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ABSTRACT
Introduction
Hematologic toxicity (HT) is a common effect of chemoradiotherapy in primary locally 
advanced cervical cancer (LACC) and related to bone marrow (BM) fat increase. 
However, longitudinal effects and dose-relationships are unknown. In this study, pre- and 
post-treatment BM fat fraction and blood immune cell counts were evaluated in women 
with primary LACC undergoing BM sparing chemoradiotherapy.

Materials and Methods
Water-fat MRI scans and blood samples were obtained at baseline, during, and at 3 
and 12 months (post-)treatment. The mean proton density fat fraction (PDFF) [%] was 
calculated for each vertebra, categorized into a no (<1 Gy), low (1-5 Gy), and high (>5 
Gy) dose group, and the pelvic bones. Associations between PDFF and dose, immune 
cells, and patient characteristics were assessed with linear mixed models.

Results
Eighteen women were included. Vertebral PDFF in the no dose group remained 
unchanged, whereas the low and high dose group showed an increase of 24-35 PDFF% 
during treatment. PDFF in the low dose group recovered slightly but remained elevated 
up to 12 months post-treatment. Mean dose to pelvic subregions was ≥18.8 Gy and PDFF 
increase was 12-29 PDFF%. Only the lower pelvic PDFF recovered to baseline. Blood 
immune cell decline lasted up to 12 months post-treatment and was correlated with 
higher mean vertebral PDFF.

Conclusion
Vertebral fat fraction increased during treatment for dose >1 Gy, without post-treatment 
recovery for dose >5 Gy. Immunosuppression persisted up to 12 months post-treatment 
and was related to a higher mean vertebral PDFF. 5 Gy might be relevant for BM damage, 
but this threshold should be validated.
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INTRODUCTION
Hematologic toxicity (HT) is a common side effect in women with primary locally 
advanced cervical cancer (LACC) treated with platinum-based chemoradiotherapy 
followed by image-guided brachytherapy. The incidence of moderate (grade 2) acute 
(within 3 months after treatment) HT ranges from 67.5%-82.31% [1-5] and of severe (grade 
3) acute HT between 45%-53.85% [4-7]. Even with bone marrow sparing radiotherapy, 
50%-83% of the women develop grade 2 acute HT [1, 4] and 32.3%-37% develop grade 
3 acute HT [4, 7]. Lymphopenia is the most common effect of radiotherapy [8]. Multiple 
studies found associations between lymphopenia and poorer long-term outcomes after 
chemoradiation [8-10]. The biological mechanism behind this relationship is not yet 
known, but since lymphocytes are instrumental for an effective antitumor response, 
lymphopenia might inhibit this process [11, 12]. Additionally, immunotherapy combined 
with chemoradiotherapy as a new standard of care for high risk LACC is gaining interest 
[13]. Since lymphocytes are key to the clinical impact of immunotherapy, lymphopenia 
may compromise its efficacy [14-16].

The red bone marrow, which is mostly located in the pelvic bones and vertebrae [17, 
18], serves as a principal home for the hematopoietic stem cells (HSCs) and is actively 
involved in generating hematopoietic cells [19, 20]. Chemoradiotherapy can injure 
or directly deplete these HSCs, damage the HSC niche, or injure regulatory cells and 
therefore cause HT [17, 21-23]. In mice, adipocytes populate the bone marrow between 
two and four weeks, and perhaps even earlier, as a response to irradiation [24, 25]. Several 
studies used water-fat MRI scans to detect an increase in bone marrow fat fraction due 
to chemoradiation in patients with pelvic or gynecological cancers [26-30] and this was 
correlated with a decrease in circulating blood cells [26, 29, 30]. However, these studies 
had a limited follow-up time, included a heterogeneous patient cohort, or did not evaluate 
bone marrow outside the radiation field, prohibiting the evaluation of radiotherapy-
specific changes.

