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Chapter 1. Introduction and outline of the project 

 

Concurrent chemo-radiotherapy (CT-RT) is presently considered as a standard of care in squamous 

cell carcinoma of the anal canal1. In this combined modality approach, radiation (RT) is combined 

with 5-fluorouracil (5-FU) and mytomicin C (MMC) following the seminal report by Nigro2. 

Clinical results in terms of both local control and survival are favorable as the rate of sphincter 

preservation3,4. Nevertheless, the acute toxicity profile is not negligible and major reactions can 

occur in the genitalia, skin or gastrointestinal tract, particularly if  non-conformal techniques are 

used5. Hematologic toxicity (HT) can be a critical issue in this setting of patients leading to 

unplanned treatment breaks with a consequent increase in overall treatment time and a potential 

detrimental effect on treatment intensity or increasing the likelihood to develop bleeding, infections 

or asthenia that may impact on patient’s compliance to therapy6. Hence, minimization of HT is 

cogent in anal cancer patients submitted to combination therapy. Chemotherapy (CT) is considered 

the most important trigger for HT because of its  direct induction of  myelosuppression7. 

Nevertheless, given the exquisite radiosensitivity of circulating blood cells and precursors within 

bone marrow (BM), RT has a consistent influence in the occurrence of HT8. This is particularly 

evident during combination therapy for pelvic malignancies, including anal cancer9,10. Interestingly, 

in the average adult population, pelvis and lumbar vertebrae comprise about half of the total 

hematopoietically BM11. Hence, selective sparing of pelvic bone structures may be a viable option 

to decrease HT  during concomitant CT-RT in patients affected with pelvic malignancies12,13 . The 

aim of the project developed within the present PhD program was the optimization of  the acute 

hematologic toxicity profile in anal cancer patients undergoing concurrent CT-RT.  First step was to 

gather all the available clinical data related to this topic to provide a background scenario with 

available results, open issues, ongoing studies and future perspectives.  Secondly, we analyzed , on 

a retrospective basis, the whole cohort of anal cancer patients treated at the Department of Radiation 

Oncology of the University of Turin with concurrent CT-RT, focusing on both oncological 
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outcomes such as colostomy-free survival (CFS) and overall survival (OS) and acute and late 

toxicity profile, including HT. These data were obtained from patients affected with early stage 

disease or locally advanced anal cancer and treated with intensity-modulated radiotherapy (IMRT), 

employing either a static or volumetric approach with volumetric modulated arc therapy (VMAT). 

After evaluating HT in the aforementioned settings and establishing the magnitude of HT as a  

clinical issue, we tried to investigate the correlation between dosimetric parameters related  to the 

dose received by osseous regions within pelvic bones  during treatment and HT. The first approach 

we employed was based on the assumption that the whole bone could be considered as a surrogate 

structure for hematopoietically active BM. In this sense, we explored the potential correlation 

between dosimetric parameters and HT using the outer whole pelvic  bone contour as a reference, 

finding out an interesting dose cut-off point for the lumbar-sacral bone marrow (LSBM), to be 

potentially used during the planning process. We were also able to provide a robust modeling for 

the relationship between mean dose to active BM and HT. Secondly, we employed functional 

imaging (18FDG-PET) to characterize and define active BM. Using a similar approach as the one 

used for the whole outer bone contour, we investigated the potential correlation between active BM 

as defined using 18FDG-PET and HT. We were hence able to describe a stronger correlation with 

HT for active BM located in the lumbar-sacral region compared to other pelvic sub-regions. As a 

third step, we performed a planning comparison study to investigate which approach could be more 

suitable to decrease the dose received by active BM during concurrent CT-RT for anal cancer 

treated with VMAT. We compared different planning options based on different optimizations 

processes addressed to BM as outlined according to different definitions. Those based on the outer 

whole bone contour or  18FDG-PET-defined BM sub-regions were found to be the most promising, 

leading to a similar efficacy in terms of reduction to the dose delivered to BM. As a final step,  we 

are implementing a prospective phase II trial employing dose-painted BM sparing IMRT, delivered 

with VMAT, to reduce the acute HT rate in anal cancer patients undergoing concurrent CT-RT 
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according to the Nigro’s regimen. The definition of active BM chosen for the aforementioned trial 

was that based on 18FDG-PET-driven delineation. 
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Concurrent chemo-radiotherapy (CT-RT) is presently considered as a standard of care in squamous 

cell carcinoma of the anal canal1. In this combined modality approach, radiation (RT) is combined 

with 5-fluorouracil (5-FU) and mytomicin C (MMC) following the seminal report by Nigro2. 

Clinical results in terms of both local control and survival are favorable as the rate of sphincter 

preservation3,4. Nevertheless, the acute toxicity profile is not negligible and major reactions can 

occur in the genitalia, skin or gastrointestinal tract, particularly if  non-conformal techniques are 

used5. Hematologic toxicity (HT) can be a critical issue in this setting of patients leading to 

unplanned treatment breaks with a consequent increase in overall treatment time and a potential 

detrimental effect on treatment intensity or increasing the likelihood to develop bleeding, infections 

or asthenia that may impact on patient’s compliance to therapy6. Hence, minimization of HT is 

cogent in anal cancer patients submitted to combination therapy. Chemotherapy (CT) is considered 

the most important trigger for HT because of its  direct induction of  myelosuppression7. 

Nevertheless, given the exquisite radiosensitivity of circulating blood cells and precursors within 

bone marrow (BM), RT has a consistent influence in the occurrence of HT8. This is particularly 

evident during combination therapy for pelvic malignancies, including anal cancer9,10. Interestingly, 

in the average adult population, pelvis and lumbar vertebrae comprise about half of the total 

hematopoietically BM11. Hence, selective sparing of pelvic bone structures may be a viable option 

to decrease HT  during concomitant CT-RT in patients affected with pelvic malignancies12,13.  

Bone marrow characteristics 

 

The vast majority of the medullary cavity of osseous segments  is made up of BM. In general, up to 

50% of BM is active from a hematopoietic point of view (red marrow) and it is primarily located 

within the  axial skeleton  and proximal aspect of the limbs, while the remaining 50%  is made up of 

inactive BM (yellow marrow) and can be mainly found in the appendicular skeleton14. Pathological 

studies showed that yellow BM is composed of approximately 95% of fat cells and 5% of nonfat 
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cells15. Conversely,   red BM comprises 60% of hematopoietic cells and up to 40% fat cells15. The 

relative proportion of this 2 compartments is a strong influence on the magnetic resonance signal 

intensity during dedicated imaging procedures. Within red BM, 3 major components can be 

identified, namely  progenitors of blood cells responsible for hematopoiesis, reticulo-endothelial 

cells and cells involved in the trabecular cellular pattern which act as a  support tissue15. BM weight 

depends on gender and varies from 2600 and 3000 g16. Since one half of red marrow by weight is 

made of adipose tissue, up to 75% of total BM weight is made of adipose tissue in the adult 

population16. Inside active BM, hematopoietic stem cells are able to replicate and differentiate 

mature cells of myeloid, lymphoid and erythroid lineages, driven by a complex network of growth 

factors and cellular ‘cross-talk’17.  Bone marrow microenvironment, consisting of adipocytes, 

fibroblast, endothelial and adventitial cells and macrophages, also contributes in maintaining the 

hematopoietic function17. In children, the appendicular skeleton (humerus, femur) has 

hematopoietic activity. With age, active BM progressively retracts from peripheral to axial skeleton 

and from diaphyseal to metaphyseal long bones17.  Moreover red marrow itself develops age-related 

changes with respect to distribution and composition, with an increase in the proportion of fat cells 

in the axial skeleton and a progressive conversion from red to yellow BM in the peripheral 

skeleton15. In the average adult population almost 60% of total BM is comprised within pelvic 

bones and lumbar spine17. This observation provides a causal relation between the dose received by 

these regions during CT-RT and the occurrence of HT.   

Bone marrow and radiation 

BM has a high intrinsic radiosensitivity which leads to some degree of damage for any dose 

received17,18. The sequence of histologic alterations has been clearly described by Sykes in 

humans19. Using fractionated RT, a moderate decrease in precursors of red blood cells and 

granulocyte can be observed after 4 Gy19. Dilatation of sinusoids with associated hemorrhage and 

vanishing of young hematopoietic precursors occurs after 10 Gy19. At 20 Gy radiation, cellularity of 
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nucleated cells has decreased down to 20%, while above 50 Gy a consistent hypoplasia can be seen 

with consequent fat accumulation19. Medium to long term effects may include partial recovery but 

also irreversible BM depression depending on several intrinsic and extrinsic factors17. Hence, a  

clear dose-response relationship can be pointed out. However, another parameter that should be 

taken into account is irradiated volume of BM, as clearly shown by data on acute response of the 

marrow organ after single total body exposure17. One week after total body RT up to 1.5-7.5 Gy, a 

rapid depletion of vital stem cells can be seen with a consequent prominent granulocytopenia and 

thrombocytopenia20. At those doses, the microvasculature survives allowing for eventual 

implantation and proliferation of infused stem cells, but the entity of BM damage is strictly 

correlated to the volume receiving RT17. Interestingly,  when small field radiation is employed, 

exposing limited BM volumes (10-15%) to RT, unexposed BM is able to compensate for the 

hematopoietic demand increasing the progenitor cell population17, 21. Whenever larger fields are 

used, such as in the case of radiation treatments for anal cancer of other pelvic malignancies, HT 

may become an issue17,21,22.  

Bone marrow distribution in the body 

The seminal work by Ellis derived an average active BM distribution in adult man using fractional 

regional estimates of BM weight compared to total bone weight as a surrogate for BM 

identification.  Pelvic bone and sacrum accounted for 40% of the total BM amount, lumbar spine for 

10% and thoracic vertebrae for 14% in that study11. Using the entire bone as a surrogate for BM is 

an option, but this method does not differentiate between active and inactive BM and does not 

provide any information on the correct localization of red marrow9. Functional imaging is a useful 

tool to selectively identify BM and potentially characterize red and yellow marrow15.  Tc-99m 

sulfur colloid  single-photon-emission computed tomography (SPECT) has been investigated in this 

setting,  as Tc-99m sulfur colloids may be internalized and sequestrated by macrophages associated 

to the reticulo-endothelial compartment of BM, consequently providing a 3- dimensional map of 
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BM distribution23. With this method, Roeske et al were able to characterize BM mainly within 

lumbar vertebrae, sacrum and medial aspect of the iliac crests. However,  the poor quantitative 

ability of this imaging modality should be taken into account23. Another option for BM functional 

imaging is  3’-deoxy-3’-18F-fluorothymidine-labeled positron-emission tomography (18F-FLT-

PET), as a mean to identify cells with DNA synthesis24. 18F-fluorothymidine (FLT) is a thymidine 

analogue able to be  retained inside the cell through a thymidine kinase-mediated  phosphorylation 

process which takes place mainly during the  S phase of the cell cycle25 . Even if FLT cannot be 

incorporated into DNA, its uptake is a marker of DNA replication and active cellular proliferation. 

A reduction in FLT uptake within bone regions is a sign for  the loss of precursor cells in the 

proliferative compartment of BM26.  Hayman et al  investigated the relative distribution of active 

BM through the body, using 18F-FLT-PET, in 13 patients affected with different types of cancer25. 

Interestingly, significant individual variations were noted among cases. The mean percentage of 

proliferating BM was 25.3% at the pelvis, 19.9% and 16.6% at the thoracic and lumbar spine, 9.2% 

at the sacrum and 8.8% at the ribs and clavicles. Less than 5% of active BM was found at the skull, 

proximal humeri, sternum, scapulas, cervical spine and proximal femurs26. Interestingly, a recent 

study by McGuire et al reported that, within the pelvis, regions located in the central part, such as 

the upper sacrum, the inner halves of iliac crests and the 5th lumbar vertebral body,  have the 18F-

FLT highest uptake27. A larger cohort of 51 lung cancer patients was analyzed by Campbell et al  

with respect to BM distribution according to 18F-FLT-PET28. The pelvic bones had the highest 

proportion of proliferating BM regardless of gender and age28. Interestingly,  women had a higher 

proportion of functional BM in the pelvis, proximal femurs and skull, while men in the sternum and 

ribs, clavicles and scapulae28. Elderly patients (> 75 years) had a higher relative proportion of active 

BM in the ribs, clavicles and scapulae. The proximal long bones (femurs and humeri) had the 

largest variations in the mean proportion of functional BM with respect to age with a 20-30% 

increase according to sex and osseous segment taken into account28. Another potentially useful 

examination is 18F-fluorodeoxyglucose-labeled positron-emission tomography (18FDG-PET), which 
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has been demonstrated to be able to detect  the volume of  active BM with an uptake pattern 

corresponding to histologic distribution15. Franco et al described the relative distribution of active 

BM within the pelvic region using 18FDG-PET29. Active BM was observed in 44% of the volume of 

pelvic bones with lumbar-sacral vertebrae (67%) and iliac bones (57%) having the highest 

percentages29. However, the ability of  18FDG-PET  to correctly discriminate between active and 

inactive BM is still a matter of debate15,29.    
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Hematologic toxicity in randomized phase III trial 

HT is a clinically meaningful occurrence in anal cancer patients, potentially affecting patient 

compliance and treatment outcomes. This finding has been observed since the first randomized 

phase III trials exploring the role of concurrent CT-RT employing 5-FU and MMC in AC, namely 

the ACT I and EORTC 22861 trials (see Table 1)30,31.  For example in the ACT I trial, patients were 

randomized to receive either exclusive RT (45 Gy in 20 or 25 fractions) over 4-5 weeks or the same 

regimen concomitant to 5-FU and MMC. Treatment response was assessed at 6 weeks and good 

responders were boosted with RT while poor responders were submitted to salvage surgery. 

Radiotherapy was delivered employing 2-dimensional approaches with supposedly large BM 

volumes within treatment fields (Table 1).  These findings prompted clinicians to explore the 

withdrawal of MMC, as in the RTOG 8704/ECOG 1289 trial, were randomization consisted of  

treatment with either RT (45-50.4 Gy to the pelvic region) concurrent to 5-FU or 5-FU/MMC31. 

Removing MMC from treatment schedule lowered the rate of G4-G5 acute HT  from 18% to 3%, 

but also the colostomy-free and disease free-survival rates, with an excess in definitive colostomies 

(15% vs 8%)32. More recent trials, such as RTOG 98-11 investigating the role of cisplatin (DDP) 

added to 5-FU and RT in decreasing the toxicity profile compared to standard RT + 5-FU/MMC 

continued showing  high rates of HT [33]. Patients in the  standard arm (5-FU/MMC) experienced a 

61% rate of G3-G4 acute HT, while those in the experimental arm (5-FU/DDP) a 42% rate33.  The 

use of DDP lowered the acute HT rate, which nevertheless remained consistent. Even better results 

were described in most the recent trials such as the ACT II  and the ACCORD 3 trials, where, in the 

arms employing DDP, the rates of G3-G4 acute HT were 16% and 19%34,35. In these trials, DDP 

was also used as neoadjuvant or maintainance therapy  combined to 5FU. All the aforementioned 

studies used standard RT techniques, such as 2-dimensional RT including anterior-posterior/ 

posterior-anterior (AP/PA) parallel opposed fields or AP/PA fields added to paired laterals fields or 

a 4-field BOX techniques or a 3-dimensional conformal RT approach based on a 4-field class 
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solution (Table 1). The boost dose to the macroscopic disease within the anal canal was delivered 

sequentially to the whole pelvis phase either with photons, electrons or 192Ir implants. Pelvic bony 

segments containing BM were not taken into account to be selectively spared and thus, medium to 

high doses were received by these structures in all these studies.     
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Table 1. Acute hematologic toxicity profile in anal cancer patients within prospective phase 
III trials 

 

 

 

Legend: pts: patients; CT: chemotherapy; RT: radiotherapy; BM: bone marrow; opt: optimization; HT: 
hematologic toxicity; ICT: induction chemotherapy; 5-FU: 5-fluorouracil; MMC: mytomicin C; DDP: 
cisplatin; AP/PA: anterior-posterior/posterior-anterior; 192Ir : iriudium 192; 3DCRT: 3-dimensional 
conformal radiotherapy; NCI: National Cancer Institute; WHO: World Health Organization; CTCAE: 
Common Terminology Criteria for Adverse Effects; WBC: white blood cells; PLT: platelets; ul: microliter. 

 

 

 

 

 

 

 

Author Year Randomization Pts CT RT technique Boost strategy HT scoring scale  > G3 HT 
Flam et al 1996 RT-CT 145 5-FU AP/PA Sequential NCI G4-G5:
RTOG 8704/ECOG 1289 vs 3%

RT-CT 146 5-FU/MMC vs
18%

UKCCCR 1996 RT alone 290 None AP/PA Sequential NA No grading available
ACT I vs WBC < 1.000/ul

 RT-CT 295 5-FU/MMC Boost: electrons, photons, 0 (RT) vs 2% (RT-CT)
192Ir implants PLT < 25.000/ul

0 (RT) vs 2% (RT-CT)
Bartelink et al 1997 RT alone 52 None AP/PA Sequential WHO NA
EORTC 22861 vs

 RT-CT 51 5-FU/MMC Boost: electrons, photons,
192Ir implants

Ajani et al 2008 RT-CT 341 5-FU/MMC AP/PA Sequential CTCAE v2.0 Overall: 
RTOG 98-11 vs AP/PA + paired laterals 61%

RT-CT 341 5-FU/DDP PA + laterals vs
Direct perineal boost: 42%

electron, photons
Peiffert et al 2012 ICT + RT-CT (standard boost) 75 5-FU/DDP AP/PA Sequential CTCAE v3.0 Overall: 
ACCORD 03 vs 

ICT + RT-CT (intensified boost) 75 5-FU/DDP 4-field BOX technique 29% (ICT arms)
vs vs

RT-CT (standard boost) 82 5-FU/DDP Boost: electrons, photons, 19% (RT-CT arms)
vs 192Ir implants

RT-CT (intensified boost) 75 5-FU/DDP
James et al 2013 RT-CT 246 5-FU/MMC 4-field BOX technique Sequential CTCAE v3.0 Overall:
ACT II vs

RT-CT 246 5-FU/DDP Boost: 3DCRT MMC group: 26%
vs vs

RT-CT + maintainance CT 226 5-FU/MMC + 5FU/DDP DDP group: 16%
vs

RT-CT + maintainance CT 222 5-FU/DDP + 5FU/DDP
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Hematologic toxicity in IMRT series 

Intensity-modulated radiotherapy (IMRT) is a RT approach able to deliver external beam radiation 

with robust conformality and modulation, abrupt dose falloff and reliable accuracy1,2. This 

technique has been implemented in several clinical context and is presently considered standard of 

care to deliver RT in anal cancer patients3 . A large number of clinical series have been published in 

recent years (see Table 2) 4-14. Compared to 2- or 3-dimensional approaches, IMRT is able to 

decrease medium to high dose to critical structures, conversely increasing volumes of normal 

tissues receiving low dose bath50. The contribution of this peculiar dose distribution to the 

occurrence, duration and characteristics of HT has yet to be determined. In this sense, the report by 

Robinson et al rises up some concerns on the significant increase in the dose received by pelvic 

bone marrow (PBM) during IMRT treatments compared to 3D-conformal approaches, with normal 

tissue control probability (NTCP) modeling suggesting an approximately doubling in the risk of 

occurrence of major HT. Early IMRT reports employed static techniques (either step and shoot or 

sliding window IMRT) and a sequential approach to deliver a boost dose to the primary tumor 

within the anal canal4-6.  During the treatment planning process, optimization on BM as a critical 

structure was sporadically  performed and, when present, was addressed only to iliac crests. For 

example, Salama et al  reported on 53 patients treated with IMRT for anal cancer at 3 tertiary-care 

academic center. RT was delivered with a static approach mainly using 9 equally spaced fields with 

a planning priority set primarily to target coverage and secondarily to small bowel, bladder and 

genitalia avoidance. No specific dose constraints were applied to bony structures to decrease HT.  

