cancer diagnosis but also RT. The image-
guidance interventional RT advances the field of RT by expanding its indications and 
connotation.

Keywords: Intervention; Radiology; Radiotherapy; Carcinoma; Brachytherapy

1. Introduction
According to the statistics of the World Health Organization, radiotherapy (RT) 
plays a notable role in the treatment of cancer, providing options for radical cure, 
palliation, or as an adjuvant or neoadjuvant modality before or after surgery in 70% 
of cancer patients. A primary procedure in RT is the simulation of tumor positioning, 
which precisely identifies the tumor location using computed tomography (CT), 
magnetic resonance imaging (MRI), or positron emission tomography-CT, and then 
transfers these images into a treatment planning system (TPS) for designing the RT. 
The commonly utilized simulation positioning is the CT simulator (CT-sim), which 
primarily features: (i) X, Y, Z-axis three-dimensional (3D) laser positioning; (ii) patient 
immobilization using stabilization devices combined with CT couch; (iii) large-
aperture diameter in the range of 80 – 85 cm; and (iv) CT-sim couch resembling that 
of linear accelerator, which minimizes errors in tumor positioning between CT-sim 
and RT.

With the rapid advancements of CT-sim, a novel percutaneous puncture biopsy 
has emerged, characterized by enhanced efficiency and accuracy. Regarding these 
developments, a pioneering concept, image-guidance interventional RT, was proposed. 
This concept encompasses various applications, including puncture biopsy, fiducial 
mark implantation, high-dose rate (HDR) after-loading brachytherapy, and radioactive 
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seed permanent implantation. This research aimed to 
significantly enhance the field and connotation of RT.

2. CT-sim guided puncture biopsy
Traditional tumor diagnosis primarily relies on 
bronchoscopy, gastroscopy, cholangioscopy, or CT-guided 
percutaneous biopsy. However, the application of these 
methods presents implementation and efficacy challenges, 
including low success rate, limited positivity rate, long-
term learning curve, and operational complexity.1-4 The 
CT-guided percutaneous biopsy is currently performed 
using diagnostic CT with small apertures and concave 
beds, which lack patient stabilization positioning 
systems. This deficiency makes patient positioning setup 
challenging. Moreover, the variability in individual 
physician practices significantly affects the accuracy of 
CT-guided percutaneous, making it difficult to establish 
standardized protocols.5

To overcome these challenges, a percutaneous biopsy 
fixation and navigation system was designed to integrate 
with the CT-sim. In addition, 3D-printing coplanar 
templates (3D-PCT) were developed to enhance puncture 
needle position precision, achieving accuracy within 
1 mm, emerging to be particularly beneficial for targeting 
small pulmonary nodules with diameters <10 mm.6-8 This 
integration of the CT-sim positioning facility, percutaneous 
biopsy navigation system, and 3D-PCT enhances 
standardized and uniform puncture biopsy, promoting 
widespread adoption and dissemination. The procedure 
encompasses the following 8 steps: (i) patient positioning 
setup and CT-sim scan; (ii) marking the puncture needles 
insertion site on the patient’s skin; (iii) standard sterilization 
and draping procedures; (iv) installing navigation 
system and 3D-PCT; (v) subcutaneously inserting the 
puncture biopsy needle; (vi) conducting tissue sampling; 
(vii) CT-sim scan to confirm the occurrence of bleeding 
or pneumothorax; (viii) transferring patients back toward 
(Figures 1 and 2).

3. CT-sim guided fiducial mark implantation
RT can be categorized into two primary types: External 
beam RT (EBRT) and internal RT. EBRT can be further 
divided into conventional RT and stereotactic body RT 
(SBRT). EBRT involves delivering a dose of 180 – 200 cGy 
per fraction, five fractionations a week, for 4 – 6  weeks. 
In contrast, SBRT entails administering doses exceeding 
5  Gy per fraction, typically given as 3 – 5 fractions. 
Stereotactic radiosurgery, which is mainly employed in 
the treatment of neurological tumors, requires only one 
or two fractions. The Gamma Knife and CyberKnife are 
examples of SBRT equipment utilized in clinical practice. 

The Gamma Knife employs multiple Co-60 radiation 
sources combined with rotational and focuses the 
radiation to the target for eliminating tumor cells.9,10 On 
the other hand, the CyberKnife utilizes a robotic system 
to deliver radiation from various angles and directions in 
3D space while employing real-time tracking facilitated by 
interactive X-ray identification of gold markers implanted 
in the tumor. Accurate identification of these markers is 
crucial for successful treatment due to factors, such as 
variability in gold marker positions due to respiratory 
motion, interference from bone structures, or the number 
of fiducial markers during real-time tracking irradiation 
procedures.11-15

Traditionally, fiducial mark implantation has been 
performed using ultrasound or CT guidance. However, 
studies indicated that ultrasound-guided gold markers 
implant deviates significantly from preoperative plans, 
leading to challenges in real-time tracking of fiducial 
marks and potentially impacting outcomes.13,16 The 
3D-PCT technique was developed for precise placement of 
fiducial markers implantation based on preoperative plan. 
Two key principles were proposed for successful fiducial 
mark implantation: Two puncture needles spaced 2  cm 
apart, and the insertion of two fiducial marks per needle 
while maintaining a 2 cm distance between gold markers. 
Notably, fiducial markers should be optimally implanted 
in the tumor or its periphery at a depth ranging from 2 to 
3 cm.

The procedures involved include (i) pre-operative 
preparation; (ii) CT-sim scan to determine the needles 
entry point; (iii) standard sterilization; (iv) installing 
fixation stabilization navigator system and 3D-PCT; 
(v) insertion of needles at the pre-planned points; 
(vi) implantation of the fiducial markers; (vii) CT-sim scan 
to assess potential complications, such as pneumothorax 
or bleeding diligently; (viii) transferring patients back to 
the ward (Figures 3 and 4).

4. CT-sim guided high-dose-rate after-
loading brachytherapy
Internal irradiation therapy comprises two main 
modalities: High-dose-rate brachytherapy (HDR-BT) 
and low-dose-rate interstitial brachytherapy (LDR-IBT), 
such as radioactive seed implantation. These methods 
involve the insertion of an applicator or radioactive seeds 
adjacent to or into carcinoma by interventional modality. 
HDR-BT is predominantly employed for the treatment of 
tumors in hollow organs, such as cervical and endometrial 
cancers, as well as solid tumors, including prostate, breast, 
and skin tumors.17-26 LDR-IBT is primarily utilized in the 
treatment of early-stage prostate cancer, as well as in cases 
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Figure 1. Flowchart of CT-sim guided puncture biopsy. Image provided by author. 
Abbreviations: 3D-PCT: 3D-printing coplanar templates; CT-sim: Computed tomography simulator. 

Figure 2. CT-sim guided puncture biopsy. (A) Patient positioning and CT-sim scan; (B) Puncture needles insertion site; (C) Implementing standard 
sterilization and draping procedures; (D) Installing the navigation system and 3D-PCT; (E) Puncture biopsy needle insertion into tumor; (F) Conducting 
tissue sampling; (G) CT-sim scan; (H) Post-operative care. Image provided by author. 
Abbreviations: 3D-PCT: 3D-printing coplanar templates; CT-sim: Computed tomography simulator. 
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of recurrent and metastatic solid tumors, by virtue of the 
minimal invasiveness benefit of the treatment.

The previous version of HDR-BT is a two-dimensional 
RT technique relying on X-ray simulation, which failed 

to meet precision radiation requirements, leading to 
diminished efficacy and increased incidence of adverse 
effects. With advancements in HDR-BT, patients require 
CT or MRI to ensure precise placement, orientation, 

Figure 3. Flowchart of CT-guided fiducial mark implantation. Image provided by author. 
Abbreviations: 3D-PCT: 3D-printing coplanar templates; CT-sim: Computed tomography simulator.

Figure 4. CT-sim guided fiducial mark implantation. (A) Preoperative preparation; (B) Performing CT-sim scan and mark on the patient skin; (C) Standard 
sterilization and draping procedures; (D) Installation of a fixation stabilization and navigator system and 3D-PCT; (E) Insertion of needles at the planned 
site; (F) Implantation of the fiducial markers; (G) Performing CT-sim scan to assess potential complications; (H) Post-operative care. Image provided by 
author.

D

H

C

G

B

F

A

E

https://dx.doi.org/10.36922/arnm.3781


Image-guided interventional radiotherapy

Volume 2 Issue 3 (2024)	 5� doi: 10.36922/arnm.3781  

Advances in Radiotherapy 
& Nuclear Medicine

and alignment of the source applicator according to 
predetermined specifications. This evolution has propelled 
HDR-BT into a new era characterized by 3D treatment 
approaches, with CT-sim scan technology playing a 
pivotal role. Typically, HDR-BT entails 4 – 6 sessions 
administered biweekly over an extended therapy duration. 
However, the repeated insertions of the source applicator 
may pose a risk of cross-contamination and compromise 
patient tolerability. Attempts have been made to address 
these challenges by converting the CT simulation room 
into an operating theater equipped with aseptic lighting 
and imaging guidance devices, aligned with surgical 
standards requirements, to minimize nosocomial 
infections. In addition, the concept of “no pain HDR-BT” 
was introduced, involving the utilization of an anesthesia 
pump to administer spinal or epidural anesthesia, ensuring 
optimal patient position comfort during treatment. 
The procedure steps entailed include (i) preoperative 
preparation; (ii) patients’ positioning setup, followed 
by anesthesia administration; (iii) implantation of the 
radiation source applicator or needles; (iv) CT-sim scan 
to verify applicator or needles position; (v) intraoperative 
TPS; (vi) transferal of the patients to HDR room to receive 
RT; (vii) returning patients to the CT-sim for removal of the 
radiation source applicator or needles; (viii) transferring 
patients to the ward for intravenous fluid administration, 
as well as anti-inflammatory and hemostatic treatments 
(Figures 5 and  6).

5. CT-sim guided radioactive seed 
implantation

The CT-guided radioactive 125I seed implantation 
brachytherapy utilizes imaging guidance techniques to 
accurately position radioactive iodine-125 seed (with 
a half-life of 59.6  days, size of 0.8 × 4.5  mm, energy of 
27 – 35 keV, and encased in a nickel-titanium alloy) within 
or around tumors. The precise emission of low-energy 
gamma rays from iodine-125 seed effectively eradicates 
tumor cells. This approach is characterized by the delivery 
of localized high doses, rapid dose decay, and minimal 
damage to surrounding normal tissues, establishing it as 
an internationally recognized standard for the treatment of 
early-stage prostate cancer.27-32

In 2001, Professor Junjie Wang spearheaded the 
implementation of this technique in China with an initial 
emphasis on ultrasound-guided 125I seed implantation for 
prostate cancer. Thereafter, its utilization was broadened 
to include diverse malignancies, such as recurrent head-
and-neck carcinoma, pulmonary carcinoma, pancreatic 
carcinoma, and hepatic cancer along with recurrent 
colorectal, cervical, and soft tissue neoplasms. This 
remarkable advancement signifies a pivotal milestone in 
the realm of 125I seed implantation brachytherapy.33-45

The standardized procedure for radioactive 125I 
seed implantation in prostate cancer involves transrectal 

Figure 5. Flowchart of computed tomography (CT)-guided high-dose-rate (HDR) after-loading interstitial implantation. Image provided by author. 
Abbreviation: CT-sim: Computed tomography simulator.
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ultrasound guidance, real-time intraoperative planning, 
and high-precision single-session completion.46,47 
CT-guided techniques were applied in the field of 125I 
seed implantation in 2002.44,46-52 The advantages of CT 
guidance are as follows: (i) high-resolution CT scans; 
and (ii) unaffected by bone or gas interference, allowing 
treatment of lung cancer, head-and-neck, pelvis, and 
spinal cord with 125I seed implantation. Nonetheless, 
certain drawbacks must be acknowledged: (i) Preoperative 

planning poses challenges due to the presence of organ at 
risk (OAR), including bones, blood vessels, trachea, and 
intestines; (ii) Ultrasound-guided 125I seed implantation 
for prostate cancer mainly relies on two-dimensional plans 
with needles inserted parallelly, which could not apply to 
the other part of the body; (iii) The absence of a 3D planning 
system limits the ability to achieve 125I seed distribution 
in 3D space across different locations of the carcinoma. 
In 2015, Chinese physicians independently spearheaded 
the development of radioactive seed implant fixation and 
navigation brackets, in conjunction with 3D-printing non-
coplanar template (3D-PNCT) or 3D-PCT, which features 
individual design and precise 125I seed implantation across 
diverse tumor location. In addition, brachytherapy-TPS 
(B-TPS) software compatible with 3D-PNCT or 3D-PCT 
and computer planning algorithms have been developed 
to ensure optimal 3D spatial distribution of radioactive 
125I seeds in the tumor targets. This approach enables 
the fulfillment of preoperative target volume prescription 
dose, while minimizing radiation exposure to OAR. As a 
result of these advancements, 125I seed implantation has 
achieved standardization and uniformity in the treatment 
of solid tumors throughout the body, emerging as a widely 
applicable standardized protocol and possessing significant 
advantages in the management of recurrent head-and-neck 
cancer, lung cancer, pancreatic cancer, recurrent pelvic 
carcinoma, soft tissue tumors, and other conditions.53-60

Figure  6. CT-sim guided HDR high-dose-rate after-loading 
brachytherapy. (A) Preoperative preparation; (B) Implantation applicator; 
(C) Target delineation and pre-planning; (D) Radiotherapy in high-dose-
rate (HDR) after-loading room. Image provided by author.
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Figure 7. Flowchart of CT-sim guided radioactive seed implantation. Image provided by author. 
Abbreviations: 3D-PCT: 3D-printing coplanar templates; 3D-PNCT: 3D-printing non-coplanar template; CT-sim: Computed tomography simulator.
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The procedures of CT-sim guided radioactive seed 
implantation are as follows: (i) patient positioning setup, 
and contrast-enhanced CT-sim scan; (ii) transfer of CT-sim 
images to the B-TPS for designing pre-plan; (iii) accurate 
repositioning of 3D-PNCT or 3D-PCT; (iv) insertion 
of seed needles; (v) CT-sim scan to confirm alignment 
between seed needle position and pre-plan; (vi) 125I seeds 
implantation; (vii) CT-sim scan to assess the displacement 
of the 125I seeds, and supplementation of additional seeds, 
if necessary; and (viii) transferring patients back toward 
(Figures 7 and 8).

6. Conclusion
The advent of CT-sim has ushered in an era where 
interventional brachytherapy has attained swift 
advancements, bringing forth the establishment of 
standardized and harmonized technical systems that lay a 
concrete foundation for a revolutionary transformation in 
tumor diagnosis and RT.
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Abstract
The optimal treatment for patients with pretreatment T3N0M0 (pre-T3N0M0) 
esophageal squamous cell carcinoma (ESCC) remains controversial. This study 
evaluated the impact of neoadjuvant chemoradiotherapy (NCRT) on the survival 
outcomes of individuals diagnosed with pre-T3N0M0 ESCC. A total of 443 patients 
with pre-T3N0M0 ESCC who underwent either NCRT plus surgery (NCRT + S) 
or surgery alone were included in the study. In the surgery group, patients with 
post-operative staging of pathological T3N0M0 (pT3N0M0) were classified as pre-
T3N0M0. In the NCRT + S group, due to tumor downstaging after NCRT, patients 
with pre-treatment clinical T3 and post-operative pathology indicating lymph 
nodes without evidence of tumor involvement or regression were considered to 
have pre-T3N0M0. Univariate and multivariate Cox analyses were conducted to 
identify independent prognostic factors influencing overall survival (OS) in pre-
T3N0M0 patients. Kaplan–Meier curves were employed to assess disparities in OS 
and disease-free survival (DFS) between the two groups. Compared to surgery alone, 
NCRT + S significantly enhanced the OS (Hazard ratio [HR] = 0.572, 95% Confidence 
interval [CI] = 0.407 – 0.804; P = 0.0059); however, it did not show a significant 
benefit in DFS (HR = 0.784, 95% CI = 0.564 – 1.09; P = 0.17). Compared with the 
surgery group, patients who achieved a pathologically complete response (pCR) 
after NCRT showed significantly improved OS (HR = 0.522, 95% CI = 0.339 – 0.804; 
P = 0.019). The overall and locoregional recurrence rates were significantly lower in 
the NCRT + S group than in the surgery group. Compared with surgery alone, NCRT 
+ S significantly improved OS in patients with pre-T3N0M0 stage disease, especially 
in those who achieved pCR after NCRT.
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1. Introduction
Esophageal cancer is associated with high incidence and 
mortality rates.1,2 Based on statistics, the 5-year survival rate 
for untreated esophageal cancer patients seldom surpasses 
35 – 45%.1,2 At present, neoadjuvant chemoradiotherapy 
(NCRT) followed by surgery is the standard therapeutic 
strategy for locally advanced esophageal cancer, according 
to the CROSS trial and the NEOCRTEC 5010 study.3-5 
However, in the NEOCRTEC 5010 study, 33.9% of patients 
in the surgery group had stage II disease, indicating that 
few patients had T3N0M0.4 T3N0M0 and T2N0M0 are 
classified as stage II based on the eighth edition of the 
TNM classification; however, treatment strategies may 
differ across studies.6-10 Therefore, the application of the 
NCRT treatment strategy to T3N0M0 patients remains a 
topic of debate.

Mantziari et al.7 compared the survival outcomes 
between neoadjuvant treatment combined with surgery 
(NS) and primary surgery in patients with clinical T3N0M0 
(cT3N0M0) and found that NS had a better curative effect. 
However, the proportion of patients with pathological N0 
(pN0) in the surgery group was small, and approximately 
64.3% of patients with lymph node (LN)-positive post-
operative pathology had been misdiagnosed as N0 before 
treatment, indicating that clinical staging was not accurate. 
For this reason, the research results are controversial.

In the surgery-alone group, post-operative pathological 
staging typically represents the pretreatment staging. 
However, in the NCRT plus surgery (NCRT + S) group, 
due to tumor downstaging after NCRT,11 post-operative 
pathological staging often cannot accurately represent 
pretreatment staging. Moreover, staging of LNs before 
treatment is often inaccurate.7,12 To address this issue, 
many researchers have studied the effects of post-operative 
adjuvant therapy compared to surgery alone in patients 
with pathological T3N0M0 (pT3N0M0).13,14 However, no 
studies have directly compared the efficacy of NCRT + S 
with surgery alone in patients with pretreatment T3N0M0 
(pre-T3N0M0) status.

In this study, a new method was developed to accurately 
select patients with pre-T3N0M0. The objective was to 
assess the prognostic impact of NCRT + S compared to 
surgery alone in patients with pre-T3N0M0 esophageal 
squamous cell carcinoma (ESCC), with the aim of 
providing meaningful guidance for clinical practice.

2. Materials and methods
2.1. Patient selection

Patients who underwent esophagectomy at Sichuan 
Cancer Hospital between January 2008 and June 2021 were 

selected. The inclusion criteria were: (i) tumor located in 
the thoracic region, (ii) pathologically confirmed squamous 
cell carcinoma, (iii) treatment with either surgery alone or 
NCRT + S, and (iv) a pre-T3N0M0 stage. The exclusion 
criteria included: (i) the presence of other malignant 
tumors, (ii) incomplete resection (R1 and R2), (iii) positive 
node or organ metastasis (N1-3 or M1), and (iv) missing 
required data. A total of 443 patients were retrospectively 
reviewed.

2.2. Therapeutic strategy

The study population mainly underwent standard McKeown 
esophagectomy (n = 368) or Ivor Lewis esophagectomy 
(n = 69). The research cohort was divided into two groups 
based on treatment: the surgery (S) group and the NCRT + 
S group. Patients in the S group underwent surgery directly 
after diagnosis, whereas those in the NCRT + S group 
received chemoradiotherapy followed by surgery. The 
pathologic staging of patients was determined according 
to the eighth edition of the American Joint Committee on 
Cancer (AJCC) TNM classification for esophageal cancer.15 
In the NCRT + S group, the chemotherapy regimen 
typically included taxane combined with platinum. 
Patients received 40 – 50 Gy of external beam radiation in 
daily fractions of 1.8 – 2 Gy, 5 times a week, targeting the 
primary tumor and metastatic LNs for 4 – 5 weeks.