The aim of this study was to evaluate longitudinal changes in bone marrow fat fraction and 
blood immune cells in women with locally advanced cervical cancer treated with primary 
bone marrow sparing chemoradiotherapy. We evaluated bone marrow fat fraction before, 
during, and up to 12 months after treatment in the vertebral column and (subregions of 
the) pelvic bones and linked this to peripheral immune cell counts.
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METHODS
Study design and patients
Women with locally advanced cervical cancer (LACC) treated with primary 
chemoradiotherapy using bone marrow sparing volumetric-modulated arc therapy 
(VMAT) and weekly cisplatin, followed by MR-guided brachytherapy, in the prospective, 
multicenter PROTECT study (NCT05406856) were analyzed for this study [31]. 
Participants were recruited between May 2022 and September 2023 in Leiden University 
Medical Center (LUMC) and Erasmus Medical Center (EMC) in the Netherlands. 
The study was approved by the Medical Ethics Review Committee Leiden The Hague 
Delft and Medical Ethics Review Committee Erasmus Medical Center. All participants 
provided informed consent. 

Treatment
All women received bone marrow sparing VMAT with a total dose of 45 Gy in 25 daily 
fractions in five weeks, using a library-of-plans technique, according to the EMBRACE-
II guidelines [32]. Based on bladder filling observed on the planning CT scans acquired 
with both full and empty bladder, one to three treatment plans were generated to cover 
the motion of the uterus. The most appropriate treatment plan from this library-of-plans 
was selected for treatment each day using cone beam CT. Involved nodes were boosted 
using a simultaneous integrated boost (SIB) to reach a total equivalent dose of 60 Gy 
EQD210. The whole pelvic bones were delineated as a substitute for the bone marrow 
on the planning CT-scan extending from 24–25 mm above the planning target volume 
(PTV) to the inferior border of the ischial tuberosities [33]. The bone marrow was 
spared by inducing planning aims of V10Gy<90%, V20Gy<65%, and V40Gy<15–20% [34, 35]. 
Concurrent chemotherapy consisted of weekly cisplatin (40 mg/m2) for five weeks. MR-
guided brachytherapy was performed using 90–95 Gy (EQD210 D90) to the high-risk-
clinical target volume (CTV-HR) [32].

Water-fat MRI imaging
Patients underwent water-fat MRI before the start of treatment, for brachytherapy 
planning (after external beam radiation therapy (EBRT)), and 3 and 12 months after the 
end of treatment. The water-fat MRI sequences used were multi-point quantitative Dixon 
(mDixon Quant) from Philips in LUMC and iterative decomposition of water and fat 
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with echo asymmetry and least squares estimation (IDEAL IQ) from General Electric 
(GE) HealthCare in EMC. Both 1.5-T and 3.0-T scanners were used. The MRI scanners, 
scanning procedure, and scanner settings used were described in a previously reported 
validation study [36]. Proton density fat fraction (PDFF) maps were reconstructed 
with the vendors’ commercial software and imported into treatment planning system 
Raystation (version 2023B, RaySearch Laboratories, Sweden). 

PDFF map analysis
The process for placing regions-of-interest (ROIs) in the vertebrae and pelvic bones 
is visualized in Figure 1. Box-shaped ROIs were placed in the middle of cervical (C) 
vertebra 7 to sacral (S) vertebra 2. The outer contour of three subregions of the pelvic 
bones, consisting of the ilium, lower pelvis, and lumbosacral spine (excluding the cauda 
equina), was delineated and contracted by 4 mm to exclude the bone cortex [33]. The 
whole pelvic bone ROI included all three subregions. The mean PDFF was calculated over 
all voxels per ROI.

Dosimetric evaluation
The baseline reconstructed PDFF map was registered to the planning CT-scan. The box-
shaped ROIs from the vertebrae were transferred to the planning CT-scan and adjusted 
manually to be positioned in the middle of each vertebra. For the pelvic bones, the whole 
pelvic bones ROI on the planning CT-scan, used for treatment planning, was divided 
into the three subregions ilium, lower pelvis, and lumbosacral spine [33]. The Dmean [Gy] 
per vertebra and the Dmean, [Gy] and absolute [cc] and relative [%] V10Gy, V20Gy, and V40Gy 
for the whole pelvic bones and per pelvic bone subregion were determined based on the 
full bladder treatment plan. This plan is generally the most frequently selected during 
treatment, as patients follow a drinking protocol with the aim of being treated with a full 
bladder, in accordance with the EMBRACE-II guidelines [32]. Pelvic bone dose from 
brachytherapy was considered negligible. 

