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Abstract 

Purpose: The purposes of this study were: 1) to show bone marrow (BM) functional hetero-
geneity, 2) to demonstrate site-dependent responses of BM to cancer treatment utilizing whole 
body FDG-PET/CT and 3) to identify correlations between FDG uptake in different bone sites and 
long term complete blood count (CBC).  
Methods: Thirty two patients who had pre- and post-treatment FDG-PET/CT scans were se-
lected retrospectively. Each patient received either head and neck radiation for cancer of the 
tongue, or pelvic radiation for rectal or cervical cancer with chemotherapy. Patients had 
FDG-PET/CT performed prior to the first radiation therapy session and at least one FDG-PET/CT 
after completion of the prescribed radiation therapy. 
Results: FDG uptake before radiotherapy was significantly different among bone regions (p < 
0.01). This heterogeneity was felt to reflect site-dependent amounts of BM contents possibly due 
to structural and functional requirements. FDG uptake in the irradiated regions was significantly 
decreased on the first and second follow-ups after radiation. Feasibly, this could be due to a re-
duction in the number of active BM cells following intensive radiation in addition to concurrent 
chemotherapy. Overall, CBC significantly decreased after treatment. Correlation values of each 
hematological parameter with FDG uptake varied among skeletal regions and scan time points. 
FDG uptake in sacrum and lumbar regions had better correlation with white blood cells and 
neutrophils.  
Conclusions: Longitudinal FDG-PET revealed a regional functional heterogeneity of the BM 
site-dependent response to treatment. Patients experienced immediate and prolonged marrow 
metabolic damage that correlates with hematological parameters. FDG-PET/CT may provide 
additional capabilities to assess BM health. 
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Introduction 
Bone marrow (BM), a key component of the 

hematopoietic and lymphatic system, is anatomically 
and physiologically distributed through the whole 
body and produces blood cells that support the 
body’s biological system. Multiple insults from both 
the cancer and treatments including radiation and 
chemotherapy are responsible for BM damage. A 
bone marrow aspiration and biopsy remains the gold 
standard to evaluate BM and is mandatory to reach a 
specific diagnosis. A biopsy, however, intrinsically 
assumes a homogeneous BM distribution and func-
tion. The procedure is invasive and limited by sam-
pling error [1]. 

Whole body 18F labeled fluo-
ro-2-deoxy-2-D-glucose (FDG) computed tomography 
(CT) guided positron emission tomography (PET) is 
one of the novel non-invasive methods for assessment 
of BM. FDG-PET can provide information about 
functioning BM [2] and its anatomic and physiologic 
distribution as well as detection of pathologic lesions 
as demonstrated by increased glucose metabolism [3]. 
FDG accumulates physiologically in BM as glycolysis 
occurs [4]. The pathophysiological significance of 
changes in FDG activity in the BM is still unclear. 
Understanding of the physiology of FDG uptake into 
BM might facilitate identification of regional hetero-
geneity and the impact of combined treatment (e.g. 
radiotherapy and chemotherapy) on BM metabolism. 

Neutropenia is a severe dose-limiting side effect 
of myelosuppressive chemotherapy in patients with 
solid tumors [5-7]. As a result of the hematopoietic 
system’s sensitivity to the treatment, monitoring 
complete blood counts (CBC) has become routine for 
most patient during chemotherapy treatment. Moni-
toring CBC is one of the standard tests to examine 
chemotherapy toxicity. There has been documenta-
tion of a strong correlation between FDG uptake in 
thoracic and/or lumbar spine and white blood cell 
counts (WBCs) in patients before undertaking treat-
ment [8]. Elicin et al. observed early effects of treat-
ment on BM metabolism using FDG-PET and its as-
sociation with WBCs, one of many hematological pa-
rameters [9]. However, it is unclear whether metabolic 
function is region dependent or if the metabolic func-
tion at different skeletal regions also correlates with 
different hematologic parameters. It is also unknown 
whether cancer associated treatment induces pro-
longed damage to BM and whether FDG uptake cor-
relates with hematological parameters for longer term 
follow-up. This information could support the utility 
of FDG-PET imaging for diagnosing BM involvement 
by malignancy, thus altering the strategy for targeted 
treatment and assist in the evaluation of BM damage 
caused by therapies. 

The purposes of this study were: 1) to show BM 
functional heterogeneity, 2) to demonstrate a 
site-dependent response of BM to treatment utilizing 
whole body FDG-PET/CT in two different groups 
(head and neck cancer, and cervical and rectum can-
cer) who frequently undergo FDG-PET/CT scan for 
tumor response, and 3) to identify correlation be-
tween FDG uptake in different skeletal sites and CBC 
over a longer term. 