2.3. Evaluation of pre-treatment T3N0M0

In the S group, patients with pre-T3N0M0 status were 
selected based on post-operative pathological reports 
showing pT3N0M0 and complete tumor resection (R0). 
However, due to tumor downstaging after NCRT, evaluating 
the actual T3N0M0 before treatment in the NCRT + S 
group was challenging. Thus, a new method was developed 
to accurately assess patients with pre-T3N0M0 status. First, 
the eighth edition of the AJCC staging criteria was used 
to re-stage patients based on pretreatment endoscopic 
ultrasound and chest computed tomography (CT) scans. 
Subsequently, patients with clinical stage T3 (cT3) from the 
NCRT + S group were selected, and their excised LNs were 
subjected to pathological assessment. Based on previous 
studies,16-18 a grading system was established to assess the 
treatment response of LNs after NCRT as follows: grade 0, 
no evidence of cancer involvement or regression (true 
negative LNs, Figure  1A); grade  1, complete regression 
of LNs (Figure 1B); grade 2, <10% cancer residual rate in 
LNs; grade  3, 10 – 50% cancer residual rate in LNs; and 
grade 4, >50% cancer residual rate in LNs. Grades 2 – 4 
were considered non-pathological complete response 
(non-pCR) in LNs (Figure 1C). Patients with cT3 and LN 
grade 0 were ultimately considered to have been accurately 
staged as pre-T3N0M0.
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2.4. Follow-up

During the treatment phase, patients were evaluated 
weekly. After completing treatment, they were monitored 
every 3 – 6 months for the 1st 2 years, every 6 – 12 months 
for the next 3 years, and annually thereafter. Recurrence was 
classified as local recurrence, distant metastasis, or death 
due to other causes. Local recurrence was characterized 
as the reappearance of cancer in the supraclavicular, 
mediastinal, or peritoneal regions, while distant metastasis 
referred to the recurrence of cancer in other parts of the 
body. All recurrences were confirmed through CT or 
magnetic resonance imaging scans, endoscopy, or positron 
emission tomography-CT examinations. Cytological or 
histological examinations were conducted when necessary, 
and the location and date of recurrence were documented.

2.5. Statistical analysis

Baseline characteristics of the study participants were 
compared using the Chi-squared test or Fisher’s exact test, 
as appropriate. Overall survival (OS) was calculated from 
the date of diagnosis to the occurrence of the event or the 
last known follow-up date. Disease-free survival (DFS) 

was determined from the surgery date until the first sign of 
disease progression or the last known follow-up date. Actual 
survival was calculated using the Kaplan–Meier method and 
compared using the log-rank test. Prognostic factors were 
analyzed using univariate and multivariate Cox regression 
analyses. To mitigate potential confounding factors between 
the groups, propensity score matching (PSM) was also 
performed to balance the uneven variables between the two 
patient cohorts. A 1:1 nearest neighbor matching algorithm 
was applied using a caliper width of 0.02. The following 
variables were selected to generate the propensity score: age, 
sex, Karnofsky Performance Status (KPS), weight loss, tumor 
location, tumor length, lymphovascular invasion (LVI), 
perineural invasion (PNI), and total LNs excised. A P < 0.05 
was considered statistically significant. All analyses were 
performed using R Statistical Software (Version 4.2.2, 
http://www.R-project.org, The R Foundation).

3. Results
3.1. Patient characteristics

After applying the inclusion and exclusion criteria, the 
records of 443 eligible patients treated between January 

Figure 2. Flow chart for inclusion and exclusion of esophageal squamous cell carcinoma patients in this study
Abbreviations: cT3: Clinical T3; NCRT+S: Neoadjuvant chemoradiotherapy plus surgery; pT3N0M0: Pathological T3N0M0; S: Surgery; S+POCT: Surgery 
follows by post-operative adjuvant chemotherapy.

Figure 1. Pathological assessment images of the lymph nodes. The black dotted line indicates the lymph node tumor bed, while the red dotted line indicates 
the viable tumor. (A) Lymph node without evidence of cancer involvement or regression (true negative lymph node). (B) Lymph node complete regression. 
(C) No pathological complete regression of lymph node.

B CA
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2008 and June 2021 were retrospectively reviewed. Of these, 
343 patients were classified as pT3N0M0 and underwent 
surgery alone, while 100  patients with pre-T3N0M0 
status received NCRT before surgery (Figure  2). The 
clinicopathological characteristics of the total population 
and the matched population are presented in Table 1. After 
PSM, baseline information was balanced between the two 
groups.

3.2. Univariate and multivariate analyses before and 
after PSM

In the univariate Cox regression analysis conducted on the 
entire population, age (>65 vs. ≤65, Hazard ratio [HR] = 1.41; 
95% Confidence interval [CI] = 1.07 – 1.86, P = 0.016) and 
a KPS score of 80 (80 vs. ≥90; HR = 1.89; 95% CI = 1.35 – 
2.63; P < 0.001) were associated with poorer OS. Conversely, 
total number of LNs excised (≥18 vs. <18; HR = 0.69; 95% 

Table 1. Clinicopathological characteristics of the study population

Characteristic Total 
(n=443)

Before PSM After PSM

Surgery 
(n=343)

NCRT+S 
(n=100)

P‑value Surgery 
(n=85)

NCRT+S 
(n=85)

P‑value

n (%) n (%) n (%) n (%) n (%)

Age (years) 0.017 0.748

≤65 269 (60.7) 198 (57.7) 71 (71.0) 54 (63.5) 56 (65.9)

>65 174 (39.3) 145 (42.3) 29 (29.0) 31 (36.5) 29 (34.1)

Sex 0.168 0.679

Male 360 (81.3) 274 (79.9) 86 (86.0) 70 (82.4) 72 (84.7)

Female 83 (18.7) 69 (20.1) 14 (14.0) 15 (17.6) 13 (15.3)

KPS 0.322 0.341

≥90 376 (84.9) 288 (84.0) 88 (88.0) 77 (90.6) 73 (85.9)

80 67 (15.1) 55 (16.0) 12 (12.0) 8 (9.4) 12 (14.1)

Weight loss 0.028 0.868

Yes 170 (38.4) 141 (41.1) 29 (29.0) 27 (31.8) 26 (30.6)

No 273 (61.6) 202 (58.9) 71 (71.0) 58 (68.2) 59 (69.4)

Tumor location < 0.001 0.977

Upper 120 (27.1) 104 (30.3) 16 (16.0) 15 (17.6) 14 (16.5)

Middle 218 (49.2) 187 (54.5) 31 (31.0) 30 (35.3) 30 (35.3)

Lower 105 (23.7) 52 (15.2) 53 (53.0) 40 (47.1) 41 (48.2)

Tumor length (cm) < 0.001* 1.000*

≤5 354 (79.9) 260 (75.8) 94 (94.0) 82 (96.5) 82 (96.5)

>5 86 (19.4) 83 (24.2) 3 (3.0) 3 (3.5) 3 (3.5)

Unknown 3 (0.7) 0 (0) 3 (3.0)

LVI 0.027 1.000*

Yes 24 (5.4) 23 (6.7) 1 (1.0) 1 (1.2) 1 (1.2)

No 419 (94.6) 320 (93.3) 99 (99.0) 84 (98.8) 84 (98.8)

PNI 0.120 0.823

Yes 86 (19.4) 72 (21.0) 14 (14.0) 11 (12.9) 12 (14.1)

No 357 (80.6) 271 (79.0) 86 (86.0) 74 (87.1) 73 (85.9)

Total lymph nodes excised 0.005 1.000

<18 202 (45.6) 144 (42.0) 58 (58.0) 48 (56.5) 48 (56.5)

≥18 241 (54.4) 199 (58.0) 42 (42.0) 37 (43.5) 37 (43.5)

Notes: *Fisher’s exact test; P<0.05 indicates statistically significant differences.
Abbreviations: KPS: Karnofsky performance status; LVI: Lymphovascular invasion; NCRT+S: Neoadjuvant chemoradiotherapy plus surgery; 
PNI: Perineural invasion; PSM: Propensity score matching.
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CI = 0.52 – 0.91; P = 0.008) and the implementation of 
NCRT + S (NCRT + S vs. surgery; HR = 0.56; 95% CI = 0.37 
– 0.85; P = 0.004) were significantly correlated with better 
OS. The results of the multivariate analysis indicated that age 
(P = 0.013), KPS (P < 0.001), total LNs excised (P = 0.003), 
and NCRT  +  S (P = 0.005) were independent prognostic 
factors for OS (Table  2). Similarly, analysis of the sample 
after PSM revealed that age (P = 0.009), the total number of 
LNs excised (P = 0.004), and NCRT + S status (P = 0.028) 
were independent prognostic factors affecting OS (Table A1 
in Appendix).

3.3. Survival

The median survival time for all patients was 80.8 months 
(range = 0.2 – 156.6  months). The overall study 
cohort’s 5-year OS and DFS rates were 56% and 50.2%, 
respectively. The NCRT + S group (3-year OS = 74.7%; 
5-year OS = 69.7%; HR = 0.572, 95% CI = 0.407 – 0.804; 
P =  0.0059) had significantly better OS than the surgery 
group (3-year OS = 64.5%; 5-year OS = 52.9%) in the 
overall population (Figure 3A). While the NCRT + S group 
(3-year DFS = 64.2%; 5-year DFS = 60.6%) demonstrated 
higher DFS than the surgery group (3-year DFS = 58.4%; 
5-year DFS = 48.2%), the difference was not statistically 
significant (HR = 0.784, 95% CI = 0.564 – 1.09; P = 0.17; 
Figure 3B).

Consistent results were observed in the matched 
populations. Relative to the surgery group (3-year 
OS  =  65.3%; 5-year OS = 50.3%), the NCRT + S 
group showed significantly better OS outcomes 
(3-year OS  =  72.1%; 5-year OS = 68.6%; HR = 0.613, 
95% CI =  0.383 – 0.981; P  = 0.04; Figure  3C). In 
contrast to the surgery group (3-year DFS = 58.2%; 
5-year DFS = 45.9%), the NCRT + S group did 
not show a statistically significant improvement 
in DFS (3-year DFS = 61.9%; 5-year DFS = 58.1%; 
HR = 0.830, 95% CI 0.537 – 1.283; P = 0.39; Figure 3D).

3.4. Subgroup analysis

Subgroup analyses were conducted to identify which 
subgroups could achieve survival benefits from NCRT + 
S. The NCRT + S group was divided into pCR and non-
pCR groups, and their survival rates were compared to 
the surgery group. Patients in the pCR group showed 
a significant improvement in OS compared to surgery 
alone (HR = 0.522, 95% CI = 0.339 – 0.804; P = 0.019, 
Figure  3E). In contrast, the non-pCR group did not 
show any significant OS benefits (P = 0.093, Figure  3E). 
Although the DFS of patients in the pCR group was longer 
than those who only underwent surgery, the difference was 
not statistically significant (P = 0.054, Figure 3F). Similarly, 
the non-pCR group did not show any significant benefit 

Table 2. Univariate and multivariate Cox regression analyses for the overall survival of the entire cohort before propensity score 
matching

Variables Univariate Multivariate

HR (95% CI) P‑value HR (95% CI) P‑value

Age (years) >65 versus≤65 1.41 (1.07 – 1.86)          0.016 1.42 (1.08 – 1.88)     0.013

Sex: Female versus Male 0.78 (0.54 – 1.13)          0.182

KPS: 80 versus≥90 1.89 (1.35 – 2.63) < 0.001 1.88 (1.34 – 2.62) < 0.001

Weight loss: No versus Yes 1.09 (0.82 – 1.45)          0.548

Tumor location          0.073

Upper     1.00 (reference)

Middle 0.77 (0.57 – 1.06)

Lower 0.64 (0.43 – 0.95)

Tumor length (cm)          0.418

≤5     1.00 (reference)

>5     1.25 (0.9 – 1.73)

Unknown 0.83 (0.12 – 5.93)

LVI: No versus Yes 1.26 (0.64 – 2.46)          0.486

PNI: No versus Yes 0.72 (0.52 – 1.01)          0.063

Total lymph nodes excised: ≥18 versus<18 0.69 (0.52 – 0.91)          0.008 0.65 (0.49 – 0.87)     0.003

Group: NCRT+S versus Surgery 0.56 (0.37 – 0.85)          0.004 0.55 (0.36 – 0.84)      0.005

Note: P<0.05 indicated statistically significant differences.
Abbreviations: CI: Confidence intervals; HR: Hazard ratio; KPS: Karnofsky Performance Status; LVI: Lymphovascular invasion; NCRT+S: Neoadjuvant 
chemoradiotherapy plus surgery; PNI: Perineural invasion.

https://dx.doi.org/10.36922/arnm.3821


NCRT for T3N0M0 ESCC

Volume 2 Issue 3 (2024)	 6� doi: 10.36922/arnm.3821 

Advances in Radiotherapy 
& Nuclear Medicine

regarding DFS (P = 0.987, Figure 3F). Within the NCRT + 
S group, neither the pCR nor the non-pCR groups showed 
any benefits regarding OS (P = 0.73, Figure  3E) or DFS 
(P = 0.17, Figure 3F).

Subgroups were also created based on age, gender, 
KPS, presence of weight loss, tumor location, tumor 
length, presence of LVI, presence of PNI, and the 

number of LNs excised, and a COX subgroup analysis 
was performed. The results showed that in the overall 
population, patients aged ≤65 years, male patients, those 
with KPS of 80, without weight loss, with tumor length 
≤5 cm, without LVI, without PNI, and with fewer than 
18 LNs excised significantly benefited from NCRT + S 
(all P < 0.05). Patients with LVI who underwent NCRT 

Figure 3. Kaplan–Meier curves for survival analysis in the study cohort and subgroup. (A) Overall survival across the entire population. (B) Disease-free 
survival across the entire population. (C) Overall survival in the matched sample. (D) Disease-free survival in the matched sample. (E) Overall survival in 
the subgroup. (F) Disease-free survival in the subgroup.
Abbreviations: NCRT+S: Neoadjuvant chemoradiotherapy plus surgery; pCR: Pathologically complete response.
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+ S had an increased risk of death (HR = 10.99; 95% 
CI = 1.00 – 121.25), while in other subgroups, NCRT 
+ S reduced the risk of death (Table  3). Patients with 
tumors located in the lower segment (HR  =  1.17; 95% 
CI = 0.65 – 2.12), tumor length >5  cm (HR = 1.54; 
95% CI = 0.37 – 6.39), or with vascular invasion had 
a significantly increased risk of progression when 
undergoing NCRT + S (Table 4).

3.5. Failure patterns in the whole population

At the final follow-up, the total number of failures 
(comprising local recurrences, distant metastases, and 
deaths) was 228/443  (51.5%). The NCRT + S and S 
groups included 36 and 192  patients, respectively. Of 
the 103  (103/443, 23.3%) local recurrences, 84 were 
intrathoracic local-regional recurrences, 12 were in the 
supraclavicular LNs, and seven were in the intraabdominal 
LNs. The NCRT + S group, with a rate of 14 (14/100), showed 
a significant reduction in local recurrence compared to the 
S group (89/343, 25.9%, P = 0.013). Fifty-two patients had 
distant metastases, including 13 with metastasis in the lung, 
four in the liver, three in the bone, three in the brain, 24 with 
two or more metastatic sites, and five with other metastatic 
locations. No significant differences were observed between 
the NCRT + S and S groups (11/100 vs. 41/343, P = 0.794). 
Thirteen patients experienced both local recurrences and 
distant metastases. Thirty-one deaths occurred due to 
fistulas, hematemesis, hemoptysis, and other non-tumor-
related internal medical conditions. Twenty-one patients 
had unknown reasons for disease progression and cause 
of death; in contrast, eight patients developed a second 
primary tumor. The results are presented in Table 5.

4. Discussion
This study introduced a novel approach to evaluating 
patients with pre-T3N0M0 status and is the first to compare 
survival outcomes between NCRT + S and surgery alone in 
this specific group. The results confirmed that NCRT + S 
significantly improved OS in patients with pre-T3N0M0 
status.

Patients in the NCRT + S group were selected based 
on their pretreatment clinical T stage (cT) rather than 
the post-operative pathological T (pT) stage. Previous 
studies4,5,11 have confirmed that NCRT leads to tumor 
downstaging, so the post-operative pT staging does not 
accurately represent the pretreatment T stage in the NCRT 
+ S group. Since endoscopic ultrasonography (EUS) and 
CT are widely used in clinical practice, this study utilized cT 
staging determined through EUS and CT. Both Lightdale 
and Kulkarni19 and a meta-analysis20 reported that the 
accuracy of EUS in diagnosing cT3 tumors in esophageal 
cancer was ≥90%. The accuracy of CT in distinguishing 
T3 lesions was 86.7%.21 Therefore, the selection of patients 
with cT3 tumors in this study’s NCRT + S group closely 
represented the actual pretreatment T3 status.

Due to the limited accuracy of CT in LN staging,21 
clinical N (cN) staging before treatment is often less 
reliable. A  previous study12 reported that approximately 
50% of patients with ESCC who underwent surgery alone 

Table 3. Subgroup analysis related to overall survival in the 
overall population

Subgroup S 
versus NCRT+S

Total HR (95% CI) P‑value P‑value for 
interaction

Age (years) 0.939

≤65   269 0.58 (0.35 – 0.99) 0.045

>65   174 0.59 (0.30 – 1.19) 0.142

Sex 0.174

Male   360 0.60 (0.39 – 0.92) 0.020

Female   83 0.19 (0.03 – 1.37) 0.098

KPS 0.181

≥90   376 0.64 (0.41 – 1.01) 0.055

80   67 0.30 (0.09 – 0.98) 0.046

Weight loss 0.482

Yes   170 0.67 (0.32 – 1.40) 0.287

No   273 0.51 (0.31 – 0.84) 0.009

Tumor location 0.563

Upper   120 0.51 (0.20 – 1.29) 0.154

Middle   218 0.46 (0.20 – 1.05) 0.065

Lower   105 0.73 (0.38 – 1.40) 0.340

Tumor length 
(cm)

      0.74

≤5   354 0.56 (0.36 – 0.87) 0.009

>5   86 0.85 (0.12 – 6.21) 0.872

Unknown   3 NA (NA – NA)    NA

LVI 0.045

Yes   24 10.99 (1.00 – 121.25) 0.050

No   419 0.54 (0.35 – 0.82) 0.004

PNI 0.719

Yes   86 0.65 (0.25 – 1.65) 0.362

No   357 0.56 (0.35 – 0.90) 0.016

Total lymph 
nodes excised

0.435

<18   202 0.43 (0.25 – 0.73) 0.002

≥18   241 0.68 (0.35 – 1.32) 0.257

Abbreviations: CI: Confidence intervals; HR: Hazard ratio; 
KPS: Karnofsky Performance Status; LVI: Lymphovascular 
invasion; NCRT+S: Neoadjuvant chemoradiotherapy plus surgery; 
PNI: Perineural invasion; S: Surgery.
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exhibited nodal overstaging (cN > pN). Although the 
pretreatment T stage could not be accurately determined 
through pathology, the LN status after NCRT can be 
assessed through pathological examination. Based on 
previous studies,17,18 LNs without evidence of tumor 
involvement or regression were considered as true negative. 
In this context, patients with LN regression after NCRT and 
those diagnosed with LN metastasis through needle biopsy 
before treatment were excluded to reduce diagnostic errors. 
Therefore, this study successfully identified patients with 
an actual pretreatment N0 status through the pathological 
evaluation of LNs. In addition, a method to precisely 
identify patients with pN0 status before treatment is 

needed to ensure optimal care for those with pre-T3N0M0 
status.

