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Abstract

Purpose: To map functional bone marrow (BM) by 2-deoxy-2-['®F]fluoro-D-glucose (['®F]FDG)
positron emission tomography (PET) in the vertebral column of lung cancer patients prior to, during,
and after treatment. Moreover, to identify radiation- and erlotinib-induced changes in the BM.
Procedures: Twenty-six patients with advanced non-small cell lung cancer, receiving radiother-
apy (RT) alone or concomitantly with erlotinib, were examined by ['®F]JFDG PET before, during,
and after treatment. A total of 61 ['"®FJFDG PET scans were analyzed. Vertebral column BM
['®F]FDG standardized uptake value normalized to the liver (SUVguLr) Was used as uptake
measure. Wilcoxon signed-rank test was used to assess changes in BM uptake of ['®F]FDG
between sessions. Effects of erlotinib on the BM activity during and after treatment were
assessed using Mann-Whitney U test.

Results: A homogeneous uptake of ['®F]JFDG was observed within the vertebral column prior to
treatment. Mean SUVgy R (= S.E.M) in the body of thoracic vertebrae receiving a total RT dose of
10 Gy or higher was 0.64+0.01, 0.56+0.01, and 0.59+0.01 at pre-, mid-, and post-therapy,
respectively. A significant reduction in the mean SUVgy g was observed from pre- to both mid- and
post-therapy (p<0.05). Mean SUVg\ g Was significantly higher at post-therapy compared to mid-
therapy for patients receiving erlotinib in addition to RT (p<0.05).

Conclusions: RT reduces BM ['®F]JFDG uptake in the vertebral column, especially in the high-
dose region. Concomitant erlotinib may stimulate a recovery in BM ['®F]FDG uptake from mid- to
post-therapy.
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Introduction

Approximately 50 % of all cancer patients receive radio-
therapy (RT) at some point during their treatment, either
with curative or palliative intent [1, 2]. Nevertheless, it is
virtually impossible to treat cancer with ionizing radiation
without exposing healthy tissues, and preventing normal
tissue damage is as important as obtaining disease control.
Different normal tissues have varying metabolic profiles,
depending on their cellular architecture and their response to
treatment. Understanding the metabolic response in normal
tissues to cancer therapy in general and RT in particular may
provide early sub-clinical signs of treatment-related alter-
ations that could develop into tissue morbidity [3, 4].

Bone marrow (BM) is a soft, dynamic tissue located in
the endosteal niche of the trabecular bone cavities. Here,
hematopoietic stem cells undergo symmetric and asymmetric
cell divisions to maintain hematopoietic stem cells pool size
and produce blood cells. Bony structures are gradually
depleted of hematopoietic cells with age [5]. Adult func-
tional BM is situated in the proximal femur, pelvic region,
vertebral column, sternum, scapula, skull, and clavicle. Both
the cancer and the treatment can affect BM metabolism. BM
activity may change by release of various cytokines such as
vascular endothelial growth factor (VEGF) and transforming
growth factor-beta (TGF-B) into the circulation by tumor
cells [6, 7]. Moreover, interleukin-6 (IL-6) is a known
multifunctional inflammatory cytokine. IL-6 administration
is known to stimulate hematopoiesis and speed up hemato-
poietic suppression recovery following RT [8, 9].

RT is myelosuppressive and may alter self-renewal and
differentiation processes when functional BM is irradiated.
These changes in the BM may further lead to changes in the
blood cell counts and affect the incidence of hematologic
toxicity. It has been shown that hematologic toxicity is
associated with high RT dose to the thoracic vertebrac of
non-small cell lung cancer (NSCLC) patients during che-
moradiotherapy (CRT) [10].

