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To evaluate the effects of hematopoietic cytokines on bone mar-
row glucose metabolism noninvasively, we studied serial quan-
titative FDG-PET images in 18 patients with metastatic mela-
noma and nomal bone marrow who were undergoing
granulocyte-macrophage colony-stimulating factor (GMCSF) or
macrophage colony-stimulating factor (MCSF) administration as
an adjunct to chemotherapy. Methods: All patients received 14
days of cytokine therapy in three groups: four patients were
treated with GMCSF (5 ug/kg/d SQ), eight patients were treated
with GMCSF (5 ungkg/d SQ) and monocional antibody
(MAbR24) and six patients were treated with MCSF (80 ug/kg/d
IVCI) and MAbR24. Dynamic FDG-PET imaging was performed
over the lower thoracic or upper lumbar spine at four time points
in each patient. Results: Baseline glucose metabolic rates in the
bone mamrow of these three groups of patients were similar
(5.2+0.7,4.4 = 0.8 and 4.8 + 1.2 ug/min/g as mean value and
standard deviations, respectively). In both GMCSF and GMCSF
+ R24 groups, rapid increases in bone mamrow glucose meta-
bolic rates were observed during therapy. After GMCSF was
stopped, bone mammow glucose metabolic rates rapidly de-
creased in both groups. The glucose metabolic response in
these two groups was not significantly different by pooled t-sta-
tistics (p = 0.105). In the MCSF + R24 group, the increase of
glucose metabolic rate on Days 3 and 10 was 35% and 31%
above baseline on the average, but was not significant.
Conclusion: The results support the use of parametric FDG-
PET imaging for noninvasive quantitation of bone marrow glu-
cose metabolic changes to hematopoietic cytokines in vivo.
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Hematopoietic cytokines, such as granulocyte-
macrophage colony-stimulating factor (GMCSF) and
macrophage colony-stimulating factor (MCSF), are a
family of glycoprotein growth factors that have potent
effects in stimulating proliferation, differentiation and
survival of hematopoietic progenitor cells in the bone
marrow (I-3). GMCSF has been mass-produced with
recombinant technology and has been used increas-
ingly for preventing patients from developing myelosup-
pressive effects of radiation and chemotherapy (4).
Furthermore, in the appropriate setting, it may also aug-
ment the antineoplastic effect in some solid tumors by
increasing the number of circulating effector cells and
by enhancing granulocyte antibody-dependent cellular
cytotoxicity (5).

In vivo studies have demonstrated that GMCSF and
MCSF can elevate glucose utilization of immune-compe-
tent tissues and whole-body glucose turnover due to a
marked glucose metabolic response of polymorphonuclear
cells and macrophages after GMCSF and MCSF injection
(6,7). With PET, biochemical imaging can be performed,
allowing noninvasive, in vivo quantitative assessment of
glucose metabolic rate in various tissues using 'SF-
fluorodeoxyglucose (FDG). PET with FDG was first uti-
lized in humans to quantify cerebral glucose metabolism
(89), based on a tracer kinetic method developed by
Sokoloff et al. (10). Because of the high glycolic rate of
many malignancies (I1), quantitative FDG-PET imaging
has been employed to detect the presence of malignant
tissues (12-18) and to quantify changes in tumor glycolysis
during and after treatment (19-22).

We hypothesized that the FDG-PET method can
demonstrate changes in glucose metabolic rate of bone
marrow after cytokine therapy. In this study, we per-
formed serial kinetic bone marrow FDG-PET scans in
patients with metastatic melanoma who were undergoing
GMCSF or MCSF administration as an adjunct to
chemotherapy to assess the effect of cytokines on bone
marrow glucose metabolism.
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TABLE 1
Baseline Characteristics of 18 Patients with Metastatic Melanoma in Different Protocols

GMCSF GMCSF + R24 MCSF + R24
Number of patients 4 8 6
Age (yn 55+ 18 47 + 8 57+ 11
Gender (M,F) 3.1 44 33
Therapy regimen GMCSF (5 ugkg/d SQ) + 14d GMCSF (5 ugkg/d SQ) » 14d MCSF (80 ug/kg/d IVIC) + 14d
and R24 = 7D (Days 4 to 10) and R24 + 7D (Days 4 to 10)
Bone marrow 52+07 44 +08 48+1.2
GMR (ng/ming)

GMR = glucose metabolic rate; values are mean and standard deviation.