Patient were given 45 Gy to the pelvic region and inguinal groins and a sequential boost dose to the 

macroscopic disease up to 50-54 Gy concurrent to 5-FU and MMC. A total of 39.6% of patients 

experienced G4 HT.  The most common major events were acute G3-G4 leukopenia (53%), 

thrombocytopenia (28%) and anemia (9%)15. Most recent series used volumetric approaches such as 

volumetric-modulated arc therapy (VMAT) and tomotherapy, with a simultaneous integrated boost 

(SIB) strategy to boost the macroscopic disease and a plan optimization accounting for pelvic 
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BM14,15. Nevertheless the acute HT profile remains not negligible. In the multicentric series by Call 

et al, reporting on 152 anal cancer patients treated with IMRT and different combinations of 

concurrent drugs, the overall acute HT rate was 41%15. Franco et al observed in their cohort of 

patients treated with VMAT and concurrent 5-FU/MMC  rates of leukopenia up to 36%, 

neutropenia 31% and thrombocytopenia 13%. Similar, findings come from the RTOG 0529 trial 

that investigated whether dose-painted IMRT could reduce by at least 15% the  > G2 

gastrointestinal and genitourinary toxicity rates compared to conventional treatments as delivered in 

the RTOG 9811 trial. The primary end-point of the study was not reached. However, a significant 

reduction in acute G2 HT (73% vs 85 % for RTOG 98-11) was observed11. A better HT toxicity 

profile was seen with IMRT, but still with substantially high toxicity rates and substantial room for 

clinical improvement in this setting. 
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Table 2. Acute hematologic toxicity profile in anal cancer patients treated with IMRT 

 

 

Author Year Pts IMRT technique Boost strategy  BM opt CT HT scoring scale  G3-G4 HT 
Milano et al 2005 17 Stating angle Sequential Yes (iliac BM) 5-FU/MMC RTOG Overall: 53%

7-field class solution 5-FU Leukopenia: 47%
Thromocytopenia: 18%

Anemia: 12%
Salama et a 2007 53 Static angle Sequential No 5-FU/MMC CTCAE v 3.0 Leukopenia: 53%

9-field class solution SIB 5-FU/DDP Thromocytopenia: 28%
5-FU Anemia: 9%

Pepek et al 2010 47 NA Sequential Yes (iliac BM) 5-FU/MMC CTCAE v 3.0 Overall: 24%
Cape/MMC Leukopenia: 24%

Cape Thromocytopenia: 3%
Anemia: 3%

Bazan et al 2011 29 Static angle Sequential NA 5-FU/MMC CTCAE v 3.0 Overall: 21%
Cape/MMC
5-FU/DDP

Vieillot et al 2012 72 Static angle Sequential Yes (iliac BM) 5-FU/MMC CTCAE v 3.0 Overall: 25%
5-7 field class solution 5-FU/DDP Neutropenia: 21%

Thromocytopenia: 9%
Anemia: 6%

DeFoe et al 2012 78 Static angle Sequential es (pelvic bones 5-FU/MMC CTCAE v 3.0 Overall: 43%
5-9 field class solution 5-FU/DDP Leukopenia: 36%

Cape Neutropenia: 39%
Thromocytopenia: 12%

Anemia: 4%
Kachnic et a 2012 43 Static angle SIB Yes (iliac BM) 5-FU/MMC CTCAE v 3.0 Overall: 61%

8-10 field class solution 5-FU/DDP
5-FU

Kachnic et a 2013 52 NA SIB Yes (iliac BM) 5-FU/MMC CTCAE v 3.0 Overall: 58%
RTOG 0529

Chuong et a  2013 52 NA Sequential No 5-FU/MMC CTCAE v 4.0 Leukopenia: 30%
SIB 5-FU/DDP Thromocytopenia: 21%

Anemia: 13%
Belgioia et a  2015 41 Helical tomotherapy SIB es (pelvic bones 5-FU/MMC CTCAE v 3.0 Overall: 7%

Cape
Franco et al 2016 39 VMAT SIB No 5-FU/MMC CTCAE v 3.0 Leukopenia: 36%

Neutropenia: 31%
Thromocytopenia: 13%

Anemia: 0%
Call et al 2016 152 Static angle Sequential Yes (iliac BM) 5-FU/MMC RTOG Overall: 41%

7-9 field class solution SIB 5-FU/DDP CTCAE v 3.0
5-FU/MMC/DDP
5-FU/DDP/Cet
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Legend: pts: patients; IMRT: intensity-modulated radiotherapy; CT: chemotherapy; BM: bone marrow; opt: 
optimization; HT: hematologic toxicity; 5-FU: 5-fluorouracil; MMC: mytomicin C; DDP: cisplatin; Cape: 
capecitabine; Cet: cetuxiamab ; RTOG: Radiation Therapy Oncology Group; CTCAE: Common 
Terminology Criteria for Adverse Effects. 
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Chapter 4.  

 

Dosimetric predictors of acute hematologic toxicity during concurrent intensity-
modulated radiotherapy and chemotherapy for anal cancer 
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The combination of radiotherapy and chemotherapy (CT) in a concurrent setting  is presently 

considered as the standard  therapeutic option for squamous cell anal cancer patients, providing 

high rates of loco-regional control (LC), overall survival (OS) and sphincter preservation1. Updated 

long-term results of the RTOG 98-11 trial which employed  radiation and concomitant 5-

fluorouracil (5-FU)/mitomicin-C (MMC) showed 5-year disease-free survival (DFS), colostomy-

free survival (CFS) and OS rates of 67.8%, 71.9% and 78.3%, respectively, confirming consistent 

clinical results for this approach2. However, non-conformal techniques were used in RTOG 9811 

(AP/PA parallel opposed fields or 4-field conformal approaches) leading to a high rate of major 

acute toxicities with respect to skin (G3-G4: 48%), gastrointestinal tract (G3-G4: 35%) and blood 

cells (G3-G4:61%). Intensity-modulated radiotherapy (IMRT) is able to improve conformality and 

increase dose fall-off within target volumes, thus reducing dose to organs at risk (OARs) in several 

clinical settings including anal cancer3-5.  Hematological toxicity (HT) due to myelosuppression is 

still a major cause of treatment interruptions which may lead to an increase in overall treatment time 

with a consequent detrimental effect on clinical outcome6. The RTOG 0529 trial was able to show a 

decrease in the rate of > G2 acute HT with the use of IMRT  compared to standard approaches 

(73%-RTOG 0529 vs 85%-RTOG 9811)7. Nevertheless HT still remains a consistent issue in anal 

cancer patients, since a large volume of bone marrow (BM) is comprised within treatment fields 

during unconstrained IMRT to the pelvic region, where up to 40% of the total hematopoietically 

active BM is present on the average adult population8.  IMRT planning can be optimized in order to 

selectively spare BM during treatment to improve acute HT profile. We herein defined dosimetric  

predictors of HT in anal cancer patients undergoing concurrent IMRT and CT.   

 Material and methods 

We performed a retrospective review of the medical records of all patients affected with anal  

squamous cell carcinoma treated with IMRT and concurrent CT at the Department of Radiation 

Oncology of the University of Turin, Italy. Between April 2007 and March 2015 a total of 50 
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patients were treated employing combination therapy with definitive intent without CT dose 

reduction. This cohort formed the study sample whose data we employed for the present analysis.      

Radiotherapy 

All patients received IMRT. Technical details regarding set up, simulation and target volume 

selection and delineation have been previously described1. Dose prescriptions for target volumes 

were derived from Kachnic et al and adjusted according  to clinical stage at presentation9.  Patients 

having cT2N0 disease were prescribed 50.4 Gy/28 fractions (1.8 Gy daily) to the gross tumor PTV 

and 42 Gy/28 fractions (1.5 Gy daily) to the elective nodal PTV. Patients diagnosed with cT3-

T4/N0-N3 disease were prescribed 54 Gy/30 fractions (1.8-2 Gy daily) to the anal gross tumor 

PTV, while gross nodal PTVs were prescribed 50.4 Gy/30 fr (1.68 Gy daily) if sized < 3 cm or 54 

Gy/30 fr (1.8 Gy daily) if > 3 cm; elective nodal PTV was prescribed 45 Gy/30 fractions (1.5 Gy 

daily) [9]. All patients were treated with IMRT employing a simultaneous integrated boost 

approach. Both static and volumetric techniques were used. Planning strategies exclusively included 

an unconstrained approach towards BM. Step and shoot  IMRT plans were generated with different 

class solution, up to  7 modulated fields,  depending on patients’ anatomy and employing 6 MV 

photons. Volumetric-modulated arc-therapy (VMAT)  plans were computed on Elekta Monaco 

treatment planning system (version 3.2), allowing for optimization with biological cost-functions 

for both PTV and OARs with 3 main functions (Poisson statistics cell-kill model, serial and parallel 

complication models), employing a single-arc of 360° (starting from 180°) or, more recently, the 

dual-arc approach after system upgrade. Radiotherapy delivery was performed under cone beam CT 

(CBCT) image guidance, with daily treatment couch repositioning performed after automatic 

matching of CBCT images and reference planning CT. 

 

Bone marrow delineation 

We outlined the external contour of pelvic bone marrow (PBM) on the planning CT employing 

bone windows as first described by Mell et al10. The PBM was delineated as a whole and then 



25 
 

divided into 3 subsites: a) the iliac BM (IBM), extending from the iliac crests to the upper border of 

femoral head; b) lower pelvis BM (LPBM), accounting for bilateral pube, ischia, acetabula and 

proximal femura, from the upper limit of the femoral heads to the lower limit of the ischial 

tuberosities and c) lumbosacral BM (LSBM), extending from the superior border of L5 somatic 

body6,10. Figure 1 shows an example of PBM delineation in the 3 different subsites. 

 

 

 

 

 

 

Figure 1. Delineation of iliac (green), lower pelvis (light violet), lumbar-sacral (light blue) bone 

marrow as seen on axial, coronal, sagittal and 3D view. 
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Chemotherapy 

All patients received concurrent chemotherapy (CT), consisting of 5- fluorouracil (1000 mg/m2/day) 

given as continuous infusion along 96 hours (days 1-5 and 29-33) associated with mitomycin C (10 

mg/m2) given as bolus (days 1 and 29).  A total of 2 concurrent cycles were administered during 

EBRT. Blood cell counts were performed on a routine basis prior to each cycle. Prophylactic 

antiemetic medications were given as intravenous granisetron 3 mg and dexamethasone 8 mg. 

Granulocyte-monocyte colony stimulating factor (GCSF) and erythropoietin were allowed in case 

of major HT. 

Hematologic toxicity evaluation 

All patients underwent a weekly complete blood count. HT was graded according to the Radiation 

Therapy Oncology Group acute radiation-induced morbidity scoring system11. Endpoints evaluated 

in the present analysis were white blood cell count (WBC), absolute neutrophil count (ANC), 

hemoglobin (Hb) and platelet (Plt) count nadirs after each CT cycle and the highest-grade toxicity 

for all blood cells. HT was defined as each hematologic event having a  grade > 3. 

Statistical analysis 

Cumulative dose-volume histograms (DVHs) were created for PBM and all 3 BM subsites. Median 

doses and dosimetric parameters on the DVHs were then analyzed. WBC, ANC, Hb and PLT nadirs 

were correlated to age, mean dose and V5-V10-V15-V20-V30-V40-V45  for PBM, LSBM, LPBM and 

IBM as continuous variables and HIV status, grading, T and N stage as categoric variables . 

Generalized linear modeling was used to find correlations between clinical and dosimetric variables 

and blood cells nadirs. Shapiro-Wilk statistic was used to test for normality of variables. A log 

transform was used to eliminate skew in the dependent variables. Covariates found to be significant 

on univariate linear regression analysis were included in the multivariate linear regression model. 

R2 and adjusted R2 test were used to evaluate goodness of model fit. Logistic regression analysis 

was used to test correlation between HT events and dosimetric parameters. Covariates found to be 
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significant on univariate logistic regression analysis were included in the multivariate logistic 

regression  model. Hosmer-Lemeshow test was used to evaluate goodness of model fit. The test of 

Holm was employed to check the false discovery rate of the variables found to be predictive for HT 

using a minimum uncorrected p-value threshold of 0.05. Fisher’s exact and Wilcoxon’s test were 

employed to test the difference in proportions and continuous variables on univariate analysis. 

Receiver Operating Characteristic (ROC) curves were used to evaluate the optimal cut-off points 

for predictive dosimetric variables. Youden method was used to find the optimal cut-off. Stata 

Statistical Software, version 13.1 (Stata Corporation, Texas) was employed for analysis. 

Results 

A total of 50 patients were included in the present study. Detailed patients characteristics are shown 

in  Table 1. Mean age was 64 (range 39-79) and patients were mainly female (76%), HIV-negative 

(92%), with an anal canal primary (84%), T2-T3 stage (92%), N0 stage (70%), G2 (58%) and with 

no preventive colostomy (100%). Patients were mainly treated with a VMAT approach (70%). 

Mean doses to the PTVs volumes were 53 Gy, 50.4 Gy and 44 Gy for the gross tumor, gross nodal 

and elective nodal volumes, respectively. The mean interval between biopsy and radiation start was 

80 days. Mean radiotherapy duration was 43 days. Patients undergoing a treatment break > 3 days 

were 9%. All patients were submitted to 2 cycles of CT with no dose reduction during treatment. 

See Table 2 for details. 
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Table 1. Patients’ characteristics 

   

Variable N (%) 

  
Age   

Mean 64 
Range 39-79 

Sex  
Female 38 (76) 

Male 12 (24) 
HIV status  

Positive 4 (8) 
Negative 46 (92) 

Primary tumor site  
Anal canal 42 (84) 

Anal margin 8 (16) 
T stage  

T1 3 (6) 
T2 33 (66) 
T3 13 (26) 
T4 1 (2) 

N stage  
N0 35 (70) 
N1 2 (4) 
N2 12 (24) 
N3 1 (2) 

Global stage  
I 3 (6) 
II 31 (62) 

IIIA 3 (6) 
IIIB 13 (26) 

Grading  
G1 7 (14) 
G2 29 (58) 
G3 14 (28) 

Prophylactic colostomy  
Yes 0 (0) 
No 50 (100) 
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Table 2. Treatment characteristics 

   

Variable N (%) 
    

IMRT approach  
S&S 16 (30) 

VMAT 37 (70) 
PTV dose-tumor (Gy)  

Mean 53 
Range 50.4-54 

PTV dose-positive nodes (Gy)  
Mean 50.4 
Range 50.4-54 

PTV dose-negative nodes (Gy)  
Mean 44 
Range 42-45 

 5-FU + MMC cycles (full dose)  
2 50 (100) 

Biopsy-RT interval (days)  
Mean 79 
Range 25-161 

RT duration (days)  
Mean 42 
Range 37-59 

RT breaks > 3 days  
Yes 5 (10) 
No  45 (90) 

    

    

  
 

Legend: IMRT: intensity-modulated radiotherapy; S&S: step and shoot; VMAT: volumetric modulated arc-
therapy;  PTV: planning target volume; 5-FU: 5-fluorouracil; MMC: mytomicin C; RT: radiotherapy 
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Acute hematologic toxicity and dosimetric outcomes 

The median nadir WBC, ANC, Hb and Plt counts were 2.7 k/μl (range: 0.7-6.2), 1.8 k/μl (range: 

0.2-3.7), 11.4 g/dL (range: 7.9-14.7) and 121 k/μl (range: 41-253). Maximum detected acute HT 

comprised 38% of patients experiencing leukopenia > G3 and 32% with neutropenia > G3. Grade 2 

anemia was observed in 4% of patients, while no G3-G4 events were seen. Up to 10% experienced 

> G3 thrombocytopenia. See table 3 for baseline hematologic values and acute HT details. 

Dosimetric parameters to bony pelvic structures are shown in Table 4 with mean values and 

corresponding standard deviations. Figure 2 shows isodoses distribution in a case of locally 

advanced anal cancer. 

Table 3. Acute hematologic toxicity 

            

Hematologic parameters at baseline 

 
Mean (range) 

Hb 13.3 g/dL (9.1-16.2) 
PLT 224 k/μl (96-380) 
WBC 6.6 k/μl (3.8-11.3) 
ANC 4.2 k/μl (1.6-9.6) 
            
  N(%) 

Acute HT G0 G1 G2 G3 G4 
Leukopenia 5 (10) 11 (22) 15 (30) 17 (34) 2 (4) 
Neutropenia 15 (30) 10 (20)  9 (18) 13 (26) 3 (6) 
Anemia 31 (62) 17 (34) 2 (4) 0 (0)  0 (0) 
Thrombocytopenia 29 (58) 10 (20) 6 (12) 5 (10) 0 (0) 
            

            
 

Legend: Hb: hemoglobin; PLT: platelets; WBC: white blood cells; ANC: absolute neutrophil count; g: 
grams; dL: deciliters; k: 103; μl: microliters; HT: hematologic  toxicity. 
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Table 4. Dosimetric parameters 

         
Parameter Mean SD 

PBM   Volume (cm3) 1400 240 
Mean dose (Gy) 29 5 

V5 (%) 94 6 
V10 (%) 89 8 
V15 (%) 83 9 
V20 (%) 75 9 
V30 (%) 52 11 
V40 (%) 26 11 
V45 (%) 9 9 

IBM   Volume (cm3) 424 63 
Mean dose (Gy) 25 6 

V5 (%) 90 9 
V10 (%) 82 11 
V15 (%) 74 10 
V20 (%) 63 10 
V30 (%) 36 11 
V40 (%) 14 10 
V45 (%) 4 7 

LSBM   Volume (cm3) 392 71 
Mean dose (Gy) 32 6 

V5 (%) 90 10 
V10 (%) 86 13 
V15 (%) 83 14 
V20 (%) 79 15 
V30 (%) 67 16 
V40 (%) 41 15 
V45 (%) 13 12 

LPBM   Volume (cm3) 598 128 
Mean dose (Gy) 30 4 

V5 (%) 99 3 
V10 (%) 96 6 
V15 (%) 89 9 
V20 (%) 80 10 
V30 (%) 54 13 
V40 (%) 25 13 
V45 (%) 9 10 
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Legend: HT: PBM: pelvic bone marrow; IBM: iliac bone marrow; LSBM: lumbar-sacral bone marrow; 
LPBM: lower pelvis bone marrow. 