Methods and Materials 
Patients inclusion 

Thirty-two patients who had pre- and 
post-treatment FDG-PET/CT scans between 2006 and 
2011 were selected retrospectively from the University 
of Minnesota hospital system. Eligible patients had no 
previous chemotherapy or radiotherapy. Each patient 
received either head & neck radiation for cancer of the 
tongue (hereafter H&N, n=14), or pelvic radiation for 
rectal or cervical cancer (hereafter Pelvis, n=18) with 
chemotherapy. Three-dimensional conformal radio-
therapy or intensity modulated radiotherapy (IMRT) 
were used for H&N cancer. Chemotherapy for H&N 
cancer patients was concomitant to the radiotherapy. 
Patients must have had an FDG-PET/CT performed 
prior to the first radiation therapy session and had at 
least one FDG-PET/CT since completion of the pre-
scribed radiation therapy. The time period between 
the baseline PET/CT scan and the first and second 
follow-up were 5.3±2.6 and 14.1±4.0 months, respec-
tively. Patients were anonymized after acquisition of 
PET/CT images and pertinent demographic data was 
removed. The average age was 56.8±13.5 years old. 
Each patient’s chart was thoroughly analyzed for a 
record of any metastatic disease. Metastases were 
recorded even if they did not involve bone. This study 
was approved by the University of Minnesota Insti-
tutional Review Board. 

Blood glucose measurements 
Blood glucose measurement was performed just 

before the FDG injection. The mean blood glucose 
value of the thirty-two patients was 107.0±17.6 mg/dl, 
and ranged from 74 mg/dl to 165 mg/dl.  

PET/CT imaging 
All FDG-PET/CT studies were performed 60–90 

min after intravenous administration of 558±48 MBq 
of FDG and after fasting for at least 4 hours. The 
scanner used for all subjects was a Siemens Bio-
graph-16 fitted with high resolution crystals 
(HD-PET). Scanner was cross calibrated between the 
dose calibrator and scanner and I clocks were syn-
chronized. The PET-CT protocol started with CT im-
ages acquired from the head to upper thigh. A 
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whole-body emission PET scan of the same region 
followed at 3 min per table position at a resolution of 
220×220. The PET and CT images were co-registered 
using the positional information from the table and 
patient. Attenuation corrections of PET images were 
performed using the CT data. PET images were re-
constructed with an iterative reconstruction with or-
dered-subset expectation maximization algorithm. 

Image analysis 
Three-dimensional PET/CT fusion images were 

used to manually set three-dimensional regions of 
interest (ROI) on the BM in bilateral glenoid fossa, 
bilateral proximal humera, first cervical vertebra, first 
thoracic vertebra, first lumbar vertebra, first sacral 
vertebra, bilateral femoral heads, bilateral femoral 
necks, and bilateral proximal femurs. The ROI were 
measured to an area of 65±3 cm3 for all points of in-
terest. Standardized uptake value (SUV) was used to 
evaluate FDG uptake by BM. SUV was calculated as 
follows: SUV = [measured activity concentration 
(Bq/ml) in ROI] / [injected activity (MBq)/body 
weight (kg)]. Heterogeneity is described as a varying 
uptake distribution of tracer among skeletal sites in 
this study. 

Hematologic Parameters 
The hematological data, including WBC count 

(×103/μl), red blood cell (RBC) count (×106/μl), he-
moglobin concentration (Hb; g/dl), hematocrit (Ht; 
%) and platelet count (×104/μl), were recorded from 
laboratory studies performed before or after the 
PET/CT examinations. In 32 patients, neutrophil, 
lymphocyte, monocyte, eosinophil and basophil 
counts were also available, but the monocyte, eosin-
ophil and basophil counts were excluded from the 
analysis because of their low values. The median in-
terval between the hematological examination and the 
PET study was 7 days. 

Statistical analysis 
Change in FDG uptake among all skeletal re-

gions was analyzed by single factor ANOVA. 

Two-sided-paired t-tests assessed differences in FDG 
uptake and hematological parameters between base-
line and each follow-up. Correlations between FDG 
uptake and hematological parameters were evaluated 
by Pearson's correlation coefficient. All statistical 
analyses were performed with Microsoft Excel 2010 
(Microsoft, Redmond, WA, USA). 