To account for the potential confounding effects of tumor 
downstaging and clinical mis-staging, a previous study22 
matched the clinical LN status with the pathological LN 
status to identify true LN-negative patients. They compared 
the efficacy of NCRT + S versus surgery alone in patients 
with true LN-negativity. The results indicated that in the 
true LN-negative group, NCRT + S did not significantly 
improve OS. However, that study only included patients 
with esophageal adenocarcinoma, and the proportion of 
patients with T3 status in the true LN-negative group was 
unknown. Gao et al.23 conducted a similar study, which 

Table 4. Subgroup analysis related to disease‑free survival in the overall population

Subgroup S versus NCRT+S Total HR (95% CI) crude.P_value P‑value for interaction

Age (years)                   0.65

≤65   269 0.77 (0.49 – 1.2.0) 0.247

>65   174 0.89 (0.48 – 1.64) 0.707

Sex 0.024

Male   360 0.88 (0.61 – 1.28) 0.500

Female   83 0.15 (0.02 – 1.07) 0.058

KPS 0.114

≥90   376 0.90 (0.61 – 1.32) 0.586

80   67 0.39 (0.14 – 1.09) 0.073

Weight loss 0.429

Yes   170 0.95 (0.50 – 1.80) 0.875

No   273 0.71 (0.46 – 1.09) 0.119

Tumor location 0.193

Upper   120 0.53 (0.21 – 1.32) 0.174

Middle   218 0.64 (0.32 – 1.26) 0.196

Lower   105 1.17 (0.65 – 2.12) 0.594

Tumor length (cm) 0.363

≤5   354 0.76 (0.52 – 1.11) 0.157

>5   86 1.54 (0.37 – 6.39) 0.552

Unknown   3 NA (NA – NA)           NA

LVI 0.095

Yes   24 72004889078.07 (0 – Inf) 1.000

No   419 0.76 (0.52 – 1.09) 0.134

PNI 0.625

Yes   86 0.96 (0.40 – 2.27) 0.921

No   357 0.77 (0.51 – 1.14) 0.191

Total lymph nodes excised 0.234

<18   202 0.58 (0.36 – 0.94) 0.027

≥18   241 0.98 (0.56 – 1.70) 0.935

Abbreviations: CI: Confidence intervals; HR: Hazard ratio; KPS: Karnofsky Performance Status; LVI: Lymphovascular invasion; NCRT+S: Neoadjuvant 
chemoradiotherapy plus surgery; PNI: Perineural invasion; S: Surgery.
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indicated that NCRT + S could provide survival benefits 
to true LN-negative patients. It was suspected that the 
inconsistency in the results of these two studies stems from 
inaccurate clinical staging. Although some researchers7 
found that NCRT + S significantly improved DFS and OS 
in patients with cT3N0M0 compared to surgery alone, 
they relied on clinical staging, and the N staging of patients 
in the surgery group was inconsistent with post-operative 
pathological staging, leading to controversial results. This 
study accurately identified patients with a true LN-negative 
status before treatment through pathological assessment, 
making the findings more reliable. Furthermore, this 
study also confirmed that patients with pre-T3N0M0 
stage disease who underwent NCRT + S had superior OS 
outcomes, and even after PSM analysis, these patients still 
demonstrated similar survival outcomes. In addition, the 
survival rate in this study surpassed previous results,4,5,7,22-25 
likely due to the selection of patients accurately staged as 
pre-T3N0M0. However, the survival rate of the surgery 
group was in line with findings from other studies.26,27 Age 
and the number of LNs removed were also identified as 

independent prognostic factors for OS, which has been 
reported in earlier research.27,28

Previous research29,30 suggests that among patients 
undergoing NCRT + S, those achieving pCR have a 
significant survival advantage over patients with non-
pCR. To better identify beneficiaries in the NCRT + S 
group, the patients were divided into pCR and non-pCR 
groups, and their prognosis was compared with that of the 
surgery group. It was found that compared with surgery 
alone, the pCR group showed improved OS; however, the 
non-pCR group did not. This result has not been reported 
previously. This study suggests that NCRT + S should be 
recommended for patients likely to achieve pCR after 
NCRT. Direct surgery might be advised if pCR cannot 
be achieved because the survival rates are similar. This 
is crucial for patients intolerant to chemoradiotherapy. 
Moreover, although NCRT + S treatment is relatively 
expensive for patients, it is still recommended for those who 
can benefit from NCRT, despite the high cost. For patients 
who cannot benefit from NCRT, opting for surgery alone can 
help avoid the high expenses, making it a better option for 
those with financial constraints. Nonetheless, there remains 
an urgent need for non-invasive pretreatment methods to 
predict whether patients can achieve a pCR after undergoing 
NCRT. At present, potential biomarkers for predicting NCRT 
treatment response in esophageal cancer include genetic 
markers and metabolic markers such as levels of lactic acid 
and glucose metabolism-related substances, which can reflect 
changes in tumor metabolic status and thus predict treatment 
response. In addition, imaging markers such as tumor volume 
changes obtained through imaging studies or tumor features 
extracted through radiomics methods to predict treatment 
response can be further researched in the future.

Considering the lack of significant benefit of NCRT + 
S on DFS in patients with pre-T3N0M0 disease, the failure 
patterns in the entire cohort were further analyzed. The 
results showed that NCRT + S significantly reduced the local 
recurrence rate. Previous studies13,14 found that surgery alone 
significantly increased the local recurrence rate compared 
to post-operative adjuvant therapy. Similarly, the research 
confirmed that surgery alone significantly increased the 
local recurrence rate compared to NCRT + S. Therefore, 
local treatment is crucial for patients with pre-T3N0M0 
esophageal cancer to reduce the risk of local recurrence.

This study had some limitations. First, being a single-
center retrospective study, the findings require validation 
through multicenter prospective studies. Second, the status 
of the LNs that were not excised during surgery could 
not be assessed. Moreover, since NCRT + S treatment for 
T3N0M0 has only recently been widely adopted in clinical 
practice, the follow-up period for these patients remains 

Table 5. Failure patterns in the entire population

Variables Total Surgery NCRT+S P‑value

(n=443) (n=343) (n=100)

Total failure, n (%)  <0.001

None 215 (48.5) 151 (44.0)  64 (64.0)

Yes 228 (51.5) 192 (56.0)  36 (36.0)

Failure patterns, n (%) 0.002*

None 215 (48.5) 151 (44.0)  64 (64.0)

LR 103 (23.3) 89 (25.9)  14 (14.0)

DM 52 (11.7) 41 (12.0)  11 (11.0)

LR+DM 13 (2.9) 9 (2.6)  4 (4.0)

Others 60 (13.5) 53 (15.5)  7 (7.0)

LR, n (%) 0.013

Absent 340 (76.7) 254 (74.1)  86 (86.0)

Present 103 (23.3) 89 (25.9)  14 (14.0)

DM, n (%) 0.794

Absent 391 (88.3) 302 (88.0)  89 (89.0)

Present 52 (11.7) 41 (12.0)  11 (11.0)

LR and DM, n (%) 0.502*

Absent 430 (97.1) 334 (97.4)  96 (96.0)

Present 13 (2.9) 9 (2.6)  4 (4.0)

Others, n (%) 0.030

Absent 383 (86.5) 290 (84.5)  93 (93.0)

Present 60 (13.5) 53 (15.5)  7 (7.0)

Notes: *Fisher’s exact test; P<0.05 indicates statistically significant 
differences.
Abbreviations: DM: Distant metastasis; LR: Local recurrences.
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relatively short. Although post-operative pN0 is accurate, 
current pretreatment diagnostics struggle to identify pN0 
disease. Developing methods to identify patients with pN0 
disease through pretreatment diagnostics is essential to 
ensure that patients diagnosed with T3N0M0 receive the 
most appropriate treatment.

5. Conclusion
This study demonstrated that NCRT + S improves OS 
in patients with pre-T3N0M0 stage disease compared to 
surgery alone, especially in those who achieve pCR after 
NCRT. Moreover, NCRT + S reduces the local recurrence 
rate in patients with pre-T3N0M0 ESCC. NCRT + S is 
recommended for patients with pre-T3N0M0 who are 
likely to achieve pCR after NCRT. There is a demand for a 
noninvasive pretreatment method to accurately determine 
patients who are likely to achieve pCR.
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Table A1. Univariate and multivariate Cox regression analyses for the overall survival of the entire cohort after PSM

Variables Univariate Multivariate

HR (95% CI) P‑value HR (95% CI) P‑value

Age (years) >65 versus≤65 1.91 (1.18 – 3.07) 0.009 1.89 (1.17 – 3.06) 0.009

Sex: Female versus Male 1.12 (0.60 – 2.08) 0.729

KPS: 80 versus≥90 1.31 (0.67 – 2.57) 0.450

Weight loss: No versus Yes 0.85 (0.51 – 1.41) 0.524

Tumor location 0.545

Upper 1.00 (reference)

Middle 0.75 (0.39 – 1.43)

Lower 0.70 (0.38 – 1.30)

Tumor length (cm): >5 versus≤5 2.10 (0.66 – 6.70) 0.261

LVI: No versus Yes 0.86 (0.12 – 6.25) 0.886

PNI: No versus Yes 0.98 (0.49 – 1.98) 0.958

Total lymph nodes excised: ≥18 versus<18 0.49 (0.30 – 0.82) 0.005 0.47 (0.28 – 0.79) 0.004

Group: NCRT+S versus surgery 0.59 (0.36 – 0.98) 0.039 0.57 (0.34 – 0.94) 0.028

Note: P<0.05 indicates statistically significant differences.
Abbreviations: CI: Confidence intervals; HR: Hazard ratio; KPS: Karnofsky Performance Status; LVI: Lymphovascular invasion; NCRT+S: Neoadjuvant 
chemoradiotherapy plus surgery; PNI: Perineural invasion.
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Abstract
Impairment in global myocardial flow reserve (MFR) on rubidium-82 (82Rb) positron 
emission tomography (PET) stress testing predicts cardiovascular events; however, 
the relationship between regional coronary artery territory myocardial blood flow 
(MBF) and invasive coronary angiography is unknown. In this study, patients with 
acute chest pain who were referred for coronary angiography after abnormal PET 
stress testing were evaluated. Both global and regional coronary territory stress and 
rest MBF were derived using 82Rb PET. Coronary artery stenosis severity was assessed 
using quantitative coronary angiography (QCA) performed within 3 months of PET. 
A total of 189 patients were followed for a median of 4.1 years. The results showed 
a weak correlation between regional MFR impairment (<1.7) and stenosis severity 
in the left descending artery (r = −0.20, P = 0.005), left circumflex artery (r = −0.15, 
P = 0.042), and right coronary artery (r = −0.26, P < 0.001). In addition, a weak 
correlation was observed between global MFR and stenosis in any vessel, in both 
binary and continuous analyses. However, impairment in MFR within any territory 
was associated with increased all-cause mortality in both unadjusted and adjusted 
analyses. In conclusion, this is the first large-scale study to examine the relationship 
between regional coronary territory MBF, coronary artery stenosis severity as 
assessed using QCA, and mortality. Although coronary territory MFR demonstrated 
a weak correlation with coronary stenosis severity, impairment in per-territory MFR 
was significantly associated with increased all-cause mortality, suggesting that 
mechanisms such as diffuse atherosclerosis and/or microvascular disease may be 
contributing factors.
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1. Introduction
Positron emission tomography (PET) myocardial perfusion 
imaging (MPI) is highly accurate for the diagnosis of 
coronary artery disease (CAD) and risk assessment.1 Multiple 
studies have evaluated the diagnostic accuracy of PET 
MPI in CAD, demonstrating that the sensitivity of PET for 
detecting obstructive CAD is 92% and 95% for single-vessel 
and multivessel CAD, respectively.2-5 PET also allows for 
non-invasive quantification of absolute global and regional 
myocardial blood flow (MBF; expressed as ml/min/g) and 
myocardial flow reserve (MFR; ratio of stress/rest MBF) using 
tracers such as rubidium-82  (82Rb). Measurement of MBF 
has been shown to improve diagnostic accuracy and provides 
incremental prognostic information compared to measures of 
relative perfusion alone, particularly in multivessel disease.6-10

Global and regional MBF are also important 
prognostic tools in patients with and without obstructive 
CAD.9,11-16 PET MPI with MBF quantification is the non-
invasive gold-standard modality for the diagnosis of 
coronary microvascular dysfunction10 by quantifying 
reductions in hyperemic MBF and/or MFR,10 thus avoiding 
costly and repeated invasive testing.

Despite all the advances in the understanding of 
invasive and non-invasive coronary physiology assessment 
and global 82Rb-derived MBF, there is a paucity of data on 
the correlation between regional MBF and angiographic 
severity of CAD, its implications for revascularization, and 
its relationship to all-cause mortality. To date, there are no 
large studies evaluating the correlation between regional 
MBF/MFR and angiographic stenoses to validate its 
widespread use for referral for invasive procedures. With 
this background, our study seeks to determine the relation 
between 82Rb-derived regional MBF indices and percent 
area stenosis through quantitative coronary angiography 
(QCA), and their relationship to all-cause mortality.

2. Methods
We performed a retrospective review of consecutive adult 
patients from the Yale Nuclear Cardiology PET lab who 
underwent cardiac dynamic three-dimensional (3D) 82Rb 
PET/computed tomography (CT) with regadenoson stress, 
followed by coronary angiography within 3  months. We 
excluded patients with low-quality angiographic films (unable 
to perform QCA), uninterpretable MBF measurements, 
previous coronary artery bypass graft (CABG), heart 
transplant, and dobutamine or adenosine stress. A schematic 
of the study design is presented in Figure 1.

2.1. PET/CT imaging protocol

Dynamic rest and stress 82Rb PET MPI was performed on a 
3D PET/CT camera with a 64-slice CT scanner (Discovery 

690, GE Healthcare, USA). The stress and imaging 
protocols used have been described in previous work by 
our group.17

2.2. QCA

Standard coronary angiographic images were analyzed 
with at least two projections obtained per vessel 
distribution and angles of projection optimized for 
the cardiac position. In each patient, luminal diameter 
stenoses of the major epicardial coronary arteries were 
clinically graded by subjective visual consensus of two 
experienced operators and then analyzed using two-
dimensional QCA at the Yale Cardiovascular Research 
Group  Angiographic Core Laboratory (QAngio XA; 
7.4 MEDIS, Netherlands), which was applied to both 
obstructive and non-obstructive atherosclerotic plaques 
from the reference vessel. Either isocenter or catheter 
calibration was applied. Coronary lesions were analyzed 
for qualitative atherosclerotic plaque characteristics. 
Diameter and length (mm) of obstruction and area 
(mm2), along with percent stenosis, were measured and 
then compared to visual stenosis grading. Percent stenosis 
was calculated as:

([1-minimal lumen diameter]/reference vessel 
diameter) × 100� (I)

Other characteristics, such as symmetry and area of 
plaque and the distal and proximal stenosis measurements 
were also obtained. All traced lesions were manually 

Figure 1. Study flow diagram
Abbreviations: CABG: Coronary artery bypass graft; QCA: Quantitative 
coronary angiography.
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corrected for magnification distortion and pincushion. 
Two trained technicians evaluated all QCA measurements 
to reduce interobserver variability. A  significant stenosis 
was defined as ≥50% of luminal obstruction, given the 
overall low number of events in the population.

2.3. Statistical analysis

Categorical variables were compared with Chi-square tests 
or Fisher’s exact tests as appropriate. Heterogeneity was 
evaluated through the coefficient of variance (standard 
deviation [SD]/mean). Continuous variables were 
analyzed using pairwise comparisons with paired t-tests 
or Wilcoxon signed-rank tests as appropriate. A  two-
tailed P < 0.05 was considered statistically significant. The 
association of impaired regional and global flow reserve 
(MFR-cutoffs defined below) and significant stenosis 
(≥50% on QCA) was first assessed as binary variables. 
The sensitivity, specificity, positive and negative predictive 
value, accuracy, and positive and negative likelihood ratio 
were calculated for the ability of MFR impairment to 
predict ≥50% stenosis on QCA. The association between 
per vessel degree of stenosis and flow reserve was assessed 
using the Spearman correlation of continuous variables. 
The vital status of all patients was assessed through 
chart review in September 2022  (3  years after the last 
PET was done). The relationship between regional MFR 
impairment (defined below) and all-cause mortality was 
evaluated in unadjusted and adjusted survival analyses. 
Kaplan–Meier curves were compared with log-rank tests. 
Cox proportional hazards regression was performed with 
adjustment for age, sex, body mass index (BMI), diabetes 
history, CAD history, heart failure (HF) history, smoking, 
and need for subsequent revascularization. Subsequent 
revascularization was coded as a binary variable based on 
whether the patient underwent subsequent percutaneous 
coronary intervention (PCI) or CABG. Statistical 
analysis was performed in R (R Foundation for Statistical 
Computing, Vienna, Austria).

2.4. Determination of regional coronary territory 
MFR cutoff values

We first ascertained the level of regional coronary territory 
MFR that would optimally distinguish between the 
presence and absence of significant (≥50%) stenosis in the 
corresponding vessel (binary variables): left descending 
artery (LAD) MFR <1.7 had the optimal sensitivity 
(69%) and specificity (60%) for significant LAD stenosis, 
right coronary artery (RCA) MFR <1.4 had the optimal 
sensitivity (46%) and specificity (80%) for significant RCA 
stenosis, and left circumflex artery (LCX) MFR <1.5 had 
the optimal sensitivity (65%) and specificity (66%) for 
significant LCX stenosis (Table S1, top).

We then ascertained the level of global MFR that would 
optimally distinguish between the presence and absence 
of significant (≥50%) stenosis in each vessel (binary 
variable). A global MFR <1.7 had the optimal sensitivity 
(66%) and specificity (56%) for significant LAD stenosis, 
a global MFR <1.7 had the optimal sensitivity (57%) and 
specificity (55%) for significant RCA stenosis, and a global 
MFR <1.6 had the optimal sensitivity (65%) and specificity 
(65%) for significant LCX stenosis (Table S1, bottom). We 
performed survival analysis based on whether patients had 
MFRs above or below the coronary territory-specific MFR 
cutoffs.

3. Results

3.1. Patient characteristics

A total of 304 patients underwent dynamic 82Rb PET MPI 
and were clinically referred to coronary angiography 
by their treating clinicians during the study period. 
A total of 115 patients were excluded from the analysis 
due to prior CABG precluding accurate assessment 
of QCA and MFR, poor angiographic films and/or 
uninterpretable QCA, and/or non-regadenoson stress 
(Figure 1). Among the 189 patients that were included, 
43% (82/189) were women, the median age was 66 years 
(interquartile range [IQR]: 56, 74), and the mean BMI 
was 34.5 kg/m2 (SD: 8.8). 51% (97/189) of patients had 
a perfusion defect of ³10% of the left ventricle (LV). 
The baseline characteristics of the included group 
are summarized in Table  1. There was no statistical 
difference in the baseline characteristics in the patients 
who did or did not have a baseline perfusion defect of 
≥10% of the LV. The distribution of the percentage of 
perfusion defects is shown in Figure S1. Median regional 
MFR was reduced in all coronary territories: 1.75 (IQR: 
1.40, 2.19) in the LAD territory, 1.76 (IQR: 1.36, 2.27) 
in the RCA territory, and 1.71 (IQR: 1.30, 2.16) in the 
LCX territory. The median global MFR was 1.73 (IQR: 
1.36, 2.20).