 

Figure 2. Isodoses visualization in a case of locally advanced anal cancer with dose spread to pelvic 

bones as seen on axial, coronal, sagittal view 

 

 

Predictors of hematologic toxicity 

The correlation between dosimetric parameters and WBC, ANC, Hb and Plt nadirs was investigated 

with the finding that PBM-V20 was significantly associated to WBC nadir on multivariate linear 

regression analysis (linear regression β coefficient: -0.035; SE: 0.017; p= 0.048; 95% CI:-0.069/-

0.0003). The R2 and adjusted R2values of the multivariate model were 0.08 and 0.02, respectively, 

indicating a fair amount of unexplained variation in the regression model. Table 5 summarizes all 

selected covariates against WBC nadir after univariate linear regression analysis. Figure 3 shows a 

scatterplot of WBC nadir  versus PBM-V20 with the trend line superimposed. A more likelihood to 

develop > G3 HT was observed for increased LSBM-V40 (OR: 1.328; SE: 0.160; z: 2.35; p=0.019; 

95% CI:1.048-1.682) on multivariate logistic regression analysis. Hosmer-Lemeshow X2 was 10.5 
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(p=0.234) indicating that the model is a good fit. Holm method did not show any rejected p-value, 

with a false discovery rate controlled at 5%. Table 6 shows all selected covariates against > G3 HT  

after univariate logistic regression analysis. In order to select optimal thresholds to be used during 

planning process, the ROC curve for > G3 HT versus LSBM-V40 was analyzed.  The optimal cut-

off point according to Youden method was 41%, with a AUC= 0.614 (Figure 4).  Patients with 

LSBM-V40 > 41% were more likely to develop > G3 HT (60.9% vs 39.1%; p=0.041). The 

sensitivity and specificity for this threshold were 61% and 67%, respectively. The positive and 

negative predictive values for    LSBM-V40 > 41% were 56.0% (95% CI: 46.1-67.9%) and 71.0% 

(95% CI:59.5-83.4%) with a relative risk of 1.56 (95% CI:1.17-2.41). 

Table 5. Correlation between dosimetric parameters and WBC nadir on multivariate linear 

regression analysis 

                  
Variable β SE t p 95%CI 

PBM-V5(%) 0.305 0.163 1.87 0.070 -0.026-0.637 

PBM-V10(%) -0.130 0.146 -0.89 0.378 -0.426-0.166 

PBM-V15(%) -0.223 0.148 -1.50 0.141 -0.523-0.778 

PBM-V20(%) -0.035 0.017 -2.03 0.048 -0.069--
0.0002 

IBM-V5(%) -0.085 0.089 -0.96 0.345 -0.267-0.095 

IBM-V10(%) 0.032 0.096 0.34 0.739 -0.162-0.227 

IBM-V15(%) 0.031 0.071 0.43 0.667 -0.114-0.176 

LSBM-V5(%) -0.038 0.104 -0.37 0.715 -0.251-0.174 

LSBM-V10(%) 0.005 0.198 0.03 0.976 -0.396-0.408 

LSBM-V15(%) -0.107 0.187 -0.57 0.573 -0.488-0.274 

LSBM-V20(%) 0.079 0.123 0.65 0.523 -0.170-0.329 

LSBM-V30(%) 0.009 0.599 0.15 0.881 -0.112-0.130 

LSBM-V40(%) -0.036 0.024 -1.46 0.152 -0.085-0.139 
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Legend: HT: PBM: pelvic bone marrow; IBM: iliac bone marrow; LSBM: lumbar-sacral bone marrow; 
LPBM: lower pelvis bone marrow; β: linear regression coefficient; SE: standard error; t= t-statistic; p= 
associated p-value;  CI: confidence interval. 

Figure 3. Plot of white blood cell (WBC) count nadir  and volume of pelvic bone marrow receiving 
20 Gy 

 

 

Table 6. Correlation between dosimetric parameters and > G3 acute hematologic toxicity on 

multivariate logistic regression analysis 

            
Variable OR SE z p 95%CI 

PBM-V45(%) 1.131 0.222 0.63 0.530 0.769-1.663 

IBM-V40(%) 0.812 0.093 -1.81 0.070 0.649-1.016 

IBM-V45(%) 1.242 0.249 1.08 0.278 0.838-1.841 

LSBM-V10(%) 1.154 0.216 0.77 0.442 0.800-1.666 

LSBM-V20(%) 1.187 0.272 0.75 0.454 0.757-1.861 

LSBM-V30(%) 0.946 0.140 -0.37 0.710 0.708-1.265 

LSBM-V40(%) 1.327 0.160 2.35 0.019 1.047-1.682 

LSBM-V45(%) 0.981 0.081 -0.23 0.820 0.833-1.155 
LSBM-Mean dose 0.346 0.295 -1.24 0.215 0.065-1.846 
LPBM-V45(%) 0.788 0.121 -1.54 0.125 0.582-1.067 

            
 

Legend: HT: PBM: pelvic bone marrow; IBM: iliac bone marrow; LSBM: lumbar-sacral bone marrow; 
LPBM: lower pelvis bone marrow; OR: odds ratio; z: z-statistic; p: associated p-value;  SE: standard error; 
CI: confidence interval. 
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Figure 4. Receiver Operating Characteristic (ROC) curve of  LSBM-V40 as predictor of  > G3  
acute hematologic toxicity  

 

 

Considerations 

Concurrent chemo-radiation is the standard of care in patients affected with anal cancer. 

Combination therapy improves clinical outcomes over radiation alone as shown in the ACT-I and 

EORTC trials12,13. Moreover intensified CT regimens have been demonstrated to be superior to 

mono-chemotherapy as in the Intergroup trial14. However HT is a noteworthy issue for this subset 

of patients, with rates of > G3 events up to 61% as reported in the RTOG 98-11 study which 

employed conventional techniques15. Even with the use of IMRT, high rates of HT have been 

reported, particularly if  planning strategies with no specific constraints towards BM are adopted, as 

in Salama et al,  with a 58% G3-G4 acute HT rate16. BM is an important dose-limiting cell renewal 

tissue for wide-field irradiation, such as in the case of anal cancer17. Since BM stem cells are 

extremely radiosensitive, radiation has a consistent myelosuppressive effect, causing BM stem cell 

apoptosis and stromal damage, with characteristics pathologic and radiographic changes17. The 

major functional sites for BM in the adult population are the pelvis and vertebrae that account for 

approximately 60% of the total amount. Pelvic bones may contain up to 40% of the total functional 

BM18 . This is the reason why pelvic irradiation is a key factor in determining HT during 

combination therapy in anal cancer. The extent of radiation-induced bone marrow damage has been 



36 
 

demonstrated to be correlated with both radiation dose and BM volume receiving irradiation18.  Few 

studies demonstrated the correlation between dosimetric parameters of pelvic osseous structures and 

blood cell count decrease and/or acute HT  in patients undergoing chemo-radiation for pelvic 

malignancies6,10. In the context of anal cancer, Mell et al found on multiple regression analysis that 

and increased volume of PBM receiving doses between 5 Gy and 20 Gy is significantly associated 

to decreased WBC and ANC nadirs as the volume of LSBM receiving a dose range between 10 Gy 

and 20 Gy6. Conversely, no association was found between any dosimetric parameters and G3-G4 

leukopenia or neutropenia, even if the volume of LSBM receiving 10 Gy (V10-LSBM)  had a non-

statistically significant trend in increasing odds of G4 leukopenia (OR:1.06; 95%CI:0.99-1-

12;p=0.051)6.  In the context of cervical cancer, with patients treated with concurrent radiotherapy 

and weekly cisplatin 40 mg/m2,  Mell et al observed that PBM-V10 > 90 and PBM-V20 > 75% were 

associated with a lower WBC nadir and particularly LSBM-V10 and LSBM-V20, while for ANC 

nadir LSBM-V10 was the only predictor10. Interestingly, the same study showed that an increased  

PBM-V10 and -V20 predicted for a higher likelihood to develop > G2 leukopenia as the LSBM-V20, 

LPBM-V10 and –V20. A higher PBM-V10 was also found to be a predictor of > G2 neutropenia10. 

An association between PBM and LSBM V10 and V20 and WBC and ANC nadirs was found in both 

studies and with  > G2 leukopenia and neutropenia in cervical cancer, confirming the high 

radiosensitivity of BM stem cells, whose early destruction is thought to be responsible for acute 

myeolosuppression together with effects of peripheral blood stem cells and stromal tissue17,19. Our 

results further support the aforementioned findings since PBM-V20 was a significant predictor of 

WBC nadir  (β coefficient: -0.035; SE: 0.017; p= 0.048). In our series mean PBM-V20 was 75 % 

(SD:+9%), consistently with  threshold values found to be predictive for HT. For example, 

Albuquerque et al who found that PBM-V20 > 80% predicted for a 4.5 higher odds of developing > 

G2 HT and Rose et al who demonstrated that patients with a PBM-V10 > 95% and PBM-V20 >76% 

were more likely to experience > G3 leukopenia in the context of cervical cancer treated with 

concurrent radiation and weekly cisplatin (40 mg/m2)20,21. In anal cancer patients, Cheng et al 
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recently observed that several low-dose dosimetric parameters of either PBM and LSBM were 

associated with a higher chance to develop > G3 HT, with volumes of LSBM receiving doses 

ranging from 5 to 20 Gy being the most consistent predictors22. Interestingly, in our study, we found 

out a correlation between the volume of specific sub-regions such as lumbar-sacral spine receiving 

medium-high dose and the odds of experiencing HT. Specifically in our series, LSBM-V40 

correlated with a higher likelihood to develop > G3 HT (OR: 1.328; SE: 0.160; p=0.019). This data 

suggest 2 different perspective on this subject. At first that specific BM sub-regions can be majorly 

responsible for hematopoiesis than the whole pelvis bone structure.  Pathologic studies have shown 

that BM is composed of hematologically active ‘red’ marrow and inactive ‘yellow marrow’23.  Up 

to 50% of active BM is located within the pelvis and lumbar spine23. Nevertheless, studies 

employing morphological (MRI)  and functional imaging (SPECT) identifies a high concentration 

of hematopoietically active regions in the lumbar-sacral spine, medial ilum and iliac crests24. Rose 

et al characterized active bone marrow in cervical cancer patients treated with concurrent 

radiotherapy and weekly cisplatin, observing that it was mainly located within the lumbar vertebrae, 

sacrum and pubic bones, while inactive BM was more frequently located in the ilia, ischia and 

proximal femura23 . Our results seems to confirm these findings with dose received by  lumbar-

sacral spine playing a major role in the development of HT. Nevertheless, the definition of LSBM is 

crucial in this sense and may affect the strength of the relationship between bone marrow and 

dosimetric parameters. However, as demonstrated by Cheng et al, whole bone delineation is 

superior to marrow cavity contouring in predicting HT according to Lyman-Kutcher-Burman 

model22 . Secondly, our data suggest the importance of doses up to 40 Gy received by BM subsites 

(LSBM  in our study) in the occurrence of HT. First reports of Mell et al did not show correlation 

between doses higher than 30 Gy to BM and HT [6,10]. Conversely, Cheng et al found a borderline 

significance between PBM-V30 and LSS-V30 and > G3 HT22. Moreover, Rose et al found, in their 

PET-based study, a significant correlation between V30 to active BM and WBC nadir and a trend 

for V40
23.  A recent longitudinal study by Zhu et al in patients submitted to concurrent 
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chemoradiation for cervical cancer demonstrated that increased PBM V20, V30 and V40 were 

significantly associated with a higher weekly reduction of WBC and ANC counts, estimating that 

every 1 Gy increase in mean PBM dose may lead to a 9.6/μl per week reduction in the natural 

logarithm of ANC count25. Interestingly, a recent paper by Wan et al found, in rectal cancer patients 

undergoing neoadjuvant EBRT and concurrent capecitabine, a significant correlation between 

LSBM-V40 and > G2 HT with patients having LSBM-V40 > 60% more likely to develop HT26. In 

our series LSBM-V40 was a significant predictor of HT, with a cut-off value of 41% found using 

ROC curve analysis (AUC= 0.614). Patients with LSBM-V40 > 41% were more likely to develop > 

G3 HT (55.3% vs 32.4%; p<0.01).  This relative volume is more restrictive than the one reported by 

Wan et al (41% vs 60%), but this is a reasonable finding since more intense CT (5FU-MMC vs 

capecitabine) have an impact on the normal tissue complication probability of PBM and LSBM as 

observed by Bazan et al27. BM-sparing planning approaches to deliver IMRT in anal cancer should 

take into account  low doses to PBM and specific sub-regions (LSBM), but also medium-high dose 

constraints can play a role, such as  LSBM-V40. The consideration of  these constraints within 

IMRT planning strategies, generating a more abrupt and selective dose fall-off between target 

volumes and LSBM, particularly in the case of boosted nodal subvolumes, may mitigate acute HT 

profile28 .   
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Lumbar-sacral bone marrow dose modeling for acute hematologic toxicity in 
anal cancer patients treated with concurrent chemo-radiation 
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Concurrent chemo-radiation (CT-RT) is nowadays considered as the standard of care for anal 

cancer of squamous histology1,2. Updated long-term results of the RTOG 98-11 study in the 

concomitant radiation (RT) and  5-fluorouracil (5-FU)/mitomicin-C (MMC) arm demonstrated 5-

year disease-free survival (DFS), colostomy-free survival (CFS) and OS rates of 67.8%, 71.9% and 

78.3%, respectively, highlighting the clinical efficacy of this treatment strategy3. However, 

whenever non conformal radiotherapy techniques are employed, the toxicity profile might be not 

negligible. For example, the RTOG 98-11 trial, in which RT was delivered through   AP/PA parallel 

opposed fields or 4-field conformal approaches, recorded substantial rates of major acute toxicities 

with respect to skin (G3-G4:48%), gastrointestinal tract (G3-G4:35%) and blood cells (G3-

G4:61%)4. Intensity-modulated radiotherapy (IMRT) is able to provide robust conformality and 

abrupt dose fall-off  within target volumes, reducing unintended dose to organs at risk (OARs) and 

has been largely employed in the context of anal cancer5. Hematological toxicity (HT) due to 

myelosuppression is a consistent cause of treatment interruption, with a potential increase in overall 

treatment time (OTT) and a  consequent eventual detrimental effect on clinical outcomes6. Even if 

the RTOG 0529 trial showed a decrease rate of >G2 acute HT with the use of IMRT  compared to 

standard approaches, HT still remains a consistent issue in anal cancer patients, given that extended 

volumes of bone marrow (BM) are usually comprised within treatment fields during unconstrained 

IMRT to the pelvic region, where up to 40% of the total hematopoietically active BM is present on 

average in adults6,7.  Scant information is available on the tolerance of BM towards combination 

therapy since Emami table do not include it and Lyman-Kutcher-Burman method model has been 

rarely applied to BM8,11. Nevertheless, several dosimetric predictors have been found to correlate 

either with blood counts nadir and clinically significant or major HT in cervix, anal and rectal 

cancer12,15. Clinical data suggest that pelvic bone marrow (PBM) acts like a parallel organ, leading 

to the conclusion that mean dose to this osseous structure may consistently predict HT and may be 

used during  IMRT planning in the optimization process to selectively spare BM during treatment to 
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improve toxicity profile. We herein present a retrospective analysis set up to evaluate NTCP with 

respect to acute HT employing the LKB model in anal cancer patients undergoing concurrent IMRT 

and chemotherapy based on 5-fluorouracil and mitomicin C. 

Material and methods 

We undertook a review of all medical records regarding patients treated with IMRT and concurrent 

CT for anal squamous cell carcinoma at the Department of Radiation Oncology of the University of 

Turin, Italy. From April 2007 to March 2015, a total of 53 patients were submitted to combination 

therapy with definitive intent. This cohort represented the study sample employed for the present 

analysis.  The Institutional Review Board of the Department of Oncology of the University of Turin 

approved the present retrospective study. Patient records and information were anonymized and de-

identifies prior to analysis. 

Radiotherapy 

All patients received simultaneous integrated boost (SIB) IMRT as previously described (ref cancer 

invest), employing both static and volumetric approaches. Planning strategies exclusively included 

an unconstrained approach towards BM. Dose prescriptions for target volumes are herein detailed in 

accordance to Kachnich et al16. Patients with cT2N0 disease were prescribed 50.4 Gy/28 fractions 

(1.8 Gy daily) to the gross tumor PTV and 42 Gy/28 fractions (1.5 Gy/daily) to the elective nodal 

PTV. Patients having cT3-T4/N0-N3 disease were given 54 Gy/30 fractions (1.8-2 Gy daily) to the 

anal gross tumor PTV, while gross nodal PTVs were prescribed 50.4 Gy/30 fr (1.68 Gy daily) if 

sized <3cm or 54 Gy/30 fr (1.8 Gy daily) if >3cm; elective nodal PTV was prescribed 45 Gy/30 

fractions (1.5 Gy daily)16. 

 

Chemotherapy 

All patients received concurrent chemotherapy (CT), consisting of 5- fluorouracil (1000 mg/m2/day) 

given as continuous infusion along 96 hours (days 1-5 and 29-33) associated with mitomycin C (10 



44 
 

mg/m2) given as bolus (days 1 and 29).  A total of 2 concurrent cycles were planned at baseline for 

each patients. Blood cell counts were checked for each patient on a routine basis prior to each CT 

cycle.  

Hematologic toxicity evaluation 

All patients underwent a weekly complete blood count to grade HT according to the Radiation 

Therapy Oncology Group acute radiation-induced morbidity scoring system17. Endpoints evaluated 

in the present analysis were white blood cell count (WBC), absolute neutrophil count (ANC), 

hemoglobin (Hb) and platelet (Plt) count nadirs after each cycle of CT and the highest-grade 

toxicity for all blood cells.  

 Bone marrow delineation 

The external contour of PBM was outlined on the planning CT using bone windows as first 

described by Mell et al12. The PBM was delineated as a whole and then divided into 3 subsites: a) 

the iliac BM (IBM), extending from the iliac crests to the upper border of femoral head; b) lower 

pelvis BM (LPBM), accounting for bilateral pube, ischia, acetabula and proximal femura, from the 

upper limit of the femoral heads to the lower limit of the ischial tuberosities and c) lumbosacral BM 

(LSBM), extending from the superior border of L5 somatic body12,13. 

