
 



About the Publisher

AccScience Publishing is a publishing company based in Singapore. We publish a range of 
high-quality, open-access, peer-reviewed journals and books from a broad spectrum of disciplines.

Advances in 
Radiotherapy & Nuclear Medicine
Print ISSN: 3060-8554
Online ISSN: 2972-4392

AccScience Publishing
8 Burn Road, #15-03 Trivex, Singapore 369977.

Contact Us

Managing Editor 
arnm.office@accscience.sg

Advances in  Radiotherapy & Nuclear Medicine is a 
peer-reviewed and open-access journal that aims to 
publish and disseminate novel research in the breadth 
of radiation oncology, physics, and biology.

The journal aims to advance our understanding in the 
radiotherapy and provide a platform to oncologists 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 
radiation oncological clinical practice.



Volume 2 •  Issue     1  • March 2024 

ISSN 3060-8554 (print)    ISSN 2972-4392    (online) 
 

 

 
Advances in 

Radiotherapy &  
Nuclear Medicine 

 
 
 
 
 
 

 

 

 

Editor-in-Chief 
 
 

Junjie Wang 
Peking University Third Hospital, China 
 

 
 

Access Science Without Barriers 
 



 

    

 

 Full issue copyright © 2024 AccScience Publishing 
All rights reserved. Without permission in writing from 
the publisher, this full issue publication in its entirety 
may not be reproduced or transmitted for commercial 
purposes in any form or by any means, electronic or 
mechanical, including photocopying, recording, or any 
information storage and retrieval system. Permissions 
may be sought from arnm.office@accscience.sg.  

Article copyright © Respective Author(s)  
See articles for copyright year. All articles in this full 
issue publication are open-access. There are no 
restrictions in the distribution and reproduction of 
individual articles, provided the original work is 
properly cited. However, permission to reuse 
copyrighted materials of an article for commercial 
purposes is applicable if the article is licensed under 
Creative Commons Attribution-NonCommercial 
License. Check the specific license before reusing. 

ADVANCES IN RADIOTHERAPY & NUCLEAR MEDICINE 

ISSN: 3060-8554 (print) 
ISSN: 2972-4392 (online) 

Editorial and Production Credits  

Publisher: AccScience Publishing 
Managing Editor: Freda Wang 
Production Editor: Ian Wong 
Article Layout and Typeset: Sinjore Technologies (India) 

 
For all advertising queries, contact 
arnm.office@accscience.sg. 

Supplementary file 

Supplementary files of articles can be obtained at 
https://accscience.com/journal/ARNM/2/1.  

  

  

Disclaimer 

AccScience Publishing is not liable to the 
statements, perspectives, and opinions 
contained in the publications. The appearance 
of advertisements in the journal shall not be 
construed as a warranty, endorsement, or 
approval of the products or services advertised 
and/or the safety thereof. AccScience 
Publishing disclaims responsibility for any 
injury to persons or property resulting from any 
ideas or products referred to in the 
publications or advertisements. AccScience 
Publishing remains neutral with regard to 
jurisdictional claims in published maps and 
institutional affiliations. 

 



iii 
 

Advances in Radiotherapy & Nuclear Medicine 
Editorial Board 

Honorary Editors-in-Chief 
Yazid Belkacemi, France 
Gang Huang, China 
Jinming Yu, China 
 

Editor-in-Chief 
Junjie Wang, China 
 

Associate Editors 
Xinchen Sun, China 
Robert Timmerman, USA 
Ruoyu Wang, China 
Jing Wang, China 
Zhi Yang, China 
 

Editorial Board Members* 
Dante Amelio, Italy 
Abass Alavi, USA 
Matteo Bauckneht, Italy 
Nan Bi, China 
Mario Bignardi, Italy 
Ramesh Bilimagga, India 
David Brasse, France 
Jing Cai, China 
Xinping Cao, China 
Giuseppe Lucio Cascini, Italy 
Rubel Chakravarty, India 
Wei Chen, USA 
Kai Chen, USA 
Yue Chen, China 
Guanglie Chen, China 
Haojun Chen, China 
Aiping Cheng, China 
Guanghui Cheng, China 
Huijun Cheng, China 
Wan Hang Keith Chiu, UK 
Supriya Sastri Chopra, India 
Francesco Cuccia, Italy 
Rolando Maria D'Angelillo, Italy 
Sergio A.L.D. Souza, Brazil 
Alexander De Vries, Austria 
Laura Evangelista, Italy 
Mohammad Faheem, Pakistan 
Zhaoyang Fan, USA 
Yan Fan, China 
Ruitai Fan, China 
Golam M. Faruque, Bangladesh 
Alfio Ferlito, Italy 
Liping Fu, China 
Xianshu Gao, China 
Mihai Georgescu, Romania 
Angela Giselvania, Indonesia  
Soehartati Gondhowiardjo, Indonesia 

Flavia Groppi, Italy 
Fada Guan, USA 
Cesare Guida, Italy 
Arif Gulzar, Australia 
Jean-Michel Hannoun-Levi, France 
Xiaokun Hu, China 
Yujie Huang, China 
Bin Huo, China 
Qazi M. Hussain, Bangladesh 
Zhe Ji, China 
Ping Jiang, China 
Hongjun Jin, China 
Julianna K. Bronk, USA 
Gabriel Kacso, Romania 
Kalevi Kairemo, USA 
Min Kang, China, 
Minglei Kang, USA 
Shinji Kawabata, Japan 
Gyoergy Kovacs, Italy 
Deepak Kumar, India 
Christian La Fougère, Germany 
Andrea Lancia, Italy 
Riccardo Laudicella, Italy 
Wing Mui Anne Lee, China 
Tsair-Fwu Lee, Taiwan (China) 
Xiang Li, Austria 
Shuren Li, Austria 
Tao Li, China 
Minglun Li, Germany 
Nan Li, China 
Wenhui Li, China 
Yongheng Li, China 
Chunxiao Li, China 
Zuping Lian, China 
Qin Lin, China 
Chi Lin, USA 
Zhibo Liu, China 
Jianjun Liu, China 
Zhaofei Liu, China 
Zi Liu, China 
Xiaodong Liu, China 
Cen Lou, China 
Xia Lu, China 
Alberto Luini, Italy 
Jiahua Lv, China 
Charlie Ma, USA 
Nicolas Magné, France 
Gaurav Malviya, UK 
Juliana Marchi, Brazil 
Yasushi Nagata, Japan 
Eiji Nakatani, Japan 
Tung Thanh Ngo, Vietnam 
Tianye Niu, China 

Mattia Falchetto Osti, Italy 
Haitao Pan, USA 
Hua Pang, China 
Dalong Pang, USA 
Yiannis Parpottas, Cyprus 
Mahendra Perera, Sri Lanka 
Tiara B.M. Permata, Indonesia 
Pham Cam Phuong, Vietnam 
Qiao Qiao, China 
Xiaoguang Qiu, China 
Baolin Qu, South Korea 
Natale Quartuccio, Italy 
David R. Grosshans, USA 
Keith R. Unger, USA 
Mayra Ramos-Suzarte, Cuba 
Shiro Saito, Japan 
Marco Salvatore, Italy 
Ralph Santos-Oliveira, Brazil 
Liangfang Shen, China 
Shyam Shrivastava, India 
Shaoli Song, China 
Shiyu Song, USA 
Chang Song, USA 
Corrado Spatola, Italy 
Alessandro Stefano, Italy 
A. Sulieman, Saudi Arabia 
Xiaoge Sun, China 
Junko Takahashi, Japan 
Linglong Tang, China 
Ganghua Tang, China 
Enrico Tangco, Philippines 
T. Muthukkumaran, Malaysia 
Rong Tian, China 
Uranchimeg Tsegmed, Mongolia 
Ioannis Valais, Greece 
Zhe Wang, China 
Kezheng Wang, China 
Xuejuan Wang, China 
Feng Wang, China 
Dian Wang, USA 
Qifeng Wang, China 
Ruozheng Wang, China 
Jihong Wang, USA 
Horng-Dar Wang, Taiwan (China) 
Lichun Wei, China 
Qichun Wei, China 
JiaMing Wu, China 
HongGyun Wu, Korea 
Jingbo Wu, China 
Qiuwen Wu, USA 
Congying Xie, China 
Lei Xing, USA 
Liming Xu, China 



iv 
 

Huiqin Xu, China 
Qin Xu, China 
Benhua Xu, China 
Jinbin Xu, USA 
Xiaoying Xue, China 
Sean X. Yan, USA 
Jack Yang, USA 
Kunyu Yang, China 
Xing Yang, China 
Minfu Yang, China 
Yuchuan Yang, China 
Jigang Yang, China 
Chang-Tong Yang, Singapore 

Yancheng Ye, China 
Yasuo Yoshioka, Japan 
Behrooz H. Yousefi, Germany 
Jinbo Yue, China 
Hesham Zakaly, Russia 
Paul Zarogoulidis, Greece 
Zhaochong Zeng, China 
MingRong Zhang, Japan 
Zhouen Zhang, Japan 
Zhen Zhang, China 
Liyuan Zhang, China 
Yibao Zhang, China 
Huojun Zhang, China 

Tian Zhang, China 
Hongtao Zhang, China 
Kaixian Zhang, China 
Fuquan Zhang, China 
Shijun Zhang, USA 
Lina Zhao, China 
Peng Zhen, China 
Rong Zheng, China 
Fugen Zhou, China 
Hua Zhu, China 
Xiaohua Zhu, China 
Yanhong Zhuo, China 
Lijuan Zou, China 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

*Editorial Board Members as of February 29, 2024 



v 
 

 

Volume 2 ǀ Issue 1 ǀ March 2024 ǀ 
 

Advances in Radiotherapy & Nuclear Medicine 
 

https://accscience.com/journal/ARNM 
 

CONTENTS 
 
ORIGINAL RESEARCH ARTICLES 
1 Comprehensive analysis of myelosuppression of pediatric patients receiving radiotherapy 

Yijie Sun, Hongjia Liu, Chenguang Li, Yubin Li, Huamu Xie, Yibao Zhang 
2 Blood glucose level affects iodine-123 labeled MIBG uptake in the lung  

Andreas Lim, Minseok Suh, Gi Jeong Cheon 
3 Assessing the adequacy of a 5-mm planning target volume margin for 4D-CT scan-based 

image-guided radiotherapy for locally advanced carcinoma of the lung  
Animesh Saha, Aditi Mishra, Shreya Manna, Ajay Banik, Suchanda Goswami, Jibak Bhattacharya, Tanmoy Mukhopadhay, 
Prosenjit Soren, Sayantan Mondal, Saptaswa Chattopadhyay, Biplab Sarkar, Suvra Biswal, Kiruba George, Mousin Gazi, 
Sandipan Roy Chowdhury 

4 Evaluation of multidrug resistance in tumors using 99mTc-doxorubicin  
Bianca Gutfilen, Sergio Augusto Lopes de Souza, Thiago Barboza, Bruna Fortunato Novis, Claudia Lopes Rodrigues 
Chagas, Maria Verônica Fonseca Torres de Oliveira, Vivian M. Rumjanek 

 
 
SHORT COMMUNICATIONS 
5 18F-FDG positron emission tomographycomputed tomography and Richter transformation: 

A retrospective study with a cohort of 12 consecutive patients  
Salah Oueriagli Nabih, Chaymae Bensaid, Meryem Aboussabr, Omar Ait Sahel, Yassir Benameur, Abderrahim Doudouh 

6 Gamma knife radiosurgery following whole-brain radiation  
Natasha Mathur, Badal Juneja, Alan Turtz, Howard Warren Goldman, Qianyi Xu, Dave Mulvihill, Gregory J. Kubicek 

 
 
CASE REPORTS 
7 Secondary syphilis: An unusual cause of osteolytic lesion diagnosed by 99mTc-MDP SPECT 

and presenting features  
Xia Lu, Chifeng Xu, Haizhong Zhou, Qin Xiao, Huiying He 

8 Cross-sectional imaging in symmetrical bilateral extranodal recurrence of follicular 
lymphoma: A case report  
Cesare Oliveti, Barbara Catalfamo, Annachiara Mollace, Claudia Italia Maria De Santis, Roberta Mancini, Giuseppe Lucio 
Cascini, Francesco Manti 

 

 

 

 

 

 



vi 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Volume 2 Issue 1 (2024)	 1� https://doi.org/10.36922/arnm.2519  

ORIGINAL RESEARCH ARTICLE

Comprehensive analysis of myelosuppression of 
pediatric patients receiving radiotherapy

Yijie Sun1, Hongjia Liu2, Chenguang Li2, Yubin Li3, Huamu Xie4, and 
Yibao Zhang2*
1Department of Education, Peking University People’s Hospital, Beijing, China
2Key Laboratory of Carcinogenesis and Translational Research (Ministry of Education/Beijing), 
Department of Radiation Oncology, Peking University Cancer Hospital & Institute, Peking University 
Health Science Center Institute of Medical Technology, Beijing, China
3Department of Education, Peking University Health Science Centre, Beijing, China
4State Key Laboratory of Nuclear Physics and Technology, School of Physics, Institute of Heavy Ion 
Physics, Peking University, Beijing, China

Abstract
Pediatric oncology management necessitates distinct strategies for radiotherapy 
due to the heightened sensitivity of pediatric bone marrow to radiation 
exposure compared to adults. Therefore, this study aimed to compare the risk of 
radiation-induced myelosuppression between pediatric and adult patients by 
analyzing the correlations between gender, age, active marrow distribution, and 
radiation-induced myelosuppression. The medical records of 49 pediatric patients 
aged <15  years were retrospectively analyzed. Subgroup analyses based on sex 
and age were conducted to compare this pediatric patient data with data from 
adult patients reported in the literature. The observed rate of radiation-induced 
myelosuppression in the pediatric group was 59.18%, which was approximately 
twice the rate for the adult group (34%) reported in literature. Notably, the rates 
of leukopenia and granulocytopenia were observed in 53% and 45% of patients 
suffering from radiation-induced myelosuppression, respectively, compared to rates 
of thrombocytopenia and hemoglobinopenia observed in only 10% of patients, 
indicating that white blood cells and granulocytes are more sensitive indicators 
of radiation-induced myelosuppression. Our findings revealed that pediatric 
patients receiving radiotherapy in the head-and-neck regions face a higher risk 
of radiation-induced myelosuppression than adult patients due to the changes in 
active bone marrow during childhood development. Therefore, careful consideration 
of radiation-induced myelosuppression is essential during protocol optimization for 
pediatric patients receiving radiotherapy outside the pelvic region.

Keywords: Target delineation; Pediatric oncology patients; Myelosuppression; Radiation-
induced injury; Radiotherapy

1. Introduction
Pediatric tumors are the sixth-largest contributor to the global tumor burden.1 Despite 
their substantial impact, there exists a significant scarcity of data on the management 
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of pediatric oncology patients compared to adult patients. 
Literature suggests that strategies for protecting critical 
organs in children should be differentiated from those 
employed for adults.2-4

Red bone marrow is one of the most sensitive tissues 
to radiation exposure. A  study involving over 1 million 
European children revealed that even a low distribution 
of radiation dose (≥10 mGy) to active bone marrow could 
elevate relative risks for all hematological malignancies.5 
Throughout childhood, the distribution of red bone marrow 
undergoes significant changes across growth stages.4 
Radiation-induced damage to the red bone marrow results 
in functional inhibition, which manifests as a decrease in 
the number of blood cells,6 leading to anemia and other 
symptoms.7 In children, red bone marrow is distributed 
throughout the body and varies with age.8 However, 
the existing guidelines in radiotherapy do not explicitly 
consider the distribution of red bone marrow in children 
of different ages during protocol optimization.

2. Materials and methods
2.1. Materials

Ethical approval for this retrospective study was obtained 
from the Institutional Review Board of Peking University 
Cancer Hospital and Institute (IRB#2019YJZ76). 
Forty-nine pediatric patients (33  males and 16  females) 
with a mean age of 11 (range: 5 – 15) years who underwent 
radiotherapy at our hospital from January 2009 to 
December 2019 were retrospectively selected. We utilized 
the basic architecture of the information aggregation tool 
reported by Liu et al.9 to automatically extract and cluster 
medical record data, such as basic patient information, 
weekly routine blood examinations during treatment, 
and other relevant data for subsequent analysis. We 
subgrouped patients based on gender and age to analyze 
myelosuppression results and compared them with adult 
data reported in the literature.10 The radiotherapy lesion 
sites in the patients enrolled in this study include head and 
neck (39), chest and abdomen (6), foot (1), femur (1), tibia 
and fibula (1), and upper limb (1); 37 out of 49  patients 
received chemotherapy before or during radiotherapy. 
The prescribed dose to the gross tumor volume (GTV) 
ranged from 20 – 70  Gy delivered in 10 – 33 fractions. 
The prescribed dose to the clinical tumor volume (CTV) 
ranged from 18 – 60  Gy delivered in 10 – 33 fractions. 
As suggested in the literature, the percentage of red bone 
marrow content in the skull of children aged 0 – 10 years 
decreases from 25.3% to 11.6%, whereas the red bone 
marrow content in the skull of children aged 10 – 15 years 
decreases by only 4.3%.8 Therefore, the pediatric patients 
were subdivided into a toddler group (≤10 years old) and 

a young adult group (>10  years old) with a boundary of 
10 years old for further analysis.