Laboratory blood tests and hematologic toxicity grading
Blood cell analysis was carried out at the diagnostic hematology laboratory, as part of 
routine full blood cell counts, at baseline, before the fourth chemotherapy administration, 
and 3 and 12 months after treatment. Hematologic toxicity was graded using Common 
Terminology Criteria Adverse Events (CTCAE) v5.0 [37].
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Inspect PDFF maps for artefacts

Place box-shaped ROIs in the middle of 
vertebrae C7 to S2

Delineate outer contour of pelvic 
subregions and subtract 4 mm

Sum subregions into whole pelvic 
bones

Register the baseline PDFF map to PDFF maps of other 
timepoints

Calculate PDFF per ROI per timepoint

Overlay ROIs on the other PDFF maps and adjust manually if 
needed

Figure 1: Process of delineating the vertebrae (the left track in blue) and the pelvic bones (the right 
track in green) on the proton density fat fraction (PDFF) maps. The ROI per vertebra and of the whole 
pelvic bones are indicated with pink in the left and right PDFF map, respectively. ROIs = regions-of-
interest, C = cervical, S = sacral.

Statistical analysis
Vertebrae were categorized into three groups based on EBRT dose. The no, low, and 
high dose group included vertebrae having respectively a Dmean <1 Gy , 1–5 Gy, and 
>5 Gy. The threshold of 5 Gy was chosen to include vertebrae at the field edge and 
because previous studies have demonstrated that this dose was associated with HT and 
a significant reduction in bone marrow activity [38, 39]. Linear mixed-effects models 
were utilized to evaluate PDFF and immune cell changes in the blood over time and 
to assess the association between PDFF and immune cell counts. For PDFF, age and 
Dmean were normalized based on the mean of the evaluated women. Body mass index 
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(BMI), smoking status, and the interaction between dose group (vertebrae) or centered 
Dmean (whole pelvic bones or subregion of the pelvic bones) and timepoint and between 
centered age and timepoint were included as fixed effects. For immune cell changes, 
timepoint was included as fixed effect. For the associations between PDFF and blood 
immune cell counts, age, BMI, smoking, and mean PDFF of the vertebral column were 
included as fixed effects. In all models, the patient’s identifier was included as random 
effect. A p-value <0.05 was considered significant. Changes in PDFF greater than 10% 
were considered substantial, as these exceed the range of measurement variability in 
water-fat MRI validation studies [36, 40-43]. Statistical analyses were performed with R 
(v4.3.1).

RESULTS
In total, 20 women were included in the PROTECT study. Two withdrew informed 
consent before the start of the treatment, resulting in 18 women eligible for analysis. 
Table 1 presents the patient characteristics. Eleven women finished five cycles of cisplatin 
chemotherapy, five patients received four cycles of chemotherapy due to cisplatin-related 
side effects including tinnitus, hyponatremia, thrombopenia, elevated liver enzymes, 
and hematologic toxicity (HT) (thrombopenia, anemia, leukopenia, lymphopenia), and 
two patients were referred for hyperthermia due to kidney insufficiency or elevated liver 
enzymes after one or two chemotherapy cycles. All patients underwent brachytherapy. 
Table S1 shows the EBRT dosimetric parameters of the pelvic bones. Bone marrow sparing 
constraints were fulfilled in all women except for one woman with V10Gy, V20Gy, and V40Gy 
of 90.1%, 72.9%, and 15.8%, respectively, and for two women with a V20Gy of 65.9% and 
67.2%. Out of 18 women, 11 completed all MRI scans, 12 all lymphocyte counts and 14 all 
neutrophil and leukocyte counts. Missing data post-treatment were due to patient refusal 
(n = 2) or disease progression (n = 1 after treatment, n = 1 at 3 months after treatment). 
Other scans and blood samples were missing due to technical or logistical issues. An 
overview of the data available per timepoint is provided in Table S2.
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Table 1: Patient characteristics of the 18 evaluated women, treated with primary chemoradiotherapy 
using bone marrow sparing volumetric-modulated arc therapy and weekly cisplatin, followed by 
brachytherapy. BMI = body mass index, FIGO = International Federation of Gynecology and 
Obstetrics, PAO = para-aortic.