MATERIALS AND METHODS

Patients and Treatment Regimen

The study group consisted of 18 patients with biopsy-proven
metastatic melanoma and without evidence of bone marrow
metastases who were part of a clinical protocol for assessing the
efficacy of various chemotherapeutic regimens and who also un-
derwent serial dynamic FDG-PET imaging of the thoraco-lumbar
region. All patients received 14 days of GMCSF or MCSF as
adjunctive treatment with different chemotherapeutic protocols:
four patients were treated with GMCSF (5 ug/kg/d SQ) alone
during the period of study, eight patients were treated with
GMCSF (5 ng/kg/d SQ) and monoclonal antibody (MabR24, from
Day 4 to Day 10) and six patients were treated with MCSF (80
ug/kg/d IVCI) and MabR24 (from Day 4 to Day 10). All patients
gave informed consent; the study protocol was approved by the
UCLA Human Subject Protection Committee.

Image Acquisition

Dynamic FDG-PET imaging was performed over the lower
thoracic or upper lumbar spine regions at four time points: 3 days
prior to cytokine therapy, 3 days and 10 days during therapy, and
3 days after therapy. The patients were positioned supine with
two pillows under the patient’s knee for comfort and for straight-
ening the lumbar curvature of the spine.

Following intravenous injection of 10 mCi of FDG, dynamic
images were acquired with a Siemens/CTI 931/08 (Knoxville, TN)
tomograph. The device simultaneously acquired eight cross-sec-
tional images, each 6.75 mm thick, with a total axial field of view
of 10.8 cm. A 20-min transmission scan was obtained using a
%Ge/®Ga external ring source in order to correct for photon
attenuation effect. The dynamic sequence consisted of twelve
10-second scans, four 30-second scans and fourteen 240-second
scans for a total scan time of 60 min. Cross-sectional images were
reconstructed using a Shepp-Logan filter with a cutoff frequency
of 0.30 Nyquist frequency, yielding an in-plane spatial resolution
of 10 mm FWHM. From a dorsal hand vein, heated to 44°C to
arterialize blood, 2-ml blood samples were taken at 5-10-sec in-
tervals over the first 3 min and at progressively lengthening inter-
vals over the duration of the study (8). Assays of '°F plasma
concentrations were performed in a Nal well counter after cen-
trifugation of the blood samples. A cylinder phantom filled with
%8Ge/**Ga solution was scanned on the same day of the PET study
to determine the conversion factor between image data in units of
counts/pixel/sec and well counter data in units of counts/ml/sec.

Patients’ plasma glucose concentrations were determined using
a quantitative enzymatic (hexakinase) assay before tracer injec-
tion and at 15, 30, 45 and 60 min during imaging of each study.
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Caiculation of Bone Marrow Glucose Metabolic Rate

Patlak graphical analysis was used to generate parametric im-
ages of the rate constant Kpat (ml/min/g) for net phosphorylation
of FDG as reported previously (23). A good correlation between
K values from nonlinear regression and from Patlak graphical
analysis has been reported in metastatic melanoma lesions (24).

Regions of interest (ROISs) were drawn over the vertebral bod-
ies. The ROI size and anatomic location were determined based
on the post-treatment transaxial PET images, which had generally
higher bone marrow glucose metabolism, and were correlated
with the anatomical location shown on CT. Average ROI counts
were obtained by averaging ROI counts from each vertebral body
demonstrated in the PET images. In each patient, identical ROIs
were used for repeat studies by applying the ROI from the post-
treatment image to the baseline image. To identify the location of
bone marrow in those patients with very low baseline bone mar-
row activity, the post-treatment PET images were registered to
the baseline image using a previously described method (25). This
allowed selection of identical ROISs on serial studies.