Normal Tissue Control Probability (NTCP) modeling 

Cumulative dose-volume histograms (DVHs) were created for PBM and all 3 BM subsites. Median 

doses and dosimetric point parameters on the DVHs were analyzed. In the present analysis, since no 

clear data are available in the medical literature regarding the most appropriate α/β value for BM 

with respect to acute HT, no dose per fraction DVH modification were introduced to take into 

account for different sensitivity to fraction size. A binary logistic regression analysis was performed 

to select the most predictive doses to the pelvic bone structures with respect to HT. Maximum 

likelihood estimation (MLE) analysis of  logistic model was performed in order to correlate the 

observed toxicities (>G3 leukopenia) with the mean dose received by LSBM. The logistic dose-
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response curve was parametrized in terms of D50 (dose leading to a 50% complication probability 

rate) and y50 (normalized slope of the sigmoid dose-response curve)18. Hence a logistic fit was 

performed in order to correlate the predicted toxicity probability, as indicated by NTCP modeling, 

and mean dose to LSBM. The m parameter (slope indicator of Lyman-Kutcher-Burman NTCP 

model) values were also calculated from the relation m = 0.4/ y50
19. BM was considered as a parallel 

organ and hence the volume parameter n was set to 1 for calculations9. The same analysis was 

performed after exclusion of HIV positive patients. A different logistic fit was also created for 

patients with no evidence of nodal involvement at diagnosis  (N0) compared to those with positive 

lymphnodes (N+). DVH points of PBM were compared between N+ and N0 patients. 

Statistical analysis 

Univariate logistic regression analysis was performed to investigate the correlation between 

dosimetric and clinical factors and HT. The role of all dosimetric parameters on HT was analyzed 

by multivariate logistic regression analysis. Computations were performed with the STATA 

statistical package, release 13.0 (STATA Corp, College Station, TX). All p values were 2-sided, and 

p < 0.5 was considered statistically significant.  

Results 

Patients and treatment characteristics 

Overall, we enrolled in the present study 53 patients whose characteristics are shown in  Table 1. 

Mean age was 64 (range 39-79) and patients were mainly female (74%), HIV-negative (91%), with 

an anal canal primary (80%), T2-T3 stage (94%), N0 stage (72%), G2 (68%). Patients were mostly 

treated with a VMAT approach (70%). Mean doses to the PTVs volumes were 53 Gy, 50.4 Gy and 

44 Gy for the gross tumor, gross nodal and elective nodal volumes, respectively. Mean EBRT 

duration was 43 days. Patients undergoing a treatment break > 3 days were 9%.  
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Table 1.Patients’ characteristics 

    

Variable N (%) 

  
Age   

Mean 64 
Range 39-79 

Sex  
Female 39 (74) 

Male 14 (26) 
HIV status  

Positive 5 (9) 
Negative 48 (91) 

Primary tumor site  
Anal canal 45 (80) 

Anal margin 8 (20) 
T stage  

T1 2 (4) 
T2 35 (66) 
T3 15 (28) 
T4 1 (2) 

N stage  
N0 28 (72) 
N1 2 (5) 
N2 8 (20) 
N3 1 (3) 

Global stage  
I 39 (73) 
II 2 (4) 

IIIA 11 (21) 
IIIB 1 (2) 

Grading  
G1 4 (3) 
G2 36 (68) 
G3 13 (25) 

    

    

 

Legend: HIV: human immunodeficency virus; T: tumor; N: nodal  
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Acute hematologic toxicity and dosimetric outcomes 

The mean baseline WBC, ANC, Hb and Plt counts were 6.6k/μl (range:3.8-11.3), 4.2k/μl 

(range:1.6-9.6), 13.3g/dL (range:9.1-16.2) and 224 k/μl (range:96-380). The mean nadir WBC, 

ANC, Hb and Plt counts were 2.7k/μl (range:0.7-6.2), 1.8k/μl (range:0.2-3.7), 11.4g/dL (range:7.9-

14.7) and 121k/μl (range:41-253). Maximum detected acute HT comprised 36% of patients 

experiencing leukopenia >G3 and 30% with neutropenia >G3. Grade 2 anemia was observed in 6% 

of patients and no G3-G4 events were observed, while 11% experienced >G2 thrombocytopenia 

(Table 2). Dosimetric parameters to bony pelvic structures are shown in Table 3 with mean values 

and corresponding standard deviations.  

Table 2. Acute hematologic toxicity 

            
  N(%) 

Acute HT G0 G1 G2 G3 G4 
Leukopenia 6 (11) 12 (23) 16 (30) 16 (30) 3 (6) 
Neutropenia 17 (32) 10 (19) 10 (19) 11 (21) 5 (9) 
Anemia 35 (66) 15 (28) 3 (6) 0 (0) 0 (0) 
Thrombocytopenia 29 (55) 12 (23) 6 (11) 5 (9) 1 (2) 
            

            
 

Legend: HT: hematologic toxicity; N: number 
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Table 3. Pelvic bone marrow dosimetric parameters 

      
Parameter Mean SD 

PBM   
Volume (cm3) 1400 240 

Mean dose (Gy) 29.8 4.9 
V5 (%) 94 6 
V10 (%) 89 8 
V15 (%) 83 9 
V20 (%) 75 9 
V30 (%) 52 11 
V40 (%) 26 11 

IBM   
Volume (cm3) 424 63 

Mean dose (Gy) 25.5 6.3 
V5 (%) 90 9 
V10 (%) 82 11 
V15 (%) 74 10 
V20 (%) 63 10 
V30 (%) 36 11 
V40 (%) 14 10 

LSBM   
Volume (cm3) 392 71 

Mean dose (Gy) 32.2 5.8 
V5 (%) 90 10 
V10 (%) 86 13 
V15 (%) 83 14 
V20 (%) 79 15 
V30 (%) 67 16 
V40 (%) 41 15 

LPBM   
Volume (cm3) 598 128 

Mean dose (Gy) 30.7 4.1 
V5 (%) 99 3 
V10 (%) 96 6 
V15 (%) 89 9 
V20 (%) 80 10 
V30 (%) 54 13 
V40 (%) 25 13 
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Legend: PBM: pelvic bone marrow; IBM: iliac bone marrow; LSBM: lumbar-sacral bone marrow; LPBM: 
lower pelvis bone marrow; SD: standard deviation. 

NTCP modeling 

MLE analysis performed to find out a correlation between mean dose to pelvic osseous structures 

and HT showed a significant correlation between LSBM mean dose and >G3 leukopenia (β 

coefficient:0.122; p=0.030;95% CI:0.012-0.233). Table 4 shows MLE analysis results with respect 

to leukopenia and neutropenia. No correlation was found for anemia and thrombocytopenia. Thus 

we performed a logistic fit between LSBM mean dose and HT (>G3 leukopenia) to predict toxicity 

probability according to NTCP modeling leading to the following calculated values:   TD50:37.5 

Gy, γ50:1.15, m:0.347, respectively (Figure 1a). We repeated the logistic fit between LSBM mean 

dose and HT excluding the 5 HIV+ patients and NTCP modeling resulted in TD50:37.8 Gy, 

γ50:1.25, m:0.320. The same analysis was then repeated for patients having nodal involvement at 

diagnosis (N+) compared to those without (N0). For N+ patients, predicted HT probability yielded 

to the following values: TD50:35.2 Gy, γ50:2.27, m:0.176 (Figure 1b) Comparison between N0 and 

N+ patients with respect to dosimetric parameters to PBM showed statistical significant difference 

in terms of V15 (Mean:81.1%;SD:+8.3 vs Mean:86.7%; SD:+4.9;p=0.04), V20 

(Mean:72.7%;SD:+9.7 vs Mean:79.9%;SD:+5.7;p=0.01) and V30 (Mean:50.2%;SD:+10.7 vs 

Mean:57.3%;SD:+9.3;p=0.03) (Figure 2). Patients with a mean LSBM dose >32 Gy had a 1.81 

(95%CI:0.81-4.0) relative risk to develop >G3 leukopenia. Node positive patients with  mean 

LSBM dose >32 Gy had a 2.67 (95%CI:0.71-10) relative risk to develop the aforementioned event. 

To have a <5%, <10%,<20% risk to develop >G3 leukopenia, LSBM mean dose should be below 

14 Gy, 20 Gy and 26 Gy, respectively. For node positive patients these thresholds were below 24 

Gy, 27 Gy and 30 Gy (>G3 leukopenia). On the whole cohort, within a dose range between 25 and 

40 Gy, this probability rises from 17.5% to 57.1% for >G3 leukopenia. For node positive patients 

these ranges were 6.7%-77.6%. 
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Table 4. Maximum likelihood estimation of the correlation between mean dose to pelvic bone 

marrow considered either as a whole or divided in different sub-regions and neutropenia 

leukopenia. 

            

 
> G3 neutropenia 

 
β coeff Std err z value p value 95% CI 

 
     

PBM-mean dose -0.017 0.063 -0.28 0.781 -0.141-
0.106 

IBM-mean dose -0.041 0.055 -0.76 0.048 -0.150-
0.066 

LPBM-mean dose -0.007 0.073 -0.11 0.915 -0.151-
0.135 

LSBM-mean dose 0.065 0.053 1.23 0.220 -6.490-
0.536 

 > G3 leukopenia 

PBM-mean dose 0.042 0.057 0.74 0.461 -0.070-
0.155 

IBM-mean dose 0.017 0.043 0.40 0.688 -0.068-
0.103 

LPBM-mean dose 0.001 0.069 0.03 0.979 -0.134-
0.138 

LSBM-mean dose 0.122 0.056 2.18 0.030 0.012-0.233 

 
          

                  
 

Legend –Coeff: coefficient; Std err: standard error; CI: confidence interval; PBM: pelvic bone marrow; IBM: 
iliac bone marrow; LPBM: lower pelvis bone marrow; LSBM: lumbo-sacral bone marrow.  
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Figure 1.NTCP modeling of  leukopenia on the whole cohort and on node positive patients  

 

 

 

Figure 2. Pelvic bone marrow DVH points comparison between node positive and negative patients  
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Considerations 

Concomitant chemo-radiation is the current standard therapeutic option for anal cancer patients. 

Combined modality treatment has better clinical outcomes than radiation alone and poly-

chemotherapy has been shown to be superior to mono-chemotherapy in this setting1,20.HT still 

remains a consistent issue for this patients, since a 61% rate of >G3 events was reported in  the 

RTOG 98-11 study employing conventional techniques4. High rate of HT have been documented 

also for IMRT, whenever unconstrained planning strategies towards BM are employed, as in 

Salama et al who had shown acute G3-G4 rates as high as 58%. Anal cancer radiotherapy requires 

extended treatment volumes and BM is an important dose-limiting cell renewal tissue for wide-field 

irradiation6. As pointed out by Mauch et al, BM stem cells are very radiosensitive, hence 

radiotherapy has a consistent myelosuppressive effect, inducing BM stem cell apoptosis and stromal 

damage, with peculiar pathologic and radiographic modifications6. Functional BM of the adult 

population is mainly located within the pelvis and vertebrae (60% of the total amount) and pelvic 

bones, specifically, may contain up to 40%22. Thus,  pelvic irradiation is a key factor for the 

determination of  HT during combination therapy in anal cancer, since the extent of radiation-

induced BM damage has been demonstrated to correlate with both radiation dose and irradiated 

osseous volume23.  Several DVH points and mean PBM dose were associated with HT in these 

patients and other useful information come from cervical cancer studies9-14. In cervix cancer, Mell 

et al found that PBM-V10 was associated with >G2 leukopenia and neutropenia and patients with 

PBM-V10 >90% were more likely to develop  HT and to have chemotherapy held12. Hence authors 

suggested a constraint of PBM-V10<90% to reduce toxicity12. Moreover, Rose et al found that 

PBM-V10 >95% and PBM-V20>76% were associated with increased >G3 leukopenia and suggested 

to keep dose below those levels, while Albuquerque et al demonstrated that PBM-V20>80% 

increases by 4.5-fold the odds to develop >G2 HT14,24. In anal cancer, Mell et al showed a 
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correlation between PBM-V5,-V10,-V15,-V20 and WBC and ANC nadirs, but not with HT13. 

Conversely, Cheng et al found out that PBM-V10 and mean dose had a statistically significant 

relationship with >G3 HT, while  Bazan et al found a correlation between PBM-V10,-V15,-V20 and 

the same events9,10. Interestingly, Bazan et al highlighted that patients with a PBM mean dose >30 

Gy had a 14-fold increase in the odd of developing >G3 HT. Whenever mean PBM dose is kept 

below 22.5 Gy or 25 Gy the risk to develop >G3 HT can be reduced to < 5% or < 10%, 

respectively9. Those data suggest that PBM as a whole plays a role in the development of HT and 

that it acts like a parallel organ with a consistent volume effect. In cervix cancer, Zhu et al estimated 

that every 1 Gy increase in mean PBM dose may lead to a 9.6/μl per week reduction in the natural 

logarithm of ANC count25. Nevertheless, data coming from functional imaging suggest that BM 

may be asymmetrically represented within osseous structures26,27. Rose et al characterized 

with 18FDG-PET scan active BM subregions in cervical cancer patients treated with concurrent 

radiotherapy and weekly cisplatin, identifying lumbar vertebrae, sacrum and pubic bones as those 

most represented27. This is in line with our study, where MLE analysis showed a significant 

correlation between LSBM mean dose and >G3 leukopenia (β coefficient:0.122; 

p=0.030;95%CI:0.012-0.233). Accordingly, Cheng et al showed that LSBM mean dose and DVH 

points better predicted for >G3 HT compared to same PBM parameters and estimated that mean 

LSBM doses of 21 Gy and 23.5 Gy result in a 5% and 10% risk of >G3 hematologic events10.  

Moreover, Bazan et al found a significant correlation between LSBM mean dose and V5-V20 and 

>G3 HT suggesting to keep V10<85% and mean dose<28 Gy to minimize toxicity profile9. Our 

NTCP model of LSBM mean dose lead to an estimation of TD50:37.5 Gy, γ50:1.15, m:0.347 for 

>G3 leukopenia. Bazan et al reported a lower  TD50:32Gy for the whole PBM and >G3 HT with a 

steeper correlation (m:0.175), which may reflect the contribution of volume effect to the clinical 

outcome probability rate (PBM vs LSBM in our study). Our NTCP model seems to highlight a 

different contribution of the dose received by LSBM to the occurrence of HT between node positive 

and negative patients. TD50  is slightly lower for N+ patients (35.2 Gy vs 37.5 Gy) but interestingly 
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γ50  is higher than in the cohort taken as a whole (2.21 vs 1.15) (Figure 1). Hence, our NTCP model 

predicts that for node positive patients  the risk to develop >G3 leukopenia rises from 6.7% to 

77.6% by increasing LSBM mean dose from 25 Gy to 40 Gy. The inclusion in the NTCP model of 

node negative patients consistently decreases this effect, with a probability rise from 17.5% to 

57.1% for the whole cohort within the same LSBM mean dose range. Node positive patients have 

significantly higher PBM volumes receiving doses ranging from 15 to 30 Gy with borderline 

significance for 40 Gy (Figure 2). That suggests that PBM node positive patients, given the higher 

dose received to macroscopic nodal disease,  may have a lower hematopoietic activity to 

compensate for CT-RT damage. With this as a background, each adjunctive Gy received by LSBM 

as mean dose, above a threshold of 25 Gy, may lead to a very consistent and rapid increase in the 

probability to develop HT. The other observation is a potential lower sensitivity of LSBM within a 

low dose range. Our NTCP model predicts that, in order to have a <5%, <10%,<20% risk to 

develop >G3 leukopenia, LSBM mean dose should be kept below 14 Gy, 20 Gy and 26 Gy on the 

whole cohort. For node positive patients these thresholds rises to 24 Gy, 27 Gy and 30 Gy (>G3 

leukopenia). These findings suggest a different saturation level for node positive patients, 

conditioning a different threshold of appearance of the steep relationship between LSBM mean dose 

and HT. Since node positive patients have a higher PBM volumes receiving doses in the range of 

15-30, the contribution of LSBM mean dose to the development of > >G3 leukopenia requires a 

higher threshold to be observed. Other intrinsic different characteristics for node positive patients 

may influence this finding, but these dosimetric consideration may play and important role. The 

other interpretation of this finding is that we had a low number of patients receiving LSBM mean 

dose < 25 Gy, conditioning a low probability of observation of HT in this dose range. Our data have 

been obtained within a cohort of patients treated with IMRT, employing a simultaneous integrated 

boost approach, with different dose level according to initial staging both for prophylactic and 

definitive volumes28-30. Thus our results may be affected  by the treatment solution employed. Our 

results shows that a LSBM mean dose > 32 Gy exposes node positive patients to a progressively 
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higher risk to develop HT, with a steeper correlation compared to node negative patients. Thus 

particular attention should be paid to spare LSBM in this subset pf patients31,32. 
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Chapter 6.  

 

Dose to specific subregions of  pelvic bone marrow defined with FDG-PET as a 
predictor of hematologic nadirs during concomitant chemo-radiation  in anal 
cancer patients 
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Concomitant chemo-radiation (CH-RT) is standard of care in epidermoid cancer of the anal canal1. 

Local control, survival and anal sphincter preservation rates are favorable in patients treated with 

combined modality therapy2. However, toxicity rates are not negligible and severe reactions can be 

observed to gastrointestinal tract, genitalia and skin, especially whenever non conformal techniques 

are employed3. In this setting, hematologic toxicity (HT) may limit and decrease treatment intensity, 

with patients potentially experiencing unplanned treatment breaks with a consequent increased in 

overall treatment time or infections, bleeding or asthenia4. Even if intensity-modulated radiotherapy 

(IMRT) is employed, major HT rates may be up to 60%5,6. Chemotherapy is the most important 

trigger of HT because it directly induces myelosuppression7. In the average adult population, about 

half of the total hematopoietically active bone marrow (BM) is comprised within the pelvis and the 

lumbar vertebral tract8. Hence, selective sparing of pelvic osseous structures may be a viable option 

to decrease HT  during concomitant CH-RT in anal cancer patients9. In several studies, a significant 

correlation between different dose-volume metrics and blood cell nadirs and/or  HT was found10-15. 

Other than anal cancer, different clinical context were investigated such as cervical, rectal, lung and 

prostate cancer. Avoidance of the whole pelvic region may be challenging because of the large 

volume involved. Nevertheless, different imaging modalities can be employed to identify specific 

subsites within bony structures with a high concentration of hematopoietically active BM, such as 

magnetic resonance imaging (MRI), single-positron emission tomography 

(SPECT), 18fluorodeoxyglucose (FDG)-labeled or18fluorothymidine (FLT)-labeled positron 

emission tomography (PET)16-18. 18FDG-PET imaging is able to identify active BM according to the 

real pathologic distribution19. The present study tested the hypothesis that active bone marrow 

(ACTBM) as detected through 18FDG-PET has a correlation with nadir values of blood cells in anal 

cancer patient submitted to CH-RT. Furthermore, we evaluated the strength of association 

according to different specific subsites to better tailor BM-sparing radiotherapy approaches and to 

perform robust modeling of HT enhanced by functional imaging. 