3.2. Quantitative coronary analysis

Table  2 shows the characteristics of the vessels through 
QCA. For the LAD, the median obstruction diameter was 
1.6 mm [1.21, 1.93] and the median percent stenosis was 
29.81% [24.61, 45.00]; for the RCA, the median obstruction 
diameter was 1.73  mm [1.27, 2.30] and median percent 
stenosis was 28.57% [21.53, 45.09]; and for the LCX, the 
median obstruction diameter was 1.73  mm [1.30, 2.15] 
and median percent stenosis was 27.51% [23.02, 36.67]. 
17% (32/187) of patients had LAD stenosis >50%; 20% 
(37/183) of patients had RCA stenosis >20%; 9% (17/186) 
of patients had LCX stenosis >50%.
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3.3. Relationship between regional MFR and 
severity of angiographic stenosis

To further explore the relationship between regional 
coronary territory MFR and angiographic stenosis, we 
examined both features as continuous variables using 
the cutoff values previously described. There was a weak 
correlation between LAD territory MFR and LAD percent 
stenosis (r = −0.20, P = 0.005), RCA territory MFR and 
RCA percent stenosis (r = −0.26, P < 0.001), and to a lesser 
extent, between LCX territory MFR and LCX percent 
stenosis (r = −0.15, P = 0.042) (Figure  2). The regional 
coronary territory MFR was not strongly correlated with 
per-vessel percent stenosis on cubic spline modeling 
(Figure S2). We also calculated the positive and negative 
predictive values of regional coronary territory MFR. The 

regional MFR cutoffs had a low positive predictive value 
(0.26, 0.37, and 0.16 for LAD, RCA, and LCX, respectively) 
but a high negative predictive value (0.90, 0.85, and 0.95) 
for significant per-vessel stenosis (Table S2, top).

There was a weak correlation between global MFR 
and LAD percent stenosis (r = −0.17, P = 0.018), global 
MFR and RCA percent stenosis (r = −0.19, P = 0.009), 
and to a lesser extent, between global MFR and LCX 
percent stenosis (r = −0.15, P = 0.047) (Figure  3). The 
global MFR was not strongly correlated with per-vessel 
percent stenosis on cubic spline modeling (Figure S3). 
These global MFR cutoffs had a low positive predictive 
value (0.24, 0.24, and 0.16 for the LAD, RCA, and LCX, 
respectively) but a high negative predictive value (0.89, 
0.83, and 0.95) for significant per-vessel stenosis (Table 
S2, bottom).

Table 1. Baseline patient characteristics (n=189)

Variables Value (%)

Gender (n[%])

Female 82 (43)

Male 107 (56.6)

Age (Median [IQR], year) 66 (56,74)

BMI 34.5

Race (n[%])

Black/African American 38 (20.1)

White/Caucasian 130 (68.8)

Hispanic/Latino 15 (7.9)

Other 6 (3.1)

Hypertension (n[%]) 145 (77.5)

Diabetes (n[%]) 87 (46.5)

Hyperlipidemia (n[%]) 126 (67.4)

Smoking (n[%]) 38 (20.3)

Chronic renal disease (n[%]) 25 (13.4)

Peripheral vascular disease (n[%]) 16 (8.6)

Family history of CAD (n[%]) 22 (11.8)

Abbreviations: BMI: Body mass index; CAD: Coronary artery disease; 
IQR: Interquartile range.

Table 2. Characteristics of stenosis in each vessel on 
quantitative coronary angiography in the full sample

Vessels Obstruction 
diameter (mm)

Obstruction 
length (mm)

Stenosis percent (%)

LAD 1.60 (1.21, 1.93) 7.71 (5.13, 11.33) 29.81 (24.61, 45.00)

RCA 1.73 (1.27, 2.30) 7.38 (5.45, 11.23) 28.57 (21.53, 45.09)

LCX 1.73 (1.39, 2.15) 6.30 (4.55, 10.34) 27.51 (23.02, 36.67)

Note: Values are expressed as median (interquartile range).
Abbreviations: LAD: Left descending artery; LCX: Left circumflex 
artery; RCA: Right coronary artery.

Figure  2. Correlation between regional coronary territory myocardial 
flow reserve and per-vessel angiographic percent stenosis as continuous 
variables in the (A) LAD, (B) RCA, and (C) LCX
Abbreviations: LAD: Left descending artery; LCX: Left circumflex artery; 
RCA: Right coronary artery. 
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3.4. Unadjusted all-cause mortality associated with 
impaired regional MFR

We then sought to ascertain if impairment in regional 
coronary territory MFR had any prognostic implication 
despite its weak correlation with angiographic percent 
stenosis. Median survival in our cohort was 4.1  years 
(IQR: 3.7, 4.5). A  total of 38/189 (20%) individuals died. 
Individuals with LAD MFR <1.7 had poorer survival 
(Plog-rank = 0.007) compared to those without impaired LAD 
MFR (Figure 4A). This was also true for individuals with 
RCA MFR <1.7 (Plog-rank <0.001) compared to those without 
impaired RCA MFR (Figure 4B) and those with LCX MFR 
<1.7 (Plog-rank = 0.002) compared to those without impaired 

LCX MFR (Figure 4C). Individuals with global MFR <1.7 
had overall poorer survival (Plog-rank = 0.002) compared to 
those without impaired global MFR (Figure 4D). Note that 
59/189  (31%) patients had impairment in all four MFR 
parameters (LAD, RCA, LCX, and global) (Figure S4).

3.5. Unadjusted all-cause mortality associated with 
perfusion defects in ≥10% of territory

To ascertain the role of epicardial versus microvascular 
disease, we examined the survival of patients with and 
without baseline perfusion defects spanning ≥10% and 
<10% of LV segments. There was no significant difference 
(Plog-rank = 0.56) in all-cause mortality of patients whose 
perfusion defects were ≥10% and <10% of the LV (Figure 5). 
There was no significant difference in LAD territory MFR, 
RCA territory MFR, LCX territory MFR, or global MFR 
between patients whose perfusion defects were ≥10% and 
<10% of the LV (Table S3).

3.6. Adjusted all-cause mortality associated with 
impaired MFR

We adjusted for age at the time of PET MPI, sex, BMI, 
presence of Type 2 diabetes, CAD, HF, smoking history, and 
need for subsequent revascularization to further account 
for the possibility of confounders in patient survival. 3% 
(6/189) of patients underwent subsequent CABG, and 
6% (11/189) of patients underwent subsequent PCI. After 
adjustment for covariates, all parameters (regional and 
global MFR <1.7) were associated with higher mortality: 
LAD territory MFR (adjusted hazard ratio [aHR] = 2.1, 
95% confidence interval [CI] = 1.048 – 4.3, PCox = 0.037); 
RCA territory MFR (aHR = 3.4, 95% CI = 1.6 – 7.1, PCox = 
0.001); LCX territory (aHR = 2.8, 95% CI = 1.4 – 5.9, PCox 
= 0.006); global MFR <1.7 (aHR = 2.7, 95% CI = 1.3 – 5.7, 
PCox = 0.007).

4. Discussion
To the best of our knowledge, this is the first large study 
to examine the relationship between regional coronary 
territory MBF and MFR and coronary artery stenosis 
through QCA, and its relationship to all-cause mortality. 
Furthermore, we assessed whether there is an optimal 
threshold of hyperemic MBF or MFR that can be used 
routinely to predict stenosis severity. Current data support 
that a global hyperemic MBF of >2 mL/min/g and MFR of 
more than >2 reliably excludes the presence of high-risk 
angiographic CAD.9,11,16 Multiple studies also support that 
global MFR <1.5 is suggestive of higher-risk CAD.8,12,13

Our research yielded several important findings. 
First, it found that while a regional LAD territory MFR 
of <1.7 is suggestive of obstructive disease in the LAD, 
there was significant heterogeneity in this association, 

Figure  3. Correlation between global myocardial flow reserve and 
per-vessel angiographic percent stenosis as continuous variables in the 
(A) LAD, (B) RCA, and (C) LCX
Abbreviations: LAD: Left descending artery; LCX: Left circumflex artery; 
RCA: Right coronary artery. 
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suggesting regional MFR and MBF are overall modest 
indicators of regional obstructive CAD. Second, this study 
also demonstrates that regional coronary territory MBF 
is only weakly associated with stenoses ≥50% across all 
three vessels, even when accounting for baseline perfusion 
defects at rest. In our study, we defined significant stenosis 
as ≥50%, as it has also been used in other studies.18 Lesions 

>40% are recognized in the literature as intermediate 
and have been associated with variability in hyperemic 
MBF and MFR, which is concordant with our data. Small 
cohorts have shown a close correlation between MBF 
and MFR estimates with quantitative measurements 
of stenosis severity on coronary in stenosis >40%.19,20 
Unsurprisingly, our findings suggest a multifactorial 
discordance between regional coronary territory MBF and 
QCA, likely due to the fact that MBF indices integrate not 
only epicardial CAD but also microvascular function.21 
Other pathophysiologic processes that may explain 
this discordance include interindividual variability in 
hyperemic blood flows and flow reserve, stenosis location 
within the vessel (mid, proximal, distal, entrance, and exit 
angles),22,23 concomitant microvascular disease,21 presence 
of collaterals, or significant stenoses in other vessels leading 
to coronary steal.

Our study also has significant implications for decisions 
on downstream testing with coronary angiography. Our 
results show that a normal regional coronary territory 
MBF has an excellent negative predictive value for 
obstructive epicardial CAD ranging from 85 to 95% in all 
three vessels and was similar to the range of 83 – 95% for 
global MFR. These findings are in line with other studies 
previously published24 and add to the evidence that the 
addition of regional coronary territory MBF indices to 

Figure  5. Kaplan-Meier plot depicting survival (all-cause mortality 
inverse) of patients according to whether they had resting perfusion 
defects spanning >10% (in blue) or ≤10% (in yellow) of left ventricular 
myocardial segments

Figure  4. Kaplan–Meier plots depicting survival (all-cause mortality inverse) of patients according to whether they had impairments in MFR of the 
coronary territories of the (A) LAD, (B) RCA, (C) LCX, (D) globally < 1.7. Patients with impaired MFR are denoted in blue, while patients with preserved 
MFR are denoted in yellow
Abbreviations: LAD: Left descending artery; LCX: Left circumflex artery; MFR: Myocardial flow reserve; RCA: Right coronary artery. 
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perfusion data could be a strong tool to reduce potentially 
unnecessary downstream invasive testing. Conversely, 
regional MFR had a low positive predictive value to detect 
true obstructive disease per vessel, likely secondary to the 
vascular and anatomic considerations described earlier. 
This may be overcome with the use of hybrid imaging, as 
described by Javadi et al.25

It is known that globally reduced MFR is a relevant 
marker for predicting short-term cardiovascular events.26 
Our study expands this concept by showing that regional 
coronary territory MFR at or below the cutoffs described 
were associated with increased all-cause mortality 
compared to those without impaired regional MFR, 
even after adjusting for known risk factors, including 
revascularization. The integration of this important finding 
into anatomical and perfusion data could be used to guide 
treatment, including the decision for medical management 
versus revascularization, as well as preventive measures.

Our study has several potential methodological 
limitations that might have influenced our results. 
Although this is the largest study to date reporting on the 
applicability of regional coronary territory MBF indices on 
the prediction of significant coronary stenosis, this was a 
single-center, retrospective, non-randomized study, which 
carries inherent limitations to this design, including referral 
bias. Another limitation is that the study is underpowered to 
detect “true negatives” and specificity since the angiographic 
referral was clinically decided. In addition, despite the large 
amount of data collected over 2 years, the number of events 
(stenoses ≥50%) was low, limiting the power. The inclusion 
of patients with prior myocardial infarction also confounds 
the relationship between flow and stenosis, as it may reduce 
stress flow and regional MFR depending on the degree 
of injury and total LV mass affected. Though this was 
accounted for in the subgroup analysis, it further decreased 
the number of events per group (prior infarction versus no 
prior infarction). Important angiographic characteristics, 
such as shape, serial stenosis, and vessel morphology that 
may significantly affect resistance, were not evaluated. 
Finally, a good proportion of patients had decreased MFR 
without significant lesions, which raises the question of 
the presence of isolated microvascular dysfunction in 
this population. Studies have reported that these patients 
constitute ≤20% of patients with angina and no obstructive 
disease.27 Hence, the presence of microvascular disease in 
our cohort is likely a significant contributor to decreased 
regional blood follow, which is currently being investigated.

5. Conclusion
Data are lacking regarding the correlation of regional 
MBF and MFR with angiographically defined CAD, 

which could, therefore be used to guide revascularization 
decision-making. Our study suggests that at different 
cutoff MFR values per coronary territory, for example, 
≤1.7 in the LAD, 82Rb PET regional MFR has a specificity 
of 65% and negative predictive value of 89% to predict 
≥50% stenosis across all vessels. Although there is 
heterogeneity in the association between regional 
coronary territory MFR and the degree of stenosis, 
our data suggest that regional MFR performs best in 
predicting normal tests and decreasing downstream 
invasive testing. Larger studies with an increased 
number of events (stenosis ≥50%) and incorporation of 
individual coronary anatomy are crucial in elucidating 
this relationship.
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Abstract
The orthogonal computed tomography (OrthoCT) concept, based on orthogonal ray 
imaging, is a low-dose imaging technique currently under investigation to potentially 
aid in external-beam radiation therapy treatments. This technique involves detecting 
radiation scattered within the patient and emitted at approximately 90° from the 
direction of the incoming beam. This scattered radiation can be collected by a 
1D-detector system with a multisliced collimator positioned perpendicular to the 
incident beam axis. Such a system holds promise for on-board imaging with the 
patient positioned and prepared for treatment, as well as for real-time treatment 
monitoring. In this study, a multi-slice OrthoCT detector prototype was developed 
and tested under in-beam irradiation. The system utilizes gadolinium orthosilicate 
scintillator crystals coupled to photomultiplier tubes and a collimator made of 
lead slices. Experimental measurements were conducted using a heterogeneous 
phantom made of acrylic with an air cavity inside. The phantom was irradiated with 
a TrueBeam linac operating at 6 MV in the flattening-filter-free mode. The findings 
of this study indicate that this innovative imaging technique is capable of providing 
morphological images of the phantom. This accomplishment is achieved without the 
need to rotate the X-ray source around the object to be irradiated, demonstrating the 
feasibility of such a system.

Keywords: Orthogonal computed tomography; Low-dose imaging for radiotherapy; 
Rotation-free megavoltage tomography; X-ray detection; Image-guided radiotherapy

1. Introduction
External beam radiotherapy is one of the primary modalities prescribed for cancer 
treatments. The most recently developed techniques allow for more conformal 
treatments, which are directly correlated with the therapeutic outcome.1 However, 
this increase in dose conformality requires an even more precise positioning of the 
patient and knowledge of their anatomy and morphology at the moment of irradiation 
so that underdosage of tumor or overdosage of the surrounding healthy tissues can 
be minimized. Examples of factors that may compromise this treatment conformality 
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include (1) formation of edema in the irradiated area, 
(2) tumor regression/progression, (3) filling of cavities 
with edematous tissue (e.g., due to inflammation), 
(4) change in tissue permeability, (5) weight loss/gain, and 
(6) misalignment of patient positioning, among others.2-6

Image-guided radiation therapy (IGRT) allows for 
more precise tumor targeting, thereby reducing the side 
effects of eventual morphological and/or anatomical 
changes. Cone-beam computed tomography is one of 
the most commonly used IGRT techniques for treatment 
monitoring, as it provides visualization of the target with 
volumetric imaging and relatively high-resolution soft-
tissue information.7 However, this technique results in 
an increase in the dose delivered to the patient due to 
sequential and repetitive imaging.8 Portal imaging is also 
an IGRT technique, but it provides either two-dimensional 
(2D) imaging or three-dimensional (3D) imaging after 
rotation around the patient (not prone to real-time 
imaging).9

In this work, we investigated experimentally the 
orthogonal computed tomography (OrthoCT) concept, 
which had been described in our previous work.10 This 
imaging technique, shown schematically in Figure  1 
for monitoring a lung irradiation, entails detection of 
radiation dispersed in the patient and emitted at right 
angles with respect to the beam axis. Since photon 
scattering in the patient occurs with higher intensity in 
tissues of higher density, a detection system (made of 
a multi-slat collimator followed by a photon detector) 
positioned perpendicularly to the beam axis yields a signal 
proportional to the photons that escaped the patient (i.e., a 
signal correlated with patient morphology). The OrthoCT 
provides images without the need to rotate the X-ray source 
around the imaging patient, as it is based on the detection 
of photons emitted at almost right angles with respect to 
the incoming photon flux. Using a small, pencil-like beam 
scanned in one or more known directions, the triggered 
detector slice corresponds to the third point where the 
interaction occurred. Our simulation results demonstrate 
that this technique enables the acquisition of images of 
the morphology of an anthropomorphic phantom with a 
dose of 10 mGy.10 This was achieved by irradiating only a 
small part of the phantom, as it is not necessary to rotate 
the X-ray source around the patient, suggesting that such a 
low-dose morphological imaging technique can potentially 
be useful for (1) on-board imaging to assist in radiotherapy 
or (2) real-time radiotherapy monitoring.

To investigate the feasibility of such a system in 
a radiotherapy environment, a small-scale detector 
prototype was designed, built, and tested experimentally. 
Figure  2 shows a schematic of the system designed in 

this work. It consists of four slabs of scintillation crystals 
(in this case gadolinium orthosilicate [GSO]) separated 
by slices of lead. Photomultiplier tubes (PMTs) were 
used as light detectors, one for each slab of crystals. The 
scintillation light was directed from the crystals to the 
PMTs by custom-made acrylic light guides. The results 
of measurements performed with the prototype in a 
radiotherapy environment are reported here. It should 
be noted that this work represents a very preliminary 
proof-of-concept that requires further investigation before 
clinical translation can be considered.

2. Experimental setup and methodology
2.1. The OrthoCT detector

Figure  3 shows photographs of the detector prototype 
developed and tested within this study. It consisted of four 

Figure 2. Schematic of the prototype developed and built as part of this work 
Abbreviation: GSO: Gadolinium orthosilicate.

Figure 1. The orthogonal computed tomography concept.10 The radiation 
scattered within the patient and emitted at right angles with respect to the 
beam axis yields a signal correlated with its morphology. Image created 
by author.
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lines of GSO scintillator crystals separated by 3-mm-thick 
slices of lead. Each GSO line consisted of 47 crystals 
with a 4  mm × 4  mm cross-section and 30  mm length, 
individually wrapped with Teflon tape (Figure 4, top-left). 
Each line of crystals was placed inside an aluminum box to 
maintain the crystals all together and aligned. In total, 188 
scintillator crystals were used. The aluminum box had a 
thickness of 1 mm at the radiation entrance region. The total 
length of each scintillator line was approximately 200 mm. 
The lead slices had dimensions of 200 mm × 200 mm. The 
collimator slices, along with the GSO lines, were enclosed 
inside a second aluminum box to ensure stability in the 
geometry (Figure  4, top-right). The thickness of this 
aluminum box at the radiation entrance region was 2 mm. 
To maintain the structure of the collimator, the space 

between the lead slices was filled with pieces of extruded 
polystyrene, each with a thickness of 4.6 mm. The distance 
between the centers of two consecutive GSO lines (i.e., the 
detector pitch) was 7.6  mm. The scintillation light from 
the GSO lines was directed to the PMTs (specifically, the 
model XP5602 from Photonis Imaging Sensors, France) 
using custom-made acrylic light guides (Figure 4, bottom).

The prototype was mounted on a 10-mm-thick 
aluminum base. In addition, it was enclosed by 
10-mm-thick polyvinyl chloride walls, with its top covered 
(Figure  3), to prevent it from being exposed to external 
light. The total dimensions of the system are 1200 mm in 
length and 800 mm in width. It has a height of 320 mm and 
weighs approximately 75 kg.

Figure 4. Detector prototype parts. Top-left: gadolinium orthosilicate scintillator crystals; top-right: lead collimator inside the aluminum box; bottom: 
custom-made acrylic light guides.

Figure 3. Photographs of the prototype developed and tested in this work. The final prototype includes four lines of gadolinium orthosilicate crystals 
separated by lead slices with a thickness of 3  mm. The scintillation light is directed to the photomultiplier tube by means of acrylic light guides 
Abbreviation: PVC: Polyvinyl chloride.
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2.2. Data acquisition system and digital analysis

Figure  5 shows a schematic diagram of the electronic 
setup used to acquire the experimental measurements. 
The Nuclear Instrumentation Module (NIM) CAEN N471 
high-voltage source was used. It is capable of delivering 
3 mA of current at 3 kV output voltages, enabling the four 
PMTs to be powered simultaneously. A voltage splitter was 
used to replicate the input voltage and make it available 
to four outputs. With this configuration, any variation in 
the supply voltage would be common to all the channels, 
resulting in an approximately zero relative variation 
between them. The PMTs were supplied with a voltage of 
−982 V, consuming a total current of 479 µA.