2.2. Evaluation of myelosuppression

The World Health Organization classifies post-
radiotherapy adverse events into a grading system using 
four indicators: hemoglobin, leukocytes, granulocytes, 
and platelets (Table  1). In our study, Table  1 was used 
to grade myelosuppression in pediatric patients, with 
myelosuppression events defined as grade  II or higher 
occurrences.6

2.3. Statistical methods

To reduce the bias in retrospective clinical studies caused 
by differences in baseline covariates among subgroups 
of patients, the present study used the nearest neighbor 
matching algorithm of the MatchIt software package to 
perform propensity score matching.11 The data obtained 
using the above methods were statistically analyzed using R 
3.6.1 software. Categorical data were analyzed using Fisher’s 
exact test, while continuous data were tested using the t-test 
for a normal distribution and Wilcoxon’s rank-sum test for a 
non-normal distribution. The significance was set at P < 0.05.

3. Results
3.1. Comparison of myelosuppression in children 
and adults

Myelosuppression was observed in 29  (59.18 %) out of 
49 pediatric patients included in this study. A total of 53% of 
patients had leukopenia, 45% had granulocytopenia, and the 
incidence of thrombocytopenia and hemoglobinopenia was 
only 10%. Regarding patients with myelosuppression, 66% 
had leukopenia and granulocytopenia; thrombocytopenia 
and hemoglobinopenia were observed in 17.2% of patients. 
In contrast, the incidence of myelosuppression in adult 
patients reported in the literature was significantly lower, 
with only 34% of leukopenia of grade II or higher.10,12

3.2. Subgroup analysis of pediatric patients

3.2.1. Subgrouping according to gender

The patients were divided according to their gender. As 
shown in Table 2, no significant association was observed 

Table 1. Parameters of myelosuppression grade

Indicators of 
toxicity

Grades

0 I II III IV

Hemoglobin (g/L) ≥110 109 – 95 94 – 80 79 – 65 <65

Leucocyte (109/L) ≥4.0 3.9 – 3.0 2.9 – 2.0 1.9 – 1.0 <1.0

Granulocyte (109/L) ≥2.0 1.9 – 1.5 1.4 – 1.0 0.9 – 0.5 <0.5

Platelet (109/L) ≥100 99 – 75 74 – 50 49 – 25 <25
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between gender- and radiation-induced myelosuppression 
(odds ratio [OR] = 1.75; 95% confidence interval 
[CI]: 0.52 – 5.87; P > 0.05).

3.2.2. Subgrouping according to age

The patients were divided according to age, using a cutoff 
of 10. No differences were observed between the two age 
subgroups in terms of the location of radiotherapy in 
the study, as depicted in Table 3. As shown in Table 4, no 
significant association was observed between age-  and 
radiation-induced myelosuppression (OR = 1.40, 95% 
CI: 0.42 – 4.26, P > 0.05).

3.2.3. Subgrouping analysis

To determine the radiation dose, the patients were divided 
into two groups using propensity score matching.

First, the two groups were divided according to their 
gender. After propensity score matching, ten male and ten 
female patients were included, and the differences in age, 
prescribed dose, treatment fraction, and treatment duration 
between the two groups were not statistically significant 
(P  > 0.05). Detailed information is presented in Table  5. 
The relationship between gender and myelosuppression 

after propensity score matching is presented in Table  6. 
The results revealed that gender was not associated with 
post-radiotherapy myelosuppression (OR = 1.47, 95% 
CI: 0.19 – 12.40, P > 0.05).

Next, patients were stratified based on an age cutoff of 
10  years, and the differences in gender, prescribed dose, 
treatment fraction, and treatment duration between the 
two groups were depicted using median and quartile ranges 
due to the different sample sizes. After propensity score 
matching, 14 patients aged ≤10 years and 14 patients aged 
>10  years were included in the study. The differences in 
gender, prescribed dose, treatment fraction, and treatment 
duration between the two groups were not statistically 
significant (P > 0.05). Detailed information is provided in 
Table 7. A case–control study of the relationship between 
age and myelosuppression after radiotherapy is presented 
in Table  8, revealing no association between age and 
post-radiotherapy myelosuppression after grouping by age 
(OR = 0.76, 95% CI: 0.13 – 4.20, P > 0.05).

4. Discussion
Radiation-induced injury to normal tissues and organs 
is a key challenge in radiotherapy. Due to growth and 
development, the consequences and long-term risks of 
radiological injury are more severe in children than in 
adults.13 As a result, there is a consensus among scholars to 
make special considerations for pediatric patients during 
treatment plan optimization that is different from those for 
adults. However, the specific implementation strategies for 
different organs require further study.

The work by Pearce et al.14 demonstrated that exposure 
to ionizing agents during computed tomography (CT) 
scanning significantly increased the risk of leukemia in 
pediatric patients by affecting the red bone marrow. As 
the radiotherapy dose is much higher than the imaging 
dose, exposure to radiotherapy in the red bone marrow 
of pediatric patients increases the risk of uncertain 
effects, such as secondary carcinogenicity. Radiotherapy 
also directly increases the risk of side effects such as 
myelosuppression, which is clinically manifested by 
significant changes in routine blood parameters and is one 
of the major risks during radiotherapy in pediatric patients. 
The present study revealed that, compared to the reported 
incidence of radiation-induced myelosuppression of more 
than grade II in approximately 32% of adult patients in the 
head and neck regions, the incidence in pediatric patients 
was 59.18%, approximately double that of adults. Another 
study on radiation-induced myelosuppression of more 
than grade  III in adults and children observed a similar 
phenomenon: the percentage of leukopenia of more than 
grade III was 32%, which was higher than that of 3% in the 

Table 2. Relationship between sex and bone marrow 
suppression after radiotherapy

Myelosuppression after radiotherapy

Yes No

Male 21 12

Female 8 8

Table 3. Location of radiotherapy in two age subgroups

Radiotherapy regions Age≤10 Age>10

Head and neck 18 21

Chest and abdomen 1 5

Foot 0 1

Femur 0 1

Tibia 0 1

Fibula 0 1

Upper limbs 0 1

Table 4. Relationship between age and bone marrow 
suppression after radiotherapy

Age Myelosuppression after radiotherapy

Yes No

≤10 years 11 9

>10 years 18 11
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adult group, while the percentage of thrombocytopenia of 
more than grade III was 8%, which was also higher than 
that of 4.7% in the adult group.13 The higher incidence 
of radiation-induced myelosuppression in pediatric 
patients may be related to the following factors: (i) higher 
radiosensitivity in pediatric patients15 and (ii) current 
protocol optimization only considers red bone marrow 
protection when designing radiotherapy plans for the 
pelvic region, lacking targeted protection for the red bone 
marrow distributed in the whole body in children, which 
varied with age.

To further investigate the correlation between radiation-
induced myelosuppression and pediatric patients’ gender 
and age and to provide more precise evidence for optimizing 
protocols, we analyzed the data in subgroups according to 
gender and further subdivided patients with a cutoff of 
10 years of age but did not observe a significant correlation. 
However, another study of 79 children concluded that 
children younger than 6 years old were significantly more 
likely to develop thrombocytopenia (29% vs. 8.7%) and 
were twice as likely to develop neutropenia as children 
older than 6 years old (41% vs. 21%).16 This may be related 
to the small sample size of our study. In addition, the 
red bone marrow content in the head-and-neck region 
declined rapidly in children aged 0 to 10  years, and the 
ratio of red bone marrow in the head-and-neck region to 
whole-body red bone content gradually decreased after the 
age of 10.

Our study revealed that leukopenia and granulocytopenia 
were the most sensitive indicators of myelosuppression in 
pediatric patients (53% and 45%, respectively) and that 
66% of patients with myelosuppression experienced both 
leukopenia and granulocytopenia. In contrast, platelets and 

hemoglobin were less sensitive, consistent with previous 
reports on adult patients.17 In a study involving 52 pediatric 
patients, the incidence of leukopenia exceeding grade  II 
surpassed that of grade  II thrombocytopenia (69% vs. 
5.7%).17 These data suggest the potential variation in the 
effects of radiotherapy on different hematopoietic cell types.

Myelosuppression is an important factor in the interruption 
and discontinuation of radiotherapy, often resolving after 
treatment cessation; however, in severe cases, patients 
require prompt clinical intervention, such as recombinant 
human granulocyte stimulating factor injection. A  report 
on radiation-induced myelosuppression in pediatric patients 
observed that 69% of the patients developed higher than 
grade II leukopenia, and the number of leukocytes began to 
recover on the 5th day after the occurrence of the lowest value; 
5.7% of the patients developed grade II thrombocytopenia; 
and the number of platelets began to recover on the 4th day 
after the occurrence of the lowest value.17 However, the study 
did not elaborate on the treatment of pediatric patients after 
the occurrence of myelosuppression. The rate of recovery 
of routine blood markers with different treatments after 
myelosuppression depends on future large-scale prospective 
randomized controlled trials.

Due to the retrospective study design, we were unable 
to investigate the volume and dose of red bone marrow. 
The bone marrow was not segmented during the treatment 
planning stage, and the dose to the bone marrow was not 
optimized. One challenge in segmenting the bone marrow 
from the cancellous bone was the relatively large spatial 
resolution of the planning CT images, making this process 
time-consuming and clinically concerning. Therefore, 
according to literature, the dose to the bone marrow is 
usually approximated using the dose to the bone18 or 
estimated from the total dose.14 Moreover, the medical 
records of some patients could not be fully retrieved to 
study the impact of chemotherapy, as they were treated 
at other hospitals before undergoing radiotherapy at our 
institution. These limitations require further investigations 
in the future based on a more reliable prospective and 
randomized study design with a larger patient volume.

Table 5. Description of baseline data before and after propensity matching according to gender

Variant Before matching After matching P‑value

Male patient 
(n=33)

Female patient 
(n=16)

Male patient 
(n=10)

Female patient 
(n=10)

Age (years) 12 (9, 14) 10 (9, 14) 11 (9, 14) 10 (9, 13) 0.71

Prescribed dose (Gy) 30 (22, 56) 40 (23.25, 50) 30 (24, 49) 38 (22.5, 47.5) 0.94

Treatment fraction 15 (11, 28) 20 (12, 25) 15 (12, 24) 19 (11, 24) 0.88

Duration of treatment (days) 17 (14, 35) 27 (14, 31) 19 (15, 32) 28 (15, 32) 0.74

Note: The values are presented as median (quartile ranges).

Table 6. Relationship between sex after propensity matching 
and bone marrow suppression after radiotherapy

Myelosuppression after radiotherapy Male patient Female patient

Yes 4 5

No 6 5
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In summary, based on data from 49 radiotherapy patients 
under 15 years old, our study revealed that the incidence of 
myelosuppression of grade II or higher was approximately 
twice as high as that in adults, suggesting that the dynamic 
changes in the distribution of red bone marrow with age 
should be taken into account in protocol optimization for 
pediatric patients. In addition, beyond traditional focus areas 
such as the pelvic region and red bone marrow in the head-
and-neck region should be considered in pediatric patients. 
In addition, other factors affecting radiotherapy should 
also be taken into consideration.19,20 Additional age-group-
based segmentation strategies for pediatric patients require 
support from prospective large-sample studies.

5. Conclusion
This study revealed that there was higher incidence of 
myelosuppression of grade II or higher in pediatric patients 
than in adults. However, no significant association was 
observed between age or gender and radiation-induced 
myelosuppression. These results underscore the importance 
of carefully considering radiation-induced myelosuppression 
during the protocol optimization of radiotherapy.
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Abstract
The aim of this study was to evaluate the correlation of blood glucose and the 
metaiodobenzylguanidine (MIBG) uptake in lung and compare the difference between 
the lung uptake of MIBG in diabetic and non-diabetic patients. Patients who underwent 
iodine-123 MIBG whole-body scan (WBS) in the Department of Nuclear Medicine 
Seoul National University Hospital between January 2014 and July 2022 were recruited 
and analyzed. Semi-quantitative analysis of the mean value of lung-to-mediastinum 
ratio (LMR) was performed. Correlation was analyzed with Pearson correlation test 
and mean difference was analyzed with independent t-test. There were 36  patients 
in diabetic group and 57 patients in non-diabetic group with mean age of 56 ± 14.1 
and 52 ± 14.6 years, respectively. The mean 24-h LMRs in diabetic and non-diabetic 
groups were 1.38 ± 0.20 and 1.17 ± 0.14, respectively. Fasting glucose showed a mean 
value of 136 ± 37.7 and 96 ± 8.2 mg/dL, respectively. There was a significant positive 
correlation in diabetic (r = 0.397; P = 0.016) and non-diabetic groups (r = 0.579; P <0.001) 
with significant mean difference (0.21; P <0.001). In conclusion, lung uptake of MIBG is 
positively correlated with blood sugar level, with diabetic patients displaying higher 
lung uptake of MIBG compared with non-diabetic patients. In addition, higher lung 
uptake of MIBG is evident in patients with higher fasting glucose level and even in non-
diabetic patients. Thus, in the situations where MIBG therapy is required, the radiation 
dose to the lungs must be carefully adjusted for patients with high blood sugar level.

Keywords: Blood glucose level; Lung uptake; MIBG

1. Introduction
Metaiodobenzylguanidine (MIBG) is an analog of the adrenergic neuron-blocking agent 
guanethidine, and it bears a high-degree resemblance in the aspects of uptake, storage, 
release mechanisms, and structure with neurotransmitter norepinephrine (NE), which 
is predominantly released from the sympathetic nerve endings.1-3 MIBG can be labeled 
with several radioiodine nuclides, such as I-131, and I-123, and has been used to image 
and treat neuroendocrine tumours.3

I-131 emits two types of radiation: Beta minus (β-) used for therapy purposes, and 
gamma (γ) for diagnostic purposes.4 In rare case, I-131 could cause pulmonary fibrosis 
if there is diffuse uptake in the lung and the risk is increasing with higher cumulative 
amount given over an extended period.5,6
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Diabetes has been linked to the increased uptake and 
retention of MIBG in the lung due to the dysfunction of 
sympathetic nerve.7-10 It is also believed that the enhanced 
permeability of the pulmonary endothelial cells could 
also increase the uptake of MIBG in the lung.11 A study 
conducted by Hempel et al. found that high glucose 
concentration could increase the permeability of the 
endothelial cell.12 To the best of our knowledge, lung 
uptake of MIBG in non-diabetic patients has never been 
reported in the literature.

The aim of this study was to evaluate the correlation 
between blood glucose and lung uptake of MIBG and to 
compare the difference in lung uptake of MIBG between 
diabetic and non-diabetic patients.

2. Materials and methods
2.1. Materials

All patients who underwent I-123 MIBG whole-body scan 
(WBS) in the Department of Nuclear Medicine, Seoul 
National University Hospital (SNUH), between January 
2014 and July 2022 were recruited and analyzed (Figure 1). 
Adult patients aged older than 19  years13 were included 
in this study. Patients with metastasis in chest area and 
patients who did not have fasting glucose were excluded 
from this study.

2.2. Methods

2.2.1. Study protocol

Single-photon emission computerized tomography/
computed tomography from General Electric Healthcare 

with low-energy, high-resolution collimator, with an 
energy window of 159 keV ± 7.5, was used in this study.

I-123 MIBG with a dosage of 110 – 370 MBq was 
injected slowly through intravenous mode. Whole-body 
planar image, from head to thigh, was acquired at 24-h 
post-injection with bed speed of 6 cm/min.

2.2.2. Image analysis

Image analysis was performed semi-quantitatively 
(Figure 2). A region of interest (ROI), measuring 2 × 3 cm2, 
was drawn manually and placed on the right-middle 
lung and on the mediastinum to calculate the lung-to-
mediastinum ratio (LMR).

2.2.3. Statistical analysis

Data are expressed as mean ± standard deviation (SD). 
Pearson’s correlation test was used to evaluate the statistical 
significance between the uptake of I-123 MIBG in the lung 
and the fasting glucose level. The Pearson’s coefficient 
(r) values were stratified into three groups, based on the 
strength of the association: small, medium, and large 
association (Table 1).14

Independent t-test was used to evaluate statistical 
significance of the difference between the different groups. 
P < 0.05 was statistically significant. IBM SPSS® Statistic v. 
27 software was used in statistical analyses.

2.2.4. Ethical clearance

This retrospective study has been approved by SNUH 
Institutional Review Board.

Figure 1. Subjects selection workflow. A total of 199 patients were recruited and analyzed. Based on the exclusion criteria, 106 patients were excluded from 
this study. The patients recruited in this study (n = 93) were divided into two groups based on their diabetic status.
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3. Results
3.1. Patients’ characteristics

A total of 199  patients had undergone I-123 MIBG 
whole body scan from January 2014 to July 2022. A total 
106  patients were excluded from this study, with 58 of 
them being non-adult patients, 40 having metastasis 
in chest area, and eight having no fasting glucose data. 
Ninety-three patients were included in this study and 
were divided into two groups based on their diabetic 
status. Diabetic group consisted of 36  patients (21  males 
and 15  females), while non-diabetic group consisted of 
57 patients (28 males and 29  females), with mean age of 
56 ± 14.1 years and 52 ± 14.6 years, respectively. Patients’ 
characteristics of both diabetic and non-diabetic groups 
are summarized in Table 2.

Fasting glucose showed a mean value of 136 ± 37.7 mg/dL 
in diabetic group and 96 ± 8.2  mg/dL in non-diabetic 
group. The time interval between the I-123 MIBG WBS 
and the fasting glucose determination was 17 ± 39.9 days 
and 21 ± 32.6  days, respectively, for diabetic and non-
diabetic groups.

3.2. Iodine-123 MIBG lung-to-mediastinum ratio

In this study, the 24-h LMRs for patients in diabetic group 
and those in non-diabetic group were 1.38 ± 0.20 and 
1.17 ± 0.14, respectively (Figure 3).

3.3. Correlation between fasting glucose and I-123 
MIBG LMR

Pearson’s correlation analysis revealed a significant 
positive, large association between fasting glucose and 
24-h LMR, regardless of diabetic status, with Pearson’s 
r = 0.596 (P <0.001; Figure 4).