60 
 

Material and methods 

We retrospectively reviewed all medical records within the Department of Radiation Oncology at 

the University of Turin, Italy to select anal cancer  patients treated with concomitant CH-RT. 

Between April 2007 and March 2015 a total of 44 patients were submitted to definitive treatment, 

after having undergone a baseline 18FDG-PET for staging purposes prior to therapy. This population 

was used as the sample of the present study. Written informed consent from all patients was 

collected. The Review Board of our Institution Department approved the present study.      

Radiotherapy 

IMRT was delivered to all patients, as previously described1. Dose fractionation was derived from 

Kachnic et al.20. Patients having stage cT2N0 anal cancer were given 50.4 Gy/28 fractions (1.8 Gy 

daily) to the gross tumor PTV and 42 Gy/28 fractions (1.5 Gy daily) to the prophylatic nodal PTV. 

Patients with stage cT3-T4/N0-N3 disease were treated with 54 Gy/30 fractions (1.8-2 Gy daily) to 

the anal gross tumor PTV and 50.4 Gy/30 fr (1.68 Gy daily) to the gross nodal PTV having a 

maximum dimension < 3 cm or 54 Gy/30 fr (1.8 Gy daily) in case of nodes > 3 cm. Elective nodal 

PTV was given 45 Gy/30 fractions (1.5 Gy daily)19. A simultaneous integrated boost (SIB) 

approach was used in all patients, either with static (step and shoot) or volumetric modulated arc 

therapy (VMAT) as previously described21. Treatment plan optimization was made on Oncentra 

Masterplan or Monaco (Elekta, Stockholm, Sweden) plaftorms. Cone beam computed tomography 

(CBCT)  was used for  daily image guidance.  

 

Bone marrow delineation on planning CT 

The whole pelvic bone marrow (PBM) was outlined following outer contours on the planning CT 

scan employing a bone window, as described by Mell et al10. Three subregions were identified: a) 

the iliac BM (IBM), which comprises the area between the iliac crests and the upper border of 

femoral head; b) lower pelvis BM (LPBM), accounting for bilateral pube, ischia, acetabula and 
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proximal femura, from the upper border of the femoral heads to the lower aspect of the ischial 

tuberosities and c) lumbosacral BM (LSBM), including the area between the superior border of L5 

somatic body to the lower aspect of the coccyx10.  

Active bone marrow delineation on FDG-PET 

All images derived from planning CT were exported on the Velocity platform (Varian Medical 

Systems, Palo Alto, CA) together with treatment volumes, organs at risk (OARs) and dose 

references. Given that FDG- PET images were acquired separately, we perfomed a deformable co-

registration between CT and PET images.18FDG-PET  standardized uptake values (SUVs) were 

calculated for PBM volumes, after correcting for body weight. To standardize SUVs among all 

patients, we normalized BM and liver SUVs. We defined as active bone marrow (ACTBM), the 

volume having higher SUV values than the SUVmean for each patient, rather than the whole cohort, 

as proposed by Rose et al18,22. The areas identified with the method described above were outlined 

within PBM as a whole and named  ACTBM and within each of the 3 subregions identified on 

planning CT (LSBM, IBM, LPBM) and named ACTLSBM, ACTIBM, ACTLPBM, respectively. 

Inactive BM (INACTBM) was identified as the difference between BM volumes as defined on 

planning CT (PBM) and ACTBM. The same procedure was done for all 3 subregions to identify 

inactive BM within all of them. The 3 volumes were hence 

called INACTLSBM, INACTIBM, INACTLPBM.  Figure 1  highlights ACTBM  (red)  and INACTBM as 

identified with the use of  18FDG-PET  in a specific patient.  
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Figure 1. Three-dimensional view of the pelvic region with active (red) and inactive bone marrow 
(yellow) subregions characterized.  

 

 

Chemotherapy 

All patients underwent concomitant chemotherapy following  the Nigro’s regimen with  5- 

fluorouracil (1000 mg/m2/day) administered as continuous infusion along 96 hours (days 1-5 and 

29-33) and mitomycin C (10 mg/m2) given as bolus (days 1 and 29).  Up to 2 cycles were given 

concurrently during radiotherapy.  

Hematologic toxicity evaluation 

Weekly blood tests with  complete blood count were taken for all patients. HT was scored 

according to the Radiation Therapy Oncology Group acute radiation-induced morbidity system23. 

Endpoints analyzed were white blood cell count (WBC), absolute neutrophil count (ANC), 

hemoglobin (Hb) and platelet (Plt) count lowest nadir experienced during treatment or up to 2 

weeks after the completion of CH-RT. 

Statistical analysis 

Cumulative dose-volume histograms (DVHs)  were analyzed for 

PBM, ACTBM, ACTLSBM, ACTIBM, ACTLPBM  and INACTBM, INACTLSBM, INACTIBM, INACTLPBM. 

We collected median doses and selected dosimetric parameters on DVH curves for the 

aforementioned structures. WBC, ANC, Hb and Plt nadirs were correlated as continuous variables 
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to  mean dose and V10-V15-V20-V30-V40-V45-V50  for all the aforementioned structures. Generalized 

linear modeling was used to investigate the eventual correlation between dosimetric variables and 

blood cells nadirs. We used Shapiro-Wilk statistic to test for normality of variables. A log transform 

was also used to eliminate skew in the dependent variables. Significant covariates on univariate 

linear regression analysis were included in the multivariate linear regression model. R2 and adjusted 

R2 test were employed to evaluate goodness of model fit.  Stata Statistical Software, version 13.1 

(Stata Corporation, Texas) was employed for analysis. 

Results 

Overall, 44 patients were selected and investigated. Patients characteristics are shown in Table 1. 

Mean age was 64 (range 45-79) and patients were mainly female (73%), with an anal canal primary 

(89%), T3 stage (68%), N0 stage (71%). Patients were more frequently submitted to VMAT (83%) 

and  were given 54 Gy  to the primary tumor (66%) and 45 Gy  in 30 fractions to the prophylactic 

nodal volumes (61%). All macroscopic nodal areas received 50.4 Gy in 30 fractions. ACTBM  

identified within the pelvic region was 44% while INACTBM was 57%. LSBM is the subsite where  active 

BM was most represented (67%) compared to inactive BM (33%). Within IBM, 57% of the volume 

comprised hematopoietically active BM and 43% of inactive BM. LPBM had 21% of active BM 

(mainly in the pubic bones)  and 79% of inactive. Differential distribution of ACTBM  and INACTBM 

according to different subregions is shown in Figure 2. 
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Table 1. Patients’ and treatment characteristics 

Variable N (%) 
   

Sex   
Female 32 (73) 

Male 12 (27) 
Age  

Mean 64 
Range 45-79 

Primary tumor site  
Anal margin 5 (11) 
Anal canal 39 (89) 

T stage  
T1 1 (2) 
T2 12 (27) 
T3 30 (68) 
T4 1 (2) 

N stage  
N0 31 (71) 
N1 1 (2) 
N2 10 (23) 
N3 2 (4) 

Global stage  
I 1 (2) 
II 29 (67) 

IIIA 2 (4) 
IIIB 12 (27) 

IMRT approach  
Step and Shoot 12 (27) 

VMAT 36 (83) 
PTV dose-tumor (Gy)  

54 Gy/30 fractions 29 (66) 
50.4 Gy/28 fractions 15 (34) 

PTV dose-positive nodes (Gy) (13 pts)  
50.4 Gy/30 fractions 13 (100) 

PTV dose-negative nodes (Gy)  
45 Gy/30 fractions 27 (61) 
42 Gy/28 fractions 17 (39) 

    

    
 

Legend: N: number; IMRT: intensity-modulated radiotherapy; PTV: planning target volume; VMAT: 
volumetric modulated arc-therapy.  
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Figure 2. Three-dimensional view of the pelvic region with distribution of active and inactive bone 
marrow subdivided according to subsites: lumbar-sacral (light blue), iliac (green) and lower-pelvic 
(pink) bone marrow. 

 

 

 

 

Acute hematologic toxicity and dosimetric outcomes 

In Table 2, baseline hematologic parameters are shown together with the lowest nadir 

measuredduring treatment and up to 2 weeks after the completion of CH-RT.  Absolute volumes 

and dose/volume parameters to bony structures with respect to the whole pelvic region and the 3 

specific subregions can be seen in Table 3. 
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Table 2. Blood cells values 

      

Hematologic parameters Baseline Lowest nadir 

 
Mean (range) Mean (range) 

Hb 13.3 g/dL (9.1-16.2) 11.6 g/dL (9.1-14.5) 
PLT 224 k/μl (96-380) 115 k/μl (18-253) 
WBC 6.6 k/μl (3.8-11.3) 2.7 k/μl (0.7-7.1) 
ANC 4.2 k/μl (1.6-9.6) 1.7 k/μl (0.2-5.9) 
      
 

Legend: WBC: white blood cells; ANC; absolute neutrophil count; PLT: platelets; Hb: hemoglobin; g: 
grams; k: 103; ul: microliters. 

 

Table 3. Dose parameters of the pelvic bones according to bone marrow activity  

      Active BM Inactive BM 
Parameter Mean SD Mean SD Mean SD 

PBM   
    Volume (cm3) 1412 231 623 
(44%) 151 

789 
(56%) 129 

Mean dose (Gy) 30 5 31 4 30 3 
V5 (%) 94 5 94 7 95 5 

V10 (%) 89 7 89 9 89 7 

V15 (%) 83 9 85 10 81 9 

V20 (%) 75 9 79 11 71 10 

V30 (%) 52 11 58 12 47 11 

V40 (%) 26 12 30 12 21 8 

V45 (%) 8 10 9 10 7 7 
IBM   

    Volume (cm3) 429 59 245 
(57%) 76 

184 
(43%) 58 

Mean dose (Gy) 26 7 26 5 22 4 
V5 (%) 91 8 95 8 87 11 

V10 (%) 82 10 89 11 75 13 

V15 (%) 74 10 82 13 66 13 

V20 (%) 63 10 71 14 55 12 

V30 (%) 35 12 40 14 30 10 

V40 (%) 14 11 14 10 13 6 

V45 (%) 4 8 4 8 3 5 
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LSBM   
    Volume (cm3) 397 71 265 
(67%) 52 

132 
(33%) 41 

Mean dose (Gy) 33 6 33 5 31 6 
V5 (%) 90 11 90 10 90 13 

V10 (%) 86 13 86 12 85 15 

V15 (%) 83 13 84 13 81 16 

V20 (%) 80 14 81 13 77 16 

V30 (%) 68 15 71 15 60 17 

V40 (%) 41 16 43 16 34 14 

V45 (%) 12 12 12 13 11 12 
LPBM   

    Volume (cm3) 590 124 125 
(21%) 65 

465 
(79%) 95 

Mean dose (Gy) 30 4 34 4 29 4 
V5 (%) 99 4 100 1 99 2 

V10 (%) 95 7 99 3 95 7 

V15 (%) 89 10 97 6 87 10 

V20 (%) 79 12 91 10 76 12 

V30 (%) 53 13 66 18 48 13 

V40 (%) 24 13 32 16 20 10 

V45 (%) 8 10 11 11 7 8 

              

 

 

Legend: PBM: pelvic bone marrow; LSBM: lumbar-sacral bone marrow; IBM: iliac bone marrow; 
LPBM:lower pelvis bone marrow; ACTBM: active bone marrow; INACTBM: inactive bone marrow; SD: 
standard deviation 

 

Predictors of hematologic toxicity 

The correlation between mean doses to ACTBM and INACTBM and WBC, ANC, Hb and Plt nadirs 

was investigated and is shown in Table 4. ACTBM was found to be significantly correlated to WBC 

(β=-1.338; 95%CI: -2.455/-0.221; p=0.020), ANC (β=-1.651; 95%CI: -3.284/-0.183; p=0.048) and  

Plt (β=-0.031; 95%CI: -0.057/-0.004; p=0.024) nadirs. Conversely, no correlation was seen 
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between INACTBM and blood cell nadirs. Table 5 and 6 summarizes all dosimetric variables pertinent 

to each of the 3 subregions within pelvic bones tested on multivariate analysis against blood cell 

nadirs. WBC nadir was significantly correlated to LSBM mean dose (β=-1.852; 95%CI: -3.205/-

0.500; p=0.009), V10 (β=-2.153; 95%CI: -4.263/-0.721; p=0.002), V20 (β=-2.081; 95%CI: -4.880/-

0.112; p=0.003), V30 (β=-1.971; 95%CI: -4.748/-0.090; p=0.023) and to IBM V10 (β=-0.073; 

95%CI: -0.106/-0.023; p=0.016). ANC nadir found to be significantly associated to LSBM V10 (β=-

1.878; 95%CI: -4.799/-0.643; p=0.025), V20 (β=-1.765; 95%CI: -4.050/-0.613; p=0.030) and to 

IBM V10 (β=-0.039; 95%CI: -0.066/-0.010; p=0.027). Borderline significance was found for 

correlation between Plt nadir and LSBM V30 (β=-0.056; 95%CI: -2.748/-0.187; p=0.060) and V40 

(β=-0.059; 95%CI: -3.112/-0.150; p=0.060) and IBM  V30 (β=-0.028; 95%CI: -0.074/-0.023; 

p=0.056). No inactive BM subsites were found to be significantly correlated to any blood cell nadir. 

The R2 and adjusted R2values of the multivariate analysis are shown in Table 4-6, with a fair 

amount of unexplained variation in the regression model. 

 

Table 4. Correlation between mean dose to active/inactive subregions of pelvic bone marrow and 
blood cells nadirs 

 

                          

             
  

ACTBM - Mean Dose (Gy) 
   

INACTBM - Mean Dose (Gy) 
  

  
          

       Nadirs   β R2 95% CI t p   β R2 95% CI t p 

             WBC 
(k/μL) 

 

-1.338 0.141 -2.455/-0.221 -2.43 0.020  -0.718 0.064 -1.645/0.209 -1.57 0.125 

ANC 
(k/μL) 

 

-1.651 0.105 -3.284/-0.183 -2.05 0.048  -0.708 0.030 -2.060/0.643 -1.06 0.295 

PLT 
(k/μL) 

 

-0.031 0.133 -0.057/-0.004 -2.35 0.024  -0.004 0.003 -0.026/0.019 -0.32 0.751 

Hb 
(g/dL) 

 

-0.719 0.042 -1.878/0.439 -1.26 0.216  -0.587 0.044 -1.508-0.333 -1.29 0.204 
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Legend:  ACTBM: active bone marrow; INACTBM: inactive bone marrow; WBC: white blood cells; ANC; 
absolute neutrophil count; PLT: platelets; Hb: hemoglobin; k: 103; ul: microliters;g: grams;  β: β-coefficient; 
R2: R-squared; CI: confidence interval; t: t-value; p: p-value. 

 

Table 5. Correlation between points on the dose-volume histograms of  active/inactive subregions 
of pelvic bone marrow and white blood cell and absolute neutrophil count nadirs 

 

           
 

WBC nadir ANC  nadir 
                      
Parameter β  R2 95%CI t p β  R2 95%CI t p 
ACTLSBM            
Mean dose -1.852 0.177 -3.205/-0.500 -2.78 0.009 -1.944 0.095 -3.974/0.085 -1.94 0.060 
V10 (%) -2.153 0.230 -4.263/-0.721 -2.63 0.002 -1.878 0.130 -4.799/0.643 -2.33 0.025 
V20 (%) -2.081 0.220 -4.880/-0.112 -1.97 0.003 -1.765 0.120 -4.050/0.613 -1.52 0.030 
V30 (%) -1.971 0.130 -4.748/-0.090 -1.91 0.023 -1.546 0.070 -3.156/1.695 -1.37 0.110 
V40 (%) -1.560 0.080 -3.912/0.750 -1.41 0.080 -1.321 0.030 -5.678/1.871 -1.32 0.300 

V45 (%) -1.271 0.001 -3.204/1.351 -0.78 0.840 -1.123 0.003 -4.989/2.267 -0.66 0.740 

V50 (%) -0.745 0.001 -2.138/0.677 -1.12 0.410 -0.617 0.002 -3.181/1.177 -1.18 0.420 
ACTIBM            
Mean dose -1.051 0.079 -2.265/0.162 -1.76 0.087 -1.415 0.070 -3.162/0.331 -1.61 0.109 
V10 (%) -0.073 0.150 -0.106/-0.023 -2.95 0.016 -0.039 0.130 -0.066/-0.010 -2.49 0.027 
V20 (%) -0.042 0.045 -0.084/-0.009 -2.39 0.200 -0.025 0.030 -0.051/0.120 -2.09 0.280 
V30 (%) -0.029 0.030 -0.074/-0.013 -2.03 0.270 -0.017 0.030 -0.042/0.021 -1.75 0.300 
V40 (%) -0.025 0.030 -0.059/-0.006 -1.54 0.290 -0.012 0.020 -0.037/0.019 -1.10 0.360 
V45 (%) -0.012 0.010 -0.056/0.037 -0.37 0.560 -0.010 0.010 -0.041/0.027 -0.59 0.530 
V50 (%) -0.028 0.010 -0.119/0.046 -0.86 0.470 -0.021 0.010 -0.086/0.039 -0.89 0.520 
ACTLPBM            
Mean dose -0.481 0.023 -1.530/0.567 -0.93 0.358 -0.668 0.018 -1.230/0.984 -0.82 0.418 
V10 (%) -0.065 0.066 -0.129/0.012 -2.38 0.160 -1.944 0.100 -4.811/0.657 -2.33 0.057 
V20 (%) -0.027 0.051 -0.068/0.010 -1.43 0.170 -2.082 0.060 -4.123/0.769 -1.52 0.140 
V30 (%) -0.021 0.043 -0.063/0.024 -1.16 0.200 -1.866 0.030 -3.176/1.678 -1.37 0.330 
V40 (%) -0.019 0.021 -0.072/0.033 -0.77 0.400 -1.320 0.010 -6.725/1.870 -1.32 0.590 
V45 (%) -0.001 0.001 -0.058/0.063 -0.03 0.380 -1.111 0.020 -5.322/2.245 -0.66 0.360 
V50 (%) -0.036 0.012 -0.138/0.079 -0.58 0.470 -0.643 0.010 -3.179/1.188 -1.18 0.520 
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Legend: PBM: pelvic bone marrow; ACTBM: active bone marrow; INACTBM: inactive bone marrow; WBC: 
white blood cells; ANC; absolute neutrophil count; k: 103; ul: microliters; g: grams; β: β-coefficient; R2: R-
squared; CI: confidence interval; t: t-value; p: p-value. 