Each PMT has an integrated amplification system that 
allows for the control of its gains. Its active elements require 
a differential supply of ±6 V, where the gain is controlled by 
applying a voltage in the range of 0 – 6 V. For this purpose, 
a small circuit board based on a potentiometer was built, 
using the 6 V and ground voltages provided by the NIM 
crate to generate the gain control voltage for each PMT. 

The active base gain control voltage used for each PMT was 
set at 5.30 V (the same voltage for all the PMTs).

The output signal from the active base of the PMT 
has a positive polarity. However, both the gate generator 
and the analog-to-digital converter (ADC) used in the 
measurements require a signal with negative polarity as 
input. The NIM LeCroy 428F Linear FAN-IN/FAN-OUT 
module, which features four independent channels, was 
employed to invert the polarity of the signal. Each output 
of the LeCroy 428F module was routed to the Computer 
Automated Measurement and Control (CAMAC) LeCroy 
2259B Peak Sensing ADC.

ADC module channels 8 – 11 were used. The signal from 
channel 4 of the LeCroy 428F module was used to feed the 
gate generator, the NIM CAEN 2255B Dual Timer module. 
The gate signal was configured to have a duration of 5 µs, 
starting approximately 100 ns after an event occurred.

The CAMAC system was controlled by the 3988 GPIB 
Crate Controller module developed by Kinetic Systems 
(Illinois, USA). The GPIB protocol was utilized for 

Figure 5. Schematic diagram of the electronics used for data acquisition. Image created by the author.
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communication with the computer through the GPIB/
Ethernet converter (GPIB-ENET/100 model, National 
Instruments, Austin, Texas, USA). This converter was 
connected to the computer through a local network 
established by a TP-Link TL-WR340G router. For 
the experimental measurements in a radiotherapy 
environment, all the NIM and CAMAC electronics 
described here, along with the GPIB/Ethernet converter 
and router, were placed inside the treatment room. 
The acquisition system was controlled from the linear 
accelerator (linac) control room using a laptop computer 
running the Linux OpenSuse 11.3 operating system with 
custom-made C/C++ routines. A  25-meter Ethernet 
cable was used to establish the connection with the router 
inside the treatment room. The total dead time of the data 
acquisition system was approximately 85%.

Once the data were collected during the irradiation, the 
corresponding counts spectra were constructed. It should 
be noted that the information collected by the CAMAC 
system during irradiation consists of a data vector for 
each channel of the prototype. Each sample in this vector 
represents the maximum amplitude value of an event 
detected by that channel. To build the count profiles, we 
first created a histogram of the values obtained for each 
of the channels for a given measurement. Each histogram 
was divided into 128 bins, with values ranging from 0 to 
2047 (this value was chosen based on the fact that the ADC 
used in the acquisition has a dynamic range of 11 bits). 
The resulting histogram is then fitted to a Gaussian curve 
according to the Equation I:

y A e
x

= ×
−( )µ
σ

2

22 � (I)

where A, μ, and 𝜎 represent the amplitude, mean, and 
standard deviation of the Gaussian curve, respectively. This 
procedure was implemented in MATLAB (MathWorks, 
Massachusetts, USA), using the fminsearch function to 
calculate the best-fit parameters. The profile value for a 
given channel at a certain irradiation position is then given 
by the value of μ, obtained from the Gaussian fit.

2.3. Linear accelerator

The linac used in this experimental study was the 
TrueBeam (Varian Medical Systems, Inc., Palo Alto, 
CA, USA) installed in the Radiotherapy Department 
of the Coimbra Hospital and University Center. It was 
operated at 6MV in flattening filter-free mode with a dose 
rate of 800 monitor units per minute (MU/min). A field 
size of 5 mm × 5 mm at the isocenter was used. This size 
was achieved by the combined setting of the jaws and 
the multi-leaf collimator (MLC). Figure  6 illustrates the 
configuration used during the irradiation process. The 

MLC was positioned to define a field of 10 mm × 10 mm 
at the isocenter. Note that the junction between the leaves 
of the same pair of the MLC had an offset of 100 mm from 
the isocenter, as depicted in the diagram. This arrangement 
of the jaws and the MLC aimed to minimize the impact of 
radiation that escapes through the linac head window and 
falls outside the field of interest. The jaws were set to define 
a field size of 5 mm × 5mm at the isocenter.

Figure 7 displays the time macrostructure of the linac 
beam measured with the prototype and acquired with 
a PicoScope 2203 oscilloscope (Pico Technology, UK). 
Examining the persistence graph obtained from 100 
waveforms plotted on a time scale that allows two pulses 
to be observed simultaneously (left), the period of the 
macrostructure is 4.85 ms, corresponding to a frequency of 
approximately 206 Hz. From the analysis of a single pulse 
(persistence plot at the middle and average pulse waveform 
at right), it exhibits a fast rise in amplitude (approximately 
0.85 µs), followed by a slower rise (for about 3.25 µs), 
and a sharp decay at around 1.40 µs. After approximately 
5.5 µs, the event approaches values very close to zero and 
continues with a gradual decay that persists until around 
10 µs (when the signal returns to the baseline).

2.4. Mitigation of the out-of-field radiation effect

It is well established that there exists a background flux of 
photons (and other particles) emanating from the linac 
head. Studies have been conducted to examine the influence 
of such out-of-field flux on the development of secondary 
oncological diseases.11 Different types of accelerators yield 
varying doses outside the treatment field due to differences 
in their shielding.12 The background radiation escaping 
from the linac head presents technological challenges for 
orthogonal ray imaging, as it can lead to signal saturation 
when penetrating the detector. In addition, this out-of-

Figure  6. Configuration of the jaws and MLC leaves used during 
irradiation. The field size defined by the MLC and the jaws was 
10 mm × 10 mm and 5 mm × 5 mm at the isocenter, respectively. The 
junction between the MLC leaves was offset by 100 mm from the center.
Abbreviation: MLC: Multi-leaf collimator.
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field flux significantly diminishes the signal-to-noise ratio, 
potentially compromising the ability to detect the signal of 
interest originating from radiation scattered on the target. 
Eliminating the background escaping the linac head poses 
a challenge. However, its impact on the detector can be 
mitigated by the introduction of shielding material.13 To 
this end, several blocks of Cerrobend and lead (with a 
density of 9.38 g/cm3 and 11.34 g/cm3, respectively) were 
positioned around the detector. Various configurations 
were tested, and the one yielding the best results is 
illustrated in Figure 8. Approximately 315 kg of shielding 
material was used.

To analyze the influence of the shielding on the 
performance of the prototype, preliminary measurements 
were conducted in the linac room. Figure 9 shows the dose 
equivalent values measured with the AT1123 dosimeter 
(ATOMTEX, Minsk, Republic of Belarus) at various 
positions of the prototype after the positioning of the 
shielding material. Upon analysis of the values, it is evident 
that the shielding configuration employed significantly 
reduces the impact of background radiation on the system. 
The comparison of the values measured at positions A 
and D reveals a reduction in background by a factor of 
approximately 250. Figure 10 displays the spectra obtained 
with (blue) and without (red) a polymethylmethacrylate 
(PMMA) target positioned in front of the detector, using 
different geometric configurations of the shielding material 
placement. As illustrated, inadequate shielding leads to the 
masking of the target signal (left), with <30 bins of variation 
between the two spectra. Improved shielding enhances the 
ability to detect the target (right), increasing the difference 
to approximately 270 bins

2.5. Experimental procedure

Figure 11 illustrates the experimental setup implemented in 
the radiotherapy environment, including the experimental 
phantom and the linac head. The prototype was positioned 

Figure  7. Macrostructure of the linear accelerator (linac) beam measured with the prototype. Left and middle: persistence graph obtained from 100 
waveforms with different time scales. The period between beam pulses is 4.85 ms. Right: impulse obtained from the average of 100 waveforms.

Figure 9. Dose equivalent values were measured at various positions of 
the prototype system. The comparison of the values measured at positions 
A and D reveals a reduction in background influence by a factor of 
approximately 250.

Figure  8. Views from different angles of the shielding configuration 
employed to mitigate the out-of-field radiation escaping from the linear 
accelerator (linac) head.
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perpendicular to the direction of the beam emitted from 
the linac, at a distance of 170 mm from its axis. Due to its 
geometry and weight, as well as the weight of the shielding 
material used, the position of the prototype system remained 
fixed during the irradiation. The center of crystal line 1 was 
aligned with the isocenter plane. A PMMA cylinder with a 
diameter of 180 mm and a length of 300 mm was utilized 

as the phantom. At its center, the phantom contained an air 
cavity with a diameter of 40 mm and a length of 20 mm. 
It was placed on the patient couch, initially positioned 
with its center shifted 60  mm away from the isocenter. 
The patient couch was used to aid in positioning the 
phantom in the different positions for data acquisition, as 
described in the following sections. The distance between 

Figure 11. Scheme of the setup implemented in the experiments. A cylindrical polymethylmethacrylate phantom was irradiated by a 5 mm × 5 mm (at 
isocenter) X-ray beam. The position of the detector prototype remained fixed during the measurements, while the phantom was placed on the patient 
couch and moved to acquire longitudinal and/or vertical scans. The origin of the scan axis coincides with the center of the phantom air cavity.

Figure  10. Counts spectra were obtained with different geometries of the shielding material, with (blue curve) and without (red curve) the 
polymethylmethacrylate target positioned in front of the detector. Inadequate shielding results in the masking of the signal from the target (left), while 
improved shielding enhances the ability to detect the target (right).
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the phantom and the collimator surface was 80 mm. The 
phantom was irradiated with a 5  mm × 5  mm beam at 
the isocenter (as described in section 2.3) with the linac 
head positioned at 270° (i.e., the beam entered from the 
left side of the phantom). Each acquisition lasted 45 s to 
acquire at least 1000 events for each phantom position. 
This long-time irradiation was due to the dead time of 
the acquisition system. However, the aim of this work was 
to demonstrate the concept of the OrthoCT technique. 
Therefore, optimizing the acquisition system, including 
considerations of dead time, was not considered within the 
scope of this study.

2.5.1. Relative gain of each prototype channel

To proceed with the calibration, the relative gain of 
each channel was determined. The diagram in Figure  12 
outlines the procedure used. The phantom was initially 
irradiated at the −60  mm position (coincident with the 
isocenter) and then shifted 7.6 mm to the right (i.e., away 
from the linac head). This distance corresponds to the 
pitch value of the detector. As illustrated in the diagram, 
the phantom region covered by channel 1 in the first 
irradiation position corresponds to the area of channel 2 
in the second irradiation position. The same relationship 
is verified between channels 2 and 3 and channels 3 and 4. 
Thus, it is possible to relate the gain of the fourth channel 
to the gain of the third one. Similarly, the gain of channel 
2 can be related to that of channel 3, and finally, that of 
channel 1 to channel 2. Five measurements were taken for 
each phantom position, and the average value was obtained 
for each channel.

2.5.2. Longitudinal scan along the phantom

To obtain a longitudinal scan, the phantom was moved 
from Z = −60  mm to Z = +60  mm in steps of 10  mm 
(distances as defined in the experimental setup depicted 
in Figure 11).

2.5.3. 2D scan of air cavity region

A 2D image of the air cavity region was obtained. For this 
purpose, longitudinal scans were performed at different 
heights, effectively creating a 2D scan in the region of the 
air cavity. The longitudinal scans covered an area between 
Z = −62 mm and Z = +70 mm with steps of ΔZ = 22.8 mm. 
In the vertical direction, the step size was ΔY = 5  mm, 
encompassing the region from Y = −30 mm to Y = +30 mm. 
It is important to note that Z represents the longitudinal 
direction, while Y expresses the vertical one. The prototype 
channels 1, 2, and 3 were used to obtain the 2D scan, while 
channel 4 was solely employed to generate the gate signal.

2.5.4. Profiles with background subtraction

The influence of subtracting a background measurement on 
the technique’s ability to detect variations between PMMA 
and air was analyzed. The background measurement 
involved obtaining count spectra without the phantom 
positioned in front of the detector. All parameters were kept 
the same as described in Figure 11, except for the presence 
of the phantom. Five irradiations were performed without 
the phantom, and the average value obtained from these 
five spectra was used as the background measurement for 
the corresponding channel. The background-subtracted 
profiles were then obtained using the data acquired in 
sections 2.5.2 and 2.5.3.

3. Results and discussion

3.1. Relative gain of each prototype channel

The µ values obtained for each irradiation position and the 
corresponding average value are shown in Table 1. Taking 
G1, G2, G3, and G4 as the gains of channels 1, 2, 3, and 4, 
respectively, the relative gains can be expressed as follows:
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Figure 12. Scheme of the procedure used to determine the relative gain 
of each channel. The phantom was irradiated at two different positions: it 
was first irradiated at Z = −60 mm and then moved 7.6 mm to the right 
(i.e., away from the linac head).
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This means that using channel 1 as the reference, the 
values obtained for channels 2, 3, and 4 must be multiplied 
by 1.1791, 1.3376, and 1.1650, respectively, to calibrate the 
relative gains. It should be noted that as the position of 
the phantom varies, the geometry of the system changes, 
including the distance from the source to the surface of the 
phantom. In addition, the cross-sectional area of the beam 
changes due to its divergence. This could potentially change 
the relative gain between the two channels. However, the 
induced variations were considered to be minimal and 
therefore were not taken into account in the approach used 
to calculate the relative gains.

3.2. Longitudinal scan along the phantom

The profile obtained from the longitudinal shift of the 
phantom is shown in Figure  13: the red squares depict 
channel 1, the green triangles represent channel 2, and the 
blue diamonds and black circles correspond to channels 
3 and 4, respectively. The profiles of channels 2, 3, and 4 
were multiplied by the corresponding gain calibration 
values. In addition, the profile was normalized to the point 
at the most proximal position, in this case obtained with 
channel 1 (Z = −60 mm). The relative statistical errors were 
calculated as follows:

( ) σε
µ

= ×%  100
 r N

� (III)

where µ and σ correspond to the mean and standard 
deviation, respectively, obtained from a Gaussian fit of N 
samples. The error values were all below 0.31%. Analysis 
of the plots shows a good correlation between the depth 
profile and the position of the air cavity. In other words, 
the air cavity is clearly distinguishable, even though there 

Table 1. Determination of the relative gain of each channel: Value obtained for each irradiation position and the corresponding 
average

Position 1 Irradiation # Channel 1 Channel 2 Channel 3 Channel 4

1 1030.94 865.85 760.38 860.28

2 1037.98 867.30 760.27 867.34

3 1035.00 866.08 762.08 862.40

4 1034.38 871.09 756.20 861.28

5 1035.38 866.77 759.73 861.21

Average 1034.74 867.42 759.73 862.50

Position 2 1 1043.04 875.81 763.28 868.45

2 1043.13 875.51 762.99 870.87

3 1035.89 879.55 763.80 873.44

4 1035.89 875.89 762.01 875.11

5 1040.27 881.16 771.06 873.38

Average 1039.64 877.59 764.63 877.25

Figure  13. The profile obtained from the longitudinal scan along the 
phantom: the red squares depict channel 1, the green triangles represent 
channel 2, and the blue diamonds and black circles correspond to 
channels 3 and 4, respectively.

is a variation in the relative counts of about 12% (in 
approximately 50 mm of PMMA). It can also be seen that 
the number of counts decreases along the phantom depth 
due to the decrease in intensity of the X-ray beam as it 
penetrates the target.

3.3. Two-dimensional scan of air cavity region

Figure  14 depicts the experimental results obtained from 
the 2D scan of the air cavity region. The upper left panel 
shows the raw data obtained from the experiments. The 
upper right panel shows the count distribution obtained 
after data normalization in the horizontal direction (i.e., all 
the measured data points were divided by the value obtained 
by averaging the values represented in the first column). 
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It should be noted that the area covered by the scan in the 
horizontal and vertical direction is 132  mm and 60  mm, 
respectively. The pixel size is 7.6  mm in the x-plane (i.e., 
along the beam direction) and 5 mm in the y-plane (vertical 
direction). In both images, it is possible to observe the decay 
progression as the radiation penetrates through the phantom 
in the longitudinal direction. The air cavity region is also 
clearly visible. The lower part of the image shows the result 
of applying vertical normalization to the acquired data. The 
normalization factor used for each column was the average 
value obtained from the measurements at the two highest 
beam positions (i.e., positions Y = 30 mm and Y = 25 mm). 
The implementation of such a procedure yields an image 
with a homogeneous intensity (i.e., reducing the effect of 
beam intensity decay along the depth of the phantom in the 
OrthoCT image), facilitating a direct analysis of the obtained 
intensities in PMMA and air. In this case, the maximum 
relative error for each beam position was lower than 0.33%. 
Furthermore, in this scan, the air cavity is clearly visible. 
Nevertheless, the sensitivity of the system is low, as the relative 
variation in counts between the homogeneous region of the 
phantom (calculated by averaging the intensities in the Y = 
0 mm and Z = −60 mm region of the vertically normalized 
image) and the air cavity (averaging the intensities in the Y = 
0 mm and Z = 0 mm region of the same image) is only about 
5% (it drops from values close to 1 to around 0.95).

3.4. Profiles with background subtraction

Table  2 presents the measured background values for 
each channel. The values for channels 1, 2, 3, and 4 
were determined to be 761.77, 650.36, 576.98, and 
641.78, respectively. The relative gains of the channels 
were recalculated, taking into account the background 
subtraction. The values in Table  1 were used with the 

Table 2. Determination of the background of each channel: 
values obtained for each irradiation and the corresponding 
average

Irradiation # Channel 1 Channel 2 Channel 3 Channel 4

1 763.08 644.70 573.04 641.64

2 760.82 649.59 579.90 641.63

3 762.22 655.75 571.46 642.27

4 765.42 647.83 579.10 641.27

5 757.33 653.91 581.41 641.67

Average 761.77 650.36 576.41 641.78

corresponding background subtraction, resulting in the 
following relative gain values:

Figure 14. Results obtained from 2D scanning in the air cavity region. The top panels show the results obtained directly from the measured data (left) and 
after applying normalization to the data in the horizontal direction (right). The bottom panel shows the result obtained after applying vertical normalization 
to the measured data.

Figure  15. The profile obtained from the longitudinal scan along the 
phantom with background subtraction: the red squares depict channel 1, 
the green triangles represent channel 2, and the blue diamonds and black 
circles correspond to channels 3 and 4, respectively.
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G1 = 1.2013 G2; G1 = 1.3896 G3; G1 = 1.1019 G4

Figures  14 and 15 display the scans obtained after 
background subtraction. It is noteworthy that the profiles 
with background subtraction were derived from the data 
detailed in sections 3.2 and 3.3. In Figure  15, the profile 
from the longitudinal scan along the phantom is presented. 
The red squares depict channel 1, the green triangles 
represent channel 2, and the blue diamonds and black 
circles correspond to channels 3 and 4, respectively. The 
profiles from channels 2, 3, and 4 were multiplied by their 
corresponding gain factors. All data points were normalized 
to the point at the most proximal position, obtained with 
channel 1 (Z = −60 mm). The maximum observed relative 
error was 𝜀r,t=0.32%, calculated as follows:

( )ε ε ε= +2 2
, ,%  r t r r b

� (IV)

Where 𝜀r was calculated according to Equation III, and 
𝜀r,b refers to the background measurement error and is 
given by
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Where ∝  and σ  represent the average values of the 
mean and standard deviation obtained from the five 
background measurement profiles, respectively, and N1, 
N2, N3, N4, and N5 are the numbers of samples measured in 
each dataset.