Patients with advanced stage NSCLC may benefit from
thoracic RT and also targeted treatment such as erlotinib
therapy [11, 12]. 2-Dexoy-2-['*F]fluoro-p-glucose ([ *F]JFDG)
positron emission tomography (PET) plays an important role in
the diagnostics and clinical management of NSCLC [13, 14].
In addition to the usefulness of ['*F]FDG PET in detecting
malignant tumors, [ *FJFDG PET may be employed to assess
activity in the healthy BM, where a minor part of the injected
["®FJFDG is accumulated [15]. It has been shown that pre-
therapy ['*F]JFDG uptake in the BM significantly correlates
with white blood cell counts in NSCLC patients [16]. In
cervical and anal cancer patients treated with CRT the dose to
the functionally active BM regions, defined by pre-therapy
["®F]JFDG PET, has been shown to be a better predictor of
blood cell counts and hematologic toxicity compared to bony
structures as a whole [17—-19]. However, one recent study on
anal cancer patients treated with CRT could not validate these
findings [20]. Two studies investigating ['*F]JFDG uptake in

different regions of bony structures at baseline and follow up
examinations of cervical and head and neck cancer patients
treated with CRT show varying degrees of BM changes
following therapy [21, 22].

About 20 % of functional BM is located in the thoracic
vertebrae [23]. Thus, irradiation of thoracic BM could result
in BM suppression during and after therapy. There are to our
knowledge no longitudinal studies assessing functional BM
using ['®F]JFDG PET during and following thoracic RT.
Also, the role of targeted therapy on functional BM in cancer
patients is not clear. In this work on patients with NSCLC
treated with fractionated RT or RT plus concomitant
erlotinib therapy, the purpose was to map functional BM
by ['®*FJFDG PET in the vertebral column prior to, during
and after treatment. Moreover, the aim was to identify
radiation- and erlotinib-induced changes in the BM. Using
pre-therapy ['®FJFDG PET, we quantified variations in
functional BM distribution along the vertebral column and
across patients. By means of longitudinal PET scanning, we
investigated how functional BM in the vertebral column
responded to RT during and after treatment. The effect of
erlotinib on the BM ['*F]FDG uptake was further evaluated
in a subgroup of patients.

Materials and Methods
Study Design

Twenty-six patients with stage I[II-IV NSCLC were included
between November 2012 and October 2016. The median age
of patients was 69.5 years (range 47 to 85 years), 22 patients
were male and 4 were female. All patients received thoracic
RT with a total dose of 30 Gy given in 10 fractions, which
was delivered using two opposed 6 MV photon beams once
every weekday at a linear accelerator. A radiation field
arrangement for one NSCLC patient, showing the partial
exposure of the vertebral column, can be found in the
Electronic Supplementary Material (ESM) Suppl. Fig. 1. By
randomization, 12 patients (46 %) were assigned to receive
concomitant oral erlotinib once every day (150 mg p.o.)
from the day before the start of RT and during RT. No other
chemotherapy was given to the patients during the treatment.
The study was approved by the Regional Committee for
Medical and Health Research Ethics. A written informed
consent was received from all patients.

Imaging and Delineations

RT planning CT scan was done prior to treatment at a light
speed ultra-scanner (GE medical systems, USA). Further-
more, at most three ['*FJFDG-PET/CT examinations were
performed at a Biograph 16-scanner (Siemens, Germany);
one prior to RT and erlotinib therapy, one at mid-therapy
(after about 1 week), and one 6 weeks post-RT. The patients
included underwent at least two of these ['*FJFDG PET
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examinations. The axial reconstruction matrix was 168 x 168
with a 4-mm in-plane resolution and 3-mm slice spacing.
The slice thickness was 5 mm and reconstruction was done
with OSEM2D 4i8s and a 5-mm Gaussian filter. All patients
fasted for at least 6 h prior to the administration of 263—
445 MBq of ['®F]FDG. One PET scan was excluded from
the analysis due to BM hyperactivity [24].

The body of the lumbar vertebrac (L1-L2), thoracic
vertebrae (T1-T12), cervical vertebrac (C6-C7), and lung
were delineated based on planning CT in the RT planning
system (Oncentra ® External Beam, Elekta, Sweden). Due
to limited field of view in the longitudinal direction, only
L1-L2 and C6—C7 could be included.

Data for analyses from delineated vertebrae were col-
lected after co-registration of planning CT, RT dose matrix,
and PET series in IDL (Interactive Data Language, v 8.6,
Research Systems, Boulder, CO, USA). More detail about
the trial protocol and image registration can be found in the
previous work [25].