 

Table 6 Correlation between points on the dose-volume histograms of  active/inactive subregions of 
pelvic bone marrow and platelets and hemoglobin count nadirs 

 
PLT nadir Hb  nadir 

                      
Parameter β  R2 95%CI t p β  R2 95%CI t p 
ACTLSBM            
Mean dose -0.031 0.094 -0.065/0.001 -1.76 0.061 -0.661 0.023 -2.108/0.786 -0.89 0.361 
V10 (%) -0.045 0.060 -2.152/0.543 -2.12 0.150 -0.023 0.040 -3.222/0.651 -1.21 0.220 

V20 (%) -0.067 0.090 -2.249/0.654 -1.98 0.075 -0.189 0.020 -3.050/0.698 -1.89 0.340 

V30 (%) -0.056 0.090 -2.748/0.187 -1.90 0.060 -0.098 0.010 -3.178/1.567 -1.35 0.550 

V40 (%) -0.059 0.090 -3.112/0.150 -1.39 0.060 -0.101 0.010 -4.778/1.850 -1.24 0.580 

V45 (%) -0.026 0.003 -2.804/1.349 -0.64 0.710 -0.031 0.003 -4.264/2.183 -0.78 0.750 

V50 (%) -0.012 0.030 -2.165/0.774 -1.08 0.260 -0.015 0.001 -3.873/1.296 -1.12 0.810 
ACTIBM            
Mean dose -0.006 0.006 -0.030/0.018 -0.48 0.634 -1.004 0.074 -2.345/0.189 -1.50 0.097 
V10 (%) -0.071 0.030 -0.106/0.023 -2.34 0.290 -0.051 0.060 -0.066/0.045 -2.56 0.140 

V20 (%) -0.041 0.060 -0.084/0.011 -2.12 0.150 -0.073 0.040 -0.056/0.145 -2.11 0.230 

V30 (%) -0.028 0.100 -0.074/0.023 -2.01 0.056 -0.012 0.090 -0.061/0.089 -1.67 0.006 

V40 (%) -0.023 0.060 -0.059/0.033 -1.49 0.140 -0.028 0.070 -0.057/0.023 -1.18 0.110 

V45 (%) -0.010 0.020 -0.056/0.038 -0.31 0.330 -0.011 0.060 -0.056/0.031 -0.56 0.630 

V50 (%) -0.019 0.030 -0.119/0.049 -0.82 0.330 -0.039 0.004 -0.078/0.041 -0.91 0.910 
ACTLPBM            
Mean dose -0.023 0.078 -1.049/0.004 -1.69 0.089 -0.843 0.062 -1.952/0.264 -1.51 0.131 
V10 (%) -0.064 0.001 -0.127/0.014 -2.17 0.820 -0.944 0.060 -2.456/0.768 -2.24 0.130 

V20 (%) -0.026 0.002 -0.069/0.012 -1.36 0.930 -0.082 0.040 -3.134/0.867 -1.43 0.200 

V30 (%) -0.020 0.130 -0.065/0.026 -1.19 0.078 -0.866 0.010 -3.041/1.778 -1.26 0.880 

V40 (%) -0.017 0.070 -0.074/0.035 -0.88 0.100 -0.320 0.010 -4.767/1.761 -1.12 0.580 

V45 (%) -0.001 0.020 -0.060/0.065 -0.05 0.430 -1.001 0.010 -4.322/2.267 -0.59 0.540 

V50 (%) -0.034 0.040 -0.135/0.080 -0.61 0.220 -0.643 0.002 -2.134/1.791 -101 0.800 
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Legend: PBM: pelvic bone marrow; ACTBM: active bone marrow; INACTBM: inactive bone marrow; PLT: 
platelets; Hb: hemoglobin; k: 103; ul: microliters; g: grams; β: β-coefficient; R2: R-squared; CI: confidence 
interval; t: t-value; p: p-value. 

 

Considerations 

 

Concurrent CH-RT is presently considered as standard of cancer in anal cancer patients, as it 

provides positive data for both early- and advanced-stage disease24,25. Adding chemotherapy may 

enhance radiotherapy  results in this context26,27. However, HT is  still a consistent problem during 

CH-RT  with  major toxicity rates (>G3)  around 60%, regardless of technique employed, as shown 

in the RTOG 98-11 trial and multicentric studies3,28. BM stem cells are extremely radiosensitive. 

Their irradiation leads to apoptosis and stromal damage, with peculiar pathologic and radiographic 

changes, with a final overall myelosuppressive effect7. Consequently, BM represents a crucial dose-

limiting cell renewal tissue for extended-field radiotherapy, particularly when associated with 

myeloablative chemotherapy regimens7. The pelvic region and vertrebrae account for 

approximately 60% of the total BM functional sites in the average adult population6. Up to 40% is 

present within the pelvis itself6. Therefore, its tailored avoidance during CH-RT may be an option 

to decrease HT profile and to  enhance treatment tolerance. The level of radiation-induced damage 

to BM correlates with both radiation dose and BM volume receiving radiation29. Moreover, the 

influence of low dose to pelvic osseous structures in determining a decrease in blood cell nadirs and 

the occurrence of acute HT has been documented during CH-RT for pelvic malignancies9,10. In anal 

cancer patients, Mell et al demonstrated that a higher V5 to V20 to PBM significantly predicted for 

lower WBC and ANC nadirs as V10 to V20 to LSBM9. In cervical cancer patients, the same group 

showed that PBM V10 > 90 and PBM V20 > 75% were correlated with a lower WBC nadir as LSBM 

V10 and V20
10

. Notably, patients with an increased  PBM V10 and V20 were most likely to develop > 

G2 leukopenia as  those with higher LSBM V20 and  LPBM V10 and V20
10. In anal cancer, Cheng et 

al recently showed that several low-dose dosimetric endpoints coming either from  PBM and LSBM 
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were associated with a higher likelihood to experience > G3 HT and LSBM volumes receiving 

doses in the range of 5-20 Gy were pointed out as the strongest predictors12. This is a proof of 

principle that BM stem cells have high radiation sensitivity  of BM. Their early cell-killing is 

believed to drive acute myelosuppression  together with effects on peripheral blood stem cells and 

surrounding stromal tissue7. Pelvic bony structures can be selectively avoided during IMRT 

delivery to reduce HT. This would require their inclusion in the calculation algorithm during 

planning process and the selection of proper dose-constraints to be assigned to them. However if the 

aforementioned regions are defined on the planning CT by contouring the marrow cavity or the 

whole bony structures, their sparing can be challenging, maintaining at the same time an adequate 

target coverage and avoiding other organs at risk such as bladder, external genitalia or bowel. 

Hence, a more precise and selective definition of active BM might be helpful. Pathologic studies 

have shown that BM comprises an active part which is involved in the hematopoietic process (‘red 

marrow’) and an inactive portion which is mostly made of fat tissue (‘yellow marrow’)7,8.   18FDG-

PET  has been demonstrated to be able to detect and quantify the volume of ACTBM with an uptake 

pattern specular to its histologic distribution19. In our study we investigated the hypothesis 

that 18FDG-PET  could be a useful tool to detect regions within pelvic osseous structures containing 

hematologically active BM, in anal cancer patients submitted to CH-RT. 18FDG-PET  was chosen 

because it is a widespread examination available in most hospitals and because it is usually included 

in the diagnostic and staging work up of patients affected with cancer of the anal canal. Moreover a 

previous study by Rose et al tested the correlation between BM subregions as identified 

with 18FDG-PET  and HT in 26 women affected with cervical cancer and treated with concurrent 

weekly cisplatin (40 mg/m2) and IMRT. Interestingly, mean dose received by ACTBM was found to 

be correlated to log nadirs of WBC, ANC, Plt and Hb with the strongest correlation for Plt (β=-

6.16; 95%CI: -9.37/-2.96; p<0.001)18. Conversely, no correlation was observed between INACTBM 

and blood cells nadirs18. Our findings seems to confirm these findings as ACTBM defined by 18FDG-

PET was found to be significantly correlated to WBC, ANC, and Plt nadirs as was (Table 4). 
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Conversely, INACTBM was not found to be correlated. This seems to confirm the assumption that the 

contribution of pelvic bone structures (PBM) to  global hematopoiesis is mainly driven by ACTBM 

and that 18FDG-PET could be, in general, a reasonably  reliable instrument for its detection. LSBM 

was the pelvic subregion most frequently correlated to blood cell nadirs. LSBM  V10 and V20  had 

significant correlation to WBC and ANC nadir. LSBM V30 was significantly correlated to WBC 

nadir and had borderline correlation to Plt nadir. LSBM V40 had borderline correlation to Plt nadir. 

IBM V10 had significant correlation to WBC and ANC nadir, while V30 had borderline significance 

to Plt nadir. Among the aforementioned parameters, LSBM V10 and V20 models were found to be 

the more robust as shown by R2 and adjusted R2values. This seems to be reasonable as LSBM has a 

consistent absolute volume (397 cm3 + 71) and  comprises a  high percentage of active BM (67%). 

This is in line with previous studies performed delineating BM volumes on planning CT12,21. These 

information may be useful in determining proper cut-off points for dosimetric parameters  to 

decrease HT profile. Several considerations should be made on the reliability of our findings. Some 

parts of inactive BM may play a role in hematopoiesis even if they have a low SUV value and may 

potentially be taken into account. Moreover,   18FDG-PET may not be accurate enough to precisely 

distinguish  between active and inactive BM because of its poor spatial resolution. As in Rose et al, 

we employed the SUVmean calculated within BM for each patient to define and contour the ACTBM 

subregions18. The use of a patient specific BM SUV threshold instead of a population-based 

modality is able to act as a control tool for eventual differences in terms of imaging process across 

different platforms and in terms of BM SUV values according to age categories18,19. This seems to 

be  a reliable and reproducible way to define PBM subregions18. As in Rose et al,  pelvic bones 

SUVmean was selected because it is a reasonable compromise between the chance to have a volume 

sufficiently large for  contouring purposes, but restrained to be avoided during IMRT delivery.   

However, this choice could have a potential influence on our results. The optimal threshold to 

define ACTBM  has yet to be established. Rose et al recently investigated different  threshold levels 

in the definition of ACTBM, specifically the highest 25%, 50% and 75% of SUV values, to be 
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eventually correlated to HT. None of them was able to improve the performance of the model  

compared to total PBM22. Another consideration should be made on the optimal tracer for BM 

contouring. Since BM cells usually do not show a high metabolic activity, 18FDG uptake may not 

be sufficient to provide an accurate distinction between ACTBM and INACTBM. Other traces such as 

fluorothymidine may be more suitable to track actively proliferating BM17. 18FDG however is a 

widespread tracer and 18FDG-PET is a common exam in the staging process of anal cancer patients 

and, given the retrospective nature of our study, was the only functional imaging examination 

available. In adjunct, as pointed out by Rose et al, intensive chemotherapy regimens, such as 5-FU 

and MMC as  used in our study,  may induce recruitment of different BM areas into hematopoiesis, 

compared to the ones active on baseline. This phenomenon may also influence the correlation 

between dose to BM and HT. In conclusion, our study suggests that 18FDG-PET-driven selection of 

active BM within pelvic bones may be a useful tool to selectively identify BM subregions 

responsible for blood cells decrease during concurrent CH-RT with 5-FU and MMC in anal cancer 

patients. LSBM seems to be a crucial subregion able to drive HT. Further investigation is needed to 

determine the best modality to identify ACTBM (tracers, thresholds), the influence of different 

chemotherapy regimens and the real clinical significance of out hypothesis.  
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Incorporating 18FDG-PET-defined pelvic active bone marrow in the automatic 
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At present, concurrent chemo-radiation (CT-RT) is a standard therapeutic option in patients with 

squamous cell carcinoma of the anal canal1,2. Given the high repopulation rate of this type of tumor, 

treatment compliance is crucial to avoid unintended interruptions potentially extending overall 

treatment time3. In adjunct, maintaining a proper package of chemotherapy (CT) administration in 

terms of number of cycles and dose is important to achieve adequate tumor control. Hence, 

decreasing the toxicity profile associated to CT-RT is crucial. If non-conformal techniques are used, 

as in the RTOG 98-11 trial, crude rates of major acute toxicities can be as high as 48% for skin and 

35% for the gastrointestinal district4. Intensity-modulated radiotherapy (IMRT)  provides robust 

conformality and modulation, abrupt dose fall-off and reliable consistency and may reduce the dose 

to organs at risk such as bladder, bowel, perineal skin, genitalia and bone marrow, potentially 

lowering toxicity5. However, even with this approach, acute toxicity is not negligible, as seen in the 

RTOG 05-29 trial6. In this subset of patients, another key endpoint for treatment tolerance is 

hematologic toxicity (HT) that can affect compliance to therapy, increasing the likelihood to 

develop bleeding, infections or asthenia7. The most important trigger for HT is CHT that induces 

myelosuppression8. Nevertheless, since bone marrow (BM) is highly radiosensitive and, in the 

average adult population, is comprised for half of its extension within pelvic bones and lumbar 

vertebrae, the radiation dose received by this compartment may be critical9,10. Several retrospective 

studies correlated different dose parameters of pelvic osseous structures to HT in different 

oncological scenarios11-13.  Thus, selective sparing of pelvic bones is thought to be a suitable option 

to decrease HT  during concomitant CT-RT in patients affected with pelvic malignancies including 

anal cancer10. The correct identification of BM within bony structures is the starting point to avoid 

it during RT. Several approaches have been used. Contouring the whole bone is the method with the 

highest chance to be inclusive with respect to BM11. Delineating the marrow cavity identified as the 

trabecular bone with lower density on computed tomography is another option14. The identification 

of hematopoietically active bone marrow using either magnetic resonance (MR), single-photon-

emission positron tomography (SPECT), 18F-fluorodeoxyglucose-labeled positron-emission 
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tomography (18FDG-PET) or 3’-deoxy-3’-18F-fluorothymidine-labeled positron-emission 

tomography (18FLT-PET), gives the potential opportunity to selectively avoid  the portion of BM 

responsible for blood cells generation15-18.  Aim of the present planning comparison study is to test 

the hypothesis that the use of  18FDG-PET to identify pelvic active BM to be employed during 

automatic optimization process might enhance the chance to reduce the dose to the same structures 

compared to a planning process based on the whole-bone delineation of pelvic bones.  This 

preliminary study aims at finding the most appropriate planning approach to be integrated within a 

prospective phase II trial in preparation at our Institute to decrease the hematologic toxicity profile 

in anal cancer patients undergoing CT-RT,  employing dose-painted image-guided IMRT.  

Methods 

Ten patients affected with locally advanced squamous cell carcinoma of the anal canal and/or 

margin were retrieved from our Institutional databased and employed for the present study. In our 

center, 18FDG-PET-CT exam is prescribed to all anal cancer patients prior to treatment in order to 

complete the diagnostic and staging work-up. These examinations were employed for our analysis. 

Hence, it was not necessary to submit any patient to an extra diagnostic procedure for the present 

study.  Written informed consent was obtained from all patients, for 18FDG-PET-CT examination, 

radiotherapy treatment and clinical data utilization. The Review Board of the Department of 

Oncology at the University of Turin approved the present study. Overall patient and tumor 

characteristics are shown in Table 2. Tumors were staged according to the 7th edition of the TNM 

classification (2010). 

Delineation of target volumes and organs at risk 

Patients had a virtual simulation procedure  in supine position with both an indexed shaped knee 

rest and ankle support (CIVCO Medical Solutions, Kalona, IO, USA), without custom 

immobilization. A CT scan was performed with 3 millimeters slice thickness axial images acquired  
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from the top of L1 vertebral body to the mid-femural bones. The gross tumor volume (GTV) 

comprised all primary and nodal macroscopic disease and was defined based on diagnostic MR and 

PET-CT images. Primary and nodal GTVs  were  expanded isotropically with 20 mm and 10 mm 

respectively to generate the corresponding  clinical target volumes (CTVs) and then modified to 

exclude osseous and muscular tissues. The elective CTV encompassed the whole mesorectum and  

draining lymphatic regions, namely inguinal, external and internal iliac, obturator and perirectal 

nodes. For locally advanced cases (cT4 and/or N2/N3), presacral nodes were also included within 

the CTV. Lymphatic areas were contoured as a 10 mm isotropic expansion surrounding regional 

vessels and then modified to exclude bones and muscles. Thereafter a 10 mm isotropic margin was 

added for the corresponding planning target volume (PTV) to account  for organ motion and set up 

errors. Bladder, small and large bowel, external genitalia, femoral heads were defined as organs at 

risk (OARs).  

Radiotherapy dose prescription 

Dose prescriptions for target volumes were derived from Kachnic et al and adjusted according  to 

clinical stage at presentation6. Patients diagnosed with cT3-T4/N0-N3 disease were prescribed 54 

Gy/30 fractions (1.8-2 Gy daily) to the anal gross tumor PTV, while gross nodal PTVs were 

prescribed 50.4 Gy/30 fr (1.68 Gy daily) if sized < 3 cm or 54 Gy/30 fr (1.8 Gy daily) if > 3 cm; 

elective nodal PTV was prescribed 45 Gy/30 fractions (1.5 Gy daily)6. This is a frequently used 

fractionation to deliver IMRT treatments in this setting and it is a standard approach in our 

Institution1-3,5. This is the reason why it was chosen for the present study. 

 

Chemotherapy 

All patients received concurrent CT, consisting of 5- fluorouracil (5-FU) (1000 mg/m2/day) given as 

continuous infusion along 96 hours (days 1-5 and 29-33) associated with mitomycin C (MMC) (10 
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mg/m2, capped at maximum 20 mg single dose)  given as bolus (days 1 and 29).  A total of 2 

concurrent cycles were administered. 

Bone marrow delineation 

The external contour of pelvic bone marrow (PBM) was outlined on the planning CT using bone 

windows as first described by Mell et al11. The PBM was delineated as a whole and then divided 

into 3 subsites: a) the iliac BM (IBM), extending from the iliac crests to the upper border of femoral 

head; b) lower pelvis BM (LPBM), accounting for bilateral pube, ischia, acetabula and proximal 

femura, from the upper limit of the femoral heads to the lower limit of the ischial tuberosities and c) 

lumbosacral BM (LSBM), extending from the superior border of L5 somatic body [11]. 

 

 

Active bone marrow delineation on FDG-PET 

All images derived from planning CT were exported on the Velocity platform (Varian Medical 

Systems, Palo Alto, CA) together with treatment volumes, OARs and dose references. Given that 

FDG-PET-CT images were acquired separately, we performed a rigid co-registration between 

planning CT and PET-CT images. Patients were set up in treatment position during the acquisition 

of FDG-PET-CT. The 18FDG-PET  standardized uptake values (SUVs) were calculated for PBM 

volumes, after correcting for body weight. To standardize SUVs among all patients, we normalized 

BM and liver SUVs. We defined as active bone marrow BM the volume having higher SUV values 

than the SUVmean for each patient, rather than the whole cohort, as proposed by Rose et al19,20. The 

areas identified with the method described above were outlined within PBM as a whole and named  

ACTPBM and within each of the 3 subregions identified on planning CT (LSBM, IBM, LPBM) and 

named ACTLSBM, ACTIBM, ACTLPBM, respectively. Inactive BM (1-ACTPBM)  was identified as the 

difference between BM volumes as defined on planning CT and active BM. The same procedure 
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was done for all 3 subregions to identify inactive BM within all of them. The 3 volumes were hence 

called 1-ACTLSBM, 1-ACTIBM, 1-ACTLPBM.    