The glucose metabolic rate (ug/min/g) of bone marrow was
calculated according to Huang et al. (9):

glucose metabolic rate = Kp-t . CP/LC,

where K,,, is the average K value of bone marrow from paramet-
ric images, C, is the mean plasma glucose concentration through-
out the image acquisition and LC is the lumped constant, which
acoounts for the differences in the transport and phosphorylation
of FDG and glucose and was assumed to be 1.0 for bone marrow
and remained constant in this study.

Statistical Analysis

Repeated measures analysis of variance and t-tests for unpaired
samples were used. Statistical significance was indicated at the
5% level.

RESULTS

The baseline characteristics of the study population are
listed in Table 1. There were four patients in the GMCSF
group, eight patients in the GMCSF + R24 group and six
patients in the MCSF + R24 group. The baseline bone
marrow glucose metabolic rates were similar in these three
groups (5.2 + 0.7 pug/min/g, 4.4 + 0.8 ug/min/g and 4.8 =
1.2 ug/min/g, respectively).



o BT
awmwmwmwmmwmy

2
!

MCSF+R24

FIGURE 1. Gilucose metabolic rate (ug/min/g) of bone marrow before, during and after cytokine treatment in different groups. Individual
and average glucose metabolic rates in GMCSF (n = 4), GMCSF + R24 (n = 8) and MCSF + R24 (n = 6) groups are represented in graphs
A, B and C, respectively. *p < 0.01, 'p < 0.001, *p < 0.05. NS = not significant compared to glucose metabolic rates on Day 0.

Effect of GMCSF on Bone Marrow Glucose
Metabolic Rate

Alteration of bone marrow glucose metabolic rate be-
fore, during and after GMCSF therapy is presented in
Figure 1A. During GMCSF therapy, all four patients
showed rapid increase of bone marrow glucose metabolic
rate from a baseline of 5.2 = 0.7 ug/min/g to 10.2 = 1.7
ug/min/g on Day 3 (97% increase, p < 0.01) and continued
increase to 14.0 ug/min/g on Day 10 (170% increase, p <
0.001). Three days after discontinuation of GMCSF, three
patients had a rapid fall of bone marrow glucose metabolic
rate to 8.3 * 0.29 ug/min/g (60% increase above baseline).
Patient 4 did not complete this study.

Effect of GMCSF + R24 on Bone Marrow Glucose
Metabolic Rate

The bone marrow response to GMCSF + R24 during
therapy (Fig. 1B) showed a similar pattern but with a higher
increase in the glucose metabolic rate as compared to the
GMCSF group. The average glucose metabolic rate was
increased from 4.4 + 0.8 ug/min/g at baseline to 13.8 + 6.5
ug/min/g on Day 3 (215% increase, p < 0.01) and 16.8 + 5.8
ug/min/g on Day 10 (285% increase, p < 0.001). Despite
some variation in the degree of response among patients,
all patients receiving GMCSF + 24 therapy had rapid and

significant increases in bone marrow glucose metabolic |

rate on Day 3 during therapy (varied from 90% to 403%

increase). On Day 10 of therapy, five patients showed |
continued increase of glucose metabolic rate, two patients |

(Patients 5 and 6) remained at the same level and one
patient (Patient 4) showed a reduction of glucose metabolic
rate compared to Day 3. After GMCSF was stopped, all
five patients completing this study showed rapid decreases
in the glucose metabolic rate, but still significantly higher
than baseline levels (86% increase, p < 0.05). On visual
inspection, hypermetabolic bone marrow could be ob-
served in the vertebral bodies, ribs and sternum in all
patients on Days 3 and 10 after GMCSF administration.
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The uptake pattern was homogeneous and symmetrical in
distribution (Fig. 2).
Effect of MCSF + R24 on Bone Marrow Glucose
Metabolic Rate