Bone Marrow ["FJFDG Uptake

For each available PET scan, standardized uptake value
(SUV) in the vertebral body was calculated in each image
voxel and further mapped along the vertebral column (Fig.
1). The uptake pattern was typically sinusoidal, with a local
maximum at the center of each vertebra and a minimum
uptake where the intervertebral discs are located. The mean
["*F]FDG uptake over the full-width half maximum of each
local peak defined the vertebral column SUVgy,. Corre-
sponding RT dose to each vertebra was also calculated from
the DICOM RT dose matrix. Moreover, since the RT dose
was mainly delivered to the thorax, we separated thoracic
vertebrae into two different regions; vertebrae that are
received less than 10 Gy of total RT dose (low-dose
region) and vertebrae that are received more than 10 Gy of
total RT dose (high-dose region). For each available PET
scan, lung SUV was also calculated by averaging over all
the voxel values in the delineated lung.

Bone Marrow to Liver ["*F]JFDG Uptake Ratio

To reduce inter-patient variation in ['*F]JFDG uptake
estimates, we corrected SUVpy using mean SUV of the

liver [24]. The liver was always well outside the radiation
fields. Mean ['®*F]FDG uptake of the liver was obtained by
defining three small cubes (9 x 9 x 9 mm each), two in the
right lobe and one in the left lobe of the liver in all PET
images. A further average over these three regions in the
liver was performed to calculate SUV of the liver. Bone
marrow to liver ['*F]JFDG uptake ratio (SUV gy r) Was then
calculated by dividing SUVpy by liver SUV at each session.

Cytokine Measurements

As described previously [26], serum levels of various
cytokines were assessed using a multiplex bioassay (Bio-
Rad, Hercules, CA, USA) in a subgroup of patients (n=21).
Patients’ blood values were collected at pre-, mid-, and post-
therapy corresponding to the PET sessions. IL-6 and VEGF
were selected for further analysis due to their importance in
hematopoiesis.

Statistics

Wilcoxon signed-rank test was performed when assessing
changes in the mean ['*FJFDG uptake of different vertebral
structures between sessions. Pairwise comparisons for
patients examined at pre- and mid-, pre- and post-, and
mid- and post-PET sessions were performed, as not all
patients underwent all three PET examinations. Mann-
Whitney U test was employed when comparing vertebral
column SUVpyr between two treatment groups. Variation
in pre-therapy SUVpy\r among the vertebrae was analyzed
using single factor ANOVA. Pearson correlation was used
when evaluating the correlation between vertebral column
SUVsmir and IL-6 and VEGF, and between vertebral
column SUV and lung SUV at different sessions. Observed
differences were considered to be significant when the two-
tailed p value was less than 0.05. Statistical analyses were
performed in R 3.3.3 (R core team, Vienna, Austria).

Results

Patient and treatment characteristics are presented in Table 1.
Number of patients having pre-therapy, mid-therapy, and
post-therapy ['*FJFDG PET scans was 20, 25, and 16,
respectively. Number of patients in each treatment group
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Fig. 1 Mapping of total RT dose distribution and pre-therapy vertebral column SUV corrected for liver over distance from L2 in mm.
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Table 1.. Patients and treatment characteristics

n (%/median (range))

Age (year) 69.5 (47-85)
Randomized to group

RT 14 (54)
RT + Erlotinib 12 (46)
Gender

Male 22 (85)
Female 4 (15)
Smoking history

Current 7(27)
Former 19 (73)
Stage

I 9 (35)
v 16 (61)
NOS 14
Histology

Adenocarcinoma 14 (54)
Squamous cell carcinoma 10 (38)
Large cell carcinoma 2 (8)

Tumor volume (cm®)
Maximum dose to VC (Gy)
Mean dose to VC (Gy)

90.5 (2.5-648.1)
30.0 (26.7-30.9)
9.3 (6.2-15.6)

Abbreviations: RT radiotherapy, NOS not otherwise specified, V'C vertebral
column