Characteristic mean (sd) or n [%]
Age [years] 52.3 (15.0)
BMI [kg/m2] 27.4 (5.3)
Smoking
      yes 2 [11.1%]
      former 4 [22.2%]
      no 12 [66.7%]
Tumor type
      squamous 13 [76.5%]
      adeno 4 [23.5%]
      unknown 1
FIGO stage (2018)
      IIB 5 [27.8%]
      IIIB 1 [5.6%]
      IIIC1 12 [66.7%]
No. of chemotherapy cycles finished
      1 1 [5.6%]
      2 1 [5.6%]
      4 5 [27.8%]
      5 11 [61.1%]
PAO lymph node irradiation
      yes 10 [55.6%]
      no 8 [44.4%]
Blood transfusions during treatment
      erythrocytes 1 [5.6%]
      thrombocytes 1 [5.6%]
      erythrocytes and thrombocytes 1 [5.6%]
      none 15 [83.3%]

Figure 2 shows mean PDFF changes per vertebra for all evaluated patients. The vertebrae 
cervical (C) 7 – thoracic (T) 11 received a mean dose ≤0.5 Gy and PDFF did not increase 
substantially due to chemoradiotherapy, as the maximum PDFF increase was 9.8 PDFF% 
(for T11). T12 received a mean dose of 4.2 Gy and mean PDFF increased from 35.8% 
to 56.4% (+20.6 ∆PDFF%) due to chemoradiotherapy, followed by an average decrease 
to 46.8% (-9.6 ∆PDFF%) and 48.1% (-8.3 ∆PDFF%) at 3 and 12 months after treatment. 
The mean PDFF of lumbar (L) 1, with a mean dose of 12 Gy, increased from 36.8% to 
69.6% (+32.8 ∆PDFF%) and showed less recovery after EBRT, as mean PDFF were 64.2% 
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(-5.5 ∆PDFF%) and 61.5% (-8.1 ∆PDFF%) at 3 and 12 months post-treatment. Vertebrae 
L2 – sacral (S) 2 received mean doses ≥23 Gy, resulting in mean PDFF increases of ≥22.4 
PDFF% without recovery up to 12 months after treatment.

151516151513129151315141415161515141412Baseline
1717181717171412161715171717181716161717After EBRT
1313131212121081012121212131312121112123M
13131312121297109121011121211910101012M
373637302523124.20.50.20.1000000000Dmean [Gy]
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Figure 2: Mean proton density fat fraction (PDFF) [%] and corresponding 95% confidence intervals 
per vertebra per timepoint of 18 women with locally advanced cervical cancer treated with bone 
marrow sparing chemoradiotherapy with volumetric-modulated arc therapy. Per timepoint and 
vertebra, the number of available vertebrae and the mean Dmean [Gy] are indicated in the table below 
the figure. EBRT = external beam radiation therapy, M = months, C = cervical, T = thoracic, L = 
lumbar, S = sacral.