Figure 16 depicts the results of the 2D scan in the air 
cavity region after background subtraction. The image 
in the top left corner shows the results obtained directly 
from the measured data. The top-right image displays 

the results after horizontal normalization. The bottom 
image represents the results after vertical normalization of 
the measured data. The normalization factors used were 
similar to those specified in section 3.3. The maximum 
relative error was 𝜀r,t = 0.33%.

The analysis of the two figures indicates an enhancement 
in the capability to distinguish the air cavity. The longitudinal 
scan exhibited an average decrease of approximately 45% 
compared to the maximum point. In the scenario without 
background subtraction, this variation was around 12%. In 
the vertically normalized 2D scan, the relative variation in 
counts between the homogeneous region of the phantom 
(calculated by averaging the intensities in the Y = 0 mm 
and Z = −60  mm region of the vertically normalized 
image) and the air cavity (averaging the intensities in the 
Y = 0  mm and Z = 0  mm region of the same image) is 
approximately 23% (it drops from values close to 1 to values 
around 0.77). This result is notably higher than the 5% value 
obtained in the scenario without background subtraction. 
Therefore, subtracting the background measurement from 
the profiles enhances the ability of orthogonal ray imaging 
to distinguish between PMMA and air.

4. Conclusion
This paper presents the prototype developed and 
constructed as part of this study, along with the results 
of testing conducted in a radiotherapy environment. The 
experiments were performed using the TrueBeam™ linac 
installed at Coimbra Hospital and University Centre, 
operating at 6 MV in the flattening filter-free mode. The 
background radiation emanating from the linac head 
hinders the detector’s proper operation by obscuring the 
signal emitted from the irradiated target. It is worth noting 

Figure 16. Results obtained from 2D scanning in the air cavity region, after background subtraction. The top panels show the results obtained directly from 
the measured data (left) and after applying normalization to the data in the horizontal direction (right). The bottom panel shows the result obtained after 
applying vertical normalization to the measured data.
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that this background has a more pronounced impact 
on orthogonal ray imaging measurements due to the 
utilization of very small irradiation fields (5 mm × 5 mm). 
Although impossible to eliminate entirely, the impact of this 
background on the obtained profiles has been significantly 
reduced. This was achieved through the utilization of 
approximately 315 kg of shielding material, consisting of 
Cerrobend and lead. The necessity for such a substantial 
amount of shielding material was also influenced by the 
geometry of the system. Building a more compact system, 
using, for example, silicon photomultipliers directly 
coupled to the scintillation crystals, will decrease the 
quantity of shielding material needed.

Obtaining background-subtracted profiles improved 
the ability to discriminate the air cavity placed at the 
center of the PMMA phantom. This work experimentally 
demonstrated the capability of OrthoCT to obtain 2D 
images of the morphology of targets in the region of 
interest without the need to rotate the linac around them.

To ensure sufficient statistics, the 2D images were acquired 
with an irradiation time of 45 s per phantom position. This 
was due to the dead time of the acquisition system and the use 
of the absolute maximum amplitude of each detected event 
to create the corresponding profiles. For example, analyzing 
the signals in the current integration mode can enhance the 
statistical significance of the collected data. This is because 
it integrates a signal that is correlated with the energy of all 
events detected by the system. Simulation results indicate 
that 10 mGy is sufficient for obtaining OrthoCT images.10 
Therefore, in the current integration mode, similar images 
to those shown in Figure  16 can be obtained with a total 
irradiation time of only 1.3 s. This statement is based on the 
fact that the TrueBeam linac delivers approximately 10 
mGy every 100 ms, and the images were obtained from 13 
vertical beam positions.
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Abstract
Recent advancements in negative hydrogen (H-) or negative deuterium (D-) ion 
source technology as well as the commercial availability of high-frequency AC high-
voltage power supplies have enabled the development of mini neutron/gamma-
ray generators using low-energy nuclear reactions. These generators can provide a 
useful flux of high-energy neutrons or gamma photons in either pulsed or continuous 
operations. With the new mini generator, intraoperative radiotherapy as well as 
treatment of tumors in the brain, skin, breast, salivary gland, pancreas, liver, and 
kidney can be performed using external or internal neutron/gamma-ray beams. The 
new radiotherapy system is very compact and requires very low power for operation, 
enabling its location inside an operation room of a hospital or clinical facility.

Keywords: Neutron; Gamma-ray; Cancer therapy; Intraoperative radiotherapy; 
Brain tumor; Boron neutron capture therapy

1. Introduction
Radiotherapy tools based on photons or electrons are commonly used in clinical facilities. 
Most superficial cancers have been treated with low- or high-energy X-ray machines 
and electron accelerators, unfortunately, with little effectiveness. Neutron radiation 
therapy is a high linear energy transfer (LET) type of radiation with a higher relative 
biological effectiveness (RBE) compared to conventional X-ray therapy. Fast neutrons 
are very effective in the treatment of some types of tumors such as refractory Merkel cell 
carcinoma1 and malignant salivary gland tumors.2 So far, the neutrons used for radiation 
therapy are mostly provided by fission reactors or accelerator-based neutron sources. 
Since these systems are large and accessibility is difficult, neutrons are not commonly 
employed in cancer therapy treatments.

The development of compact and high-flux neutron/gamma-ray generators for 
radiotherapy has only occurred in recent years. Martellini et al. have recently reported 
a radiofrequency (RF)-driven D+ ion-based d-d neutron generator for intraoperative 
radiotherapy (IORT) purposes.3 Persuad et al. tested a tandem accelerator-based gamma 
generator for producing 6-  and 7-MeV gammas from the p-19F reaction.4 However, 
the size of this gamma generator is not small and the flux is too low to be useful for 
radiotherapy. Recent experimental investigations demonstrated that a substantial 
amount of H−/D− ions can be produced by thermal desorption processes.5 Based on 
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these new findings, mini neutron/gamma-ray tubes are 
now being developed which can eliminate most issues 
from the larger positive H+/D+ ion-based neutron/gamma-
ray generators. Using a high-frequency AC high-voltage 
supply, short pulses of high-intensity neutron or gamma-
ray beams can be generated using the d-d, d-10B, d-7Li, 
p-7Li, or p-19F nuclear reactions.6 This article describes 
the design and development of these mini tubes and their 
applications for neutron or gamma-ray cancer therapy.

2. Mini neutron tube for external neutron 
beam therapy
Figure 1 shows a schematic diagram of the mini neutron 
tube design. This neutron tube is made of Pyrex glass with 
a diameter and length of 2.5  cm and 8  cm, respectively. 
A  slotted thin titanium foil (0.1-mm thick and 2  cm in 
diameter), used as a H−/D− ion emitter, is located at one 
end of the tube while a beam target electrode is located 
at the opposite end. The beam target electrode (~2 cm in 
diameter) is positively biased with respect to the emitter 
foil. To produce H−/D− ions by thermal desorption 
processes, hydrogen or deuterium gas and cesium vapor 
are initially introduced into the glass tube. The temperature 
of the titanium foil can be varied by adjusting the heating 
current. When the temperature of the titanium foil reaches 
250°C, copious amounts of D− ions are emitted.5 These D− 
ions are accelerated to the titanium target electrode where 

2.45 MeV neutrons will be produced by the d-d fusion 
reaction. Titanium is used as the target material because 
it is capable of absorbing a large number of deuterium 
atoms on the surface, thereby enabling more d-d reactions 
to occur and enhancing the neutron yield. Without an 
ion source chamber, the size of the neutron generator is 
significantly reduced. In addition, complex power sources 
such as an RF or microwave generator and its matching 
network are eliminated,7 and a simple heater power supply 
is all that is required to produce the H−/D− ion.

For low ion beam current, the neutron tube can be 
operated with a DC high voltage (~100 kV) power supply. 
To achieve a high neutron yield, a higher D− ion beam 
energy is needed. Today, commercial high-frequency AC 
high-voltage supplies are readily available. These compact 
AC high-voltage power sources are commonly found in 
portable dental X-ray machines. Peak voltage between 
500 kV and 2 MV (with peak current in tens of mA) can 
be obtained with these power supply units. Using these 
high-voltage power sources, the mini d-d neutron tube can 
produce a high peak flux of 2.45 MeV neutrons suitable for 
cancer therapy. The average neutron yield depends on the 
duty factor (DF) of the ion beam operation. As an example, 
if the mini tube is operated with 500 kV, 10 mA of D− beam 
power, the peak neutron yield is 5 × 1010 n/s. The average 
neutron yield is 5 × 108 n/s if the DF is 1%. If the D− beam 
power is increased to 1 MV, 10 mA, then the peak neutron 

Figure 1. The mini neutron tube based on thermally emitted H−/D− ions. Diagram created by the authors.
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yield becomes 2 × 1011 n/s and the average neutron yield is 
2 × 109 n/s for 1% DF operation.

The beam target for the d-d neutron tube is a round 
copper disk. It is coated with a thin layer of titanium on the 
one side. Deuterium atoms are absorbed on the titanium 
surface. Under ion beam bombardment, the temperature of 
the target electrode will increase. If the temperature exceeds 
250°C, most of the deuterium atoms will evaporate away. 
The probability for the d-d fusion reaction to occur becomes 
smaller. To maintain a high neutron yield, the target electrode 
must be cooled by compressed air. For a 1 MV, 10  mA 
D− ion beam, the power density on the target electrode 
with a diameter of 2 cm is about 3 kW/cm2 for continuous 
operation. For 1% DF pulsed operation, the power density 
is only 30 W/cm2. Air cooling can easily maintain the target 
temperature below 250°C. Figure 2 shows a prototype mini 
d-d neutron tube. The D− ion emitting foil is located at the 
one end while the titanium target is at the opposite end 
of the glass tube. The titanium target electrode is housed 
inside a high-density polyethylene cylinder for high-voltage 
insulation and air cooling arrangement. The tubings for the 
gas inlet and outlet are both installed at the center of the 
glass tube. The entire assembly is about 17-cm long.

Neutron therapy can be administered to a cancer patient 
either in the form of an external or an internal neutron 
beam. If the tumor is located near the surface of the body, 
a neutron beam can be applied externally to the tumor. In 
this case, a single mini d-d neutron tube can be employed. 
For 2.45 MeV d-d neutrons, the absorbed dose as a 
function of depth in water should be quite similar to those 
of the d-Be neutrons. The peak of the absorption curve 
occurs at ~2 cm.8 By placing the target electrode of the d-d 
neutron tube adjacent to the skin or breast tumor, one can 
deliver the highest available neutron dose to the tumor. 
With the diameter of the beam target electrode properly 
optimized, one can control the neutron irradiation area 
without performing beam scanning.

If the neutron dose for a single neutron tube is not 
adequate, then a multi-D− ion emitter system can be 
employed to enhance the neutron output. Figure 3 shows 
the design of a more intense neutron source where seven 
D− ion beams from separate emitters are impinging on 
a single target electrode. Using a hemispherical shape 
titanium electrode, the target area will increase by a factor 
of two, thereby reducing the beam power density by the 
same factor while maintaining the neutron source size 
of 2 cm in diameter. With this arrangement, the total D− 
beam power density on the target electrode is ~100 W/cm2 
for a 1 MV, 70 mA, and 1% DF operation. Using forced-
air cooling, the temperature of the hemispherical target 
electrode can be kept below 250°C.

3. Mini neutron tubes for internal neutron 
beam irradiation
An RF-driven D+ ion-based d-d neutron generator has 
recently been applied for IORT through irradiation of 
tumor bed with 2.45 MeV d-d neutrons after removal of 
the solid cancer tumor.3 Monte Carlo simulations have 

Figure  2. A  prototype mini d-d neutron tube with the titanium target 
enclosed by a high-density polyethylene cylinder

Figure 3. Schematic diagram of the intense d-d neutron tube with seven 
D− ion emitters and a common titanium target electrode. Diagram 
created by the authors.
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demonstrated that operating the d-d neutron generator 
in continuous wave (CW), with a beam power of 100 kV 
and 10 mA, can generate a neutron yield of 3.3 × 109 n/s 
with a neutron flux ~ 8 × 107 n/cm2/s at the center of the 
irradiation window. The delivered dose rate is about 2 Gray 
(RBE)/min, resulting in 4 – 9 min of treatment time.3 The 
new mini d-d neutron tube can provide high peak neutron 
doses in pulsed mode operation. By operating the mini 
neutron tube at 500 kV and 10 mA of D− ion beam current, 
the peak neutron yield is 5 × 1010 n/s. The average neutron 
yield becomes 5 × 109  n/s for a 10% DF (1 ms, 100  Hz) 
operation. Thus, the treatment time should be about the 
same as the larger D+ ion-based d-d neutron generator. By 
positioning the beam target near the center of the tumor 
bed, one can further increase the neutron flux on the cavity 
wall. The near isotropic neutron emission will permit the 
irradiation or “sterilization” of the surrounding side walls 
of the cavity, therefore reducing the chance of cancer 
recurrences.

The surgical removal of a tumor is usually followed 
by an IORT procedure. Radiation in the form of photons, 
electrons, protons, or neutrons can be applied. It is essential 
to allow these radiation particles to reach all corners of 
the surrounding walls. In addition, the irradiation should 
be uniform on the cavity walls. The design of the mini 
neutron tube can be tailored to meet these requirements. 
Figure 4 shows the emission profile for the d-d neutrons 
when the interaction energy is 500 keV.9 The emission 
is not isotropic with the neutron yield in the forward 
direction (that is at 0°) being four times higher than that 
at 90°. On the other hand, the neutron flux varies as 1/
R2 where R is the distance between the cavity wall and 
the target electrode. To compensate for this difference in 
neutron emission, the titanium target cannot be planar in 
shape. Instead, a conical target electrode design should be 
employed. This conical target is located inside the spherical 
end of the applicator as shown in Figure 5. The shape and 
the position of the conical target can be optimized so that 
at any point on the target surface, the ratio of R(0°)/R(90°) 
maintains at 2. With this conical target arrangement, the 
d-d neutron flux on the spherical surface of the applicator 
will be uniform. A prototype of the mini neutron tube with 
the applicator arrangement is shown in Figure 6.

Since the neutron beam in this mini tube can be 
generated either in CW or in short-pulsed mode, one 
can investigate the so-called FLASH effect in neutron 
therapy.10 It has been observed that FLASH treatment in 
X-ray photon, electron, or proton therapy (using very high 
doses in very short pulses) can destroy the tumor cells but 
not the surrounding healthy tissue.10 The FLASH effect 
for neutron radiotherapy can be explored with the mini 
neutron tube for in vitro studies. If the results are successful, 

and irradiation is uniform on the surrounding walls, the 
mini neutron tube should be an ideal tool for performing 
IORT in cancer patients. The mini d-d neutron tube and its 
associated power supplies can all be mounted on a robotic 
arm, similar to a low-energy dental X-ray machine.

4. Mini neutron tubes for direct production 
of epithermal neutron
Epithermal neutrons in the range of 0.4 – 20 keV are 
desirable for some cancer treatments and to produce 
medical radioisotopes.6,7,11 They can be formed by 

Figure 4. Relative angular distribution for the d-d neutrons at 500 keV 
deuteron energy. Modified based on data from Csikai.9

Figure 5. Schematic diagram of the mini d-d neutron tube and applicator 
arrangement for intraoperative radiotherapy. Diagram created by the 
authors.
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moderating the 2.5 MeV d-d neutrons or the 10 and 
13 MeV d-7Li neutrons. Alternatively, they can be directly 
produced by employing the 7Li(p,n)7Be reaction near 
the threshold interaction energy (1.881 MeV).12,13 This 
approach to forming epithermal neutrons offers several 
advantages. First, as no moderation is needed, the 
epithermal neutron flux is higher. Second, the epithermal 
neutrons formed at near-threshold energy are directional 
with a mean neutron angle of approximately 200. Therefore, 
shielding is not needed on the side and at the back of the 
neutron generator. Third, the d-d and the d-7Li neutrons 
are emitted isotropically, therefore more than 50% of these 
neutrons produced are wasted but not the near-threshold 
produced p-7Li neutrons. In the past, this approach of 
generating epithermal neutrons was only carried out 
with a large 2 MV accelerator system such as a linac or 
a tandem accelerator. Using the new mini p-7Li neutron 
tube (Figure 1) and employing an AC high-voltage power 
supply, a compact high-yield epithermal neutron source 
can be developed for boron neutron capture therapy 
(BNCT) applications.14

BNCT is based on the high probability of a stable 
isotope 10B capturing a thermal neutron, thereby releasing 
two high-energy ions (4He2+ and 7Li+). Because of the high 
LET and RBE of these ions, only cells in close proximity 
to the reaction 10B(n, α)7Li are damaged, leaving adjacent 
cells unaffected. The enhanced uptake of the boron-labeled 
agent in tumor cells versus normal cells results in selective 
killing of tumor cells. Using the mini p-7Li neutron tube, a 
high flux of epithermal neutrons can be directly produced 
by operating the generator near the threshold interaction 
energy. On entering the patient’s body, these epithermal 
neutrons are moderated to thermal neutrons when they 

arrive at the tumor site. The distribution of epithermal and 
thermal neutron flux inside the body has been studied in 
detailed by Nakagawa in one chapter of the book.14 Using a 
1.9 MV and 10 mA H− ion beam with a diameter of 2 cm, 
the total neutron yield is 1.5 × 1011 n/s with mean neutron 
energy of 38 keV and a mean neutron angle of 230.12 For 
a H− ion beam with a diameter of 5 cm and an ion beam 
current of 70 mA, the average neutron yield for a 1% DF 
operation is approximately 1 × 1010  n/s, or an average 
epithermal neutron flux of 5 × 108 n/cm2/s, which is the 
recommended value for BNCT treatment.15

A single p-7Li neutron tube with a 5-cm diameter beam 
target can provide the required epithermal neutron flux 
for BNCT. Alternatively, one can employ a cluster of mini 
neutron tubes each operated with a 2-cm diameter target. 
Figure  7 shows a schematic diagram of a multi-neutron 
tube arrangement. There are six tubes surrounding the 
center one. These six neutron tubes are focused on the 
tumor providing the highest flux of thermal neutrons at 
the tumor site. With a total H− beam current of 70  mA 
(i.e.,  10  mA from each neutron tube), the combined 
epithermal neutron yield is 1 × 1010  n/s for a 1% DF 
operation. Since the orientation of these neutron tubes can 
be adjusted independently, the epithermal neutron beam 
from each tube can be focused onto the tumor. As a result, 
the thermal neutron flux reaching the tumor site will be 
higher than a single large tube. With recent advancements 
in boron drug development,16 the mini p-7Li neutron tubes 
should be the most compact and versatile tool for the 
treatment of cancer through BNCT.

5. Mini gamma-ray tube for the generation 
of 6 MeV photons
High-energy photons have found important applications in 
explosive and special nuclear materials detection, medical 
imaging, cancer therapy, radioisotope production, and 
structural analysis. Bremsstrahlung photons (or X-rays) 
with a continuum energy distribution are generated by 
high-energy electron accelerators. The end-point energy 

Figure 6. A prototype mini neutron tube with an applicator enclosing the 
conical titanium target. The spherical applicator head is changeable. The 
mini neutron tube and applicator system are approximately 25-cm long.