The correlations between fasting glucose level and mean 
24-h LMR of diabetic group and non-diabetic group were 
also separately analyzed in this study. These two factors 
were correlated with a medium strength of association 
in the diabetic group (Pearson’s r = 0.397; P = 0.016) 
(Figure  5). A  strong correlation between fasting glucose 
level and mean 24-h LMR was detected in the non-diabetic 
group, with Pearson’s r = 0.579 (P < 0.001) (Figure 5).

4. Discussion
A neuroendocrine tumor (NET) is a rare tumor that can 
develop in many different organs of the body. It is formed 
from cells that release hormones into the blood in response 
to a signal from the nervous system. Some examples of 
NET are carcinoid tumors, islet cell tumors, medullary 
thyroid cancer, pheochromocytomas, Merkel cell cancer, 
and small-cell lung cancer.15,16

MIBG has been shown to be able to locate and treat 
NET.17,18 It can be labeled with radioactive iodine nuclides, 
such as I-131 and I-123. Figures  6-8 show I-123 MIBG 
WBSs of three representative cases recruited in this 
study. All NETs share a set of similarities, in terms of the 
neuroendocrine secretory granules stored by the tumors, 
amine precursor uptake mechanism, and biogenic amine 

Table 1. Pearson’s coefficient (r) between lung uptake of 
I‑123 MIBG and fasting glucose level

Strength of association Coefficient (r)

Positive Negative

Small 0.1 – 0.3 −0.1 – −0.3

Medium 0.3 – 0.5 −0.3 – −0.5

Large 0.5 – 1.0 −0.5 – −1.0

Abbreviation: MIBG: Metaiodobenzylguanidine.

Figure  2. Semi-quantitative analysis. A  2 × 3 cm2 region of interest 
was drawn manually and placed on the right-middle lung and on the 
mediastinum to calculate the lung-to-mediastinum ratio.

Table 2. Patients’ characteristics

Diabetic 
group (n=36)

Non‑diabetic 
group (n=57)

P

Mean age (years) 56±14.1 52±14.6 0.21

Gender 0.343

Male 21 (58%) 28 (49%)

Female 15 (42%) 29 (51%)

Fasting glucose (mg/dL) 136±37.7 96±8.2 <0.001

Time interval between 
MIBG imaging and fasting 
glucose determination (day)

17±39.9 21±32,6 0.184

Note: Data of quantitative variables are expressed as mean±SD, where 
data of categorical variables are expressed as count (percentage).
Abbreviation: MIBG: Metaiodobenzylguanidine.
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synthesis, storage, and reuptake, but in some tissues, 
peptide hormone or neuromodulator is the main secretory 
element.1-3,19 MIBG enters the adrenal medullae by a 
specific, energy-dependent uptake mechanism (uptake 1) 

Figure 3. Mean 24-h lung-to-mediastinum ratio (LMR) in diabetic and 
non-diabetic groups. Diabetic group showed a mean 24-h LMR value of 
1.38 ± 0.20 and non-diabetic group 1.17 ± 0.14. There was a significant 
mean difference between these groups (0.21; P < 0.001).

Figure 4. Correlation between fasting glucose level and mean 24-h lung-
to-mediastinum ratio (LMR). There was a significant positive correlation 
between fasting glucose level and mean 24-h LMR, irrespective of diabetic 
status, with Pearson’s r = 0.596 (P < 0.001).

Figure  5. Correlation between fasting glucose and mean 24-h 
lung-to-mediastinum ratio in diabetic and non-diabetic groups. Pearson’s 
correlation analysis revealed significant positive correlations, separately, in 
diabetic (r = 0.397; P = 0.016) and non-diabetic groups (r = 0.579; P < 0.001).

Figure  6. A  67-year-old diabetic man diagnosed with paraganglioma 
underwent I-123 MIBG whole-body scan. His fasting glucose level was 
236 mg/dL, and his 24-h lung-to-mediastinum ratio was 1.73.

Figure  7. A  63-year-old non-diabetic woman diagnosed with 
paraganglioma underwent I-123 MIBG whole-body scan. Her fasting 
glucose level was 93  mg/dL, and her 24-h lung-to-mediastinum ratio 
(LMR) was 1.05, which was lower than the LMR of a representative 
diabetic patient (Figure 6).

Figure  8. An 83-year-old non-diabetic woman diagnosed with 
pheochromocytoma underwent I-123 MIBG whole-body scan. Her 
fasting glucose level was 107  mg/dL with a 24-h lung-to-mediastinum 
ratio of 1.43. The scan indicates that MIBG uptake could also increase in 
non-diabetic patients.
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prediabetic status and having suffered early CAN would 
contribute to the increased lung uptake of MIBG observed 
in non-diabetic patients.

This study failed to analyze the correlation of the 
increased MIBG uptake in the lung with the effect of 
pulmonary cells irradiation. However, this study unveiled 
a significant positive correlation with large association 
strength between glucose level and lung uptake of MIBG, 
regardless of the diabetic status (r = 0.596; P < 0.001). Thus, 
a prospective study is warranted to further investigate this 
correlation.

Several limitations in this study should be 
acknowledged. First, the patients recruited in this study 
were retrospectively examined; second, the time intervals 
between fasting glucose determination and MIBG imaging 
were inconsistent across patients. Further prospective 
study involving large sample size should be conducted to 
confirm the result of this study.

5. Conclusion
Lung uptake of MIBG is positively correlated with blood 
sugar level, with higher MIBG uptake in diabetic patients 
than in non-diabetic patients. Furthermore, higher lung 
uptake of MIBG is also manifested by patients with higher 
fasting glucose level and even non-diabetic patients. 
Therefore, it is of clinical importance to exercise caution 
when administering radiation dose to patients with high 
blood sugar level if MIBG therapy is deemed necessary.
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in which it competes with NE, although the kinetics are 
not those of competitive inhibition.20,21

I-131 is one of radioactive iodine nuclides. It emits beta 
particles (606 keV) and gamma radiation (364 keV); thus, 
it could be used for therapy and diagnostic purposes.4,22 
I-123 is a pure gamma emitter (159 keV) and is an excellent 
nuclide for diagnostic purposes.23

Several studies have reported the incidents of 
pulmonary fibrosis accompanied by the increased uptake 
and retention of I-131 in the lung.5,6 A study conducted by 
Murashima et al. found that MIBG uptake in the lung was 
increased in diabetic patients, while Unlü and Inanir found 
that the lung uptake of MIBG in diabetic patients not only 
increased but also manifested prolonged retention.9,10 In 
this study, diabetic patients experienced increased MIBG 
uptake in lung, with a mean LMR value of 1.38 ± 0.20. This 
could be caused by the dysfunction of sympathetic nervous 
system or the enhanced permeability of the pulmonary 
endothelial cells that could happen in diabetic patients 
as previously described.7-11 We also observed the increase 
of MIBG uptake in the lung as well in the non-diabetic 
patients with a mean LMR value of 1.17 ± 0.14. For further 
analysis, we divided the non-diabetic patients into two 
groups based on fasting glucose levels: <100 mg/dL group 
and ≥100 mg/dL group. Analysis of the further stratified 
non-diabetic patients revealed that the mean LMR value 
was higher in ≥100 mg/dL group with a mean difference 
of 0.11 (P = 0.003; Figure 9).

Several studies have found that prediabetic status may 
increase the prevalence of cardiac autonomic neuropathy 
(CAN).24,25 Impaired fasting glucose and impaired glucose 
tolerance are two forms of glucose dysmetabolism that fit 
the general definition of prediabetes. The fasting glucose 
level in prediabetic individuals falls within the range 
of 100 – 125  mg/dL.26 We believed that being in the 

Figure 9. Mean 24-h lung-to-mediastinum ratio (LMR) in subgroups of 
non-diabetic patients. The mean 24-h LMR values for <100 mg/dL group 
and ≥100 mg/dL group were 1.13 ± 0.13 and 1.24 ± 0.12, respectively. These 
mean 24-h LMR values showed a significant difference of 0.11 (P = 0.003).
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Abstract
In developed nations, 4D-computed tomography (4D-CT)-based image-guided 
radiotherapy (IGRT) has become the standard for treating lung carcinoma 
patients, with the primary goal of achieving disease cure. However, its usage in 
India remains limited. Here, we compared target volume delineation for radical 
radiation planning in patients with locally advanced lung carcinoma using helical 
free-breathing CT (FBCT) and 4D-CT. In addition, we assessed the adequacy of a 
5-mm planning target volume (PTV) margin with 4D-CT planning. Fifty patients 
with locally advanced lung cancer were enrolled in the study. Each patient 
underwent contouring based on 4D-CT to generate an internal target volume, 
and a 5-mm PTV margin (PTV_4D) was added for radical radiation. Subsequently, 
each patient underwent two intensity-modulated radiation therapy (IMRT) plans 
with comparable planning and optimization parameters. One plan was based on 
the FBCT-based volume (PTV_3D), while the other was based on the 4D-CT-based 
volume (PTV_4D). PTV, organ at risk (OAR) dose, and PTV coverage by 95% of the 
prescribed dose (PTVD 95_3D vs. PTVD 95_4D) were compared between the two 
schemes. Results revealed that 4D-CT-based planning reduced PTV (mean PTV 
volume: 539 cc vs. 782 cc) and lowered OAR doses (mean lung dose: 13 Gy vs. 
15 Gy; mean esophagus dose: 18.5 Gy vs. 21.15 Gy; mean spinal cord max dose: 
35.59 Gy vs. 37.39 Gy). At 3 months after treatment imaging, 40% of the patients 
showed a complete response, 48% showed a partial response, 4% showed stable 
disease, and 8% showed progressive disease. In conclusion, 4D-CT-based radiation 
planning for locally advanced lung carcinoma with a reduced PTV margin of 5 mm 
can dramatically decrease the PTV and OAR doses without sacrificing PTV coverage 
compared to FBCT-based planning. However, daily online image guidance or at 
least a well-defined offline image guidance protocol is recommended when 
employing such a small PTV margin.
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1. Introduction
Lung cancer ranks as the second most common cancer with 
an incidence of 11.6% and carries the highest mortality 
rate at 18.4%.1 Radiotherapy is a common component of 
the multimodal management of lung cancer. The most 
common course of treatment for locally advanced or stage 
III non-small cell lung cancers (NSCLCs) is concurrent 
chemoradiotherapy or radical radiotherapy alone.2,3 
Similarly, patients with limited-stage small-cell lung cancer 
and certain stage IV NSCLC patients with oligometastatic 
disease are also treated with radical radiotherapy. For 
patients with early-stage NSCLC (stages I and II) who are 
not suitable candidates for surgery or stereotactic adjuvant 
radiotherapy (SABR), radiotherapy alone or combined 
with other multimodality management strategies can be 
employed.4-6 However, a significant percentage of lung 
cancer patients experience locoregional recurrence after 
treatment with radiotherapy or chemo-radiotherapy.1,7 
Although the reason for such recurrence is multifactorial, 
geographical misses and suboptimal doses of gross 
disease secondary to tumor motion play a pivotal role. 
Conventionally, helical free-breathing CT scans (FBCT) 
have been the standard for lung radiotherapy treatment 
planning for many years.

In general, a population-based safety margin is used 
around both gross disease (gross tumor volume [GTV]) 
and microscopic disease (clinical target volume [CTV]) to 
determine the final radiotherapy planning target volume 
(PTV).8 However, lung tumors can move erratically during 
respiration in an unpredictable manner. The inability 
to encompass the range of tumor motion might lead to 
inadequate tumor coverage, and using larger generalized 
population-based margins can cause unnecessary toxicity 
to nearby organs at risk (OARs).9-11 4D-Computed 
tomography (4D-CT) has shown promising results in 
mitigating motion management issues associated with 
radiotherapy in lung cancer.12 4D-CT scans have become 
the standard to derive detailed information regarding the 
pattern and range of respiratory motion.13 Since tumor 
motion is inherently considered when using 4D-CT scans, 
a smaller safety margin for set-up error (PTV) can be 
used during lung radiotherapy planning.14 In 76% of the 
treatment fractions, Steiner et al. demonstrated that a 5-mm 
PTV margin was sufficient to capture the 4D-CT-based 
motion data, with brief intervals of excess motion (varying 
from 1% to 20% of the treatment period).15 However, there 
is a risk of geographical miss with a very small PTV margin 
when setting up 4D-CT-based image-guided radiotherapy 
(IGRT) for lung cancer. In this study, we aimed to compare 
the dosimetric and volumetric differences in target volume 
delineation for radical radiotherapy planning in patients 

with locally advanced lung cancer between helical FBCT 
and 4D-CT. In addition, we assessed the feasibility of 
achieving a lower PTV margin with 4D-CT planning.

2. Methods
2.1. Participants

This prospective, non-randomized cohort study was 
conducted at a tertiary cancer care center in Eastern 
India between January 2021 and March 2023. Ethical 
approval for this study was obtained from the Institutional 
Ethics Committee of Apollo Multi-Speciality Hospital, 
Kolkata (approval no.: IEC/2021/DNB/04/17). The 
inclusion criteria were as follows (i) Age: 18 – 70 years 
old; (ii) biopsy-proven lung cancer (NSCLC or SCLC); 
(iii) locally advanced NSCLC (stage III); (iv) early-stage 
NSCLC (stages I and II) who are not suitable for surgery 
or SABR; (v) limited stage small cell lung cancer; and 
(vi) patients receiving a radiotherapy dose of 60 – 66 Gy in 
30 – 33 fractions over 6 – 6.6 weeks, possessing adequate 
lung function to undergo definitive radiotherapy, and 
willingness to provide consent for participation in the 
study. The exclusion criteria were as follows (i) patients not 
willing to provide consent; (ii) patients unable to cooperate 
during 4D-CT scanning; and (iii) patients receiving 
palliative radiotherapy.

2.2. Helical FBCT and 4D-CT procedure

Helical FBCT and 4D-CT planning scans were derived 
during the same session with the patient in the same 
treatment position. The standard institutional protocol was 
adhered to for FBCT imaging. The patient’s breathing cycle 
was monitored for 4D-CT image capture using either the 
real-time position management system (Varian Medical 
Systems Inc., USA) or the Philips bellows device (Philips 
Healthcare, USA), employing infrared reflector markers 
and infrared cameras.10,16 The GTV_3D was contoured 
on an FBCT scan using fluorodeoxyglucose positron 
emission tomography (PET) image fusion to identify 
primary and/or nodal illness. The number of nodes and 
mediastinal disease were contoured on the mediastinal 
window, whereas parenchymal tumors were contoured 
at the lung window level. The CTV_3D was created by 
expanding the GTV_3D by 5 mm in all directions and 
then modifying it to remove natural barriers, such as air 
and bone. To account for internal margin and setup faults, 
the PTV_3D was calculated as CTV_3D + 1 cm axial and 
1.3 cm superior/inferior expansions. Organs at risk were 
contoured according to the standard Radiation Therapy 
Oncology Group (RTOG) contouring guidelines.17

A fusion of PET-CT was used for 4D-CT-based 
contouring whenever available, although it was not 
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mandatory. The maximum intensity projection picture was 
used to contour the GTV_4D for primary and/or nodal 
illnesses. Phases spanning 0 – 90% of the respiratory cycle 
were separately examined to ensure adequate contouring of 
IGTV_4D or composite GTV_4D. Subsequently, CTV_4D 
or internal target volume_4D (ITV_4D) was defined by 
expanding IGTV_4D by 5 mm and modifying it to remove 
natural barriers, such as bones and air. To account for 
setup errors only, PTV_4D was defined as CTV_4D plus a 
0.5-cm isotropic expansion (Figure 1).

Intensity-modulated radiation therapy plans were 
created in accordance with departmental policy whereby 
95% PTV should cover at least 95% of the prescribed dose 
in the Eclipse (V15.6.03) planning system.18,19 All plans 
were optimized using the photon optimizer algorithm, and 
the dose calculation was performed using the anisotropic 
analytic algorithm (AAA-dose calculation algorithm). 
The main aim was to minimize the OAR dose as much as 
possible without disturbing PTV coverage. Each plan was 
evaluated using the dose-volume histogram generated by 
the planning system. Each patient received two radiation 
plans: one based on a volume estimated from FBCT data 
and the other utilizing a volume estimated from FBCT 
data together with comparable geometry, gantry angles or 
arcs, and additional optimization and planning factors. All 
research participants underwent IMRT with plans created 
using volumes based on 4D-CT. Next, the plans based on 
FBCT were replicated on the volume dataset for 4D-CT. A 
cone-beam CT scan (CBCT) image guidance was provided 
daily to the study participants.

Next, the two plans were compared as follows:
(i)	 IGTV_4D versus GTV_3D: two datasets with one 

volume representing gross pulmonary and nodal tumors.
(ii)	 IGTVP_4D versus GTVP_3D: only two datasets 

showed gross pulmonary disease contours.

(iii)	IGTVN_4D versus GTVN_3D: only two datasets with 
gross nodal disease contours.

(iv)	 PTV_4D and PTV_3D. PTV for two sets of data: 
PTVD 95_4D and PTVD 95_3D. In both plans, 
95% of the recommended dosage for PTV_3D and 
PTV_4D was covered by the volume. The extrapolated 
plan (of the FBCT-based target volume) for PTV_4D 
was evaluated for this comparison.

(i)	 Histogram of dose-volume dosage that the OAR 
(heart, lungs, spinal cord, and esophagus) received in 
both schemes.