In the six patients receiving MCSF + R24, the average

bone marrow glucose metabolic rate was increased from
4.8 * 1.2 pg/min/g to 6.5 + 2.5 ug/min/g on Day 3 (35%

Before

FIGURE 2. Transaxial FDG-PET images of the lower thoracic
region before (left) and after (right) GMCSF administration in Patient
4 of the GMCSF + R24 group. Unprocessed dynamic images from
48-60 min after FDG injection are in the upper row; parametric
images are in the lower row. After GMCSF administration, striking
bone marrow glucose metabolism is demonstrated in the vertebral
body, ribs and stemum. Notice the cardiac blood pool and right liver
dome activity are suppressed in the parametric images since FDG
uptake in these organs does not follow the Patiak model.
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TABLE 2
Effects of Different Protocols on Glucose Metabolic Rate in Bone Marrow

Baseline During therapy After therapy
Group Day 0 Day 3 Day 10 Day 17
GMCSF 52+0.7 102+ 1.7 (97)* 14.0 = 2.3 (170)* 8.3 +29(60)
GMCSF + R24 44 +08 13.8 + 6.6 (215)* 169 + 5.7 (285)" 8.1 +23 (86)*
MCSF + R24 4812 6.5+ 25 (35) 6.3 +23(31) 6.0 + 2.6 (24)

*p < 0.01, *p < 0.001, ¥<0.05; vs. Day 0.

Values are glucose metabolic rates in ug/min/g for means + s.d. (% increase).

increase) and 6.3 * 2.3 ug/min/g on Day 10 (31% increase)
after injection of MCSF, but this was not significant (Fig.
1C). Alterations of glucose metabolic rate among these
patients varied from 12% below to 93% above baseline on
Day 3, and 4% below to 93% above baseline on Day 10.
Three patients showed a slight increase in bone marrow
glucose metabolic rates during therapy (Patients 3, 4 and
5), while three patients had no change (Patients 1, 2 and 6).

Comparison of Bone Marrow Glucose Metabolic
Response between Groups

The effect of different protocols on average bone mar-
row glucose metabolic rate in the three groups is summa-
rized in Table 2. In both GMCSF and GMCSF + R4
groups, a rapid and significant increase in bone marrow
glucose metabolic rate on Day 3 (97% and 215% increase,
respectively, p < 0.01) and a continued increase on Day 10
(170% and 285%, respectively, p < 0.001) during therapy
as noted. Patients treated with GMCSF + R24 had higher
glucose metabolic rates than with GMCSF during therapy
(215% increase versus 97% increase on Day 3 and 285%
increase versus 170% increase on Day 10). A pooled t-sta-
tistic was used to test for differences between GMCSF
versus GMCSF + R24 groups on Day 10. This difference
was not significant (p = 0.105). Three days after discontin-
uation of GMCSF, bone marrow glucose metabolic rates
decreased rapidly toward baseline levels, dropping from
170% to 60% above baseline in the GMCSF group, and
dropping from 285% to 86% above baseline in the GMCSF
+ R24 group. In the MCSF group, the increase of glucose
metabolic rate on Days 3 and 10 averaged 35% and 31%
above baseline, respectively, but did not attain statistical
significance at the p < 0.05 level.

DISCUSSION

PET is demonstrating an increasingly important role in
the understanding of human biochemistry. Over the past
decade, PET has been used to elucidate numerous biolog-
ical processes noninvasively. PET with FDG has proved to
be valuable for the noninvasive assessment of organ glu-
cose metabolism, primarily in the brain and heart, and a
wide variety of tumors. The rapidly increasing use of PET
and FDG in whole-body imaging to identify, grade and
stage tumors prior to and following therapy has caused
investigators to examine the normal or abnormal metabo-

PET Imaging of Bone Marrow Glucose Metabolic Response © Yao et al.

lism of glucose throughout all organ systems of the body.
In the present study, we showed glucose metabolic alter-
ations occurring in the bone marrow of 18 patients who
received GMCSF or MCSF as adjunctive therapy for met-
astatic melanoma.