(RT, RT + erlotinib) at pre-, mid-, and post-therapy PET
sessions was (12, 8), (14, 11) and (6, 10). Mean SUV of the
liver (= SD) at pre-, mid-, and post-therapy was 2.4+0.5,
2.6+0.5, and 2.6+0.5, respectively, based on all patients
(see Suppl. Fig. 2 in ESM). There was no significant change
in the liver SUV between sessions. Maximum delivered RT
dose to the vertebral column ranged from 26.7 to 30.9 Gy.
Mean SUVgpmir (£ S.E.M) in the vertebral column at pre-,
mid-, and post-therapy was 0.66+0.01, 0.61+0.01, and
0.62+0.01 respectively. Mean SUVppir (= S.EM) for
thoracic vertebrae receiving a total RT dose of 10 Gy or
more was 0.64+0.01, 0.56+0.01, and 0.59+0.01 at pre-,
mid-, and post-therapy respectively. At post-therapy, a
positive correlation (r=0.8, p<0.01) between mean SUV
in the lung and mean SUV in the vertebral column was
identified for patients receiving erlotinib in addition to RT.
Moreover, a significant positive association between IL-6
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and vertebral column SUVgy g Was identified for patients
in the RT + erlotinib group (»=0.5, p=0.01). No significant
association was seen between VEGF and vertebral column
SUVgmLE.

Figure 2 shows SUVpypr in each vertebra prior to
treatment. As seen, SUVgp\pr varied little over the vertebrae
and patients. Pre-therapy mean (= S.E.M) SUVgpr over all
the vertebrac included in this study was 0.66+0.01. No
systematic variation in pre-therapy SUVpyr Was seen over
the vertebrae (p =0.2).

Figure 3 shows sagittal planning CT images fused with
the RT dose distribution and the PET images taken at pre-,
mid-, and post-therapy for one patient receiving RT +
erlotinib. As seen, T4-T9 was located in the high-dose
region where more than 10 Gy of total RT dose was
delivered. At mid-therapy, a reduction in the ['*F]FDG
uptake of T4-T9 can be seen compared to pre-therapy. This
reduction seems to be less for T4, receiving around 10 Gy,
compared to T5-T9, receiving more than 20 Gy. At post-
therapy, however, an increase in the ['*F]JFDG uptake was
observed for some of the vertebrae compared to mid-
therapy. Comparing post-therapy to pre-therapy, a reduction
in the ['®F]JFDG uptake was still evident.

Changes in the SUVgypr for lumbar, thoracic, and
cervical vertebrae, low and high RT dose, RT and RT +
erlotinib group between the three PET sessions are
presented in Table 2. SUVgyr of lumbar, thoracic, and
cervical vertebrae at pre-, mid-, and post-therapy is shown
in Fig. 4a. There was no significant change in SUVgpyr of
lumbar and cervical vertebrae from session to session. In
the thoracic vertebrae, however, a decrease in SUVgmrir
from pre-therapy to both mid-therapy and post-therapy was
seen. Moreover, a significant increase in SUVpyr Was
observed from mid- to post-therapy. Fig. 4b shows thoracic
SUVgMmrr in the low and high RT dose regions. There was
no significant change from session to session in the low-
dose region. Conversely, in the high-dose region, a
reduction in SUVpgpr from pre- to both mid- and post-
therapy was observed. A significant increase in SUVgyr
from mid- to post-treatment was also seen.

Max
| 7sm

1.2 4 B Median
‘zs'
14 ‘ ‘ Min
WLl ]
; || = || —_—
;046 —_— _— = mm _— - - -—
g e L | |
\ ror
0.4
0.2
0 T T T T T T T T T T T T T T T ]
L2 L1 TIi2 TIi1 TI0O T9 T8 T7 T6 T5 T4 T3 T2 T1 C7 Cc6

Vertebral Column Structures
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Fig. 3 From left to right: a planning CT fused W|th RT dose dlstrlbutlon b pre- therapy PET ¢ mid- therapy PET, and d post-
therapy PET. SUVs are corrected using liver SUV. Only PET uptake within the body of the vertebral column is displayed.

SUVgmrr decreased significantly from pre- to mid- and
post-therapy when including all vertebrae and both treatment
groups (Fig. 4c). Moreover, SUVppr increased 6 weeks
post-treatment compared to pre-therapy. In patients treated
with RT + erlotinib, a significant decrease in SUVgy g from
pre- to mid- and post-therapy, and a significant increase
from mid- to post-therapy were observed. Conversely, for
patients treated with RT only, a decrease from pre- to mid-
therapy was the only significant change in SUVpy\y g over
the whole vertebral column. At post-therapy, vertebral
column SUVg\r Was significantly higher for patients in
RT + erlotinib group compared to RT only (p=0.01).