(ii)	 Dice similarity coefficient (DIC): the dice similarity 
coefficient was computed to investigate the overlap 
between PTV_3D and PTV_4D. In DIC, the region 
of overlap between two measures in a single patient is 
denoted by “a,” the area identified in the first measure 
but not in the second is denoted by “b,” and the area 
identified in the second measure but not in the first is 
denoted by “c.” DIC was calculated using the following 
formula12 (Equation I),

DIC=2a/(2a + b + c)� (I)

Before initiating treatment, every patient underwent 
daily scans with the scan length configured using scan 
parameters to cover the entire PTV length (ascertained 
from the contours displayed in this window). With 
matching axes set to translations, the scan length was first 
automatically matched using the “bone and soft tissue” 
preset. Every automated match was examined manually, 
with a particular focus on the region containing the gross 
tumor volume or high-dose volumes. The changes in the 
mediolateral (x), craniocaudal (y), and anteroposterior 
(z) translational axes were tabulated, and the error vector 
(√x2 +√y2 +√z2) was generated using summary data from 
pre-treatment kilo-voltage computed tomography (KVCT) 

Figure 1. Contouring approach for helical free-breathing computed tomography (A, B, and C) and 4D-computed tomography-based (D, E, and F) planning scans.

B C

D E F

A
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before each treatment fraction. We computed the error 
vector, systematic error (δ), and random error (∑) for 
each of the three axes independently using this dataset. 
The “Marcel van Herk” formula (Equation II) was used to 
determine the PTV margins:

PTV = 2.5 ∑ + 0.7 δ� (II)

In addition, a retrospective analysis of setup data for 
1010 fractions of 50 patients was conducted to assess PTV 
coverage. For each patient, individual CBCT scan images 
were examined for primary PTV coverage using both the 
lung and mediastinal windows, with images of the primary 
tumor located outside the PTV recorded.

2.3. Statistical analysis

The means, medians, ranges of values, and frequencies 
for non-continuous values were computed for each 
examined dose and volume metric. The paired t-test was 
used to compare the relevant parameters. All statistical 
analyses were performed twice at the 5% significance level. 
Statistical analyses were performed using SPSS version 21.

3. Results
Patient characteristics are summarized in Table 1. A 
total of 50 patients were recruited in this study, with the 
majority (88%) being male. The median age of the patients 
was 66 years (range = 47 – 77 years, with a standard 
deviation of 8.00). All patients underwent whole-body 
PET-CT and brain MRI for staging as well as pulmonary 
function tests, including measurement of the diffusing 
capacity of the lungs for carbon monoxide (DLCO). The 
median forced expiratory volume in the 1st s was 1.4 L 
(range = 0.95 – 2.62 L, with a standard deviation of 0.412). 
The median DLCO was 60% (range = 44 – 89%, with a 
standard deviation of 12.14). Most patients had NSCLC 
(88%), and 12% had limited SCLC. Among the NSCLC 
cases, 44% were squamous, 36% were adenocarcinomas, 
and 8% were adenosquamous. The majority of patients 
(52%) had an Eastern Cooperative Oncology Group 
(ECOG) Performance Status (PS) of 1, 40% had an ECOG 
PS of 2, and 8% had an ECOG PS of 0. Most patients were 
classified according to the American Joint Committee 
on Cancer (AJCC) 8th edition staging as stage III (60%), 
while 20% had stage II disease and 20% had stage IV 
oligometastatic disease treated with radical intent. The 
majority of patients (96%) were treated with 60 Gy in 
30 fractions over 6 weeks, with only two patients receiving 
66 Gy in 33 fractions over 6.6 weeks.

The PTV was significantly low with 4D-CT-based 
planning compared to FBCT-based planning (mean PTV 
volume 539cc vs. 782cc) (Table 2). In addition, OAR doses 
(Table 3) were significantly lower in the 4D-CT-based 

planning. The mean heart dose was 11.6 Gy vs. 14.6 Gy, 
the mean heart V60 was 2.02% vs. 4.04%, and mean heart 
V45 was 7.4% vs. 12.3%. Lung dose was recorded as the 
combined volume of both lungs minus the GTV (lungs-
GTV). The mean lung doses were 13 Gy vs. 15 Gy, lung 
V20 was 23.7% vs. 27%, lung V10 was 33.9% vs. 38.8%, and 
lung V5 was 47.7% vs. 53%. The mean esophagus dose was 
18.5 Gy vs. 21.15 Gy, and the mean esophagus was V60 
4.22% and 5.15%, respectively. The maximum spinal cord 
doses were 35.59 Gy vs. 37.39 Gy.

The histogram in Figure 2 illustrates the DIC, showing 
that the mean DIC for PTV_3D and PTV_4D was 0.81 

Table 1. Patients’ characteristics

Parameters Category Number 
(N=50)

Percentage

Sex Male 44 88

Female 6 12

Histopathology Adenocarcinoma 18 36

Squamous cell 
carcinoma

22 44

Adeno‑squamous 
carcinoma

4 8

Small cell carcinoma 6 12

ECOG 
performance status

ECOG PS 0 4 8

ECOG PS 1 26 52

ECOG PS 2 20 40

T stage T1 4 8

T2 10 20

T3 12 24

T4 24 48

N stage N0 8 16

N1 12 24

N2 14 28

N3 16 32

M stage M0 44 88

M1 6 12

AJCC stage Stage IIB 10 20

Stage IIIA 6 12

Stage IIIB 18 36

Stage IIIC 10 20

Stage IV 6 12

Radiotherapy 
dose‑fractionation

60 Gy/30 fractions 
over 6 weeks

48 96

66 Gy/33 fractions 
over 6 weeks

2 4

Abbreviations: AJCC: American Joint Committee on Cancer; 
ECOG: Eastern Cooperative Oncology Group.
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(81%). This result implies that in 19% of the patients, the 
volumes were not at the same anatomical position. Such 
deviations indicate the likelihood of PTV displacement 

due to tumor or nodal movements during the respiratory 
cycle. DIC has a median value of 0.8 (range: 0.75 – 0.87).

For the purpose of our study, we created two radiotherapy 
plans based on FBCT-based volume and another based 
on 4D-CT-based volume using similar geometry, gantry 
angles or arcs, and other radiotherapy planning and 
optimization parameters. All study patients received 
IMRT with plans generated using 4D-CT-based volumes. 
For study purposes, FBCT-based plans were copied onto 
the 4D-CT volume dataset and vice versa. The mean 
95% coverage of the FBCT-based PTV (PTVD 95_4D) 
by the 4DCT-based plan was 76.47% (median  =  76.8%, 
range = 65.4 – 87.1%). The mean 95% coverage of the 
4D-CT-based PTV (PTVD 95_3D) by the FBCT-based 
plan was 97.77% (median = 99.5%, range  =  81  – 100%). 
This suggests that the plan generated based on the 
FBCT-based volume was sufficiently large to ensure 95% 
coverage of the 4D-CT-based volume. However, this leads 

Table 2. Comparison of treatment volumes between two 
planning datasets

Parameter No. of 
patients

Mean 
volume (cc)

Standard 
deviation

P‑value

GTV_3D 50 171.55 134.42 <0.0001

IGTV_4D 50 187.22 134.42

GTVP_3D 50 156.52 139.81 <0.0001

IGTVP_4D 50 168.69 141.15

GTVN_3D 50 15.16 26.78 <0.0001

IGTVN_4D 50 18.89 31.93

PTV_3D 50 781.67 336.58 <0.0001

PTV_4D 50 539.39 243.07

Abbreviations: GTV: Gross tumor volume; PTV: Planning target volume.

Table 3. Comparison of organ at risk doses between two planning datasets

Parameter Planning 
dataset

No. of 
patients

Mean Standard 
deviation

Percentage 
decline with 

4D‑CT

P‑value

Lung‑V20 (%) 3D 50 27.05 6.7 9 <0.0001

4D 50 23.73 5.9

Lung‑V10 (%) 3D 50 38.85 12.48 12.6 <0.0001

4D 50 33.97 10.03

Lung‑V5 (%) 3D 50 53.07 16.6 10.2 <0.0001

4D 50 47.64 14.4

Mean lung dose (Gy) 3D 50 15.08 4.45 13.2 <0.0001

4D 50 13.09 3.85

Heart‑V60 (%) 3D 50 4.04 4.25 50 <0.0001

4D 50 2.02 2.21

Heart‑V45 (%) 3D 50 12.33 9.56 39.9 <0.0001

4D 50 7.41 5.49

Heart‑V40 (%) 3D 50 14.33 10.64 35.4 <0.0001

4D 50 9.26 6.62

Mean heart dose (Gy) 3D 50 14.62 8.66 20.4 <0.0001

4D 50 11.64 7.04

Oesophagus‑V60 (%) 3D 50 5.15 6.53 18.05 0.154

4D 50 4.22 5.08

Oesophagus‑ mean dose (Gy) 3D 50 21.15 11.64 12.5 <0.0001

4D 50 18.50 10.35

Spinal cord‑max dose (Gy) 3D 50 37.39 8.93 4.8 <0.0001

4D 50 35.59 8.05

Spinal cord PRV (dose to 1 cc) (Gy) 3D 50 37.90 9.17 6.6 <0.0001

4D 50 35.37 8.15

Abbreviations: PRV: Planning risk volume; 4D‑CT: 4D‑computed tomography.
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to unnecessary irradiation of at-risk organs. In contrast, 
the plans generated based on the 4D-CT-based volume 
are smaller and cannot adequately cover the FBCT-based 
volume. This does not necessarily mean inferior PTV 
coverage, as we have seen in our study that none of the 
patients experienced locoregional recurrence.

Response assessment scans were performed 4  weeks 
to 3 months after the completion of concurrent 
chemoradiotherapy. Those planned for adjuvant durvalumab 
had a response assessment CT scan at 4 – 6 weeks; otherwise, 
patients underwent a response assessment scan 3 months 
after the completion of treatment. Forty percent of patients 
developed a complete response. Forty-eight percent of the 
patients developed a partial response. Two patients had a 
stable disease (Table 4). Locoregional progression was not 
observed. Four patients who developed progressive disease 
recurred distally (two patients progressed in the brain, one 
in the abdominal nodes, and the other in the liver). These 
four patients already had M1 disease but were treated 
radically in view of oligometastatic disease.

We retrospectively analyzed the setup data (CBCT) of 
1,010 fractions of 50 patients for PTV coverage and shifts. 
Offline imaging verification of uncorrected setup errors 
revealed that 95% (960 fractions) of the time, the primary 
tumor was within the PTV. After image matching and 
correction, we got a systematic and random error of ∑x,y,z 

of 0.15,0.33, and 0.21 cm and δx,y,z of 0.14,0.46, and 0.23 cm 
with a required PTV margin of 0.69 cm, 1.16 cm, and 
0.47 cm in the X, Y, and Z axes. The corrected translational 
vector resulted in a systematic and random error of 0.11 
and 0.3 cm, with a required PTV margin of 0.48 cm. Shifts 
of more than 5 mm in the X, Y, and Z axes were noted in 
1%, 32.67%, and 7.9% of cases, respectively.

4. Discussion
Our study revealed that 4D-CT-based radiotherapy 
planning for locally advanced lung cancer with a reduced 
PTV margin of 5 mm can significantly reduce PTV and 
OAR doses without compromising PTV coverage compared 
to FBCT-based planning with a population-based PTV 
margin. This study will also help other centers set up 4D-CT 
image-based guided radiotherapy for locally advanced lung 
cancer with a reduced PTV margin, provided they meet 
standard licensing requirements and have trained staff 
and facilities for real-time position management systems, 
infrared cameras, and infrared reflective markers.

Previously, most radiotherapy centers used helical 
FBCT for lung radiotherapy contouring and planning. 
This FBCT is associated with several inherent problems: 
(i) it does not account for breathing movement; (ii) it often 
produces distorted images owing to motion artifacts during 
the CT scan; (iii) it may result in blurred gross tumors 
due to respiratory and tumor motion and may create 
uncertainties in target delineation, which will eventually 
lead to suboptimal target coverage and unnecessary 
dose to OARs.20 Considering the respiratory motion, the 
4D-CT scan reconstructs the 3D volume as a function of 
time. Multiple 3D imaging datasets reflecting the entire 
trajectory of the lung tumor and OARs were produced by 
the 4D-CT scan. The ITV, consisting of the total GTV, is 
determined by considering all imaging datasets. Therefore, 
when planning 4D-CT-based lung radiation, a narrower 
PTV margin can be employed, but only to account for daily 
setup uncertainties.21

Numerous researchers have assessed 4D-CT’s 
usefulness in radical lung radiation treatment. In their 
study, Rietze et al. demonstrated that the GTV contoured 
on a helical CT scan was less than the GTV calculated as a 
summation of all phases of the respiratory cycle from 4D 
datasets (39.9 vs. 24.4 cm3). They also highlighted how the 
geometry of the GTV obtained from a helical scan was 
modified by image artifacts[14]. Alasti et al. compared 
4D-CT-based planning and helical CT-based planning in 
24 NSCLC patients, revealing that the GTV determined 
by helical CT was approximately 25% smaller than that 
determined by 4D-CT. In addition, they demonstrated that 
in comparison to traditional helical CT-based planning, 

Figure 2. Histogram showing Dice similarity coefficient.

Table 4. Radiological response to treatment

RECIST criteria response Number (N=50) Percentage

Complete response 20 40

Partial response 24 48

Stable disease 2 4

Progressive disease 4 8
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lung V20 (volume of lung minus GTV receiving 20 Gy) 
and mean lung dose can be decreased with 4D-CT-based 
planning.22 These results (Table 2) are consistent with our 
results; the combined GTV based on 4D-CT (IGTV-4D) 
exceeded the GTV based on FBCT 187.2 cc vs. 171.5 cc, as 
expected.

Ahmed et al. compared conventional three-
dimensional (3D) conformal radiotherapy (3DCRT) plans 
made with regular helical FBCT with plans developed 
using 4D-CT contoured volumes to ascertain whether 
target volume coverage is adequate. They discovered that 
the combined GTV produced on 4D-CT (IGTV_4D) 
for both main and nodal disease, together or separately, 
was considerably greater than the GTV generated on a 
helical FBCT (GTV_3D) scan. Although not statistically 
significant, the average PTV produced on helical FBCT 
(PTV_3D) was greater than the average PTV generated 
on 4D-CT (PTV_4D). They extrapolated the radiotherapy 
plan based on 3D-CT on the target volume generated on 
4D-CT and revealed that PTV_4D coverage with a 95% 
isodose line was inferior by approximately 10%. The spinal 
cord and esophagus doses were significantly lower with 
4D-CT-based planning.12 In this study, Ju et al. examined 
the dosimetric benefits of 4D-CT-based PTV generation 
over the traditional PTV definition with a population-based 
margin for lung cancer radiation. They concluded that 
radiation planning and PTV definition based on 4D-CT can 
reduce the dosage to OARs (lung, heart, etc.), enhance target 
coverage, and decrease the PTV in patients with minor 
respiratory motion. This technique can prevent geographic 
target misses in patients with considerable respiratory 
motion, particularly in those whose motion exceeds 1.5–2 
cm, without appreciably increasing the dose of OARs.23

In a comparative study, Cole et al. examined the possible 
dosimetric and clinical advantages of employing 4D-CT 
rather than 3D-CT when planning radical radiotherapy 
for non-small cell lung cancer. They demonstrated that 
plans based on 4DCT had reduced PTV volumes, doses 
to organs at risk, and expected rates of normal tissue 
complication probability.24 Therefore, 4D-CT has the 
potential to increase the therapeutic ratio and pave the way 
for dose escalation in radiotherapy for lung cancer. Hence, 
most current dose escalation study protocols emphasize 
the incorporation of motion management techniques, 
including 4D-CT, in radical radiotherapy treatment 
planning for locally advanced lung cancer.1,25,26

Marcel Van Herk developed the PTV margin recipe 
(PTV margin = 2.5∑ + 0.7δ) based on the analysis of 
the systemic and random geometric uncertainties, 
aiming to determine the minimal margin required to 
reach 90% of the population with a full coverage of 95% 

of the recommended dosage.27 PTV margins is also a 
combination of internal and setup margins.28 Hence, if 
the internal margin or internal motion is taken care of by 
motion management techniques such as 4D-CT, only the 
setup margin needs to be added to the PTV margin. In 
principle, this should reduce the PTV margin compared 
with the general population margin without the use of 
motion management techniques. However, the extent to 
which the reduced margin is safe remains questionable. The 
PTV margin calculation for head and neck cancer and lung 
cancer using the Van Herk formula was slightly different. 
In head and neck cancer, the internal margin is almost 
zero, and the entire PTV margin is set up by error only. 
However, the internal margin is significant in lung cancer. 
There are certain other inherent problems with using Van 
Herk’s formula in lung radiotherapy; for example, the 
construction of this dose model does not consider the 
target size, tissue density, or plan conformity and assumes 
that the dosimetric effects of motion can be modeled with 
a convolution.29 Ample evidence suggests that a PTV 
margin of ≤5 mm is adequate for treating early-stage lung 
cancer or small lung metastases with stereotactic ablative 
radiotherapy using motion management techniques, 
including 4D-CT.30-33 Hence, it should not be different in 
locally advanced lung cancers with larger tumors and/or 
nodes. In our study, PTV margins calculated from set-up 
errors using Van Herk’s formula were >5 mm in the X and 
Y axes, but these might not be true representations of the 
PTV margin, as we have already added the ITV margin 
based on 4D-CT assessment. However, the margin of 
the translational vector is within 5 mm. Offline imaging 
verification confirmed that for uncorrected setup errors, 
the primary tumor was within the PTV margin of 5 mm 
in 95% of cases, and with imaging correction, the primary 
tumor was within the PTV in 100% of cases.