Figure  7. Treatment of brain tumor with multiple epithermal neutron 
tubes. Diagram created by the authors.
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of these X-ray photons is the acceleration voltage of the 
electron beam. Since most Bremsstrahlung photons 
have energies much lower than the end-point energy,8 
they may not be useful for the intended application and 
contribute significant doses to the surroundings while 
producing unwanted background radiation. The thick 
shielding needed to remove these lower energy photons 
results in an accelerator system that is generally quite 
large and not suitable for some applications. High-energy 
gamma photons (or gamma rays) can be produced by the 
decay of some radioisotopes. For example, cesium-137 
emits 662-keV gamma-rays and cobalt-60 emits a pair of 
1.13 and 1.33 MeV gammas. Due to their high activities, 
these radioisotopes are very compact and intense gamma 
sources. The drawbacks are that they are always “on,” 
require thickly shielded containers for safety purposes, 
and are regulated radioactive materials. The Gamma 
Knife device incorporates 201 cobalt-60 sources housed 
in the central body of the unit. These sources produce 
201 collimated beams directed to a single focal point 
(machine isocenter). A newly loaded Gamma Knife has a 
total activity of the order of 220 TBq (6000 Ci) providing a 
gamma flux between 2.8 to 7 × 109 γ/cm2/s at the isocenter.8 
In its main application for the treatment of brain cancer, 
the Gamma Knife provides a typical dose rate on the order 
of 1 – 2 Gray/min at the tumor site.8

Alternatively, megavolt-energy gamma rays can also 
be produced by bombarding a target with accelerated ions 
(e.g., protons or deuterons) to create nuclear reactions in 
the target. Of all these reactions, the 19F(p,αγ)16O reaction 
can produce high-energy gamma-rays of 6.1, 6.9, and 7.1 
MeV, which are suitable for radiotherapy applications.8 
Using the p-19F reaction, coupled with a mini gamma-
ray generator, one can produce a useful gamma yield and 
energy for the radiotherapy treatment of cancer. The mini 
gamma-ray tube has a similar design and operation as the 
mini neutron tube. A schematic diagram of an axial-type 
mini gamma-ray tube is shown in Figure 8. A slotted thin 
titanium foil is used as the H− ion emitter. The emitted H− 

ions are then accelerated to the target electrode where the 
p-19F gammas are produced.

The p-19F reaction has a high resonance cross-
section of 160 mb at 340 keV proton energy. It also has 
two resonances at ~900 keV proton energy. To take 
advantage of the high resonance cross-section for gamma 
production, the H− ions need to be accelerated to energies 
of 1 MeV or higher. Thin layers of CaF2 or MgF2 can serve 
as the target materials. The thick-target gamma yields 
have been measured for incident proton energies between 
1.5 and 4 MeV.17,18 From the result of these measurements, 
the thick-target gamma yield for a 1 MeV proton beam is 
estimated to be about 2 × 1010 γ/mA/s. By operating the 
mini gamma-ray tube at 10% DF, the average gamma-ray 
yield is 2 × 109 γ/mA/s. Assuming the tumor is located 
2 cm from the surface, the gamma flux at the tumor site 
will become 4 × 107 γ/mA/cm2/s. This flux can be greatly 
increased by employing the multiple tube arrangement 
as illustrated in Figure 7. With seven mini tubes (each 
operating at 1 MV, 10 mA, and 10% DF), the total gamma 
flux at the tumor site can exceed 2.8 × 109 γ/cm2/s. This 
estimated gamma flux at the tumor site is approximately 
the same as that of the Gamma Knife.

There are several advantages in using multiple mini 
tubes for brain tumor treatment. First, the gamma beams 
can be turned off when they are not in use. Second, the 
energy of the p-19F gamma photon is higher than that of 
the Gamma Knife. They have better tumor penetration 
ability. Therefore, cancer treatment is more effective for the 
gamma tube system.8 Third, since the gamma beams are 
operating in short pulses, FLASH photon therapy can be 
performed in the mini gamma tube system.10 Fourth, the 
machine and maintenance cost for the single or multiple 
gamma tube system is much lower than that of the Gamma 
Knife. Fifth, the gamma tubes can be mounted on a robotic 
arm. Besides brain tumors, they can be used to treat other 
types of cancer in the body. As the entire gamma tube 
system is very compact, it can be conveniently located in 
any hospital or medical clinic.

6. Conclusion
Mini neutron/gamma-ray tubes based on thermal emission 
of H−/D− ions can provide a high flux of neutrons/gamma-
photons in pulsed mode operation. The mini neutron/
gamma-ray tube can be operated from hundreds of kilo-
volts to 1.9 mega-volts to generate high-flux and high-
energy neutrons or gamma-photons. These new mini 
neutron/gamma-ray tubes can be used in IORT, skin and 
breast cancer treatment, as well as treatment of brain and 
other types of tumors. A  prototype of the mini tube is 
being assembled. It will be evaluated for neutron/gamma-

Figure  8. The mini p-19F gamma-ray generator based on thermally 
emitted H− ions. Diagram created by the authors.
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ray production before being employed for therapeutic 
uses. The mini neutron/gamma-ray tube system can 
be conveniently located in a clinical facility or inside 
the operational room of a hospital. If neutron/gamma 
radiotherapy is proven successful in removing all common 
types of tumors, it may become a standard therapeutic tool 
for cancer treatment.
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 Determining beta radiation doses from Y-90 
microsphere for the treatment of hepatic tumors 
by using Monte Carlo and analytical methods
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Abstract
The very short range of beta radiation is a potential radiation treatment for tumor, which 
can preserve sensitive structures. However, due to the limited range of beta radiation, 
practical dosimetry of beta sources may be a point of concern, and theoretical dosimetry 
methods play an important role. A resin microsphere loaded with the Yttrium-90 (Y-90) 
radionuclide can be applied in the radioembolization of hepatic tumors. In this work, 
we present initial calculations of dose rates around a microsphere loaded with the Y-90 
radionuclide uniformly distributed on its exterior surface. Two approaches were used 
to carry out the estimations: the first one by means of Monte Carlo simulations using 
the PENELOPE code and the second one by means of the beta-point dose function 
formalism. A Fortran code was developed to handle with the various quantities necessary 
to perform the numerical integration of the beta-point dose function. A comparison 
between results obtained by means of both methods indicated a maximum difference 
of ~5% up to the 0.3 cm distance from the center of the sphere.

Keywords: Radioembolization; Beta particles; Yttrium-90; Monte Carlo method; Beta-
point dose function

1. Introduction
Beta radiation plays an important role in the treatment of several kinds of diseases.1 
The short range of beta particles and their high dose gradient make them an attractive 
clinical option for brachytherapy treatments. In particular, there is an increasingly use 
of radioembolization with Yttrium-90 or Holmium-166 to treat primary and metastatic 
liver tumors.2-12 Radioembolization consists of the administration of radioactive 
microspheres to the target region through a catheter in a hemodynamic procedure.13 
By lodging in the dysfunctional tissue through the local vasculature, in addition 
to producing sufficient doses of radiation to promote the death of tumor cells, the 
embolization generated prevents the arrival of oxygen and nutrients to this region, 
enhancing the desired effect.14 There are two commercial types of microspheres loaded 
with Y-90: those of resin (Sir-Spheres®, Sirtex Medical Ltd., Sydney, Australia) and 
those of glass (Therasphere®, Boston Scientific, Boston, MA, USA); and there are also 
the microspheres of PLLA (poly-L-lactic acid) loaded with Ho-166 (QuiremSpheres®, 
Quirem Medical B.V., Deventer, The Netherlands).2
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In this study, estimations of the beta dose rates alongside 
the radial distance of a microsphere containing the 
Yttrium-90 radionuclide were performed. Yttrium-90 has 
a physical half-life of 2.7 days and emits beta particles with 
a maximum energy of 2.28 MeV (mean energy of 0.933 
MeV) and with a mean range of 0.25 cm. These properties 
make it a suitable beta emitter to be used in brachytherapy 
treatment of hepatic tumors.2-12

In this work, we present initial calculations of dose 
rates around a microsphere of radius R loaded with the 
Y-90 radionuclide uniformly distributed on its exterior 
surface (Figure  1). Two approaches were used to carry 
out the estimations: first by means of Monte Carlo (MC) 
simulations using the PENELOPE code, version 2014;15,16 
and second by means of the beta-point dose function 
formalism.17-19 A Fortran code (some versions of compiler 
can be freely downloaded from the web) was developed 
to perform the numerical integration of the beta-point 
dose function.20,21 A comparison between the calculations 
obtained by MC simulation and the results obtained by 
means of the beta-point dose function was made, and a 
good agreement was found between the results considering 
these two calculation methods.

It should be noticed that the dosimetric evaluation of 
a single microsphere provides essential insights into the 
fundamental behavior of the beta radiation emitted by Y-90 
at a micro-scale. This foundational knowledge is crucial 

for understanding the dose distribution around individual 
microspheres, which is a building block for modeling more 
complex systems involving multiple microspheres.

2. Materials and methods
In this study, we consider a unique sphere containing 
the Y-90 radioisotope distributed uniformly over its 
external surface, as well as SIR-spheres microspheres 
which are manufactured from resin [poly(styrene-co-
divinylbenzene)] and biocompatible material, and are 
intended for permanent application (SIR-Spheres®, Sirtex 
Medical Ltd., Sydney, Australia).2

In clinical practice, Y-90 microspheres are 
often distributed heterogeneously within the liver. 
Understanding the dose distribution from a single 
microsphere allows for better modeling of scenarios where 
clusters of microspheres form regions of varying radiation 
intensities. This knowledge can improve the accuracy of 
dose calculations in heterogeneous distributions, leading 
to more precise treatment planning.

2.1. Monte carlo calculation

In this work, the dose rates along the radial distances of 
the resin Y-90 microsphere were simulated using the 
PENELOPE code, version 2014.15,16 With the PENELOPE 
code, it is possible to simulate negative beta particles, 
positrons, and photons cascades initiated by a primary 
incident particle.

All simulated materials were generated using the 
material.f program, which is part of the PENELOPE 
package. Once the information about the materials is 
known, the program interface prompts the user to enter 
relevant information such as the number of chemical 
elements in the material, their atomic numbers, their 
stoichiometry or mass fraction per element and density. 
Once the main data is provided, the software calculates the 
average excitation energy, the estimated oscillator strength, 
and the plasmon energy.

In the in.in input file, the necessary parameters 
were defined for the simulation to occur as expected, 
considering the variables of the simulated problem 
and computational time optimization criteria. When 
building this file, important aspects were defined, such 
as the type of simulated particle and its energies, the 
spatial arrangement of the emitting source and the 
target material, the geometry file name that contains the 
information about the emitting body and its dimensions, 
the emission direction, the desired output files, among 
other important parameters, such as simulation time and 
number of simulated stories.

Figure 1. The geometry of the sphere with the Yttrium-90 radionuclide 
distributed on its surface used throughout calculations
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The target material for simulated energy deposition 
was the liver tissue described by the ICRU report 44,22 
with a density of 1.06  g/cm3. To generate the sphere, 
the PENGEOM package was used, which is capable 
of producing objects to be included in the simulation 
from quadric surfaces, which means that from a set of 
second-degree equations, it is possible to reproduce 
objects that are part of the simulation, like the analyzed 
microsphere.

In the case of the resin microsphere, in which the 
radioactivity is only found in more superficial layers of 
the microsphere,14 we decided to create a second spherical 
surface around an inactive core, thus creating a body of the 
type of spherical shell in which the emission of radiation 
was defined, with a chemical composition identical to that 
of the nucleus. Due to the absence of specifications in the 
literature or manufacturer, the shell thickness was set as 
1 μm.

The Y-90 beta emission spectra used for the 
simulations, in which we have curves of intensity (dN/
dE) as a function of energy, were obtained through the 
Evaluated Nuclear Structure Data File database, which has 
updated information on more than 3000 nuclides and its 
properties.23 The obtained spectrum was integrated and 
normalized to represent the energy spectrum in terms 
of probabilities, ensuring that the sum of individual 
probabilities equaled to one.

The GRIDR tally was chosen, in which spherical 
symmetry was assumed and the energy per unit of mass 
was integrated radially as a function of the distance from 
the origin of the system. As the center of the microsphere 
and the target tissue coincide with this point, the function 
provides exactly the radiation dose as a function of the 
distance from the microsphere.

Since the PENELOPE code allows the resumption of 
interrupted or already completed processes by changing 
the stopping criterion, the number of simulated primary 
particles was increased until the statistical uncertainty 
(3 standard deviations – presented in the output file) 
relating to the absorbed dose of each of the bins presented 
a value of <1% in relation to the dose absorbed into this 
mass element. The final number of simulated primary 
particles was 109.

2.2. Beta-point source dose function calculation

The function that describes the absorbed dose rate J (ξ) 
around a beta-point source as a function of the distance ξ 
can be expressed by Vynckier and Wambersie.18,19
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Where r is the medium density and n is the absorption 
coefficient, with
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The parameter B is a normalization constant given as 
a function of the dimensionless parameters c and f by the 
following expression:
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where Eβ  is the mean kinetic energy of the beta particles.

Equation I was obtained by Vynckier and Wambersie18,19 
from the expression firstly proposed by Loevinger17 to 
obtain a better fit of the beta function to new experimental 
and theoretical data.

In Equation I, we consider that the medium has density 
r = 1  g/cm3, and the radioactive material is uniformly 
distributed on its surface. Thus, considering spherical 
coordinates, the absorbed dose rate D  at point P0(x0, y0, z0) 

along y-axis (Figure 1) can be written as:
D a J dS R a J d dS S� � � � � ��� ��� � � � �. .sin ,2 � (IV)

Where as is the area activity. The angle q is the azimuthal 
angle in the xy-plane from the x-axis with 0 ≤ q ≤ 2p; f is 
the polar angle from the positive z-axis with 0 ≤ f ≤ p; and 
the radial coordinate is the constant radius R.

The distance from the point source on the sphere to the 
point of interest P0 is related to the spherical coordinates 
given by:
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The dose rate given by Equation IV was numerically 
evaluated by means of a Fortran code, and results 
were compared to simulation data obtained using the 
PENELOPE code.

A Fortran code was developed to perform the numerical 
integration of the beta-point source dose function 
according to the above equations to obtain the absorbed 
dose rates along the radial distance of a microsphere 
containing the Y-90 radioisotope distributed over its area. 
The radius of the sphere was 16 µm and its activity was 50 
Bq, and in the above equations, the parameters c, f, υ, and 
Eβ  are, respectively, 0.95, 4.48, 5.05 cm2/g, and 0.933 MeV 
for Y-90.20,21

3. Results and discussion
In Figure 2, the absorbed dose rates in water are shown for 
the Y-90 microsphere as a function of the radial distance 
from the center of the microsphere, from 0.03  cm up to 
1  cm. Results were normalized to the 0.03  cm radial 
distance, and values obtained from both approaches (MC 
and Loevinger formalism) clearly indicate a pronounced 
reduction in dose rate along the radial distance. Dose 
rates dropped to 50% of the reference value at 0.042 cm, 
to 20% at 0.066 cm, to just 5% at 0.129 cm, and became 
negligible from 0.27  cm onward. These findings showed 
that a considerable amount of beta energy is absorbed by 
tissue stretching for a short distance. Differences between 
results from the two theoretical methods were at most ~5% 
up to a distance of 0.3 cm from the sphere’s center.

The short range of beta particles in tissue can be an 
advantage in radiotherapy treatments of hepatic tumors. 

Because of the rapid dose decline in tissue, the beta source 
can deliver a high dose of radiation to the target volume, 
while sparing the adjacent healthy structures. However, 
because of the experimental limitations of beta radiation 
dosimetry, simulation and analytical calculation methods 
can be used to estimate the radiation doses of beta emitters. 
In this work, we used the MC technique (PENELOPE code) 
and the beta-point dose function formalism to evaluate the 
radiation doses from a microsphere intended to be used 
in the treatment of hepatic tumors, and the results of the 
two approaches were compared. Although MC simulation, 
mainly because of its higher accuracy, is the method of 
choice in evaluating the interaction of ionizing radiation 
with matter and estimating the radiation dose, the beta-
point dose function calculation showed a good agreement 
with the simulation method used in this study, mainly at 
relevant clinical distances. This may encourage the use 
of analytical calculation as a dosimetry method for beta-
emitting nuclides, mostly because the calculation method 
produces the result faster than the simulation technique, 
making it a good dosimetry option for clinical practices. 
When considering the beta-point dose function as a dose 
calculation method, complex geometries should not be 
considered because of the inaccurate results. In this case, 
the MC methods eclipse the analytical methods. While 
point source approximations are commonly used, they 
may not always capture the nuances of the actual dose 
distribution from a microsphere. By comparing the detailed 
dosimetric profile of a single microsphere to that of a point 
source approximation, our study can identify potential 
discrepancies and provide more accurate dose predictions, 
enhancing the precision of dosimetric assessments, 
particularly in areas with high microsphere concentrations.

Insights from single-microsphere dosimetry can 
inform the optimization of microsphere distribution 
strategies. For example, understanding the dose fall-off 
and penetration characteristics of a single microsphere 
can help in planning the spatial arrangement of multiple 
microspheres to achieve uniform dose distribution while 
minimizing healthy tissue exposure. Our findings can 
be integrated into multi-microsphere dosimetry models 
to refine the overall dose calculations. Accurate single-
sphere dosimetry data can serve as inputs for Monte 
Carlo simulations or analytical methods that account 
for the cumulative effect of multiple microspheres. This 
approach ensures that the complex interactions between 
microspheres and their collective dose distribution are 
modeled more accurately.

4. Conclusion
In this work, two theoretical calculation methods were 
used to estimate the dose rates around a microsphere 

Figure  2. The dose rates as a function of the radial distance from the 
center of the microsphere with the Yttrium-90 radionuclide distributed 
on its external surface obtained by the beta-point dose function (solid 
line) and by Monte Carlo simulations (lozenges). Results are normalized 
to 0.03 cm distance.
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containing the Y-90 radioisotope, and a simple numerical 
calculation of beta particles radiation dose rates from 
one Y-90 microsphere that can be used in the treatment 
of hepatic tumors was performed. Despite the simplified 
assumptions adopted in the analytical/numerical method 
and the inherent computational limitations of the MC 
method, the calculation methods were able to reproduce 
the general trend of dose rate values on the radial distance 
of the Y-90 microsphere and may be used as an auxiliary 
tool in dose planning and also serve as a reference in future 
works concerning this kind of beta sources. However, 
it should be mentioned that there is a downside to the 
MC simulation techniques, which is their consumption 
time and heavy computation, which may hinder their 
use in clinical practice. Alternatively, although analytical 
calculation methods can estimate the radiation dose faster 
than the simulation techniques, there is no possibility to 
simulate more complex geometries and consider different 
types of materials. Results of a more complete study 
considering also the Thera (Yttrium-90, glass) and Quirem 
(Holmium-166, PLLA) microspheres will be reported 
soon.

This study focuses specifically on the dosimetric 
evaluation of a single microsphere loaded with the Y-90 
radioisotope, which, in some extent, has not been extensively 
explored. While it is valid to point out the practicality of 
evaluating dose estimates for different beta applicators, 
our work addresses an important aspect of microsphere-
based treatments. By analyzing the beta dose from a single 
microsphere, we provide insights that could be valuable for 
refining treatment strategies and optimizing dose delivery 
in targeted therapies. Beyond its immediate applications, 
our methodology can influence broader research in 
pharmacokinetics and pharmacodynamics, potentially 
leading to innovations in drug development and therapeutic 
strategies. In summary, our study provides a foundational 
advancement in dose calculation that not only addresses 
current challenges but also opens up new avenues for 
research and application in dosimetry. The principles of dose 
distribution and their implications for treatment planning 
are applicable to different radioisotopes, making our study 
valuable for a wide range of radionuclide therapies.
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Abstract
Co-occurrence of two types of cancers, especially lung and colorectal cancers is rare. 
This study investigated patients at Bach Mai Hospital who were diagnosed with two 
or three cancers. Only a few patients concurrently had two cancers. Positron emission 
tomography (PET)/computed tomography (CT) was used for the staging of cancer, 
especially synchronous malignancies. In this report, we have presented the case of 
a patient diagnosed with rectal and lung cancer based on CT, magnetic resonance 
imaging, and PET/CT scans as well as immunohistochemistry. Managing terminal 
synchronous cancers is challenging. The efficacy of the preferred anticancer therapy 
must be considered to ensure patients’ quality of life. Although the combination 
of tyrosine kinase inhibitor-targeted therapy and chemotherapy is promising, its 
toxicity remains unknown. Our patient received two cycles of mFOLFOX6, afatinib, 
and bisphosphonate. However, the treatment was discontinued due to grade  3 
stomatitis and grade  2 anemia. Despite recovery and partial response in terms of 
symptom and tumor marker reduction, the patient refused further treatment and 
chose palliative care.