Table 2. Change in the SUVpy\yr for different structures, RT doses, and
treatment groups at different time points

Structures Change in SUVgpmir
Mid-pre Post-pre Post-mid
p value” p value” p value”
Lumbar 0.019 0.013 —0.005
0.6 0.6 0.09
Thoracic —0.044 —0.036 0.007
<0.01 0.01 0.01
Cervical 0.048 0.045 —0.002
0.1 0.8 0.3
Thoracic D <10 Gy -0.012 -0.023 —0.011
0.5 0.2 0.2
Thoracic D > 10 Gy -0.077 —0.049 0.028
<0.01 0.03 0.02
Vertebral column (All) —0.047 —0.041 0.006
<0.01 <0.01 0.01
Vertebral column (RT + erlotinib) —0.037 —0.009 0.028
<0.01 <0.01 <0.01
Vertebral column (RT) —0.026 —0.060 —0.034
0.01 0.9 0.7

Abbreviations: SUVpur bone marrow standardized uptake value
normalized to liver, R7 radiotherapy

*p values calculated from Wilcoxon signed-rank test comparing mean
changes in SUVpyr from pre-therapy to mid- and post-therapy and also
from mid- to post-therapy

Discussion

BM consisting of hematopoietic cells should be spared when
possible during RT [27]. The functional part of the BM is
highly sensitive to radiation and subsequent decrease in
['FIFDG uptake may be a result of functional BM
suppression [28]. To our knowledge, this is the first
longitudinal study assessing ['*FJFDG uptake of the BM
during and following thoracic RT. We observed the
distribution of functional BM within the body of vertebral
column to be rather homogeneous based on ['*F]FDG
uptake prior to treatment. Thus, there are no parts of the
vertebral column to be preferably avoided during RT to
minimize the potential risk of hematologic toxicity.

Yagi, et al. [21] reported a significant decrease in the T1
["®F]FDG uptake after both 5- and 14-month follow-up in 14
patients with head and neck cancer treated with CRT.
However, ['*F]JFDG uptake in only one thoracic vertebra
was analyzed and there was no information about total RT
dose or dose delivered to different regions. Moreover, the
same study found no changes in the T1 ['®*F]FDG uptake
after CRT for 18 cervical cancer patients. Also, Noticewala,
et al. [22] reported that ['®F]JFDG uptake in the thoracic
vertebrae did not change from baseline to 1.5-6 months after
CRT for 39 patients with cervical cancer treated with CRT.
In the high-dose region, however, they reported a significant
decrease (18 %) in the lumbar vertebrae (L1-L4) ['*F]FDG
uptake post-treatment for all patients. In our study, a
significant decrease (11 %) in the SUVgpr in the high-
dose region of the thoracic vertebrac was observed already
after 1-week of RT that could point to the same RT-induced
BM suppression as the study by Noticewala, et al. [22].