Results 
Bone marrow functional heterogeneity 

Heterogeneity is described as varying uptake 
distribution of a tracer among skeletal sites in 32 pa-
tients in this study. FDG uptake before radiotherapy 
was significantly different among bone regions (Fig. 1, 
p < 0.01). Vertebrae had higher activity than the other 
regions. FDG uptake also differed within a bone site 
(i.e. vertebrae and femur). Lumber vertebra had the 
highest uptake in the vertebral column. Femoral neck 
had the highest uptake in the femur. 

Treatment response of bone marrow 
Figures 2A and 3A show schematic representa-

tions of radiation fields for H&N and Pelvis treat-
ments, respectively. FDG uptake in the irradiated re-
gions was significantly decreased on the first and 
second follow-up after radiation (Figs. 2B and 3B, p < 
0.05). Average FDG uptake change within an irradi-
ated region between baseline and the first follow-up, 
and baseline and the second follow-up were 21.7% 
and 31.6% for H&N cases, and 28.6% and 31.9% for 
Pelvis cases, respectively. The change patterns were 
different between these groups. The degree of the 
decrease was similar in patients treated for H&N 
cancer between baseline to the first follow-up, and the 
first to the second follow-up (Fig. 2C). A smaller 
change was observed in the first to the second fol-
low-up than baseline to the first follow-up in the Pel-
vis treatment group (Fig. 3C). The uptake was not 
recovered by the second follow-up in both groups 
(Figs. 2B, C and Figs. 3B, C, p < 0.05). 

 
Figure 1. BM functional heterogeneity for all patients. Mean FDG uptake and standard error bars are shown. FDG uptake is significantly different among bone regions 
(p < 0.01). Lumber vertebra has the highest uptake in the spinal column. Femoral neck has the highest uptake in the femur. 
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Figure 2. (A) Representation of radiation fields for H&N irradiation. (B) FDG uptake in irradiated region and non-irradiated region. (C) FDG uptake among different 
anatomical regions. (†: p < 0.05). 

 
 When uptake changed within an irradiated re-

gion, the extent of the change was dramatically dif-
ferent among the anatomical locations. Uptake change 
in cervical vertebra showed larger decrease in the 
second follow-up from the first follow-up while the 
thoracic vertebra had an opposite pattern in H&N 
cases. In Pelvis cases, the change in uptake at the sa-
crum was the largest in each observed period with a 
larger change in the first follow-up. A degree of up-
take change within femur showed that the largest 
change was observed in femoral neck. 

Non-irradiated regions in H&N cases showed 
significant decreases in FDG uptake (Fig. 2B). Several 
bones outside the radiation field showed dramatic 
change after radiation; specifically the glenoids in the 
second follow-up in the H&N group (Fig. 2C, p < 0.05) 
and cervical vertebra in the Pelvis group (Fig. 3C, p < 
0.05). 

Correlation with CBC 
Table 1 shows time course change of hemato-

logical parameters from 32 patients. Overall, CBC 
significantly decreased after treatment. CBC parame-
ters, excluding hemoglobin, were decreased up to the 
second follow-up. Lymphocytes showed the greatest 
decline after treatment. 

Table 1. Time course change of hematological parameters. 

 Baseline 
(n=29) 

First follow-up 
(n=29) 

Second follow-up 
(n=14) 

Blood cell type Mean SD Mean SD Mean SD 
WBC*† 9.4 (5.2) 6.4 (6.0) 5.7 (1.4) 
RBC*† 4.4 (0.6) 4.0 (0.5) 3.9 (0.6) 
Hemoglobin*† 12.9 (1.8) 12.0 (1.6) 12.3 (1.6) 
Hematocrit*† 38.6 (4.5) 35.8 (4.2) 36.4 (4.0) 
Platelet* 269.6 (72.5) 227.5 (53.5) 221.0 (60.8) 
Neutrophil*† 6.8 (4.7) 5.2 (6.2) 4.0 (1.8) 
Lymphocyte*† 1.8 (1.3) 0.7 (0.3) 0.8 (0.5) 
Monocyte* † 0.7 (0.3) 0.5 (0.2) 0.4 (0.2) 
Overall CBC significantly decreased after treatment. CBC excepting for hemoglobin 
kept significant low level on the second follow-up. Lymphocyte showed the great-
est decline after treatment. 
* Baseline of CBC (WBC, RBC, hemoglobin, Hematocrit, Platelet, Neutrophil, 
Lymphocyte, and Monocyte) significantly decreased compared with first follow-up 
(p < 0.05). 
†Baseline of CBC (WBC, RBC, hemoglobin, Hematocrit, Neutrophil, Lymphocyte, 
and Monocyte) significantly decreased compared second follow-up (p < 0.05). 