Keywords: Two types of cancers; Lung and colorectal cancers; Tyrosine kinase inhibitors 
plus chemotherapy; Synchronous cancer; Afatinib plus mFOLFOX6

1. Introduction
While lung and colon cancers are two common malignancies, their co-occurrence is 
relatively rare, accounting for <1% of all cases of lung cancer. Moreover, bone metastasis 
in patients with colorectal cancer is rare.1 Positron emission tomography (PET)/computed 
tomography (CT) has been proven to improve the diagnostic performance of synchronous 
multiple cancers and expose more primary tumors and metastatic lesions. This study aims to 
report a rare case of a patient with synchronous lung and rectal cancer who was diagnosed 
with bone metastases from rectal cancer at the beginning. However, the understanding 
of the mechanisms implicated in multiple synchronous cancers remains limited, and 
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no guidelines for the management and treatment of this 
condition have been established. Recently, the combination 
of epidermal growth factor receptor (EGFR) tyrosine 
kinase inhibitors and chemotherapy has been investigated, 
especially in non-small cell lung cancer. The efficacy and 
safety profile of the afatinib plus 5-fluorouracil (5-FU) 
regimen has been evaluated in several studies. However, 
to the best of our knowledge, studies on the efficacy of the 
combination of mFOLFOX6 and afatinib are limited.

2. Case presentation
A 66-year-old male carpenter was admitted for severe 
low back pain and weakness in the lower extremities for 
over 1 month with no history of injuries or physical labor. 
He had a history of smoking (20 pack years) and a family 
history of a cousin with liver cancer (no relatives had 
colorectal or lung cancer). Clinical examination revealed 
limited lumbar mobility, reduced motor function of the 
lower extremities, and autonomic dysfunction.

Figure 1 shows a lumbar magnetic resonance imaging 
(MRI) scan with multiple osteolytic lesions of the 
lumbosacral vertebrae, which invaded the soft tissues and 
compressed the spinal cord and cauda equina.

A whole-body CT scan revealed a 25 × 28-mm solid 
nodule, with spiculated margin and pleural retraction, in 
the lower lobe of the right lung, indicating the presence 
of a primary malignant tumor; no abnormal regional 
lymphadenopathy was detected (Figure  2). Several 
enlarged focal hypodense presacral lymph nodes were 
also detected along the inferior mesenteric artery (IMA). 
The largest short-axis diameter of the lymph nodes was 
10 mm, with an uncertain gastrointestinal wall thickness 
(Figure 3). Multifocal osteolytic lesions were also detected, 

including a rib lesion that invaded the adjacent soft tissues 
(Figure 4).

Colonoscopy revealed an endoluminal ulcerated mass 
occupying half of the lumen circumference, which was 
located 10  cm from the anal verge (Figure  5). A  pelvic 
MRI scan showed a thickened high rectal wall with 
serosal invasion and multiple enlarged presacral lymph 
nodes along the IMA (Figure  6). The carcinoembryonic 
antigen (CEA) level was 323.2  ng/mL (normal range: 
0 – 3.4 ng/mL). The Cyfra 21 – 1 level was 11.11 ng/mL 
(normal range: 0 – 3.3 ng/mL).

Histopathological report of lung biopsy revealed that 
the primary lung adenocarcinoma was positive for thyroid 
transcription factor-1 (TTF-1) and napsin A and negative 
for cytokeratin 20 (CK20) and caudal-type homeobox 2 
(CDX2). Rectal biopsy samples revealed that the rectal 
adenocarcinoma was positive for CDX2 and negative for 
TTF-1. The biopsy specimen in the lesion of the rib showed 
adenocarcinoma, which originated from the gastrointestinal 
tract and was positive for CK20 and CDX2. These findings 
were consistent with the characteristics of synchronous 
lung and colon adenocarcinomas (Table 1 and Figure 7).

Further gene testing revealed an absence of Rat sarcoma 
(RAS), BRAF mutations, and proficient mismatch repair 
(pMMR) on rectal tumors, whereas lung lesions showed 
EGFR mutations in exon 18 and PD-L1 clone SP263 with 
a TPS of 80%.

The CT scan did not show any enlarged hilar or 
mediastinal lymph nodes. However, on the PET/CT, we 
detected a malignant mass measuring 31 × 22 mm in the 
right lower lobe of the lung (arrow), with a SUVmax of 
9.0, right hilar lymph nodes measuring 13 × 8 mm with a 

Figure 1. Lumbar magnetic resonance imaging shows multiple osteolytic lesions of the lumbosacral vertebrae (red arrow) invading the soft tissues (yellow 
arrow) and compressing the spinal cord and cauda equina (blue arrow)
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SUVmax of 5.7, thickened high rectal wall with a SUVmax 
of 9.0 with serosal invasion, three colorectal lymph nodes, 
three inferior IMA lymph nodes with a SUVmax of 7.2, 
and increased metabolism of 18F-fluodeoxyglucose in the 
whole skeletal system (Figure 8).

After consulting with multidisciplinary tumor boards, 
the patient was treated with a second generation of 
tyrosine kinase inhibitors (TKIs; afatinib) combined with 
mFOLFOX6 and bisphosphonate.

However, before treatment, the patient experienced 
autonomic dysfunction and complete paralysis of the lower 

extremities. Following two cycles of chemotherapy and 
afatinib, although the patient’s tumor markers and pain 
significantly reduced, his paralysis symptoms persisted and 
grade 2 anemia and grade 3 stomatitis occurred. Therefore, 
the anticancer treatment was discontinued, and the patient 
underwent blood transfusions and received medication 
supplements for a week. Nevertheless, the patient then 
refused further treatment and opted for palliative care at 
home.

3. Discussion
The diagnosis and management of synchronous malignancies 
have been a challenge. This study reported a rare case of 
synchronous lung cancer and rectal cancer, the latter being 
classified in the advanced stage with bone metastases. The 
co-occurrence of lung and colon cancers is rare. A study 
in Japan that was conducted from April 2009 to July 2016 
reported that only 17 out of 3102  (0.54%) patients with 
lung cancer were diagnosed with colorectal cancer.2 Similar 
findings were observed in another UK study, which found 

Figure 2. Computed tomography scan of the chest shows a 25 × 28-mm 
mass, with spiculated margin and pleural retraction and no abnormal 
regional lymphadenopathy, in the lower lobe of the right lung (arrow)

Figure 4. Computed tomography scan shows a metastatic lesion on the 
right rib, which invaded the adjacent soft tissues (arrow)

Figure  3. Abdominal-pelvic computed tomography scan shows several 
presacral lymph nodes along the inferior mesenteric artery, and their 
largest short-axis diameter was 10 mm

Figure 6. A pelvic magnetic resonance imaging scan shows a high rectal 
tumor (yellow arrow) and multiple inferior mesenteric artery lymph node 
chains (green arrow)

Figure 5. Colonoscopy revealed that an ulcerated mass occupied half of 
the lumen circumference, which was located 10 cm from the anal verge
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that 0.6% of patients had simultaneous colorectal and 
lung cancer.3 Furthermore, approximately 1.24% of colon 
cancer cases have been reported to have metastasized to 
the bone at the time of diagnosis, making it a significantly 
unusual occurrence.1

If rectal lesions are neglected, the patient’s condition can 
be easily mistaken for lung cancer with bone metastases or 
rectal cancer with lung and bone metastases. Therefore, it 
is crucial to screen for additional cancers and emphasize 
the value of PET/CT in patients with cancer. PET/CT 
can identify a significant number of second primary 

cancers in patients with known primary cancer and plays 
an important role in the management of metachronous 
malignancies.4 Our patient’s stage was increased from 
T1N0 to T1N1 due to the detection of ipsilateral hilar 
lymph nodes in PET/CT, which was also contraindicated 
for stereotactic body radiation therapy.5

When treating synchronous cancers, it is important 
to determine which of them should be handled first or 
whether they should be managed simultaneously according 
to several criteria, such as whether the cancers are more 
hazardous, have a higher probability of spreading, or are 

Table 1. Histopathology information

Location Histopathology Immunohistochemistry Conclusion

TTF-1 Napsin A CDX2 CK20

Lung tumor Adenocarcinoma + + - - Primary lung cancer

Rectal tumor Mucinous adenocarcinoma - + - Primary rectal cancer

Rib tumor Adenocarcinoma - + + Origin from the digestive system

Abbreviations: TTF-1: Thyroid transcription factor-1; CDX: Caudal-type homeobox 2; CK20: Cytokeratin 20.

Figure 8. Positron emission tomography/computed tomography image. (A) Right lung tumor. (B) Rectal tumor. (C) Multiple bone lesions (red circle)

B

CA

Figure 7. Images of histopathology and immunohistochemistry. H&E stain indicated adenocarcinoma of the lung tumor (A), rectal tumor (B) and rib 
tumor (C). Immunohistochemical examination revealed staining was positive for thyroid transcription factor-1 in lung tumor (D), caudal-type homeobox 
2 in rectal tumor (E), and rib tumor (F). Magnification: 400×

B C

D E F

A
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life-threatening and need urgent intervention as well as 
the associated mobilities.6 Treatment for both types of 
cancer must be considered during the entire course of the 
treatment. Furthermore, toxicities can arise if different 
combinations of therapeutic alternatives are administered.

Our patient was in the advanced stage and received 
treatment to extend survival and enhance his quality of life. 
Upon initial diagnosis, he uncomfortably complained of 
low back pain and limb weakness due to bone metastases. 
Thus, treatment for primary malignancies that cause bone 
metastases should take precedence. Although rectal cancer 
was identified as the source of the metastasis to the rib, 
the possibility of bone metastatic lung cancer could not be 
ruled out in this case because of the significant amount of 
bone damage. Accordingly, we decided to simultaneously 
treat the lung and colorectal cancers.

Based on the immunohistochemistry and molecular 
biology analyses, we concurred that patients with rectal 
cancer and lung cancer who do not have RAS or BRAF gene 
mutations and pMMR tend to have EGFR gene mutations. 
For our patient, we selected a therapy regimen that included 
a combination of mFOLFOX6 and afatinib. Several studies 
have investigated the safety of the combination of TKI 
therapy and chemotherapy.7,8 In terms of gastrointestinal 
cancer, a phase II study on patients with advanced gastric 
cancer treated with afatinib in combination with 5-FU and 
cisplatin revealed acceptable toxicities, including skin and 
hematological toxicities and diarrhea.9 After two cycles of 
treatment, we observed grade 3 oral stomatitis and grade 2 
anemia, indicating the first instance of adverse reaction to 
the combination treatment of afatinib and mFOLFOX6 in 
the literature. The absence of diarrhea, which is a common 
adverse effect of both afatinib and mFOLFOX6, and the 
combination regimen of afatinib and chemotherapy,10 might 
be due to the patient’s symptoms of autonomic dysfunction. 
Owing to the increased incidence of stomatitis associated 
with afatinib, TKIs were discontinued. Moreover, before 
the third cycle, grade  2 anemia was observed. Stomatitis 
is typically observed with both afatinib and mFOLFOX6 
therapies and combination treatment may exacerbate this 
condition. Anemia can result not only from chemotherapy 
but also from bone marrow metastasis. However, a 
bone marrow biopsy was not performed as it is invasive 
and would not alter the treatment approach. Although 
we planned to resume chemotherapy following blood 
transfusions, the patient declined further treatment and 
chose palliative care at home.

4. Conclusion
Our patient with synchronous lung and rectal cancers was 
evaluated through MRI and PET/CT and was classified in 

the advanced stage with bone metastasis. He was treated 
with a combination of afatinib and mFOLFOX6. This is 
one of the few cases of the co-occurrence of rectal and 
non-small cell lung cancers. Advanced-stage synchronous 
cancers are challenging to manage. Furthermore, the 
toxicities of afatinib in combination with the mFOLFOX6 
regimen were evaluated.

Acknowledgments
The authors would like to thank the participating patients, 
as well as colleagues who made this work possible.

Funding
None.

Conflict of interest
Phuong Cam Pham serves as the Editorial Board Member 
of the journal, respectively, but was not in any way involved 
in the editorial and peer-review process conducted for this 
paper, directly or indirectly. Separately, the authors declare 
that they have no known competing financial interests 
or personal relationships that could have appeared to 
influence the work reported in this paper.

Author contributions
Conceptualization: Phuong Cam Pham, Khoa Trong Mai, 

Lanh Minh Pham
Investigation: All authors
Writing–original draft: Thuy Phuong Ngo, Hien Minh 

Nguyen, Ha Thanh Le, Lanh Minh Pham
Writing–review & editing: Khuy Minh Doan, Phuong Cam 

Pham, Khoa Trong Mai

Ethics approval and consent to participate
This study was approved by the Ethics Committee of Bach 
Mai Hospital (approval no:. 4459/BM-HĐĐĐ).

Consent for publication
Informed consent from the patient to publish his data was 
obtained.

Availability of data
The original data of the study are included in the article. 
Further inquiries can be directed to the author.

References
1.	 Huang JF, Shen J, Li X, et al. Incidence of patients with bone 

metastases at diagnosis of solid tumors in adults: A  large 
population-based study. Ann Transl Med. 2020;8(7):482.

	 doi: 10.21037/atm.2020.03.55

https://dx.doi.org/10.36922/arnm.3887
http://dx.doi.org/10.21037/atm.2020.03.55


A synchronous rectal and lung cancer case

Volume 2 Issue 3 (2024)	 6� doi: 10.36922/arnm.3887 

Advances in Radiotherapy 
& Nuclear Medicine

2.	 Kurishima K, Miyazaki K, Watanabe H, et al. Lung cancer 
patients with synchronous colon cancer. Mol Clin Oncol. 
2018;8(1):137-140.

	 doi: 10.3892/mco.2017.1471

3.	 Alghanmi HA. Successful treatment of synchronous double 
lung primary malignancies and colon cancer. Cureus. 
2022;14(2):e22552.

	 doi: 10.7759/cureus.22552

4.	 Chirila ME, Piciu D, Larg MI, Barbus E. Synchronous and 
metachronous cancers on F18-FDG PET-CT. A  tertiary 
cancer center experience. Int J Radiat Oncol Biol Phys. 
2019;105(1):E464.

	 doi: 10.1016/j.ijrobp.2019.06.1427

5.	 Vlaskou Badra E, Baumgartl M, Fabiano S, Jongen A, 
Guckenberger M. Stereotactic radiotherapy for early stage 
non-small cell lung cancer: Current standards and ongoing 
research. Transl Lung Cancer Res. 2021;10(4):1930-1949.

	 doi: 10.21037/tlcr-20-860

6.	 Vogt A, Schmid S, Heinimann K, et al. Multiple primary 
tumours: Challenges and approaches, a review. ESMO Open. 
2017;2(2):e000172.

	 doi: 10.1136/esmoopen-2017-000172

7.	 Wu Q, Luo W, Li W, Wang T, Huang L, Xu F. First-generation 

EGFR-TKI plus chemotherapy versus EGFR-TKI alone 
as first-line treatment in advanced NSCLC with EGFR 
activating mutation: A  systematic review and meta-
analysis of randomized controlled trials. Front Oncol. 
2021;11:598265.

	 doi: 10.3389/fonc.2021.598265

8.	 Planchard D, Jänne PA, Cheng Y, et al. Osimertinib with or 
without chemotherapy in EGFR-mutated advanced NSCLC. 
N Engl J Med. 2023;389:1935-1948.

	 doi: 10.1056/NEJMoa2306434

9.	 Makatsoris T, Samantas E, Manousou K, et al. Afatinib 
in combination with cisplatin and 5-fluorouracil (5-FU) 
as first line treatment in inoperable gastric and gastro-
esophageal junction (GEJ) cancer: A  phase II study by 
the hellenic cooperative oncology group. Ann Oncol. 
2018;29:viii227-viii228.

	 doi: 10.1093/annonc/mdy282.061

10.	 Fukuhara T, Nagashima H, Utsumi Y, et al. A phase II study 
of afatinib in combination with pemetrexed and carboplatin 
in patients with EGFR mutation positive non-squamous, 
advanced non-small-cell lung cancer (NSCLC) refractory 
to first-line osimertinib treatment: NEJ025B. J Clin Oncol. 
2023;41(16_suppl):9044-9044.

	 doi: 10.1200/JCO.2023.41.16_suppl.9044

https://dx.doi.org/10.36922/arnm.3887
http://dx.doi.org/10.3892/mco.2017.1471
http://dx.doi.org/10.7759/cureus.22552
http://dx.doi.org/10.1016/j.ijrobp.2019.06.1427
http://dx.doi.org/10.21037/tlcr-20-860
http://dx.doi.org/10.1136/esmoopen-2017-000172
http://dx.doi.org/10.3389/fonc.2021.598265
http://dx.doi.org/10.1056/NEJMoa2306434
http://dx.doi.org/10.1093/annonc/mdy282.061
http://dx.doi.org/10.1200/JCO.2023.41.16_suppl.9044


OUR JOURNALS

Advanced Neurology is a peer-reviewed and open-access journal that aims to 
publish and disseminate novel research in the breadth of neurology and 
neuroscience. The journal aims to advance our understanding in the nervous 
system and provide a platform to neuroscientists and physicians to showcase 
their findings in original fundamental and clinical research as well as to 
present new ideas that highlight the changes in the neurological clinical 
practice. 
     Advanced Neurology covers subject areas, including but not limited to the 
following: 

• Neurological disorders
• Neurodegenerative disease
• Cerebrovascular disease
• Epilepsy and movement disorders
• Neuroimmune disease
• Neurological infections
• Muscle disease
• Molecular and cellular neuroscience
• Systems neuroscience
• Cognitive neuroscience
• Computational modeling of nervous system

Global Translational Medicine is a quarterly journal that focuses on medicine, 
biological sciences, and biomaterials engineering. The goal of Global 
Translational Medicine is to provide a platform to researchers for showcasing 
their latest research works in translational medicine so as to advance the field 
towards the betterment of human health. Despite the advancement of omics and 
new technologies, the process of transforming these technologies and scientific 
research results into effective therapies and putting them into clinical use still 
has a long way to go. Global Translational Medicine provides a platform to fill 
the gaps in preclinical and inter-disciplinary research, to promote clinical 
translation of scientific research results, and to contribute to the conception of 
new and improved preventive measures as well as diagnostic and therapeutic 
techniques of diseases. 

     Global Translational Medicine covers the following themes: cardiovascular 
disease, metabolism/diabetes/obesity, neuroscience/neurology, cancer, 
biomaterials and their applications in medicine, proteomics/metabolomics, 
pharmacogenomics, biomarkers, bioinformatics and data mining, animal and 
clinical research, and medical methods arising from interdisciplinary crossover.

Start a new journal 
Write to us via email if you are interested to start a new journal with AccScience Publishing. 
Please attach your CV, professional profile page and a brief pitch proposal in your email. We shall 
inform you of our decision whether we are interested to collaborate in starting a new journal. 

Contact: info@accscience.com 



https://accscience.com/journal/ARNM

Contact
www.accscience.com
8 Burn Road, #15-03 Trivex, Singapore 369977 
Email: editorial@accscience.com
Phone: +65 8182 1586


	1. ARNM - Front cover
	2. ARNM - Sub-cover II (NEW)
	3. ARNM - Inner cover
	4. ARNM - Copyright, information and credits
	5. ARNM - Editorial board (updated_Feb 2024)
	6. ARNM - Contents (article type-style)
	6A. ARNM - Buffer for contents
	7. ARNM - Compiled Articles
	[1]manuscript_arnm01707
	[2]manuscript_arnm01772
	[3]manuscript_arnm01790
	[4]manuscript_arnm01770
	[5]manuscript_arnm01771
	[6]manuscript_arnm01795
	[7]manuscript_arnm01808
	[8]manuscript_arnm01755
	[9]manuscript_arnm01679
	[10]manuscript_arnm01856

	8. ARNM - Sub-cover III
	9. ARNM - Back cover