However, this study had limitations. First, set-up errors 
are the main, but not the only, contributor to interfraction 
uncertainties. Physiological and anatomical changes can 
make a difference in some patients, and this analysis does 
not address this issue. Second, the analysis of the setup 
error data was a retrospective assessment of errors based 
on daily imaging. Third, the lack of 4D-cone beam CT 
(CBCT) in our center might have added more precision in 
ascertaining the safe PTV margin. Finally, 4D-CT itself has 
limitations, including motion artifacts, irregular breathing 
patterns, and rigorous quality assurance.34-36

5. Conclusion
4D-CT-based IGRT planning for locally advanced lung 
cancer with a reduced PTV margin of 5 mm can significantly 
reduce PTV and OAR doses without compromising 
PTV coverage compared to FBCT-based planning with a 
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population-based PTV margin. However, daily online image 
guidance or at least a well-defined offline image guidance 
protocol with such small PTV margins is recommended.
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Abstract
Doxorubicin (DOX) is a potent chemotherapeutic agent used as the first-choice drug 
in treating different types of cancer, such as leukemia, lymphoma, and breast cancer, 
among others. However, the development of multidrug resistance represents a 
significant obstacle to the successful treatment of tumors. In this study, we assessed 
whether labeled DOX could be uptaken by susceptible and multidrug-resistant cell 
lines and by tumors in vivo in animals. The efficiency of DOX labeling was maintained 
at around 90% in this work. To evaluate the effect of 99mTc-DOX on cells expressing 
active P-glycoprotein (Pgp), we utilized cultured human chronic myeloid leukemia 
K562  cells and the resistant counterpart  Lucena 1  cells. Lucena 1 cell line showed 
overexpression of Pgp that was not observed in K562. Our results suggested that 
the resistance to labeled or unlabeled DOX can be reversed by Pgp inhibition and 
can be easily detected. In conclusion, administering 99mTc-DOX into mice enables the 
differentiation between multidrug-resistant tumors in a non-invasive way and the 
evaluation of tumor resistance and possible chemosensitizers.

Keywords: Doxorubicin; Multidrug resistance; Tc-99m; 99mTc-Doxorubicin

1. Introduction
A biomarker is an indicator of physiologic or pathogenic processes or biological 
responses to a therapeutic intervention that can be objectively measured and evaluated. 
Measuring biomarkers can help with disease detection, treatment risk evaluation, or 
treatment effectiveness determination. In the case of cancer, anthracyclines such as 
doxorubicin (DOX) are part of the front-line therapy used to treat several malignancies, 
including leukemia, lymphomas, soft-tissue sarcomas, breast carcinoma, and other 
solid tumors. DOX was added to the armada of cancer therapy in the late 1960s, and 
the comprehensive investigations of its pharmacokinetics have enabled a more in-depth 
understanding of this medication. DOX can be administered as a single agent or in 
combination with other chemotherapeutic agents. Although DOX is also used for 
treating other tumors such as ovarian carcinoma, liver cancer, and stomach cancer, it is 
not the primary choice in the clinical treatment for these cancers due to the emergence 
of drug resistance.1-3
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Multidrug resistance (MDR) constitutes the major 
obstacle to successful cancer treatment. Multidrug-
resistant cell lines have been used as models to study MDR 
in vitro and in vivo. We selected for this study a cell line 
derived from K562, a chronic myeloid leukemia cell. The 
resistant cell line, Lucena 1, has been characterized4 and 
features the overexpression of P-glycoprotein (Pgp), an 
ATP-dependent transporter capable of extruding substrates 
from the cell, including a range of chemotherapeutic drugs, 
therefore being less affected by the cytotoxic effects of the 
drugs.5-13 Encoded by the MDR1 gene, Pgp is a 170  kDa 
protein found in the cytoplasm, serving as a storage pool 
to maintain a steady-state level of membrane Pgp. Of note, 
the transport activity of these cells can be inhibited by the 
chemosensitizers, such as verapamil, trifluoperazine, and 
cyclosporine.14-18

DOX is actively extruded from cancer cells 
overexpressing Pgp. Thus, high cumulative doses of DOX 
are required in cancer chemotherapy to achieve a sufficient 
therapeutic effect. However, higher doses lead to dose-
dependent side effects, such as cumulative cardiotoxicity, 
nephrotoxicity, and extravasation, which compromise 
its clinical applications. Moreover, intracellular DOX 
accumulation is a complex process, which includes cellular 
uptake, retention, relocalization, and efflux from the cell. 
At any given time, the drug accumulation in cells is the 
difference between the quantity of drug uptake and efflux. 
Thus, it is required to design the next generation of DOX 
derivatives to overcome drug resistance, improve their 
retention in the cell, and enhance the sustained therapeutic 
effect.19

Many studies have been performed to assess the efficacy 
of DOX therapies via novel research strategies. Despite 
the potential benefits of the currently available liposomal 
DOX delivery systems, relevant problems still persist. For 
example, cardiotoxicity arising after administration is still 
evident, although at a reduced frequency. Doxil/Caelyx use 
is commonly associated with the development of palmar-
plantar erythema (PPE), which is believed to reflect the 
gradual accumulation and nonspecific release of DOX 
in the extremities. PPE manifests as a painful swelling of 
the hands and feet that ultimately requires a reduction in 
the administered dose, therefore resulting in less effective 
treatment.20-22

Based on these aforementioned studies and drawing 
from our experience in labeling different types of cells 
and molecules, such as leukocytes, stem cells, thymine, 
anti-CD3, and anti-TNF-α, for the diagnostic purposes of 
cancers and other diseases,23-39 we successfully labeled DOX 
with 99mTc. Previously, we conducted a pilot study in this 
regard involving women with breast cancer.40 The current 
study aims to assess whether 99mTc-DOX can be taken up 
by susceptible and multidrug-resistant cell lines. We used 
human chronic myeloid leukemia K562 cells and the resistant 
counterpart  Lucena1  cells to evaluate Pgp detection and 
activity for this purpose. For in vivo evaluation, we applied 
99mTc-DOX in mice with Lewis lung carcinoma (3LL lineage).

2. Materials and methods
2.1. Radiolabeling of DOX

DOX (Eurofarma, Brazil) was labeled based on the direct 
reduction of 1 mCi (37 mBq) of 99mTcO4

− freshly eluted 
from a 99Mo/99mTc generator (IPEN/CNEN) with stannous 
chloride (SnCl2; Sigma-Aldrich, USA). This labeling 
process is under patent registration. In the preparation 
of the radiopharmaceutical, all reagents were used under 
sterile conditions.

2.2. Chromatography

Chromatography was performed using methanol, 
isopropyl alcohol, and distilled water (3:2:5) as the mobile 
phase. Thin-layer chromatography (TLC) was used to 
characterize the labeled DOX using Whatman grade  4 
paper. The TLC was performed using 2 µL of 99mTc-DOX. 
The radioactivity of the strips was counted in Gamma 
Counter (Wizard 2, PerkinElmer), as presented in Table 1.

2.3. Stability evaluation

The stability of 99mTc-DOX was evaluated in saline solution. 
The percentage of free 99mTcO4

-  and the radioactivity 
of 99mTc-DOX were measured at different periods 
(immediately, 1, 3, 5, and 24 h).

2.4. Cell line culture

The human chronic myeloid leukemia K562  cells and 
the resistant counterpart  Lucena1  cells (4) were cultured 
in 25 cm3 cell culture flasks, at the final concentration of 
2 × 104 cells/mL, in 5 mL of RPMI-1640 medium (Sigma-
Aldrich, USA) supplemented with 10% fetal calf serum 

Table 1. Efficiency of DOX labeling compared with control carried out with sodium pertechnetate (Na99mTcO4-)

Whatman paper number 4 Bottom (%) Top (%) Total (%)
99mTc-DOX 90.9 63.0 100

Na99mTcO4- 0.7 99.3 100

Note: Bottom (%) and top (%) referring to the Whatman paper strips.
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(FCS; Cultilab, Brazil) and antibiotics at 37°C in 5% CO2 
atmosphere. Cells were passaged twice a week.

2.5. Detection of Pgp expression

For Pgp detection, cells were washed using phosphate-
buffered saline (PBS) containing 5% FCS and incubated 
at 4°C for 30 min with mouse anti-human P-glycoprotein 
– FITC antibody (BD Pharmigen, USA) at a dilution of 
1:4 (v/v). Negative control cells were incubated at 4°C for 
30 min, without the antibody, in PBS containing 5% FCS. 
Following this, cells were washed and resuspended in PBS 
containing 5% FCS. At least 10,000 events were recorded 
within the gated region of the flow cytometer FACSCan 
(Beckton & Dickinson, USA).

2.6. Assessment of Pgp activity

For the assessment of Pgp activity, cells were washed using 
a medium containing 10% FCS and incubated at 37°C for 
30 min with Rhodamine 123 (Rho; Sigma-Aldrich, USA), a 
Pgp’s fluorescent substrate, at a concentration of 200 ng/mL, 
in the presence or absence of 5 µM verapamil (Sigma-
Aldrich, USA), a Pgp inhibitor. After incubation, cells were 
washed and further incubated at 37°C for 30  min with a 
medium containing 10% FCS in the presence or absence 
of verapamil to allow cells to extrude or not the fluorescent 
substrate. After incubation, the cells were washed once 
more and resuspended in PBS containing 5% FCS. At least 
10,000 events were recorded within the gated region of the 
flow cytometer FACSCan (Beckton & Dickinson, USA).

2.7. Determination of cell viability

K562 or Lucena I cells were seeded onto a 96-well plate 
at 2 × 104 cells/mL in RPMI 1640 (Sigma-Aldrich, USA) 
medium containing 10% FCS. Cells were kept for 3 days at 
37°C in a 5% CO2 atmosphere in the presence of 300 ng/mL 
of the chemotherapic DOX or its radiolabeled form 99mTc-
DOX and/or the Pgp inhibitor verapamil (5 µM). Controls 
were cells maintained in the absence of these substances. 
Each sample had three replicates. After a 72-h culture, 
cells were incubated with 20 µL of 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT; Sigma-
Aldrich, USA), at a concentration of 5 mg/mL, for 3 h at 
37°C in a 5% CO2 atmosphere. Following MTT incubation, 
a 200 µL aliquot of 100% DMSO (Vetec Química Fina, 
Brazil) was added to each culture to dissolve the crystals. 
The absorbance was measured at 490 nm using SunriseTM 
microplate absorbance reader (Tecan, Switzerland).

2.8. In vivo development of Lewis lung carcinoma 
from 3LL cells

3LL cells were grown in high-glucose DMEM culture 
medium (Vitrocell, Brazil) supplemented with 10% FBS 

(Invitrogen, Brazil USA), 2 mM l-glutamine, 100 U/mL 
penicillin, and 100 μg/mL, 1% sodium pyruvate, and 1% 
nonessential amino acids (Sigma-Aldrich, US) for 48 h. 
After reaching confluency, the cells were collected with 
trypsin-EDTA (Invitrogen) and centrifuged at 1200 rpm 
for 10  min. Cells (106  cells/mL) were suspended in 
DMEM without serum. This cell suspension (100 μL, 
105  cells per animal) was injected subcutaneously in 
C57/Bl6 mice’s left paws, and tumor growth was 
monitored for 15 days.

2.9. Statistical analysis

Student’s t-test was employed to analyze the significance 
of the difference in Pgp expression and cell viability. 
Differences were considered statistically significant when 
P < 0.05.

3. Results
3.1. Radiolabeling and stability

The labeling efficiency was maintained at around 90% 
(Table  1). Moreover, the DOX was found to be stably 
labeled by 99mTC, especially in the first 5  h following 
labeling (Table 2).

3.2. Determination of Pgp expression and activity in 
K562 and Lucena 1 cell lines

Pgp expression in both K562 and Lucena 1 lines is 
graphically depicted in Figure  1A. Lucena 1 cell line 
exhibited overexpression of Pgp that is not observed in 
K562. The transporter activity of the protein (Figure 1B) 
was evaluated using a fluorescent substrate, Rho. When 
incubated with Rho, the K562  cells demonstrated a 
significant increase in intracellular fluorescence, surpassing 
the fluorescence intensity showcased by Lucena 1. However, 
in the presence of verapamil, a Pgp inhibitor, Lucena 1 cells 
showed a significant increase in intracellular fluorescence, 
a magnitude similar to that seen in K562 cells, suggesting 
that Pgp activity accounts for the Rho extrusion observed 
in Lucena 1 cells.

Table 2. Labeling efficiency using Whatman grade 4 paper in 
different periods

Time (h) Origin (%) Top (%)

0 90.9 9.1

1 86.3 13.7

3 83.6 16.1

5 82.4 17.6

24 74.3 25.7

Note: Origin (%) and top (%) referring to the Whatman paper number 
4 strips.
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3.3. Effect of 99mTc-DOX on cell viability

To determine if the labeling process affected the 
cytotoxicity of 99mTc-DOX, the two cell lines, K562 and 
Lucena 1 cells, were exposed to radiolabeled and unlabeled 
DOX (Figure  2). Both unlabeled DOX and 99mTc-DOX 
equally affected K562  cells, decreasing their viability 
to 19 ± 15% and 11 ± 16%, respectively. The effects of 
the radiolabeled and unlabeled drugs on Lucena 1  cells 
(Figure  2A), however, were not statistically significant. 
Thus, it is evident that K562  cells (Figure  2B) displayed 
sensitivity to both drugs, but Lucena 1 cells were resistant 
to either substance. This finding aligns with our postulation 
that the drug remained intact after labeling, retaining the 
structure that contributes to its cytotoxicity. The cells 
were also exposed to DOX or 99mTc-DOX combined with 
verapamil to evaluate if the resistance seen in Lucena cells 

was attributed to Pgp activity. As shown in Figure 2, the 
exposure to verapamil alone did not change the viability of 
either cell line. However, in the presence of DOX or 99mTc-
DOX combined with verapamil, Lucena 1 cells showed a 
statistically significant decrease in viability, suggesting 
that the resistance to labeled or unlabeled DOX can be 
reversed by Pgp inhibition. In addition, DOX structural 
characteristics that confer its capacity as a substrate to Pgp 
remained unaffected by the labeling process.

3.4. Biodistribution of 99]mTc-DOX in mice with Lewis 
lung carcinoma

The biodistribution of the 99]mTc-DOX was evaluated 
in normal mice and mice with Lewis lung carcinoma. 
The biodistribution results in normal mice, as shown in 
Figure  3A, indicate uptake of 99mTc in the stomach and 
thyroid. Figure  3B shows the biodistribution in normal 

Figure 1. Pgp expression and activity in K562 and Lucena 1 cells. (A) Pgp expression in K562 and Lucena 1 cells. Cells were cultured for 72 h and then 
incubated with verapamil. Fluorescence intensity was measured by means of flow cytometry. The bar chart represents mean fluorescence intensity per cell 
line. The values are expressed as mean ± standard deviation from three separate experiments. *P < 0.05. (B) Pgp activity in K562 and Lucena 1 cells. Pgp 
activity was measured based on Rho accumulation; verapamil was used as a positive control modulator. Fluorescence intensity was measured by means of 
flow cytometry. The representative histograms shown are outputs of three independent experiments, where filled gray histogram denotes negative control, 
open black histogram denotes cells incubated with Rho, and open gray histogram denotes cells incubated with Rho and verapamil.

A B

Figure 2. Cell viability in the presence of verapamil and DOX. (A) K562 cell viability in the presence of verapamil and DOX. Cells were cultured under the 
stated conditions for 3 days prior to cell viability measurement using MTT assay. (B) Lucena-1 cell viability in the presence of verapamil and DOX. Cells 
were cultured under the stated conditions for 3 days prior to cell viability measurement using MTT assay.
Notes: CTRL: Absence of DOX and verapamil; VP: In the presence of verapamil (5 µM); DOX: In the presence of DOX (300 ng/mL); 99mTc-DOX: In 
the presence of 99mTc-DOX (300 ng/mL); DOX + VP: In the presence of DOX (300 ng/mL) and verapamil (5 µM); 99mTc-DOX+VP: In the presence of 
99mTc-DOX (300 ng/mL) and verapamil (5 µM). The values represent mean ± standard deviation of data from three independent experiments.
Abbreviation: O.D.: Optical density.

A B
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mice, with 99mTc-DOX uptake by the kidneys. Figure  3C 
shows 99mTc-DOX biodistribution in mice with inoculated 
tumors, with a clear indication of 99mTc-DOX uptake in 
the liver and kidneys, suggesting showing the strong and 
stable labeling of DOX with 99mTc. There is no uptake of 
99mTc-DOX by the thyroid or stomach. When scanned 
ex vivo, the Lewis lung carcinoma manifested a targeted 
uptake of 99mTc-DOX (Figure 3D).

4. Discussion
The medical specialty of nuclear medicine serves a very 
important purpose of enabling noninvasive detection 
of biochemical, molecular, and histological markers of 
tumor to facilitate the evaluation of tumor aggressiveness, 
invasiveness, and resistance to therapy. These findings 
from these applications may provide rational criteria for 
fine-tuning therapeutic strategies for each patient.41

Ohtani et al.42 have investigated the uptake of 
3H-vincristine by K562  cells to study MDR associated 
with Pgp. It is of precautionary importance to have a 
profound understanding of such drug resistance so as to 
decrease morbidity owing to unsuccessful therapy and to 
allow the selection of individuals who may benefit from 
the co-administration of MDR-inhibiting drugs.43 The 
major shortcoming of using 3H for in vivo behavior studies 
is that it is a pure β emitter and thus cannot be used to 
noninvasively detect the distribution in different tissues or 
organs in live animals using imaging. 3H also has a long 
half-life (12.33 years), which limits its utility in patients.

Kostakoglul.44 evaluated Pgp-mediated transport 
functions through PET technology, using 11C-labeled 
colchicine, verapamil, and daunorubicin in cell lines 

and animal studies. Similarly, Solbach et al.45 labeled a 
chemotherapeutic agent, vinblastine, with 11C to image 
cancer patients. As a β emitter radionuclide with a half-
life of 20 min, 11C can only be used in PET scanners and is 
not widely available. Although the labeling method applied 
could only yield a radiochemical purity of only 53%, the 
application of 11C allowed for the successful diagnosis of 
metastatic renal cell carcinomas. Since the radiosynthesis 
method applied by Solbach et al.45 was very laborious, 
we resorted to using the direct labeling method, which is 
simpler to conduct and has a constant labeling efficiency 
of 90%.