Figure 3 visualizes PDFF changes per vertebral dose group for all 18 evaluated patients. 
The results from the linear mixed-effects model are shown in Table S3. Timepoint, 
dose group, and age were significantly associated with PDFF. Mean PDFF at baseline 
ranged between 39.2% and 45.8% for the three dose groups. Mean PDFF did not change 
substantially between timepoints in vertebrae receiving no dose. In vertebrae receiving 
a low or high dose, mean PDFF increased from 39.2% to 63.0% (+23.8 ∆PDFF%) or 
45.8% to 80.4% (+34.7 ∆PDFF%) between baseline and after EBRT, respectively. In the 
low dose group, mean PDFF decreased from 63.0% to 49.7% (-13.3 ∆PDFF%) and 56.3% 
(-6.7 ∆PDFF%) at 3 and 12 months post-treatment but remained elevated compared 
to baseline. As post-treatment PDFF changes ranged between -1.9 and 1.2 PDFF%, no 
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recovery was detected in the high dose group up to 12 months post-treatment. The effect 
of age on PDFF varied among timepoints, as age had the largest impact on baseline PDFF, 
resulting in an increase of 0.8 PDFF% per life year. BMI and smoking were not correlated 
with PDFF.

51.249.851.554.249.847.450.450.953.850.652.954.9Mean age [years]
7275978412122016133149212182Number of vertebrae

Figure 3: Median, quartiles, and range of proton density fat fraction (PDFF) [%] for the vertebrae of 18 
women with locally advanced cervical cancer treated with bone marrow sparing chemoradiotherapy 
with volumetric-modulated arc therapy. Vertebrae were subdivided based on Dmean per vertebra from 
external beam radiation therapy (EBRT) into no (<1 Gy), low (1 – 5 Gy), and high dose (>5 Gy). 
Per timepoint and dose group, the mean age of the women and the number of vertebrae available for 
analysis are indicated in the table below the figure. M = month.

Regarding the whole pelvic bones, the PDFF increased, on average, from 62.6% to 84.0% 
(+21.4 ∆PDFF%) due to chemoradiotherapy without post-treatment recovery, as PDFF 
at 3 and 12 months after treatment were 78.1% and 79.8% (Figure 4, Table S4). Timepoint 
and age were significantly associated with whole pelvic bones PDFF. A higher age at 
baseline was significantly associated with a higher PDFF (+0.43 PDFF% per life year), 
but this relationship was not observed at the other timepoints. Dmean, BMI, and smoking 
were not correlated with PDFF. 

For the pelvic subregions, the PDFF increased on average from 53.8 to 82.4% (+28.6 
∆PDFF%), from 74.0 to 85.9% (+11.9 ∆PDFF%), and 55.2 to 81.7% (+26.5 ∆PDFF%) 
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for the ilium, lower pelvis, and sacrum, respectively (Figure 4, Table S5). None of the 
subregions showed a post-treatment PDFF recovery >10 PDFF%. However, the lower 
pelvis PDFF returned to baseline levels with a mean PDFF of 79.3% and 80.1% at 3 
and 12 months, respectively. Dmean was related to PDFF of the ilium at 12 months after 
treatment (+4.09 PDFF% per Gy), but not with other timepoints or pelvic subregions. 
Age contributed to baseline PDFF of the ilium and sacrum with +0.57 and +0.82 PDFF% 
per life year, respectively. BMI and smoking were not correlated with PDFF.

52.250.552.353.952.250.552.353.952.250.852.352.752.250.552.353.9Mean age [years]
13131817131318171312181613131817Number of women

23.9 (1.6)33.1 (2.8)18.8 (2.7)25.0 (1.3)Dmean (sd) [Gy]

Figure 4: Median, quartiles, and range of proton density fat fraction (PDFF) [%] for the subregions 
of the pelvic bones of 18 patients with locally advanced cervical cancer treated with bone marrow 
sparing chemoradiotherapy with volumetric-modulated arc therapy. Per pelvic subregion, the mean 
age and the number of pelvic bone structures available per timepoint and the mean Dmean (sd) [Gy] are 
indicated in the table below the figure. EBRT = external beam radiation therapy, M = months.