 
 
 Table 2 shows the correlation between regional 

FDG uptake and WBC or neutrophil. Correlation 
values of each parameter with FDG uptake varied 
among skeletal regions and scan time points. The sa-
crum and lumbar had the first and second highest 
correlation with WBC on baseline and the first fol-
low-up, respectively. On the second follow-up, the 
lumbar vertebra had the highest correlation. 
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Table 2. Correlation between regional FDG uptake and WBC or 
neutrophil  

 WBC Neutrophil 
Regions Baseline First 

follow-up 
Second 

follow-up 
Baseline First 

follow-up 
Second 

follow-up 
Glenoid 0.24 -0.06 -0.07 0.19 -0.06 0.08 
Proximal 
Humerus 

0.21 -0.22 -0.04 0.20 -0.20 0.09 

Cervical 
Spine 

0.05 -0.19 -0.26 0.00 -0.19 -0.25 

Thoracic 
Spine 

0.24 -0.05 -0.11 0.16 -0.02 0.04 

Lumbar 
spine 

0.37* 0.23 0.37 0.33 0.24 0.40 

Sacrum 0.39* 0.32 0.28 0.40* 0.32 0.36 
Femoral 
Head 

0.01 0.01 -0.29 0.02 0.02 -0.17 

Femoral 
Neck 

0.18 -0.04 0.17 0.15 -0.04 0.34 

Proximal 
Femur 

0.09 0.19 0.00 0.08 0.19 0.14 

Correlation values of each parameter with FDG uptake varied among skeletal 
regions and scan time points. Sacrum and lumbar were the first and second highest 
correlation between baseline and the first follow-up, respectively. On the second 
follow-up, the lumbar spine had the highest correlation. 
* Correlation is significantly different from 0 (p < 0.05). 

 

Discussion 
Longitudinal whole body FDG-PET imaging re-

vealed regional heterogeneity in BM (i.e. BM metabo-

lism differences) and site dependent responses to ra-
diation by showing a varying amount of the tracer 
uptake. This study was the first attempt to explain BM 
functional heterogeneity and the response to cancer 
treatment within multiple skeletal sites as demon-
strated by FDG-PET/CT images and quantitation. By 
comparing FDG uptake with hematologic parameters, 
we are the first to show a strong correlation between 
FDG uptake and values on long term post treatment 
follow up. 

Our study showed variability of FDG uptake 
depending on the bone sites. FDG uptake can define 
active BM regions [2] and correlates with the number 
of hematopoietic marrow cells [10]. This heterogene-
ity could reflect site-dependent amount of BM con-
tents possibly due to structural and functional dif-
ferences [11, 12]. FDG uptake variations within indi-
vidual bones were also observed, demonstrating BM 
heterogeneous distribution even in a single bone site. 
This heterogeneous distribution within the bone may 
be caused by of anatomical vascular supply differ-
ences. For example, in the femoral neck there is an 
optimal supply of blood via nutrient arteries from the 
femoral circumflex artery penetrating the femoral 
neck region, in contrast to the femoral head and 

 
Figure 3. (A) Representation of radiation fields for Pelvic irradiation. (B) FDG uptake in irradiated region and non-irradiated region. (C) FDG uptake among 
different anatomical regions. FDG uptake is shown with SUV. (†: p < 0.05). 
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proximal femur [13]. Understanding regional func-
tional differences in the BM may be crucial for: a) 
mapping sections of the BM to identify the regions 
that are most affected by disease or clinical interven-
tion rather than random selection of BM regions to 
assay, b) beginning to understand the role that local 
and whole body BM environments may play in the 
interaction with systemic endocrine and immune el-
ements, and c) evaluating the response to disease 
management that incorporate factors such skeletal site 
and BM composition. 