Kurdziel and Kiesewetter46 have attempted to label a 
chemotherapeutic agent, paclitaxel, for imaging multidrug-
resistant tumors with a PET tracer, 18F. Adopting the 
same study design, they carried out in vitro radiotracer 
uptake studies using 18F-FPAC, 99mTc-sestamibi, and 99mTc-
tetrofosmin (a known MDR substrate), as well as 18F-
FDG (as a negative control). A similar differential uptake 
between the sensitive and resistant cell lines was seen in 
all radiolabeled MDR substrates but not for 18F-FDG (the 
uptake was not associated with MDR). The limitation of 
using this radiopharmaceutical is the limited availability of 
PET tracers in many countries.

The interaction of DOX prevents DNA replication and 
transcription by inhibiting topoisomerase II. However, 
DOX is actively extruded from cancer cells overexpressing 
Pgp. High cumulative doses of DOX are required in cancer 
chemotherapy to achieve a sufficient therapeutic effect.47,48 
In light of this, we developed a new radiopharmaceutical 
(99mTc-DOX) to evaluate the mechanism of DOX behavior 
that could be used further in animals and patients. 99mTc is 

Figure 3. Biodistribution studies in mice. (A) 99mTc-DOX was administered in normal mice. Images were acquired after 1 h of intravenous administration. 
There is an uptake in the thyroid and stomach. (B) Normal mice show uptake of 99mTc-DOX by the kidneys 1 h after administration. (C) Mice with Lewis 
lung carcinoma show 99mTc-DOX uptake in the liver and kidneys. There is no uptake in the thyroid and stomach. (D) Ex vivo examination of 99mTc-DOX 
uptake by Lewis lung carcinoma.

A B C D
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a suitable radionuclide for in vivo imaging, as it is a gamma 
emitter with a short half-life of 6 h. We used a culture of K562 
and Lucena 1 (a multidrug-resistant cell line) to investigate 
whether 99mTc-DOX retains its cytotoxicity and structural 
characteristics. 99]Tc-DOX, similar to unlabeled DOX, was 
shown to be cytotoxic to chronic myeloid leukemia cell 
lines (K562) and maintain its capacity as a Pgp substrate 
in vitro. Furthermore, the cells were not radiosensitive to 
the amount of radionuclide present in the molecule. This 
could be observed by incubating multidrug-resistant cells 
with 99mTc-DOX and verifying that cytotoxicity was only 
observed when the drug was internalized and retained 
inside the cell.

DOX labeled with radionuclides have previously been 
tested to study the characteristics of DOX in tumors. Polyak 
et al.49 and Bao et al.,50 using different DOX liposomal 
delivery systems, performed a direct radiolabeling of DOX, 
achieving an efficiency of approximately 70%. In contrast, 
we used a non-liposomal DOX, obtaining a 90% efficiency 
by direct labeling.

Another approach to evaluating tumor growth is using 
radiopharmaceuticals against DNA bases. Sun et al.51 
imaged DNA synthesis with PET using 18F-1-(2’-deoxy-2’-
fluoro-beta-D-arabinofuranosyl)thymine (18F-FMAU), a 
pyrimidine analog, which is phosphorylated by thymidine 
kinase and incorporated into DNA. Their results 
demonstrated that 18F-FMAU was selectively retained 
in the DNA of proliferating cells and was resistant to 
degradation.51

Koukourakis et al.52 labeled liposomal DOX with 99mTc 
and evaluated its uptake in patients with brain tumors. The 
radiolabeled DOX accumulation was 13- to 19-fold higher 
in glioblastomas and 7-  to 13-fold higher in metastatic 
lesions than in the normal brain. Kumar et al.53 studied 
the DOX labeled with 99mTc in vitro and in Ehrlich ascites 
tumor-bearing mice, and demonstrated the physiological 
distribution of 99mTc-DOX in kidneys and liver. The 
tumor had a focused uptake of the radiopharmaceutical at 
1.5 h up to 4 h. Bao et al.50 demonstrated that the labeled 
pegylated DOX in normal rats had a slow blood clearance 
and a high uptake in the bowel and surrounding tissues. 
In another study, Yang et al.54 investigated the behavior of 
DOX liposomes labeled with 111]In after their intravenous 
administration to intracranial human glioblastoma tumor-
bearing mice suffering blood–brain barrier disruption 
induced by focused ultrasound.

In this study, DOX was labeled using a direct method, 
an approach that allows for high labeling efficiencies. It 
is important to point out that there is a difference in the 
biodistribution of 99mTc and 99mTc-DOX. 99mTc-DOX is 
uptaken by the kidneys in normal mice, while mice with 

Lewis lung carcinoma show uptake in the liver and kidneys, 
the organs responsible for excretion. Ex vivo studies, on the 
other hand, provided an avenue for visualizing the 99mTc-
DOX uptake in the tumor. In a separate study, we found 
that breast carcinoma lesions exhibited increased uptake 
of 99mTc-DOX, which was eliminated through renal and 
hepatic routes.40

5. Conclusion
The present study illustrates the potential of labeling 
DOX with 99mTc, an approach that may prove to be 
conducive to the design of the next-generation DOX 
derivatives used in overcoming drug resistance, 
improving intracellular DOX retention, and enhancing 
sustained therapeutic effect. Follow-up studies are 
warranted to confirm whether 99mTc-DOX can serve as a 
drug resistance marker.
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Abstract
Richter transformation (RT) refers to a transformational process of chronic lymphocytic 
leukemia (CLL) into a more aggressive form. CLL is considered an indolent lymphoma 
with no avidity to 18F-fluorodeoxyglucose positron emission tomography/computed 
tomography (18F-FDG PET/CT). RT transforms CLL into a diffuse large B-cell 
lymphoma, Hodgkin’s lymphoma, or prolymphocytic leukemia, and the lymphoid 
tissue becomes highly FDG avid. The main value of 18F-FDG PET/CT in CLL patients 
lies in its ability to exclude RT with high negative predictive value and identify sites 
of increased 18F-FDG uptake that is suitable for biopsy. In our retrospective analysis, 
we examined 12 patients suspected of RT, who were included in our study between 
November 2018 and December 2022. 18F-FDG PET/CT was considered for patients 
with enlarged lymph node, fever, and elevated lactate dehydrogenase levels. A 
cutoff standardized uptake value (SUVmax) = 5 was chosen empirically based on our 
institutional practice. Extranodal disease was suspected if abnormal 18F-FDG uptake 
was observed in the liver, spleen, bone marrow, or another organ. In this study, the 
specificity of 18F-FDG PET/CT was 44.5%, with positive and negative predictive values 
of 37.5% and 100%, respectively. Frequencies of cases with increased uptake of 18F-
FDG in the “only nodal sites” and “nodal and extranodal sites,” relative to positive 
biopsies, were 20% and 66%, respectively.

Keywords: 18F-FDG PET/CT; Predictive value; Chronic lymphocytic leukemia; Richter 
syndrome transformation

1. Introduction
Chronic lymphocytic leukemia (CLL) is an indolent disease characterized by the 
proliferation of B-cell lymphocytes. CLL may be converted into a more aggressive 
type, usually a diffuse large B-cell lymphoma (DLBCL) and less frequently a Hodgkin’s 
lymphoma or prolymphocytic leukemia, through a process called Richter transformation 
(RT).1,2 The early detection of RT and identification of high-risk CLL patients are 
performed with hybrid metabolic imaging using 18-flu=orine fluorodeoxyglucose 
positron emission tomography-computed tomography (18F-FDG PET/CT) owing to 
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its ability to distinguish RT with high negative predictive 
value and identify sites of increased 18F-FDG uptake that is 
suitable for biopsy. This study aimed to precisely evaluate 
the positive and negative predictive values and predict the 
most affected lymph node sites, which can be validated 
with histopathological confirmation.

2. Methods
2.1. Patient recruitment

A retrospective analysis of consecutive CLL patients who 
underwent 18F-FDG PET/CT at our institution between 
November 2018 and December 2022 was performed. The 
indication for PET/CT was suspicion of RST. 18F-FDG 
PET/CT was considered for patients with CLL presented 
with elevated lactate dehydrogenase (LDH) levels, enlarged 
lymph node, and fever in the absence of infection. Patients 
were excluded from the study if they had not undergone 
bone marrow or lymph node biopsy after a positive 
PET/CT (e.g., patients with high suspicion of RT requiring 
urgent treatment).

2.2. 18F-fluorodeoxyglucose positron emission 
tomography-computed tomography imaging

All 18F-FDG PET/CT scans were performed on an integrated 
PET/CT scanner (GE Discovery STE8, GE Healthcare, 
USA). The patients fasted for at least 8 h before undergoing 
scanning with any premedication. Blood glucose levels and 
body weight were measured shortly before the injection. 
All patients had blood glucose levels below 6.27 mmol/L. 
Image acquisition was conducted 45 – 60  min after 
intravenous injection with a net dose of 3 MBq/kg of 18F-
FDG and an average uptake time of 50 min. The mean net 
injected 18F-FDG dose, calculated based on body weights 
ranging from 50 to 80 kg and excluding residual activity in 
the syringe, was 193 MBq.

PET/CT images were acquired from the head to the 
upper thighs for 3  min per bed position. PET images 
were reconstructed using standard vendor-provided 
reconstruction algorithms, which incorporated ordered-
subset expectation maximization, including the two 
iterations, 28 subsets, and a 128 × 128 reconstruction 
matrix. PET images were subjected to attenuation 
correction using data from the CT component of the 
examination. CT examination covering the area from 
the skull base to the upper thighs was performed using 
the following parameters: 120 mA for current intensity 
and 140 kVp for voltage, with a table speed of 13.5 mm/
rotation. Axial CT images were reconstructed with a 
section thickness of 3.75 mm.

All PET/CT studies were reviewed by two nuclear 
physicians. Both physicians examined the PET, CT, and 

fused PET/CT images at a combined reading session. The 
fused PET/CT images were used primarily for localizing 
lesions and differentiating abnormal metabolic activity 
from physiological 18F-FDG uptake within adjacent organs. 
Metabolic activity within sites of abnormal 18F-FDG uptake 
was analyzed qualitatively and semi-quantitatively on the PET 
images. The determination of the standardized uptake value 
(SUVmax) within the volume of interest followed the formula:

SUVmax = (Measured activity within the volume of 
interest in MBq/mL)/(Injected dose of 18F-FDG  

             in MBq)/(Patient’s body weight in g)� (I)

The accuracy and consistency of SUV measurements 
with 18F-FDG PET/CT were maintained by our in-house 
quality control program. The program is performed by our 
service team weekly and relies on the use of radioactive 
18F-containing sources and calibration phantoms (i.e., for 
replicating human tissues), adherence to standardized 
protocols, in-depth result analysis, and ongoing training 
of personnel to maintain optimal performance. These 
practices allow for meticulous monitoring of equipment 
performance, ensuring measurement fidelity and obtaining 
reliable results during medical imaging examinations.

On the PET/CT images, sites of abnormal 18F-FDG 
uptake were documented with respect to the intensity of 
the uptake and its anatomic location, and these parameters 
were then compared to the 18F-FDG intensity in the liver, 
with values ranging from 2.4 to 4.5 and a mean value of 
3.2. In our study, an SUVmax >5 within a lymph node or 
extranodal site was considered suggestive of RT, whereas 
SUVmax <5 indicated a more indolent phase of CLL. 
A  cutoff SUVmax = 5 was chosen empirically based on 
our institutional practice and other similar studies.3,4 
Extranodal disease was suspected if abnormal 18F-FDG 
uptake was observed within an extranodal soft-tissue mass 
or in the liver, spleen, bone marrow, or another organ. 
The 18F-FDG PET/CT findings were then correlated with 
histological findings from the bone marrow or lymph node 
biopsies performed on patients with positive PET/CT.

2.3. Histopathological and descriptive analyses

Histopathological examination is the gold standard for the 
diagnosis of RT and was used in this study for patients with 
positive PET/CT. Biopsy was performed either on the lymph 
nodes, extranodal site, or the bone marrow. Descriptive 
analyses of the patient’s age, sex, and the nodal and extranodal 
sites of increased uptake were performed accordingly.

3. Results
A total of 12 patients suspected of RT were included in our 
study. Their mean age at the time of their 18F-FDG PET/
CT scan was 66 years (range: 53 – 76 years). There was a 
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male predominance (i.e., eight male [66%] and four female 
[34%] patients) among the patients. From the 18F-FDG 
PET/CT scans, eight (66%) scans were positive, and 
four (34%) scans were negative. Patients with a positive 
PET/CT result subsequently underwent histopathological 
examination. Among them, three individuals had evidence 
of RT, particularly in the form of DLBCL.

The patients started treatment for CLL before 
confirming RT, and the treatment included active 
monitoring, chemotherapy, and immunotherapy. 
Furthermore, the three RT-positive patients adopted the 
R-CHOP chemotherapy regimen. In general, most CLL 
patients can lead a prolonged life with the disease, while 
some CLL patients may have quicker CLL progression. 
Unfortunately, three patients with untransformed CLL 
were deceased during the study.

The specificity of 18F-FDG PET/CT for detecting RT was 
44.5%, with positive and negative predictive values of 37.5% 
and 100%, respectively. Frequencies of cases with increased 
uptake in the “only nodal sites” and “nodal and extranodal 
sites,” relative to positive biopsies, were 20% and 66%, 
respectively. Cervical (28.5%) and inguinal (28.5%) lymph 
nodes were the most affected in the supradiaphragmatic 
and infradiaphragmatic areas, respectively. The complete 
18F-FDG PET/CT results are displayed in Tables 1-3.

4. Discussion
CLL is defined by the proliferation of phenotypically 
monoclonal B-cell lymphocytes derived from blood, 

marrow, or lymph nodes.5 CLL is considered an indolent 
or low-grade lymphoma, and the CLLs of 5%–10% of 
patients reportedly develop into an aggressive form 
through RT.6-10

The use of 18F-FDG PET/CT can effectively identify 
biopsy sites in tumors (i.e., intense metabolically active 
nodes), and in combination with other biological 
markers, physicians can accurately assess the CLL stage 
and prognosis of patients to make better, more informed 
treatment decisions.7,8

CLL is characterized by low 18F-FDG avidity in PET/CT 
imaging, corresponding to the low mitotic activity of the 
lymphocytes.3-9 However, RT would increase the avidity 
of lymphoid tissues to 18F-FDG (Figure 1). The increased 
SUVmax in lymph nodes correlated with high suspicion for 
RT and should be further evaluated. Furthermore, 18F-FDG 
PET/CT may be used to identify intensely metabolically 
active nodes for biopsy.10

The main value of 18F-FDG PET/CT in CLL patients is 
its ability to detect RT with a negative predictive value of 
97% and identify sites of increased 18F-FDG uptake that is 
suitable for biopsy or surveillance.3 In our study, cervical 
and inguinal lymph nodes were, respectively, the most 
affected in the supradiaphragmatic and infradiaphragmatic 
areas, respectively (Figures 1 and 2). The SUVmax in the 
cervical nodes had a range of 6.1–7.7, but the SUVmax was 
more intense in the inguinal lymph nodes with a range of 
6.8–26.1. Our findings also displayed that increased uptake 
in the nodal and the extranodal sites were predictive of 

Table 1. PET/CT findings of the study population

Patient Sex/age Supradiaphragmatic 
nodal sites of 
increased 18F‑FDG 
uptake (SUVmax)

Infradiaphragmatic nodal 
sites of increased 18F‑FDG 
uptake (SUVmax)

Extranodal sites of increased 
18F‑FDG uptake (SUVmax)

Range of 
SUVmax

PET 
value

Biopsy

1 M/63 Left axillary (3.1) Left external iliac (2.9) No uptake 2.1 – 3.1 (‑) N/A

2 M/62 Left lung hilar (8.8) Right inguinal (2.0) Lung (8.2); liver (6.5); L3 (7.8) 2.0 – 8.8 (+) (+)

3 M/68 Right sub maxillary (7.7) Left inguinal (6.8) Right femur (4.1) 2.8 – 7.7 (+) (‑)

4 F/74 Left axillary (7.0) Right inguinal (26.1) Spleen (10.3); right ischion (6.4) 1.8 – 26.1 (+) (+)

5 F/53 Left cervical (6.6) Right inguinal (7.5) No uptake 3.5 – 7.5 (+) (‑)

6 F/71 Right axillary (2.3) Mesenteric nodes (3.2) No uptake 1.8 – 3.2 (‑) N/A

7 F/76 Left axillary (2.7) Left crural (3.8) No uptake 2.0 – 3.8 (‑) N/A

8 M/71 Right cervical (6.1) Lombo‑aortic (3.8) No uptake 2.7 – 6.1 (+) (‑)

9 M/73 No uptake No uptake No uptake N/A (‑) N/A

10 M/70 Right lung hilar (5.8) Right inguinal (4.1) No uptake 2.1 – 5.8 (+) (‑)

11 M/65 Left axillary (8.0) Right inguinal (8.1) No uptake 2.1 – 8.1 (+) (+)

12 M/53 Right sus clavicular (6.3) Left external iliac (5.4) No uptake 3.0 – 6.3 (+) (‑)

Abbreviations: (+): Positive; (-): Negative; F: Female; FDG: Fluorodeoxyglucose; L3: 3rd vertebra of the lumbar spine; M: Male; N/A: Not available; 
PET: Positron emission tomography; PET/CT: Positron emission tomography-computed tomography; SUVmax: Standardized uptake value.
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Table 2. Percentage of increased 18F-FDG uptake in lymph 
node areas

Lymph nodes Percentage of increased 18F‑FDG uptake (%)

Cervical 28.5

Inguinal 28.5

Axillary 14

Lung hilar 14

Lombo‑aortic 14

Other 1

Abbreviation: FDG: Fluorodeoxyglucose.