Figure 5 shows that the number of circulating lymphocytes per patient decreased 
with increasing mean PDFF of the vertebral column. All women developed grade 
≥2 lymphopenia during treatment. Similarly, a relationship between mean PDFF of 
the vertebral column and the number of circulating leukocytes and neutrophils was 
observed (Figure S1). Circulating immune cell counts did not recover to baseline level 
during the 12 months post-treatment (Figure S2, all p<0.001). A lower mean PDFF of 
the vertebral column and higher age significantly contributed to an increasing number of 
lymphocytes, whereas BMI and smoking did not (Table S6A). Similar relationships were 
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observed between age and the number of circulating leukocytes (Figure S1 and Table 
S6B). However, for the circulating neutrophil count, only the mean PDFF of the vertebral 
column was significantly associated (Figure S1 and Table S6C). 

R2 = 0.19 , p < 2.2e−16
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Figure 5: Mean proton density fat fraction (PDFF) [%] of the vertebral column compared with the 
number of lymphocytes [109/L] per patient per timepoint for 18 women with locally advanced cervical 
cancer treated with bone marrow sparing chemoradiotherapy with volumetric-modulated arc therapy. 
Datapoints left of the yellow horizontal line indicate grade ≥2 lymphopenia. The regression line, 
including the 95% confidence interval, R2 and p-value, are also indicated. W = week, M = months.

DISCUSSION
In this study, longitudinal changes in vertebral and pelvic bone marrow fat fraction and 
blood immune cell counts were evaluated in women with primary locally advanced 
cervical cancer undergoing bone marrow sparing chemoradiotherapy. A mean dose 
of 1–5 Gy caused an average increase of 23.8 PDFF% in vertebral PDFF, followed by 
an average decrease of 13.3 PDFF% at 3 months post-treatment. Interestingly, PDFF 
remained elevated compared to baseline up to 12 months after treatment. In vertebrae 
receiving >5 Gy, average PDFF increased with 34.7 PDFF% without recovery. A higher 
mean PDFF of the vertebral column resulted in a larger immunosuppressive effect, which 
lasted up to at least 12 months after treatment.

In this study, we analyzed a homogeneous patient cohort, used water-fat MRI that can 
detect differences >10 PDFF%, as differences <10 PDFF% were attributed to technical 
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variability in a validation study [36], and evaluated changes up to 12 months after 
treatment. The detected PDFF changes in vertebrae receiving no or a high dose are 
consistent with previous observations [26-29]. Our findings in the 1–5 Gy dose group 
suggested that doses around 5 Gy might be an important threshold for PDFF increase. 
McGuire et al. demonstrated a linear, negative relationship between the dose up to 6 Gy 
and bone marrow activity at one week post-treatment [38]. Our results further specified 
that bone marrow receiving a dose of 1–5 Gy shows some recovery in PDFF at 3 months 
after treatment, but that PDFF remains elevated compared to baseline even up to 12 
months after treatment.

Bone marrow resident adipocytes were long considered as a filler of marrow space. 
However, multiple studies have demonstrated interactions, although contradictory, 
between bone marrow adipocytes and hematopoiesis [44]. Bone marrow adipocytes, on 
one hand, decrease the number and function of HSCs and worsen hematopoiesis [25, 
45]. Mice incapable of forming adipocytes showed better hematopoietic recovery after 
irradiation and bone marrow transplantation than normal mice [25]. On the other hand, 
bone marrow adipocytes secrete factors and supply energy for HSC regeneration and 
hematopoiesis [21, 46, 47]. However, in irradiated mice, whether adipocytes promoted 
or inhibited hematopoiesis differed between bone marrow locations [21]. In our study, a 
higher mean PDFF of the vertebral column was associated with a decrease in circulating 
immune cells, highlighting the immunosuppressive effect of chemoradiotherapy, which 
lasted up to at least 12 months after treatment. As vertebral bone marrow receiving >5 Gy 
had a higher PDFF without recovery, reducing the amount of bone marrow receiving a 
high dose might reduce the immunosuppression caused by chemoradiotherapy. However, 
the complex interactions between bone marrow adipocytes and hematopoiesis ensure 
that the exact mechanisms remain an area of ongoing research.