Planning process 

 

All treatment plans were generated using the Pinnacle3 ver. 9.1 platform (Philips, Eindhoven, The 

Netherlands), including the Auto-planning (AP) module.  The AP engine is a progressive region of 

interest (ROI)-based optimization tool that creates all the required contours iteratively in order to  

optimize the dose distribution and takes PTV/OARs overlaps into account during the optimization 

process. Moreover, AP is able to adjust the priority of clinical goals based on the probability to be 

achieved. Besides clinical objectives and priorities, AP has a compromise setting to allow for 

sparing of serial organs such as the spinal cord over targets, and advanced settings to allow for 

setting global parameters such as priorities between targets and OARs, dose fall-off, maximum dose 

and cold spot management. Therefore the main input data required by AP to drive optimization are: 

target optimization goal, i.e. prescription dose to the PTVs, engine type (biological or non 

biological), OARs optimization goals (max dose, max DVH or mean dose), priority (high, medium 

or low) and compromise (yes or no depending on the strength of the constraint). The standard 

OARs considered in the optimization process were:  bladder (Dmax,Dmean,V35,V40,V50 as relative 

volumes), femural heads (Dmax,Dmean,V30,V40, as relative volumes), external genitalia 

(Dmax,Dmean,V20,V30,V40 as relative volumes), large and small bowel (Dmax,Dmean,V30,V45, as 

absolute volumes), iliac crests (V30,V40,V50 as relative volumes) and pelvic BM defined either as 

whole bone contour or using 18FDG-PET  (lowest dose as possible) (Table 1) . Four type of plans 

were created accounting for the various BM delineation approaches. Each of the four trials was 

optimized  considering  as additional OAR (Figure 1): 

Plan A. IBM  (reference plan; accounting only for iliac crest as per RTOG 05-

29 trial) 
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Plan B. IBM, LSBM, PBM and LPBM (accounting for all the pelvic BM as 

outlined by the outer surface of external osseous structures) 

Plan C. ACTLSBM, ACTIBM, ACTLPBM, 1-ACTLSBM, 1-ACTIBM, 1-ACTLPBM 

(accounting for  both the active BM subregions as defined by 18FDG-PET  but 

also for the remaining parts of bony structures, to address a possible uncertainty 

in the SUV based delineation process. Higher priority was assigned to active BM 

regions) 

Plan D. ACTLSBM, ACTIBM, ACTLPBM (accounting  only for the active BM 

subregions as defined by 18FDG-PET ) 

 

See Figure 1 for visual description of the 4 planning solutions with respect to the considered BM 

structures. A similar  PTV coverage and avoidance of  "standard" OARs were required among the 

plans. A comparison of the dose received by active pelvic BM 

(ACTPBM, ACTLSBM, ACTIBM, ACTLPBM) with the 4 different approaches was done in terms of 

DVH parameters such as  Dmax , Dmean and Vx where x was varied from 5 to 45 Gy with 5 Gy 

steps of progressive increase.   

Figure 1. Visual representation of the 4 planning approaches. Bone marrow is represented in red. 
Optimization was addressed to iliac crest in Plan A (Figure 1A), the whole pelvic bones defined as external 
osseous contour in Plan B (Figure 1B), active (red) and inactive (yellow) bone marrow as defined 
with 18FDG-PET (Figure 1C) with a higher priority for active and a lower for inactive, active bone marrow 
only as defined with 18FDG-PET (Figure 1D). 
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Table 1. Dose constraints to target volume and organs at risk employed during optimization  

 

  Parameter Goal 

PTV D95% >95% 

 Dmax <107% 

Bladder V30 <50% 

 V40 <35% 

 V50 <5% 

Large bowel V30 <200cc 

 
V35 <150cc 

 
V40 <20cc 

 
Dmax <50Gy 

Small bowel V30 <200cc 

 
V35 <150cc 

 
V40 <20cc 

 
Dmax <50Gy 

External genitalia V20 <50% 

 
V30 <35% 

 
V40 <5% 

Femural heads V30 <50% 

 
V40 <35% 

 
V50 <5% 

Iliac crests V30 <50% 

 
V40 <35% 

 
V50 <5% 

      
 

 

Legend: PTV: planning target volume; V20,30,35,40,50: volumes receiving  20,30,35,40,50 Gy; cc: cubic 
centimeters 
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Statistical analysis 

All the results are reported as the sample mean and standard deviation (SD) of all 98 dosimetric 

parameters subdivided in four groups. Multiple comparisons were performed using univariate 

analysis of variance (ANOVA). ANOVA provides a statistical test of whether or not the means of 

several groups are all equal, and therefore generalizes the Student t-test to more than two groups. 

The difference between multiple subsets of data is considered statistically significant if  ANOVA 

gives a significance level P (P value) less than 0.05, otherwise was reported as not significant (NS). 

In cases where the ANOVA resulted as statistically significant we evaluated the probability that the 

means of two populations were equal using Fisher-Hayter pairwise comparisons.  This post-test 

approach is used in statistics when one needs to address pairs comparison in multiple groups after 

running ANOVA. The STATA software package (Stata Statistical Software: Release 13.1. Stata 

Corporation, College Station, TX, 2013) was used for all statistical analysis. 

 

Results 

Detailed characteristics of the 10 selected patients are shown in Table 2. Mean age at diagnosis was 

65. Sex was equally distributed. Most of the patients had a locally advanced disease presentation 

(Stage IIIB: 80%), with monolateral involvement of pelvic lymphnodes (external and internal iliac 

nodes), which was deemed more challenging to be tested in the planning process. The mean 

absolute overlap volume between  ACTPBM and elective nodal PTV (the more sized volume 

containing also macroscopic nodal and tumor volumes) was 95.4 cm3 (SD: + 37.5 cm3). 

Mean  ACTPBM absolute volume was 799.9 cm3 (SD: + 100.8 cm3). The mean relative overlap 

volume  was 12.2% (SD: + 5.2%). No differences were observed among the 4 planning solutions in 

terms of target coverage and dose to OARs (bladder, bowel, genitalia and femoral heads. With 

respect to the dose received by BM delineated as the whole osseous contour of pelvic bones, no 
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significant differences were found in terms of Dmax and Dmean to PBM, LPBM and IBM and in 

terms of V30,V40 and V45 for IBM between Plan A, B,C and D.  The only significant difference 

(p=0.038) was found in terms of Dmean to LSBM between Plan A (Dmean=30.88; SD=3.68) and Plan 

B (Dmean=26.44; SD=3.85) or Plan C (Dmean=26.52; SD=3.97) (see Table 3). With respect to the 

dose received by active BM within the whole pelvic bones, as outlined using 18FDG-PET , a 

significant difference was found in terms of Dmean to ACTPBM (p=0.014) between Plan A 

(Dmean=29.33; SD=2.38) vs Plan C (Dmean=25.76; SD: 2.74) and Plan D (Dmean=26.02; SD= 2.69) 

(Table 4). Several other dosimetric parameters were significantly different for ACTPBM such as V20 

(p=0.015) between Plan A (Mean=74.26%; SD=7.13) vs Plan C (Mean=63.50%; SD=8.59) and 

Plan D (Mean=64.24%; SD=8.43), V25 (p=0.030) between Plan A (Mean=63.49%; SD=7.48) vs 

Plan C (Mean=51.49%; SD=7.52) and Plan D (Mean=52.18%; SD=7.97), V30 (p=0.020) between 

Plan A (Mean=52.63%; SD=7.17) vs Plan C (Mean=40.27%; SD=7.12) and Plan D (Mean= 

41.31%; SD=7.71),  V35 (p=0.010) between Plan A (Mean=41.72%; SD=6.78) vs Plan B (Mean= 

33.35%; SD=6.13), Plan C (Mean=30.06%; SD=6.43) and Plan D (Mean=31.14%; SD=6.73), V40 

(p=0.020) between Plan A (Mean=28.82%; SD=5.67) vs Plan B (Mean=21.54%; SD=5.10), Plan C 

(Mean=19.94%; SD=7.27) and Plan D (Mean=20.67%; SD=5.24) (Table 4). Focusing on different 

subsites, a significant difference was found for  ACTLSBM in terms of V30 (p=0.020) between Plan 

A (Mean=66.53%; SD=11.19) vs Plan B (Mean=52.06%; SD=13.20),  Plan C (Mean=50.07%; SD= 

13.19) and Plan D (Mean=51.46%; SD=12.97),  V35 (p=0.010) between Plan A (Mean=56.95%; 

SD=12.73) vs Plan B (Mean=42.15%; SD=12.79), Plan C (Mean=40.19%; SD=11.90) and Plan D 

(Mean=41.42%; SD=12.30), V40 (p=0.050) between Plan A (Mean=41.04%; SD=14.37) vs Plan C 

(Mean=28.17%; SD=9.40). No significant difference was found in terms of any dosimetric 

parameter for ACTLSPBM and ACTIBM between any  plan solution (Table 5). Again, no statistically 

significant difference was found for every dose metric analyzed between  1-ACTPBM, 1-ACTLSBM, 

1-ACTIBM, 1-ACTLPBM  among all planning approaches (Table 3).  
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Table 2. Patient and treatment characteristics 

 

    
Variable N (%) 

Age   
Mean 65 
Rage 50-78 
Sex  

 Female 5 (50%)   
Male 5 (50%)   
T stage 

 T2 5 (50%)   
T3 5 (50%)   
N stage 

 N0-1 2 (20%) 
N2 6 (60%) 
N3 2 (20%) 
Global stage 

 II 2 (20%) 
IIIB 8 (80%) 
PTV dose-tumor (Gy) 

 54 Gy 10 (100%) 
PTV dose-positive nodes (Gy) 

 54 Gy 2 (20%) 
50.4 Gy 5 (50%) 
PTV dose-elective volumes (Gy) 

 45 Gy 10 (10%) 

    

 

 

Legend: T: tumor; N: nodal; N°: number; PTV: planned target volume. 
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Table 3. Comparison of doses to pelvic bone marrow and its subsistes (defined with outer bone 
contours) and to inactive bone marrow and its subsites (defined with 18FDG-PET) among the 4 
plans 

 

 

 

 

 

Legend: Dmax: maximal dose; Dmean: mean dose; SD: standard deviation V30,40,45: relative volume receiving 
30,40,45 Gy; PBM: pelvic bone marrow; LSBM: lumbar-sacral bone marrow; IBM: iliac bone marrow; 
LPBM: lower pelvis bone marrow; ACT: active; A, B, C: plan A,B,C; NS: not significant. 
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Table 4. Comparison of doses to active whole pelvic and lumbar-sacral bone marrow  (defined 
with 18FDG-PET) among the 4 plans 

 

 

 

 

Legend: Dmax: maximal dose; Dmean: mean dose; SD: standard deviation V5,10,15,20,25,30,35,40,45: relative volume 
receiving 5,10,15,20,25,30,35,40,45 Gy; PBM: pelvic bone marrow; LSBM: lumbar-sacral bone 
marrow; ACT: active; A, B, C, D: plan A,B,C, D; NS: not significant. 
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Table 5. Comparison of doses to iliac and lower pelvic bone marrow  (defined with 18FDG-PET) 
among the 4 plans 

 

 

 

Legend: Dmax: maximal dose; Dmean: mean dose; SD: standard deviation V5,10,15,20,25,30,35,40,45: relative volume 
receiving 5,10,15,20,25,30,35,40,45 Gy; IBM: iliac bone marrow; LPBM: lower pelvis bone marrow; ACT: 
active; A, B, C: plan A,B,C; NS: not significant. 

 

 

 

 

Considerations 

Please see  Chapter 8. 
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Chapter 8. Discussion, conclusions and future perspectives 

 

Correlation between dose to pelvic bones and HT has been explored in several studies in the context 

of anal cancer14-20. The first report is by Mell et al who observed on multiple regression analysis 

that an increased volume of pelvic bone marrow (PBM) receiving doses between 5 and 20 Gy was 

significantly associated to decreased white blood cells (WBC) and absolute neutrophil count (ANC) 

nadirs as was the volume of lumbar-sacral bone marrow (LSBM) receiving a dose range between 10 

and 20 Gy. On the contrary, Authors could not find any association between dosimetric parameters 

and G3-G4 leukopenia or neutropenia, even if the volume of LSBM receiving 10 Gy (V10-LSBM)  

had a non-statistically significant trend in increasing the likelihood of experiencing G4 leukopenia 

(OR:1.06; 95%CI:0.99-1-12;p=0.051)18. This finding shows the high sensitivity of BM stem cells 

towards radiation. Their early destruction is thought to be responsible for acute myelosuppression 

together with effects on peripheral blood stem cells and stromal tissue7. These data are supported by  

Franco et al who described PBM-V20 as a significant predictor of WBC nadir  (β coefficient: -0.035; 

SE: 0.017; p= 0.048)20. In that cohort of anal cancer patients, mean PBM-V20 was 75 % (SD:+9%), 

consistently with  threshold values found to be predictive for HT in other clinical contexts, such as 

the data reported by Rose et al in cervical cancer patients21. Hence, PBM dose metrics have been 

shown to be predictive of blood cell nadirs, even at low doses,  especially in terms of  leukopenia, 

neutropenia and thrombocytopenia.  In a small retrospective study of anal cancer patients treated 

within the UK ACT II trial, Robinson et al performed a tailored analysis of patients treated with 3D-

conformal radiation vs patients submitted to IMRT15. In general, an IMRT treatment strategy 

significantly increased irradiation of PBM, with a potential suppressive effect on WBC and 

neutrophilic cells corresponding to a higher risk of developing major HT15. Surprisingly, the 

observed rates of major HT were similar between the 2 groups, highlighting the fact that the 

correlation between PBM dose and blood cells nadirs found in linear regressions analyses not 

always corresponds to a correlation with a major grade toxicity event in logistic regression analyses. 
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Even more difficult is to demonstrate the clinical meaningfulness of toxic events based on a 

dedicated scoring scale. Nevertheless, some informative studies reporting on graded HT toxicity are 

present. Cheng et al recently observed that several low-dose dosimetric parameters of either PBM 

and LSBM were associated with a higher chance to develop > G3 HT. Of notice, volumes of LSBM 

receiving doses ranging from 5 to 20 Gy were found to be the most consistent predictors16. That 

points out the hypothesis that dose to specific osseous segments may have a strong correlation to 

HT, depending on the relative percentage of active bone marrow that they may comprise. In this 

sense,  LSBM has a consistent relative proportion of active BM14. In the study by Franco et al, 

authors showed a  significant correlation between LSBM-V40 and a higher likelihood to develop > 

G3 HT (OR: 1.328; SE: 0.160; p=0.019)21.  The optimal cut-off point for LSBM-V40 was found to 

be 41%. Patients with LSBM-V40 > 41% were more likely to develop > G3 HT (60.9% vs 39.1%; 

p=0.041)21. This findings seems to be confirmed also when BM is defined according to 18FDG-PET 

imaging to delineate its active portion. Franco et al showed that volume of LSBM receiving doses 

in the range of 10 to 30 Gy were significantly correlated to WBC and ANC nadirs14. Other subsites 

within pelvic bones, such as IBM and LPBM, do have a role in the occurrence of HT14. However, it 

has to be noted that the role of  18FDG-PET in the precise identification of active BM has been 

recently debated. Rose et al investigated the ability of 18FDG-PET-defined active BM to predict 

ANC nadir during or within 2 weeks of completion of treatment in anal cancer patients17. The 

model performance of  Equivalent Uniform Dose (EUD) to active BM was equivalent to that of 

inactive and total BM, suggesting that 18FDG may not be the ideal tracer to provide accurate 

discrimination between hematopoietic elements and background non-hematologic cells17.  

Several authors investigated the correlation between dose to pelvic osseous structures and HT in 

oncological scenarios other than anal cancer10,17,21-29.  In cervical cancer, with patients treated with 

concurrent RT and weekly DDP 40 mg/m2,  Mell et al observed that PBM-V10 > 90 and PBM-V20 > 

75% were associated with a lower WBC nadir. Moreover, an increased  PBM-V10 and -V20 
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predicted for a higher likelihood to develop > G2 leukopenia as the LSBM-V20, lower-pelvis bone 

marrow (LPBM)-V10 and –V20. A higher PBM-V10 was also found to be a predictor of > G2 

neutropenia10. In line with this findings are the reports by Rose et al and Albuquerque et al, again in 

cervical cancer patients21,22. Rose et al observed that PBM-V10 > 95% and PBM-V20 > 76% 

increased the likelihood to experience > G3 leukopenia, while Albuquerque et al showed that PBM-

V20 > 80% increased the risk to develop > G2 overall HT21,22. These studies do stress the 

importance of volumes of PBM receiving low doses in the occurrence of HT, when 

myelosuppressive CT regimens (such as DDP) are used. A recent longitudinal study by Zhu et al, in 

a similar setting of patients, demonstrated that increased PBM-V20, -V30 and -V40 were 

significantly associated with a higher weekly reduction of WBC and ANC counts, estimating that 

every 1 Gy increase in mean PBM dose could lead to a 9.6/μl per week reduction in the natural 

logarithm of ANC count29.The regimen of CT employed strongly affects the correlation between 

dose to pelvic bony structures and the occurrence of HT. This has been elegantly shown by Bazan et 

al, in patients submitted to different combination of RT and CT for different malignancies30. 

Patients undergoing whole pelvis RT and 5-FU had a higher BM tolerance towards radiation 

compared to those receiving DDP or MMC. Patients incorporating MMC in their combined 

modality treatment program had a lower maximum tolerated dose-50% (TD50) and a steeper NTCP 

curve. Overall, the dose tolerance of PBM and LSBM resulted to be lower for patients receiving 

MMC compared to dose treated with DDP30.   Interesting data come from Sini et al in the context of 

prostate cancer patients undergoing post-prostatectomy whole pelvic RT27. Data on these patients 

are very intriguing, given their ‘chemo-naïve’ profile. The absence of any confounding effect due to 

CT may provide the chance to explore a ‘pure’ dose-volume effect for irradiated BM. Authors 

observed that higher PBM-V40 were significantly associated to a higher likelihood to develop acute 

G3 (OR=1.018) and late G2 (OR=1.005) lymphopenia. Moreover, IBM-V40 was found to be 

correlated to the probability risk for 1-year G2 lymphopenia, with a dichotomizing cut-off point at 

94.6 cc absolute IBM volume27.The finding of the role of  higher doses to the whole pelvic BM, 
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such as PBM-V40, and to specific  subregions, such as LSBM-V40, is in line with data coming from 

rectal and anal cancer20,23,24. For example,  Wan et al showed, in rectal cancer patients undergoing 

pre-operative CT-RT with concomitant capecitabine, a significant correlation between LSBM-V40 

and > G2 HT with patients having LSBM-V40 > 60% more likely to develop HT26. As previously 

described, the same dose-volume parameter (LSBM-V40) was found by Franco et al, but with a 

more restrictive cut-off point at 41%, which seems reasonable taking into account the different CT 

regimens used (capecitabine vs 5FU-MMC). 