In the current work, we saw clear trends in how the
vertebral column uptake of ['*F]JFDG changed during and
after treatment. These trends were particularly pronounced
for thoracic vertebrae that received a total dose of 10 Gy or
higher. First, after 1 week of therapy, a reduction in BM
metabolism (SUVgmrr) was observed compared to pre-
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treatment. Second, from pre-therapy to 6 weeks post-
therapy, a reduction in SUVgyrr Was also evident. Third,
an increase in BM metabolism was observed from 1 week
into treatment to 6 weeks after completion of treatment. The
reduction in the vertebral column ['*F]FDG uptake already
after 1 week of treatment clearly results from high-dose
irradiation of the thoracic vertebrae, as we did not identify
any significant changes in the corresponding low-dose
region or in the lumbar and cervical vertebrae (receiving
low RT dose). Noticewala, et al. [22] reported that the
volume of the functional thoracic vertebrae, defined by
baseline ['*FJFDG PET, significantly increased due to a
compensatory effect post CRT. An increasing trend, albeit
not significant, in the ['*FJFDG uptake was indeed seen for
the lumbar and cervical vertebrae after 1 week of treatment
in our study. This could point to the compensatory effect
similar to the findings by Noticewala, et al. [22], although
the effect was not pronounced in our patient cohort.
Irradiation is reported to induce immunosuppression, for
instance through BM ablation or stimulation of inhibitory
cytokines [29]. Irradiation of the vertebrac may lead to apoptosis
of hematopoietic stem cells, or cause a stop/delay in the
proliferation or differentiation of hematopoietic stem cells. This
may further result in a decrease in the blood cell counts and thus
leads to hematologic toxicity in patients. Moreover, during
thoracic RT a big portion of the blood pool is also irradiated as
part of heart and aorta receive high dose of radiation. This may
cause a depletion of the blood and further reduce hematopoietic
stem cells pool size in addition to BM irradiation itself. In
particular, due to high radiosensitivity of lymphocytes, lympho-
penia may happen after only 1 week of treatment [30]. Hence,
irradiation of the BM in the thoracic region and possibly
irradiation of peripheral blood could reduce hematopoietic stem
cells in the BM only after 1 week of RT. Part of the BM activity
recovered 6 weeks post-treatment, but compared to pre-therapy,
the BM activity was still significantly lower. This may imply that
6 weeks post-treatment is not adequate for BM to retain
hematopoietic stem cell pool size. Higashi, et al. [31] reported
that BM ['®F]JFDG uptake in rodents transiently increased 1 day
after delivery of 10 Gy compared to baseline level. The uptake
then decreased significantly at day 9 after irradiation, which
again was followed by an increase 18 days after irradiation.
Moreover, the ['*F]FDG uptake in the un-irradiated part of the
BM also increased at day 18 post-radiation. Apart from the
transient increase in the ['*FJFDG uptake shortly after irradiation
(which, to be detected, requires a PET scan maybe 3 days after
start of RT), these findings are well in line with our findings.
Suppression of epidermal growth factor receptor (EGFR)
activity, via drugs such as erlotinib, is reported to result in an
increase in the mobilization of hematopoietic cells [32]. In our
study, at the post-therapy session, vertebral column ['*F]JFDG
uptake was higher in patients receiving erlotinib in addition to
RT compared to those receiving RT alone. In our previous work
[25], we identified an elevation in the normal lung ['*F]FDG
uptake for patients in the RT + erlotinib group at post-therapy.
As we discussed [25], the elevated lung uptake may be due to an

inflammatory response. Such an inflammatory response may
also affect BM metabolism where it acts as a stimulant leading to
a faster recovery of the BM activity in the RT + erlotinib group.
We found a positive correlation between mean SUV in the lung
and mean SUV in the vertebral column at post-therapy only for
patients in the RT + erlotinib group. This could point to that the
same EGFR-related mechanisms cause an elevation in both
vertebral column and lung ["*FJFDG uptake 6 weeks after
therapy for patients receiving erlotinib in addition to RT. In
contrast, Doan, et al. [33] reported that erlotinib has an adverse
effect on the regeneration of hematopoietic stem cells in mice
following total body irradiation. Still, whether such effects are
present in humans remain to be seen. Furthermore, total body
irradiation will affect the entire blood pool, and may not be
comparable to local RT. Moreover, the regulation of BM activity
is mediated by various cytokines such as IL-6 [34]. We found a
significant positive correlation between vertebral column
["®FIFDG uptake and IL-6 in patients receiving erlotinib.
Erlotinib has been reported to induce the secretion of pro-
inflammatory cytokines such as IL-6 in head and neck cancer
cells [35]. The increase in the vertebral column activity post-
therapy may be due to hematopoiesis recovery following RT
stimulated by secretion of IL-6 by erlotinib. Still, we found that
IL-6 levels in the RT group were higher than for RT + erlotinib
group. Therefore, the role of [L-6 was not clear in our cohort of
patients. Nevertheless, BM metabolism may result from
cytokines produced by inflammatory responses, and cytokines
produced by the neoplasm cannot be ruled out.

In conclusion, the RT dose-dependent BM ["*FIFDG
uptake in the thoracic vertebrae may point to changes in the
BM activity that may lead to a reduction in blood cells and
hematologic toxicity after 1 week of RT. Pre-treatment
['®FJFDG PET did not reveal functional BM heterogeneity
within the vertebral column. Systemic targeted treatment, such
as erlotinib, in addition to RT, may cause an increase in the BM
metabolism post-treatment. Although our results for the RT
group are in line with the literature, the findings related to the
use of erlotinib should be validated in an independent cohort.
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