Previous studies also demonstrated a positive correlation between age and bone marrow 
PDFF in healthy volunteers [48, 49] and after chemoradiotherapy [28]. Age-induced 
bone marrow fat increase is associated with an impaired function of HSCs, resulting 
in increased myelopoiesis and decreased lymphopoiesis [50-53]. In contrast, our study 
identified a positive association between age and the number of circulating lymphocytes 
and leukocytes, which was not detected for neutrophils. The exact interaction between 
age and bone marrow functioning in patients with cancer should therefore be further 
evaluated in future studies.
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There might be heterogeneity in the activity and dose-response relationship with 
hematologic toxicity (HT) among bone marrow regions. Studies using functional 
imaging in the pelvic bones demonstrated that the lumbosacral region had the highest 
bone marrow activity [54, 55], which was stronger correlated to immune cell counts than 
for other bone marrow regions [56, 57]. Additionally, studies demonstrated a relationship 
between dose delivered to active bone marrow and the number of circulating immune 
cells [58-61]. However, dosimetric parameters correlating with HT were also identified for 
the whole pelvic bones and for each pelvic subregion [34, 62]. Despite our bone marrow 
sparing strategy, all women developed grade ≥2 lymphopenia. This result highlights that 
future studies determining the optimal bone marrow sparing strategy are warranted.

Since the majority of the patients completed four or more of the five planned chemotherapy 
cycles, we could not assess the impact of variations in chemotherapy exposure on PDFF 
or circulating immune cell counts. A previous study reported that lumbar vertebral PDFF 
increased by 25.7 PDFF% six months after myelotoxic chemotherapy, whereas it did not 
increase in the control group without chemotherapy [63]. Future studies could further 
investigate the impact of chemotherapy on longitudinal bone marrow PDFF changes and 
HT.

Our analysis was limited by the small number of vertebrae receiving a dose between 5 and 
30 Gy, due to the steep dose-fall off in the vertebral column. Based on our data, 5 Gy could 
be an important dosimetric parameter. However, more data in the range between 5 and 
30 Gy will be needed to validate this suggestion. As the VMAT technique used resulted 
in high dose levels and dose uniformity in the pelvic bones, with a mean dose of ≥18.8 
Gy, with limited variability, with standard deviations between 7.9 and 64.8 cc on volumes 
between 234.5 and 408.1 cc for each subregion. Therefore, we cannot demonstrate an 
association between mean dose and PDFF in the pelvic bones, except for that of the 
ilium at 12 months post-treatment. Only the lower pelvis returned to its baseline PDFF 
level at 3 months after treatment, likely due to its initially high PDFF of 74% and low 
hematopoietic activity, which limits capacity for PDFF increase [27, 54]. However, similar 
to the other subregions, this recovery was not >10 PDFF%. Additionally, as PDFF does 
not assess bone marrow activity directly, it remains unclear if the lower pelvis functioning 
recovered. Future studies could explore the relationship between longitudinal PDFF 
changes and bone marrow functioning. A final limitation is that only dose to the pelvic 
and vertebral bone marrow was considered. Dose to lymphocyte-rich organs and a large 
irradiated (blood) volume are also associated with a higher risk of HT and should be 
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evaluated in future studies [64-69]. Because of the PROTECT study design, we included 
a relatively high number of patients undergoing para-aortic radiotherapy with large 
irradiated volumes, which might have impact on the number of vertebrae in each dose 
group and HT.

In conclusion, vertebral bone marrow proton density fat fraction (PDFF) increased at a 
mean dose >1 Gy, followed by a recovery when the mean dose was <5 Gy, and remained 
elevated up to 12 months post-treatment. In the pelvic bones, only the lower pelvic 
PDFF recovered to baseline level at 3 months post-treatment. The number of circulating 
immune cells was lower up to 12 months post-treatment, which was related to a higher 
mean vertebral PDFF. Bone marrow doses around 5 Gy could be a potential threshold for 
irreversible bone marrow damage, but this threshold should be validated in larger studies.
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