FDG uptake within the radiation field was dra-
matically decreased after treatment. This may be due 
to a reduction in the number of active BM cells fol-
lowing intensive radiation in addition to concurrent 
chemotherapy [2, 10]. The degree of the reduction 
varied across irradiated bone sites and scan time 
points, possibly sustaining site-dependent response to 
radiation. The amount of BM at a skeletal site and/or 
its distribution within the site at baseline could cor-
relate with the variation of FDG uptake after treat-
ment. FDG-PET has been shown to identify hemato-
logically active BM regions in which radiation dose is 
associated with hematologic toxicity [2] and leukemia 
risk [14]. Since we have demonstrated a 
site-dependent response to radiation, radiation ther-
apy treatment plan could be further optimized 
and/or adapted to improve the radiation delivery by 
utilizing such techniques as IMRT or dose painting. 
This may, in turn, reduce toxicity and prevent delays 
in treatment delivery. Whole body FDG-PET/CT 
could be a tool to develop a comprehensive under-
standing of radiation-induced effects on BM metabo-
lism by investigating the temporal (short- and 
long-term) and spatial (local vs distant) effects of ra-
diation on bone structure and function. 

Non-irradiated bone sites showed significant 
decrease of FDG uptake. This reduction could happen 
due to combinations of chemotherapy, scattered ra-
diation dose and abscopal effect. A dominant effect 
contributing to the decrease would depend on a loca-
tion of a bone relative to a radiation field. In this 
study, FDG uptake in the glenoids, for example, was 
significantly decreased in H&N cases. The bone site 
was close to the radiation field as shown in figure 2A 
and the reduction could be mainly explained with a 
scattered radiation dose. 

FDG uptake in sacrum and lumbar had better 
correlation with WBC and neutrophil. The good cor-
relation with neutrophil is due to a) that the neutro-
phil cell series are predominant in BM, b) the main 
energy production pathway in neutrophil is glycoly-
sis and c) the short life span (about 10 h), reflecting 
granulopoiesis at the time blood was collected. Since 
the counts of other blood cells are proportionally less 

and have a longer life span, there was a lower corre-
lation with FDG uptake. Since both of the sites are BM 
rich regions, these sites would reflect the hematopoi-
etic activity more predominantly than other BM re-
gions. This result could indirectly support the 
site-dependent BM function. FDG uptake after the 
second follow-up still showed a lower uptake level 
than baseline, reflecting persistence of BM damage as 
the CBC declined. Correlation of FDG uptake in sa-
crum with the WBC parameters could therefore dra-
matically decrease on the second follow-up. This con-
tinuing damage would be the number of BM cell re-
duced due to a replacement of BM with marrow adi-
pose tissue after treatment. An increase in marrow 
adiposity could potentially lead to an increase in bone 
fracture due to loss of bone density. Clinically, 
FDG-PET/CT represents diffusely increased FDG 
uptake by BM or transient increases of uptake, termed 
“flares“ [15]. It is crucial to differentiate these cases 
from increased uptake due to other causes on PET 
images. Current knowledge on CBC could support 
the interpretation of FDG-PET images for diagnosing 
BM involvement by malignancy. This provides a 
strategy for attacking the disease and assessing BM 
recovering from treatment damage.  

Translational opportunity: Patients experiencing 
marrow damage are often unable to receive their 
subsequent dose of chemotherapy on time or in full, 
thus yielding a negative impact on the success of the 
cancer treatment [6, 7]. Delivery of the planned 
chemotherapy dose is particularly important where 
the treatment goal is for cure or extension of life. Pa-
tients who experience significant treatment-related 
CBC side effects may benefit from greater support to 
maintain bone health. Furthermore, CBC changes 
while receiving radiation or chemotherapy can po-
tentially indicate greater long term treatment damage.  

This study had several limitations. This study 
was a retrospective analysis and needs a prospective 
cohort to affirm these findings. Only patients who 
were diagnosed with a malignancy of H&N, cervix or 
rectum were recruited for this study, thus it is uncer-
tain whether our findings are specific to these diseas-
es. The time of the first PET/CT scans and second 
PET/CT scans were not controlled and cross-sectional 
comparisons should be done with caution. Radiation 
dose and extension of the field varied. Similarly, there 
are variations in chemotherapy dose and the duration 
of treatment. In this study, the goal was to measure 
FDG uptake changes in pre- and post-treatment for 
the same patient population. Sample size was limited. 
Healthy controls may help to identify the relative risk 
of bone loss in different treatment groups and healthy 
subjects.  
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Conclusion 
Longitudinal FDG-PET/CT revealed regional 

functional heterogeneity of BM, site-dependent re-
sponse to treatment and correlation with hematolog-
ical parameters. BM function differs not only 
throughout the skeleton but also within an individual 
bone site. The response of BM to a treatment depends 
on the bone site. CBC such as WBC and neutrophil 
has a correlation to FDG uptake in BM-rich skeletal 
regions. A prospective longitudinal study conjunction 
with molecular and biochemical mechanisms will be 
further conducted. 
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