Table 3. Predictive value of PET/CT for detecting RT in 12 
patients

Parameters Value

PET value (number of patients)  

Positive 4

Negative 8

Predictive values (%)

Positive 37.5

Negative 100

Specificity (%) 44.5

False positive (%) 62.5

Nodal sites (%)

Nodal and extranodal sites 37.5

Only nodal sites 62.5

Positive biopsy at nodal sites (%)

Nodal and extranodal sites 66

Only nodal sites 20

Abbreviations: PET/CT: Positron emission tomography-computed 
tomography; RT: Richter transformation.

RT (Figures 2 and 3) (nodal and extranodal sites/positive 
biopsy = 66%; nodal sites/positive biopsy = 20%).

Nonetheless, the study had several limitations, 
including a small sample size of 12  patients. The cohort 
lacked diversity in demographic characteristics and 
disease stage, affecting its representation of the broader RT 
population. The retrospective design of this study relied 
on past medical records, which could contain incomplete 
information and introduce selection bias and confounding 
variables. The exclusion criteria of the study could also 
introduce bias, limiting the applicability and reliability of 
the present findings to a diverse patient population.

Bruzzi et al., Falchi et al., and Mauro et al. reported 
high negative (97%, 92%, and 94%, respectively) and low 
positive (53%, 38%, and 51%, respectively) predictive 
values of 18F-FDG PET/CT for detecting RST, and this could 

be attributed to the limitation of PET/CT to differentiate 
between RT and other 18F-FDG-avid tumors.3,4,12 Papajik 
et al. suggested that there is no significant advantage in 
performing 18F-FDG-PET/CT over CT as a surveillance 
tool in CLL patients with CLL, but 18F-FDG-PET/CT may 
be beneficial in confirming RT diagnosis in RT-suspected 
CLL patients.11 Collectively, the positive and negative 
predictive values reported in our study were consistent 
with those of other studies (i.e., above 37% and 100%, 
respectively), but specificity reported in our study (i.e., 
44.5%) was comparable to that as reported by Falchi et al. 
(i.e., 47%) (Table  4).12 Our findings also revealed a high 
incidence of false positive cases (62.5%), and this could be 
attributed to an accelerated phase of CLL instead of frank 
lymphomatous transformation.4

Table 4. Summary of PET/CT predictive values for detecting 
RT nodes % of increased uptake

Study RT 
cases

SUVmax Specificity 
 (%)

Predictive value (%)

Positive Negative

Bruzzi et al.3 10 5 80 53 97

Mauro et al.4 17 5 71.2 51.3 94

Falchi et al.12 95 5 47 38 92

Abbreviations: PET/CT: Positron emission tomography-computed 
tomography; RT: Richter transformation; SUVmax: Standardized 
uptake value.

Figure  1. Images of a 53-year-old female CLL patient. (A) MIP and 
(B) fusion images of the patient’s coronal section. The images displayed 
intense 18F-FDG uptake in the cervical (SUVmax = 6.5) and axillary 
(SUVmax = 6.3) lymph nodes and low 18F-FDG uptake in the lombo-
aortic lymph nodes (SUVmax = 4.3). A biopsy of the left axillary nodes 
performed after PET/CT was positive.
Abbreviations: CLL: Chronic lymphocytic leukemia; FDG: Fluoro-deoxy-
glucose; MIP: Maximum intensity projection; PET/CT: Positron emission 
tomography-computed tomography; SUVmax: Standardized uptake 
value.
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5. Conclusion
While the 18F-FDG PET/CT scan has proven valuable 
in assessing patients suspected of RT, it is essential to 

acknowledge the limitations identified in the study. The 
retrospective nature, small sample size, and potential 
bias in patient selection challenged the reliability and 
practicality of the findings. Despite these constraints, the 
study highlighted the significance of PET/CT imaging 
in confirming clinical suspicions and guiding biopsy site 
selection. Moving forward, larger prospective studies with 
diverse cohorts are warranted to enhance the robustness of 
evidence and provide a more comprehensive understanding 
of the role of PET/CT scans in RT evaluation.
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Abstract
In this study, we aimed to determine outcomes for patients requiring salvage 
stereotactic radiosurgery (SRS) who have progression of brain metastatic disease 
after initial treatment with whole-brain radiation (WBRT). This is a retrospective 
analysis of a prospective database of 112 patients who were treated with salvage SRS 
after experiencing failure following WBRT treatment with salvage SRS. Collectively, 
the patients had a median overall survival of 7 months after salvage SRS. Patients 
who had more than two brain metastases had a significantly shorter median survival 
but were not subjected to increased risk for distant brain failure. We also found that 
a short intervening time between WBRT and central nervous system (CNS) failure 
did not seem to worsen the nervous system control or reduce patient survival. Small 
cell lung cancer (SCLC) was associated with decreased overall survival and CNS 
control. In conclusion, SRS use following WBRT is safe and effective in the majority of 
patients. Patients with rapid failure after WBRT can be successfully salvaged with SRS. 
The findings also shed light on the overall poor outcomes, coupled with low median 
survival and high rates of CNS failure, in patients suffering multiple metastases 
stemming from SCLC.

Keywords: Stereotactic radiosurgery; Radiation therapy; Salvage; Central nervous system

1. Introduction
Cancer metastasis to the brain is a common pathological event. It has been estimated 
that there are 98,000 to 170,000 cases of cancer metastasis to the brain per year in the 
United States alone. Therapies for this clinical challenge include whole-brain radiation 
therapy (WBRT) and stereotactic radiosurgery (SRS).1 Declining cognition, decreased 
quality of life, and reduced blood counts are some of the notable negative impacts of 
employing WBRT, which is, however, superior to SRS in terms of reduced likelihood of 
inducing subsequent CNS failure.2-5

Although WBRT can reduce subsequent brain failure as compared to SRS, CNS failure 
would still develop in patients after undergoing WBRT.4-6 Several studies have shown 
that the rate of distant brain metastases after WBRT is around 25% to 50%,7,8 which can 
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be potentially brought down through improved systemic 
control using new agents such as immunotherapy.2,4,6,9,10

Patients with intracranial progression after WBRT 
present a therapeutic dilemma. The radiation options 
include repeat WBRT or salvage SRS. Several studies 
reported that repeat WBRT led to a survival time of 
around 4 months.2,10 A limited number of studies focusing 
on salvage SRS after WBRT failure found SRS a safe and 
effective treatment contributing to a survival time of 
between 8 and 9 months.11,12

While SRS for limited brain metastases after WBRT 
appears to be a good treatment option, several questions 
in this aspect remain unanswered. It is unknown if a short 
time interval to failure after WBRT would make further 
radiation futile and if there is a cut-off in the number of 
CNS metastases that can be salvaged with SRS after WBRT 
failure.

2. Methods
This is an IRB approved by Cooper Medical School of 
Rowan University (EX1092) for retrospective review 
of prospective SRS database at a single institution from 
2007 to 2019. We prospectively collected all treatment 
information for our SRS cases; additional information 
required for this study was retrospectively collected. Patient 
charts were reviewed, and multiple variables were recorded.

Kaplan–Meier with log-rank test was used to compare 
survival outcomes between variables. Independent t-test 
was used to distinguish differences between means of 
continuous variables, such as number of central nervous 
system (CNS) metastases and Karnofsky performance 
scale (KPS) score. Chi-squared test was utilized to test 
the significance for categorical variables, such as primary 
cancer. In addition, recursive partitioning analysis (RPA) 
was used as a stratification tool. Survival was calculated 
from the time SRS was performed.

Radiosurgery was performed with Gamma Knife® 
Icon™ (Elekta, Stockholm Sweden). The majority of patients 
underwent thin-slice magnetic resonance imaging (MRI) 
scanning on the day of SRS for SRS planning although 
patients with high-quality MRI <2 weeks old could use the 
diagnostic MRI for SRS planning. SRS was usually prescribed 
to the 50% isodose line although small metastases could be 
treated with a higher isodose line to reduce normal brain 
dose. Radiation dose for brain metastases was based on the 
size of brain metastases: 0–2 cm treated to 20 Gy, 2–3 cm 
treated to 18 Gy, and 3–4 cm treated to 15 Gy.

Standard follow-up at our institution for patients 
with brain metastases is an MRI scan with contrast every 
3  months for the first 2  years and then every 4  months 

at a multi-disciplinary neuro-oncology clinic until the 
3rd year, under the assumption that scans are normal.12 If 
suspected of having recurrence versus radiation necrosis, 
asymptomatic patients are started on pentoxifylline 
(Trental) and vitamin E with repeat scans performed in 
8 weeks. If the abnormality persists, patients are indicated 
for dynamic MRI imaging consisting of MRI spectroscopy 
and MRI perfusion to determine whether radiation 
necrosis or disease progression is the cause, and biopsy 
will be performed if feasible. Cases are often presented in 
multi-disciplinary tumor board. Table 1 illustrates patient 
characteristics of interest.

3. Results
A total of 112  patients and 699 treated brain metastases 
were evaluated. There were 18  patients who underwent 
SRS multiple times, ranging from two to five times (a total 
of 134 SRS sessions). The median time from WBRT to 
SRS was 266 days (range: 23–1722 days). The majority of 
previous WBRT was 30  Gy in 10 fractions. The median 
number of CNS metastases treated with salvage SRS was 4 
(range: 1–29) (Table 1).

The median follow-up durations for all patients and 
surviving patients were 116 days and 168 days, respectively, 
and the median overall survival was 210 days (7 months). 
The median survival by RPA status was 279, 176, and 
95 days for RPA 1, 2, and 3, respectively (P < 0.007). Small 
cell lung cancer (SCLC) and breast cancer were statistically 

Table 1. Patient characteristics

Characteristics Statistics 
(n=112)

Primary cancer (n, %)

Small cell lung cancer 34 (30.3%)

Non‑small cell lung cancer 34 (30.3%)

Breast cancer 29 (25.9%)

Melanoma 6 (5.4%)

KPS

Median 80

Range 50–100

KPS≥70 94

Brain metastases treated

Median 4

Range 1–29

Percent >5 30.3%

Interval from previous whole‑brain radiation days

Median 266

Range 23–1722

Abbreviation: KPS: Karnofsky performance scale.
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significant predictors of survival (P < 0.0007 and P < 0.011, 
respectively). Patients with breast cancer had increased 
median survival time of 289 days (9.6 months) compared 
to patients with SCLC with a median survival of 127 days 
(4.2 months). We found that patients who had more than 
2 metastases had a decreased survival time compared to 
patients who had 1 to 2 metastases (P < 0.001). Patients with 
0 – 2 metastases had a median survival time of 11.3 months 
(340  days) while those with 3 or more metastases had 
5.0 months (149 days) (Figure 1). Time from CNS failure 
after WBRT was not associated with a decrease in survival.

Forty-seven patients succumbed to subsequent 
CNS failure after both WBRT and salvage SRS, with a 
median time to distant CNS failure of 226  days (range: 
22–864 days). Whether treated as a discrete variable (under 
60 days, under 90 days, etc.) or as a continuous variable, 
time interval from WBRT to SRS did not seem to be able 
to predict worse CNS control. The results also showed that 
the number of brain metastases treated did not have an 
influence on subsequent brain failure when examined as 
either continuous or discrete (as a cut-off) variable. Our 
analysis also unveiled that SCLC is statistically significant 
predictor for worse distant brain failure (P < 0.007), with a 
median of 88 days to distant failure.

As mentioned above, SCLC could predict both worse 
overall survival as well as increased rate of distant failure. 
Of the 34 SCLC patients analyzed, nine (26%) had survival 
longer than 6 months, but there were only two patients who 
had survival longer than 6 months and did not experience 
subsequent CNS failure; both of these patients suffered 
from solitary brain metastasis. Of the SCLC patients with 
at least 3  months of follow-up (18  patients), 12  patients 

developed distant brain failure, while the rest (six patients) 
with 3 months of follow-up and no distant brain relapse 
developed brain metastases (9 metastases in one patient, 
5 in one, 2 in one, and 1 in three).

Local failure was a rare event. Five local failure cases 
were reported, with a median time to local failure of 
766 days. Patients with local failure had a median interval 
from WBRT to SRS of 1198 days.

The presence of radiation necrosis was determined 
through dynamic MRI imaging and discussion in multi-
disciplinary tumor board. Rate of radiation toxicity was 
low, with only four patients developing presumed radiation 
necrosis. Prior treatment for two of these patients consisted 
of radiation, chemotherapy, and surgery, while the other 
two patients received only radiation.

4. Discussion
We found that salvage SRS following WBRT is a safe and 
effective approach for most patient subsets, as very few 
cases of radiation necrosis or local failure were detected. 
All patients had a median survival of 7 months, which is 
consistent with other reports. In other studies, Chao et al. 
reported a median survival of 9.9 months following salvage 
SRS while Caballero et al. revealed that the patients had a 
median survival of 8.1 months after the same treatment.11,13 
The slight difference in the median survival reported in 
this study from these studies is very likely attributed to a 
higher composition of lung cancer and especially SCLC 
cases in this study; both of these studies11,13 consisted of 
approximately 47% of patients with primary lung cancer 
while our study had approximately 60% of patients with 
the same kind of cancer. In similar to this study, there 

Figure 1. Median survival time (in days) for patients based on number of metastases present at initial visit.
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were differences in survival based on primary tumor, and 
Caballero et al. reported that breast cancer patients had a 
survival of 11.2 months versus 5.5 months of survival in 
SCLC patients.11

The other radiation option for failure after WBRT is 
to repeat WBRT. Sadikov et al. reported that 72  patients 
having undergone repeat radiation treatment had a 
median survival of 4.1 months.10 In the same vein, Wong 
et al. reported a nearly identical median survival, i.e., 
4 months, from an analysis involving 86 patients.2 While 
survival for patients who had undergone repeat WBRT was 
shorter than those treated with SRS, this difference may be 
secondary to bias in patient selection.

There are several other limitations in this study, as well 
as other relevant studies. While data for some variables 
were prospectively collected, data for certain variables were 
retrospectively collected. Furthermore, given the nature 
of the illness, many patients were lost to follow-up. In 
addition, some essential information, such as information 
on chemotherapy, immunotherapy and targeted therapy, 
reasons for WBRT, and degree of extra-cranial disease, that 
are very instrumental to this analysis were not recorded. 
Determining local failure versus radiation necrosis is a 
very challenging endeavor, and although some patients had 
been biopsied, such determination was often made based 
on dynamic MRI imaging and tumor board discussion.

The findings from this study contribute significantly 
to our understanding about the efficacy of this treatment 
approach. First, the lack of correlation of the time from 
WBRT failure with poor SRS outcome, even when the 
patients had CNS failure within 60  days of WBRT, 
underscores the potential of salvage SRS treatment 
regardless of time of failure after WBRT. Second, we also 
detected a difference in survival after SRS based on the 
number of treated brain metastases. As expected, patients 
with fewer brain metastases had better survival compared 
to patients with multiple brain metastases treated with 
salvage SRS (Figure  1). Importantly, we did not observe 
an increase in distant brain failure related to the number 
of treated brain metastases; this finding is expected since 
patients with multiple treated brain metastases typically 
have reduced survival and thus shortened time for distant 
brain failure to develop and manifest. We found that 
patients with multiple metastases had survival outcomes 
comparable to those treated with repeat WBRT. In this 
study, the median survival for patients with multiple 
metastases was 5 months, slightly higher than the median 
survival of 4 months in patients undergoing repeat WBRT 
reported in other studies.2,10 Despite the overall poor 
survival outcomes for multiple brain metastases after 
WBRT failure, salvage SRS stands as a better and preferred 

choice compared to repeat WBRT, since it is logistically 
easier to implement salvage SRS, which also less likely to 
induce toxicity as compared to repeat WBRT.

Another important finding that we should highlight 
from this study is the poor outcome for SCLC patients 
with multiple metastases. Overall, patients with SCLC had 
poor treatment outcome. SCLC is a potential predicator for 
both worse CNS control and worse overall survival. In this 
study, none of the recruited SCLC patients having three 
or more metastases did not have subsequent CNS failure. 
Our data also underline the need to exercise caution in 
treating relapsed SCLC with multiple brain metastases and 
to evaluate alternative treatment options such as systemic 
therapy, observation, and best supportive care.14,15

5. Conclusion
Salvage SRS after WBRT is a safe and effective treatment 
approach for the majority of patients, irrespective of the 
time interval from WBRT. A subset of SCLC patients with 
multiple brain metastases had an overall bad treatment 
outcome, and thus, alternative treatment options for this 
subset should be explored.
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Abstract
Herein, we present the case of a 68-year-old woman complaining of pain of the right 
knee, which was initially misdiagnosed by plain radiography as fracture on inner 
right tibia plateau but was finally clarified as osteolytic lesion secondary to syphilis 
affecting the whole right knee. The final diagnosis was made based on the valuable 
findings from bone scanning, which allows for imaging of abnormalities with much 
larger extent, a scale that is out of the examination capacity of plain radiography. 
Bone scanning was employed in this case, coupled with the use of 99mTc-MDP, to 
assess abnormal bone metabolism at the whole right knee next to the tibia plateau. 
The imaging results illustrated the diverse features of bone involvement of secondary 
syphilis, including periostitis, osteolysis as well as osteomyelitis, occurring together 
or in isolation.