The observation that dose to pelvic structures plays a role in the occurrence of HT is particularly 

important in the setting of pelvic malignancies, since pelvic bones harvest a high relative proportion 

of active BM31. Hayman et al  investigated the relative distribution of active BM through the body, 

using 18FLT-PET, in 13 patients affected with different types of cancer, observing that  25.3% was  

at the pelvis, 16.6% at lumbar spine and  9.2% at the sacrum32. In adjunct, in a recent study, 

McGuire et al demonstrated that regions located in the central part of the pelvis (upper sacrum, 

inner halves of iliac crests and the 5th lumbar vertebral body),  have the highest uptake of  18FLT33. 

Similar results were obtained by Franco et al using 18FDG with the evidence of up to 67% of active 

bone marrow comprised within the sacrum relative to the whole sacral bone volume14. Hence, from 

a radiation oncology perspective, a potential strategy to decrease the HT profile in this subset of 

patients, is to selectively spare osseous structures within the pelvis during the radiotherapy planning 

and delivery process34. That means that areas containing hematopoietically active bone marrow 

needs to be properly outlined on the planning CT  and  taken into account during the planning  

process with appropriate dose-constraints to drive isodose line distribution. An ideal BM-sparing 

approach must come without compromising coverage of target volumes and avoidance of other 

organs at risk, such as bladder, bowel, genitalia and femoral heads. The ideal strategy to selectively 

spare pelvic BM  has yet to be established. In the planning comparison study we performed for the 

present project, we compared 4 different approaches. The basic approach (Plan A) was taken from 
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the RTOG 05-29 trial and optimization on BM was limited to the iliac crests (IBM), as outlined on 

planning CT using the external surface of bones as reference. This strategy did not take into account 

for the part of BM comprised within sacrum and ischiatic bones.  Plan B  included in the planning 

algorithm the whole pelvis [all 3 subsites: iliac bone marrow (IBM), LSBM, LPBM] delineated 

using the outer surface on CT. This approach, based on Mell et al contouring protocol, took into 

account the whole BM comprised within pelvic bones10. Conversely, Plan C and D employed 

functional imaging for  active BM identification within  pelvic bones, as previously described. In 

Plan C, the highest priority was given to active BM defined with 18FDG-PET, but inactive BM was 

also taken into account in the planning process with a lower priority score. This approach was 

chosen considering the observation by Rose et al, who showed that both active and inactive BM as 

defined using 18FDG-PET may be associated to neutrophilic cell nadir17. In plan D, we accounted 

only for active BM within the pelvis as a structure to be spared. In general, no significant 

differences were found in terms of target coverage and organs at risk (other than BM) avoidance 

among all plan solutions, highlighting the fact that neither of these approaches negatively affected 

those treatment objectives. The inclusion in the optimization process  of pelvic subsites other than 

iliac crests (IBM) such as LSBM and LPBM, lead to a significant decrease in the mean dose to 

LSBM (not to IBM, LPBM or PBM as a whole).For IBM this is due to the fact that this region was 

included as OAR in all 4 planning strategies. For LPBM, a possible explanation could be the low 

dose to the structure obtained with all 4 methods and for PBM, which is the summation of all 3 

subregions, the insufficient contribution of LSBM mean dose reduction to the whole pelvis dose. 

This finding means that, compared to the RTOG 05-29 planning strategy of addressing iliac crest 

only in the optimization process, a more comprehensive  approach may further spare BM comprised 

in the lumbar-sacral region (Plan A - Dmean=30.88 vs Plan B - Dmean=26.44 and Plan C -

Dmean=26.52; p= 0.038). This may be important since LSBM may contain a higher proportion of 

hematopoietically active BM and the RT dose received by this subsite has been demonstrated to be 

highly involved in the occurrence of acute HT14. Using the external surface of LSBM (Plan B) 
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or 18FDG-PET-defined  ACTLSBM seems not play a role in the chance to reduce LSBM mean dose. 

This can be partially due to the relative overlap volume between PTV and ACTPBM, which was, on 

average, as high as 12.2% in our set of patients. Focusing on the dose received by active bone 

marrow outlined with 18FDG-PET within pelvic bones employing the 4 different planning 

strategies, several interesting findings can be pointed out. The mean dose received by the active BM 

within the whole pelvis (ACTPBM) could be significantly reduced by including other subsites than 

iliac crest in the optimization process (Plan A -  Dmean=29.33 vs Plan C - Dmean=25.76 and Plan D - 

Dmean=26.02; p= 0.014)34. This reduction in the mean dose is mainly driven by a reduction in 

the ACTPBM volumes receiving doses ranging from 20 Gy to 40 Gy (significant difference in terms 

of V20,V25,V30,V35 and V40 between Plan A and others). The subsite the mostly contributes to the 

reduction of  ACTPBM dose is ACTLSBM whose volume receiving doses ranging from 30 Gy to 40 

Gy was significantly different  between Plan A and other solutions (V30,V35,V40)34.  The chance to 

reduce ACTLSBM and consequently ACTPBM doses addressing all pelvic subsites during the planning 

process seems to be similar with all modalities employed (Plan B,C and D). Dosimetric data were 

generally lower than those reported to have clinical meaningfulness in patients affected with pelvic 

malignancies. For example in cervical cancer patients, Mell et al showed that  patients having PBM- 

V10 > 90% and PBM V20 > 75% were most likely to develop > G2 leukopenia and to have 

chemotherapy held10.Accordingly, Rose et al found that PBM- V10 > 95% and PBM V20 > 76% 

were associated to a higher chance to develop > G3 leukopenia in a similar cohort21
. In the planning 

study, we were able to be consistently  below these thresholds with all the 4 strategies, but those 

employing functional imaging (Plan C and D) seemed to be the most promising, particularly with 

respect to ACTPBM-V20, which was 63.5% and 64.2% with these 2 solutions34. In anal cancer 

patients, Bazan et al showed that patients with PBM mean dose > 30 Gy had a 14-fold increase in 

the odds of developing > G3 HT19. Moreover, according to Lyman-Kutcher-Burman modeling, 

Franco et al outlined that LSBM mean dose should be kept < 32 Gy to minimize >G3 HT rates in a 

similar population35. In our planning comparison study,  ACTPBM mean dose was below 27 Gy with 
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plan B,C and D approaches with (non significantly) lower values for the strategies 

employing 18FDG-PET. In adjunct  ACTLSBM mean dose was consistently below 28 Gy for the 3 

strategies (B,C,D), with similar reduction entity34. In a previous study (also included in the present 

PhD project), we demonstrated, in anal cancer patients, that those having a   LSBM-V40 > 41 % 

were more likely to develop >G3 HT20. Plan B,C and D were able to obtain LSBM-V40 values 

consistently below 30%, with no significant difference among the 3 planning strategies. Our data 

seem to show that, at least for a patient cohort of anal cancer patient as the one included in our 

planning comparison study, the optimization on BM as the whole osseous contour is able to spare 

BM similarly to that defined on 18FDG-PET34. The paradigm in this setting, is that functional 

imaging (18FDG-PET in this case) is able to correctly detect active BM within bony structures, 

identifying subvolumes smaller the those outlined by the whole bone contour and that may be 

optimized more easily without compromising target coverage and avoidance of other organs at 

risk33,34 . The data outlined in the planning comparison study suggest  that this assumption  is not 

trivial and that  optimization on whole bone contour may be as efficient. This may be due to the fact 

that ACTPBM dose reduction  was driven in our study by  ACTLSBM dose decrease. It has been shown 

that the relative proportion of active BM within  LSBM is as high as 67%  and hence in this case the 

outer contour of LSBM may be a valid surrogate of ACTLSBM14,36. Moreover LSBM and  ACTLSBM 

are centrally located and usually in close proximity to primary tumor and macroscopic node 

treatment volumes and hence sparing one (mainly from high-dose) means sparing the other. 

Nevertheless, the other consideration is that BM distribution within the bones can be very different. 

Campbell et al investigated  BM distribution according to 18F-FLT-PET in a cohort of 51 lung 

cancer patients. Women had a higher proportion of functional BM in the pelvis, proximal femurs 

and skull, while men in the sternum and ribs, clavicles and scapulae. Elderly patients (> 75 years) 

had a higher relative proportion of active BM in the ribs, clavicles and scapulae37. Because of the 

slenderness of the sample size, we did not perform any subset analysis in the planning comparison 

study, but the relative proportion of active BM may be different among the 3 different subsites 
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(LSBM, IBM and LPBM) and within the same subsite, depending on patient’s characteristics (sex 

and age for example) and intrinsic variability. The optimization of the whole bone contour is 

efficient but does not take into account individual variability, while the one based on functional 

imaging may be able to do it. Another point is that BM distribution within the pelvis may undergo 

substantial changes during the course of RT-CT, because of the clonal expansion of red marrow due 

to the trigger of antiblastic treatments. Functional imaging may be able to record and track this 

modifications38. However, the most appropriate quantitative imaging strategy to identify active BM 

has yet to be established. Several different methods have been investigated such as SPECT, 18FDG-

PET, 18FLT-PET and quantitative MR. All the aforementioned tools have different characteristics 

with respect to sensitivity and specificity to detect active BM, magnitude and reliability of the 

quantitative information provided and  availability among the radiation oncology facilities39. In this 

sense  18FDG-PET is a reasonable choice in terms to cost-effectiveness. This is important because 

sparing pelvic BM as defined with 18FDG-PET has clinical meaningfulness. This has been 

demonstrated in a prospective frame in the setting of cervical cancer, with the INTERTECC-2 trial, 

where patients treated with concurrent RT-CHT developed a lower rate of > G3 neutropenia, if 

treated with  a 18FDG-PET-driven pelvic BM-sparing IMRT approach40. 

 

Conclusions 

HT may be a consistent issue in anal cancer patients undergoing concurrent CT-RT, with potentially 

detrimental effects on clinical outcomes and patient’s compliance to treatment. Radiotherapy is an 

important factor in determining HT and hence attention should be paid to BM during the treatment 

planning process. Nevertheless several aspects still need to be clarified. The most appropriate BM 

dose-volume parameters still need to be investigated. Some data stress the role of low doses to the 

whole pelvic osseous structures, some other medium to high doses. In general, Lyman-Kutcher-

Burman (LKB) model confirm that BM act like a parallel organ and thus mean dose is a useful tool 
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to predict for the occurrence of acute HT19. The most important irradiated regions within the pelvis 

to enhance HT have yet to be determined. Those containing a large amount of active BM are for 

sure crucial, such as the sacrum and iliac subsites32,33. However, the dose to the whole PBM plays a 

role18. Probably both of them are important and an interaction between low doses to PBM and 

medium to high doses to specific subsites is a potential trigger for the development of HT35. 

Modern morphological and functional imaging modalities may enhance our ability to carefully 

define and delineate BM regions within treatment volume areas. Computed tomography-based 

delineation of the external aspect of bones prevents missing  BM but may lead to extended normal 

tissue volumes to be spared, with challenging treatment plans in terms of both target coverage and 

organs at risk sparing. The incorporation of  18FDG-PET  in the diagnosis and staging of anal cancer 

is widespread and thus it is easy to implement its use for BM identification. Nevertheless  its 

sensitivity and specificity in correctly identifying BM have been questioned17. In this sense,  18F-

FLT-PET may be a more adequate tool but its use in the clinical practice is still anecdotal. 

Adjunctively, the influence of CT on the relative distribution of active BM within osseous 

structures should also be taken into account, with potential differences compared to baseline 

status38. The most proper clinical endpoints to be used in this setting  are still uncertain. Blood cell 

nadirs, acute HT as determined by a codified scoring scale or modification in the clinical 

management (CT dose reduction, treatment breaks, overall treatment time increase) have been used 

in the available studies, leading to different correlation with dosimetric parameters. Radiation 

oncologists have a crucial role in the prevention and management of HT in anal cancer patients. The 

systematic inclusion of BM volumes in the planning algorithm as avoidance structures should be 

strongly advised in patients undergoing RT for pelvic malignancies. However, the most appropriate 

imaging modalities for BM identification as the most proper dose-.volume parameters to be used 

and clinical endpoints to be addressed, still deserve investigation. Prospective clinical validation of 

BM-sparing treatment strategies is mandatory40. 
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Five-year view 

In the next 5 years, clinical research in the field of anal cancer  should focus to find out  the most 

reliable imaging modality to define and delineate BM within pelvic osseous structures to help its 

selective avoidance during RT treatments. Prospective trials addressing the issue of acute 

hematologic toxicity would be helpful to define robust endpoints with clinical meaningfulness and 

to better identify significant dosimetric parameters correlating with the toxicity profile to be 

incorporated within the treatment planning process to decrease this important side effect. Selection 

and definition of BM as an organ at risk should be advised on a routine basis to tailor sparing 

strategies and to increase the therapeutic index in this subset of patients.      

Key issues 

- Acute hematologic toxicity is an important side effects in anal cancer patients undergoing 

concurrent chemo-radiation 

- Radiation is a consistent trigger for hematologic toxicity and pelvic bone marrow is a crucial 

organ at risk 

- A dose-response relationship is evident but dose-volume parameters and robust clinical 

endpoints have yet to be determined 

-  The systematic inclusion of bone marrow in the planning algorithm as avoidance structures 

should be strongly advised, but prospective clinical validation is needed 

 

Future perspectives 

We are presently running a prospective phase II trial in order to reduce the acute HT profile in 

patients affected with squamous cell carcinoma of the anal canal undergoing concurrent CT-RT.  

Study design 
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The study  is based on the primary assumption, supported by data coming from the literature and 

from our previous studies, that 18FDG-PET can be a valid tool to identify active bone 

marrow regions within pelvic bony structures and that the dose to these subsites is a strong predictor 

of acute HT in anal cancer patients undergoing definitive concurrent CT-RT. The hypotesis under 

investigation is that dose-painted IMRT, based on an optimization process addressed to active BM 

as defined through 18FDG-PET, might be able to reduce the acute toxicity profile in anal cancer 

patients undergoing concurrent CT-RT, compared to our historical data.   

 

Statistics 

The comparative cohort will be based on our historical data of anal cancer patients treated with 

VMAT and concurrent 5-FU and Mitomycin C. In that series the rate of acute leukopenia > Grade 2  

was 66%41. We selected a one-armed optimal two-stage Simon’s design to test the hypothesis that 

treatment modality under investigation (dose-painted IMRT with optimization addressed to BM as 

defined by 18FDG-PET) would increase the rate of G0-G1 (vs G2,G3,G4) acute HT toxicity (> 

34%) over the historical data obtained with the previous approach (VMAT-based IMRT with no 

optimization on BM) [null hypothesis (H0): no difference in acute HT toxicity between treatment 

modalities]42.The present study is based on the following assumptions: 1- the historical data of 

success (p0) was represented by the 34% rate of G0-G1 acute HT toxicity (G2-G4:66%) detected in 

the previous study; 2- the threshold of successful trial (p1) with the treatment schedule under 

investigation was set to 54% of G0-G1 acute HT toxicity (G2-G4:46%); 3- the α error (one-sided 

type I error) was set at 5%; 4- the β error at 20% (type II error; power 80%). At the first stage, 

among 18 enrolled patients,  at least 7 (39%) need to be scored as  G0-G1 acute HT toxicity to 

further proceed with the trial. At the second stage, another 28  patients will be accrued for an overall 

sample size of 46 patients. A minimum of 20/46 (43.5%) with G0-G1 toxicity represent the 

threshold for the rejection of H0 and the fulfilment of the criteria for the definition of a ‘promising’ 
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treatment for dose-painted IMRT with optimization addressed to BM as defined by 18FDG-PET to 

decrease HT in anal cancer patients 

 

Inclusion Criteria: 

 

• Histologically confirmed stage I, II, IIIA, IIIB squamous cell carcinoma of the anus 

• 18FDG-PET  performed during diagnostic and staging work-up before the beginning of 

combined CT-RT 

• Chemotherapy with 5- fluorouracil (1000 mg/m2/day) given as continuous infusion along 96 

hours (days 1-5 and 29-33) associated with mitomycin C (10 mg/m2) given as bolus (days 1 

and 29) 

• Blood cell count performed on a weekly basis.  

• Intensity modulated radiotherapy delivered  with volumetric approach and daily cone beam 

CT. Dose prescriptions for target volumes will be  in accordance to Kachnich et al  (cT2N0: 

50.4 Gy/28 fractions /1.8 Gy daily to the gross tumor planning target volume and 42 Gy/28 

fractions /1.5 Gy/daily to the elective nodal planning target volume. cT3-T4/N0-N3: 54 

Gy/30 fractions /1.8-2 Gy daily) to the anal gross tumor planning target volume, 50.4 Gy/30 

fr 1.68 Gy daily if sized <3cm or 54 Gy/30 fr /1.8 Gy daily if >3cm; elective nodal planning 

target volume: 45 Gy/30 fractions /1.5 Gy daily)43.  

 

Hematologic toxicity will be recorded  according to CTCAE v4.02 acute radiation morbidity 

scoring criteria based on weekly complete blood count, considering  > G2  HT including  

leukopenia, neutropenia,  anemia and  thrombocytopenia. Other toxicities (gastrointestinal, 

genitourinary, skin and genitalia) will be also recorded.  

Delineation of pelvic bone marrow osseous structures will be performed according to Mell et 

al10.The external contour of pelvic bone marrow (PBM) on the planning CT employing bone 
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windows will be outlined. The PBM was delineated as a whole and then divided into 3 subsites: 

a) the iliac BM (IBM), extending from the iliac crests to the upper border of femoral head; b) 

lower pelvis BM (LPBM), accounting for bilateral pube, ischia, acetabula and proximal femura, 

from the upper limit of the femoral heads to the lower limit of the ischial tuberosities and c) 

lumbosacral BM (LSBM), extending from the superior border of L5 somatic body10. 

 

We will use 18FDG-PET imaging to define areas of active bone marrow within the pelvis. 

Specifically 18FDG-PET  standardized uptake values (SUV) (corrected for body weight) will be 

evaluated and calculated  with respect to the pelvic bones. The active bone marrow for each patient 

will  be defined as the region within the total pelvic bones, with a  SUV higher  than  the patient’s 

individual mean SUV, while inactive bone marrow will be considered as the region within the total 

bone marrow with a SUV lower than this threshold, as defined by Rose et al17. 

Given the fact that squamous cell carcinoma on the anal canal is a rare cancer, we assume to 

complete patients enrollment in a 2-3 year timespan. 
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