Keywords: Secondary syphilis; Osteomyelitis; 99mTc-MDP SPECT; Right knee

1. Background
Syphilis remains a major public health concern worldwide. It has been estimated that the 
global incidence of syphilis stands as 10.6 million/year and has been showing increasing 
trend over past two decades in China, making it the most common sexually transmitted 
disease in the country.1-3 Unfortunately, the epidemiologic studies on syphilis conducted 
thus far have largely neglected an in-depth analysis on the transmission of syphilis from 
husbands who have multiple sex partners to their wives, an area in this subject that 
deserves more attention.4

Bone and joint involvement in secondary syphilis rarely occurs but is more 
commonly seen in congenital and tertiary syphilis. In a retrospective study of 
854 patients diagnosed with secondary syphilis, only 2 (0.2%) patients were found to 
have bone lesions.5 Early diagnosis and effective treatment are crucial for improving 
the outcomes of syphilis and preventing further spread of the disease.6 Improvement 
of a wide array of imaging modalities, along with a deepening understanding of the 
imaging features of osseous syphilis, could lead to easier diagnosis of the disease. 
However, there has been a lack of reports on functional nuclear medicine imaging 
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features of osteolytic lesions caused by secondary syphilis 
in the past decades.

We herein present the case of a 68-year-old woman 
complaining of pain of the right knee, which was initially 
misdiagnosed by plain radiography as fracture on inner 
right tibia plateau but was finally clarified as osteolytic 
lesion due to secondary syphilis affecting the whole right 
knee.

2. Case presentation
A 68-year-old housewife without any significant medical 
history was admitted to the hospital for the pain afflicted 
to her right knee, a condition that lasted for 10 days before 
admission and exhibited poor response to painkiller. 
A  radiological examination initially indicated to the 
patient revealed a serious osteolytic lesion on inner right 
tibia plateau (Figure 1B and D), which was suggestive of 
obsolete fracture, but the patient denied having suffered 
from knee injury. Hematoxylin and eosin staining, on the 
other hand, showcased significant lymphocyte infiltration 
in the center of the lesion but histopathologic features 
that could reveal the cause of osteolytic lesion were not 
observed (Figure  1E). Without knowing the exact cause 
of the fracture rendered the administration of appropriate 
clinical treatment for the patient impossible.

Therefore, a bone scanning examination was 
performed. The imaging results showed intense uptake 
of 99mTc-methylene diphosphonate (99mTc-MDP) in the 

whole right knee joint and proximal tibia, indicating 
a rare inflammatory bone lesion beyond the facture 
(Figure 1A and C). The inflammatory nature of the lesion 
prompted us to query the patient again. Further disclosure 
from her revealed certain vital diagnostic clues: She had 
been diagnosed with syphilis, acquired from her husband 
through an intimate infection, and had been cured after 
undergoing a penicillin treatment for a month 8  years 
ago. Based on the positive results from non-treponemal 
test (TRUST 1:4) and Treponema pallidum antibody test 
(403.54  s/co), with the latter registering an increased 
antibody titer in serum, we ruled that the patient was 
diagnosed with osteolytic lesion caused by secondary 
syphilis, which was validated by Warthin–Starry silver 
staining test (Figure  1F). Accordingly, the patient was 
prescribed a course of antibiotics treatment and also 
surgically treated with total knee arthroplasty (Figure 1G).

3. Discussion
Single-photon emission computed tomography (SPECT) 
scans using radiotracers for bone such as 99mTc-methylene 
diphosphonate (99mTc-MDP) could provide detailed 
information about the physiological and anatomical state 
of bone, which could help with the detection of early 
bony lesions of secondary syphilis. Imaging bone with 
99mTc-MDP SPECT remains the mainstay of bone lesion 
diagnosis, despite the rapid advances in other technologies, 
such as positron emission tomography (PET/CT) and 
magnetic resonance imaging (MRI).

Figure 1. A rare case of bone lesion due to secondary syphilis. (A) Anterior whole-body bone scanning showed markedly increased activity in the right 
knee joint and proximal tibia. (C) Regional image of right knee from whole-body bone scanning. (B and D) Radiographical findings showed severe 
injury of inner right tibial plateau. (E) Hematoxylin and eosin staining revealed hyperplastic synovial tissues with marked lymphocytic infiltration (×100 
magnification). Scale bar: 200 um. (F) Warthin–Starry staining revealed the presence of Treponema pallidum stained in brown color (×100 magnification). 
Scale bar: 200 um. (G) Treatment of total knee arthroplasty.
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This case highlights the importance of bone scanning 
in the diagnosis of secondary syphilis and presents a 
case of single predominant damage of the right knee 
joint, which is distinct from other reported cases. It has 
been reported that only 24% of the cases of secondary 
syphilis with bone involvement showed high-titer results 
in nontreponemal serologic tests.7 Many of these cases 
demonstrated multifocal bone involvement but reports on 
secondary syphilis affecting the sternum, skull, and fibula 
remain scarce.7-10 Bony lesions due to secondary syphilis 
are pathologically complex and may exhibit in the form of 
periostitis, osteolysis, and osteomyelitis, which may occur 
together or in isolation. It is widely recognized that the 
accumulation of technetium-labeled radiopharmaceuticals 
in bony lesions is a primary indication of increased osteoid 
formation, increased blood flow, increased mineralization 
of osteoid, and interrupted sympathetic nerve supply.11 
However, none of above mechanisms seem to explain the 
increased radionuclide activity in bony lesion occurring 
on the right knee. Instead, infiltration of inflammatory 
cells, such as lymphocyte and macrophage, resulting in the 
increased uptake of bone-seeking radiopharmaceuticals 
seems to offer a plausible explanation for the current case 
of bone lesions due to secondary syphilis. Nevertheless, 
this postulated mechanism warrants validation in further 
experiments.

4. Conclusion
The current report showcases the insidious nature of 
bone lesions secondary to syphilis, evidenced by the 
manifestations of apparent symptoms years after acquiring 
the sexually transmitted disease. The bone lesion may have a 
poor prognosis if an early diagnosis and effective treatment 
is not possible. A crossover of multiple disciplines through 
physiologic studies and imaging should be considered 
in diagnosing sexually transmitted infections with bone 
lesions involvement.
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Abstract
Follicular lymphoma (FL) constitutes nearly 30% of all lymphomas, making it the 
second most prevalent B-cell lymphoma. It exhibits an indolent course within the 
spectrum of non-Hodgkin lymphoma, with variable 5-year progression-free survival 
rates. Histologically graded 1–3, FL primarily affects bone marrow and lymphoid 
organs but may also involve extranodal tissues, such as bilateral muscle tissue. This 
report outlines the diagnostic challenges associated with disease recurrence in 
such unusual locations, emphasizing the need for vigilance among clinicians and 
radiologists. Through imaging and biopsy, we confirmed recurrence in the patient. 
The study highlights the role of 18F-FDG PET/CT in detecting uncommon FL sites and 
guiding treatment decisions while emphasizing the importance of multidisciplinary 
care for optimal patient management.

Keywords: Ultrasound; Follicular lymphoma; Computed tomography; 18F-FDG PET/CT; 
Extranodal

1. Background
Follicular lymphoma (FL) accounts for nearly 30% of all lymphomas, making it the 
second most prevalent B-cell lymphoma.1 FL typically exhibits a clinically indolent course 
within the spectrum of non-Hodgkin lymphoma (NHL) owing to its slow-growing 
nature, derived from B cells. The 5-year progression-free survival rates, categorized by 
risk factors, are as follows: low risk (0 risk factors): 80%; intermediate risk (1–2 risk 
factors): 51%; high risk (3–5 risk factors): 19%. Histologically, FL is stratified into 
grades 1–3, signifying an increasing abundance of lymphoma cells or blasts.2 While FL 
predominantly affects bone marrow and lymphoid organs,1 occasional involvement of 
extranodal tissues and organs occurs, as observed in our clinical case involving bilateral 
muscle tissue. This case report aims to elucidate the challenging diagnostic process of 
disease recurrence in this atypical location and to alert clinicians and radiologists to the 
potential rare extranodal manifestations of FL.
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2. Case presentation
A 55-year-old woman was admitted to our university 
hospital in August 2020 for evaluation of cervical and 
axillary lymphadenopathies. Abdominal ultrasound 
revealed multiple enlarged lymph nodes, alongside an 
unexpected retroperitoneal mass encircling the left kidney, 
accompanied by hydronephrosis and left pleural effusion. 
Subsequent computed tomography (CT) scan of the 
abdomen and pelvis validated ultrasound findings, revealing 
a 15 × 21 cm abdominal mass and multiple enlarged lymph 
nodes spanning from the abdominal aorta to the origin of 
the internal iliac arteries. In addition, an excisional axillary 
lymph node biopsy unveiled a localization of grade 2 FL. 
The flow cytometry demonstrated a substantial population 
of CD20-CD19-positive cells coexpressing CD10. 
Fluorescence in situ hybridization exhibited positivity for 
BCL2 translocation, coupled with a Ki-67 proliferation 
index of 35%. Staging positron emission tomography 
(PET) with 2-deoxy-2-[fluorine-18] fluoro-D-glucose 
(18F-FDG) manifested intense and pathological glucose 
metabolism in multiple supra-  and subdiaphragmatic 
lymph nodes and left pleural effusion, devoid of extranodal 
disease evidence. Subsequently, based on the stage and 
FL International Prognostic Index 2 (FLIPI 2) score, the 
patient underwent first-line treatment with seven cycles 
of R-CHOP (cyclophosphamide, doxorubicin, vincristine, 
prednisone, and rituximab) from September 2020 to 
February 2021, resulting in a metabolic complete response 
according to 18F-FDG-PET. Subsequently, the patient 
underwent clinical and radiological surveillance during 
the rituximab maintenance therapy, exhibiting minimal 
clinical symptoms except for asthenia and mild weight 
loss. After 2 years, a follow-up total-body CT scan revealed 
bilateral enlargement of the lumbar region contiguous 
to the external oblique muscles, displaying no notable 
disparities in density or contrast enhancement compared 
to surrounding muscular tissues (Figure 1) and absence of 
pathological lymph nodes or signs of disease recurrence.

Further diagnostic evaluation encompassed an 
18F-FDG-PET examination, demonstrating intense FDG 
uptake bilaterally in the lumbar regions adjoining the 
external oblique muscles, consistent with CT findings 
(Figure 2).

The metabolic data aligned with suspected disease 
recurrences predicated on the focal pattern and intensity 
of 18F-FDG uptake. Consequently, an ultrasound scan 
was conducted to characterize the tissue and anatomical 
location and guide a biopsy. Soft tissue ultrasound 
unveiled hypoechoic polylobulate lesions conspicuously 
demarcated with vascularization signals on color Doppler 
imaging within the muscle (Figure 3).

Figure 3. Ultrasound revealing hypoechoic polylobulate lesions distinctly 
delineated in a “nodular focal” pattern with vascularization signal on the 
color-Doppler module.

Subsequently, a percutaneous ultrasound-guided biopsy 
was performed under local anesthesia (2% lidocaine) to 
procure samples from the hypoechoic areas of both regions 
within the external oblique muscle. The biopsy confirmed 
the suspected diagnosis of FL, grade 3B (CD20+, CD10+, 
PAX5+, BCL2+, and Ki-67 20%), in both muscle samples. 
Following the confirmation of the diagnosis with symptoms 
including night sweats and unintentional weight loss, the 
patient underwent autotransplantation.

Figure 1. Axial plane (A) and coronal plane (B) reconstruction computed 
tomography scan. The scan illustrates focal and bilateral enlargement of 
external oblique muscles without distinct margins (white arrow).

BA

Figure  2. Axial plain (A) and coronal plain (B) reconstruction fused 
18F-FDG PET/CT scan. The scan illustrates intense 18F-FDG uptake in the 
pathological tissue superimposed on the focal and bilateral enlargement 
of the external oblique muscles (white arrow).

BA
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3. Discussion
FL represents the most common form of indolent lymphoma, 
characterized by potential extranodal involvement affecting 
various organs.1,3,4 Extranodal sites, with or without nodal 
involvement, typically encompass the head and neck, 
gastrointestinal tract, central nervous system, lungs, bones, 
muscles, and skin. While muscle infiltration by lymphoma is 
rare, it primarily manifests in the gluteal and pelvic muscles 
and is often attributable to hematogenous or lymphatic 
dissemination. Two discernible patterns of muscle involvement 
are discernible through imaging: diffuse infiltration with 
muscle enlargement and focal intramuscular masses.5

3.1. Advantages and limitations of imaging 
modalities for diagnosis and staging

Accurate diagnosis, localization, and staging are paramount 
for determining the optimal treatment strategy.6 CT with 
contrast enhancement typically serves as the frontline 
imaging modality for lesion identification and extent 
determination, according to Lugano classification.7

Surov et al. elucidated various presentations of muscle 
lymphoma on CT, with contrast-free studies revealing focal 
or diffuse muscle swelling with irregular hypodense regions 
and/or indistinct margins. Post-contrast administration 
enables differentiation of contrasting enhancement grades, 
with descriptions including small rim-enhancing lesions 
with central hypoattenuation.8

Magnetic resonance imaging (MRI) serves as an 
alternative imaging modality; however, its costliness and 
nonspecific characteristics in musculoskeletal lymphoma 
may limit its utility.9 In recent years, 18F-FDG PET has 
emerged as a pivotal tool in lymphoma staging and therapy 
response assessment, attributable to its capacity to identify 
metabolically active lesions.7,10

The effectiveness of 18F-FDG PET/CT in staging 
and restaging B and T-cell lymphomas and Hodgkin’s 
lymphoma primarily stems from its ability to detect FDG-
avid lymph nodes of normal size (<1 cm) and extranodal 
sites that are potentially undetectable on CT scans. In our 
case, CT follow-up depicted solely symmetrical muscle 
enlargement at the thoracic-abdominal site without focal 
contrast enhancement discernible to an inexperienced 
radiologist. Nonetheless, radiologists may encounter 
difficulty diagnosing disease recurrence solely based on 
these CT imaging characteristics.

The contrast-enhanced CT exhibits limited sensitivity 
in detecting lymphomatous involvement of normal-sized 
lymph nodes, bone marrow, spleen, and extranodal tissues. 
The intensity of FDG uptake in lymphoma is influenced 
by several factors, including histological characteristics, 

grade, viability, tumor cell fraction, proliferation, and 
modulation of glucose metabolism or local perfusion. 
For instance, grade  3 FL manifests heightened FDG 
metabolism compared to other histologic subtypes.11

3.2. Clinical implications and multidisciplinary 
approach

Recent studies underscore 18F-FDG PET/CT as the gold 
standard for detecting extranodal involvement, monitoring 
post-therapeutic disease activity, and recommending it for 
staging patients with potentially curative-intent FDG-avid 
lymphomas.12 Although recognized for its utility in avid 
FDG lymphoma, this technique finds critical application 
in indolent lymphomas like FL. In this case, the focal 
and intense 18F-FDG uptake in the PET scan, although 
symmetric, suggested extranodal disease relapse.13

Given the findings, ultrasound was pursued to obtain 
a clearer delineation of the lesions. Ultrasound revealed 
hypoechoic polylobulate lesions distinctly demarcated 
in a “nodular focal” pattern with a vascularization signal 
on the color-Doppler module.14 Ultrasound facilitated 
targeted biopsy collection, as these superficial lesions are 
challenging to define on CT examination.

Ultrasound examination enabled the definition of a 
predominant deep muscle lesion with upper dermis sparing, 
and US-guided biopsy confirmed disease recurrence within 
less than 2 years of follicular B-cell lymphoma, warranting 
patient referral for bone marrow transplantation.

The peculiarity of our case is underscored not only 
by the rare involvement of deep muscle but also by 
lesions that are indistinguishable from adjacent tissues 
on CT examination, even after post-contrast agent 
administration, potentially misleading even experienced 
radiologists. However, CT remains the primary modality 
for staging and follow-up, enabling the identification of 
lymphoadenomegaly and lesions, although with limitations 
due to lesion characteristics. The 18F-FDG PET/CT scan 
proves invaluable for detecting and localizing rare instances 
of lymphoma in muscles, providing a comprehensive 
examination of all body segments.

This case report underscores the pivotal role of 18F-FDG 
PET in specific scenarios where CT fails to provide adequate 
information.15 Furthermore, it emphasizes the significance 
of accurate staging and restaging through diverse imaging 
modalities, necessitating a multidisciplinary approach to 
ensure patients receive the most appropriate treatment. 
Clinical management is contingent upon disease stage, 
symptoms, extent, and burden, with treatment modalities 
including observation, anti-CD20 antibody therapy with 
or without chemotherapy, radiotherapy, or stem cell 
transplantation.16
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4. Conclusion
This paper aims to elucidate an unusual instance of 
skeletal muscle recurrence in a patient with a history of 
FL. It underscores the importance of radiologist vigilance 
in identifying unexpected, inconspicuous lesions, 
emphasizing that some uncommon lesions may lack 
contrast enhancement. A  precise clinical classification 
and comprehensive medical history are imperative for 
discerning the necessity of additional scans.

The combination of PET with 18F-FDG and CT has 
become a crucial imaging modality for identifying or 
predicting high-grade transformation and/or selecting 
optimal biopsy sites. In this patient, 18F-FDG PET/
CT successfully detected and localized a rare FL site, 
underscoring the utility of hybrid machines like PET/CT in 
providing both metabolic and morphological information 
using a singular method.

The staging and prognosis of newly diagnosed patients 
are influenced by PET. Quantitative measurements based 
on the maximum standard uptake value (SUVmax) provide 
information on FDG metabolism, although the correlation 
between high SUVmax and histological transformation 
remains unclear. Positron emission tomography surpasses 
CT in response assessment. Recent research suggests that 
PET holds promise as the gold standard imaging modality 
for FL staging, response assessment, and restaging,17,18 
necessitating a multidisciplinary approach for optimal 
patient care.
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