We observed an increase in bone marrow glucose met-
abolic rates by 170% and 285% on Day 10 during GMCSF
administration in the GMCSF and GMCSF + R24 groups,
respectively. Although not proven in this study, increased
bone marrow glucose metabolic rates could be explained
by an increased proliferation of bone marrow cells. This is
supported by in vivo studies which showed an increase of
bone marrow cellularity with a marked preponderance of
neutrophilic and eosinophilic precursors during GMCSF
therapy in patients with refractory anemia (26) and in pa-
tients with solid tumors (27). GMCSF produced a 3-5-fold
increase in circulating leukocytes and a marked increase in
the proportion of immature cells and the leuko-erythroge-
netic ratio in bone marrow. Quantitative estimation of
GMCSF effects showed that GMCSF increased the birth
rate of bone marrow cycling cells from 1.3 to 3.4 cells/hr.

Although not statistically significant, bone marrow glu-
cose metabolic rates in patients treated with GMCSF +
R24 tended toward higher values than with GMCSF alone.
It is possible that the monoclonal antibody MAbR24 could
have contributed to the bone marrow glucose response in
these patients. This effect, however, was not apparent
during the study period.

We also observed a rapid “‘on-off”” profile change in
bone marrow glucose metabolic rate after GMCSF admin-
istration. A rapid increase in bone marrow glucose meta-
bolic rates was observed 3 days after initiation of GMCSF
injection followed by a persistent increase 10 days and
rapid decrease 3 days after discontinuation of GMCSF.
The pattern is very similar to in vivo studies using recom-
binant GMCSF in patients with solid tumors (27) and with
AIDS (28), which showed an increase in circulating leuko-
cyte count in the same rapid on-off profile. In their obser-
vations, the leukocyte count returned to approximate base-
line levels in all patients within 3 days when GMCSF was
discontinued, probably due to a sudden drop of prolifera-
tive activity of bone marrow elements. Indeed, they found
that 48 to 96 hr after discontinuation of GMCSF, the pro-
portion of S-phase blood marrow progenitors rapidly
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dropped to values lower than baseline levels. In this study,
however, the increase in bone marrow glucose metabolic
rates was sustained longer. Three days after discontinua-
tion of GMCSF, there was still a 60% and 86% increase in
glucose metabolic rates in bone marrow in the GMCSF and
GMCSF + R24 groups, respectively. In four patients re-
ceiving GMCSF + R24 therapy, bone marrow glucose
metabolic rates remained significantly higher than baseline
levels 22 to 34 days after administration of GMCSF and
returned to approximate baseline levels at 42-45 days (data
not shown). This suggests that for follow-up PET imaging,
there may be significant residual bone marrow glucose
metabolic response up to 4 wk after stopping GMCSF
therapy.

The glucose metabolic rate in the MCSF group was not
significantly different than baseline values. A lower re-
sponse and small sample size may have contributed to the
nonsignificance. The possible biological influence of MCSF
would require additional patients for study.

There has been a good deal of uncertainty as to which
cells are involved by these two cytokines due to the het-
erogeneity of marrow populations and the difficulty in ob-
taining pure populations for study. In vitro findings have
indicated that GMCSF is a multilineage stimulator for pro-
genitor cells of granulocyte, monocyte-macrophage and
eosinophil colonies (27), whereas MCSF only stimulates
the growth of monocyte-macrophage progenitors. In nor-
mal adult bone marrow, granulocytes and their precursors
are predominant (about 60% of hematopoietic cells) com-
pared to monocyte-macrophages (2%-5%). This could ex-
plain the significant increase in bone marrow glucose met-
abolic rates during GMCSF therapy compared to a more
modest response during MCSF therapy.

Although the argument can be made that the increase in
bone marrow activity could be the progression of bone
marrow metastases, it is unlikely because of:

1. A previously normal PET study.

2. The rapid increase in glucose metabolic rates within
days.

3. A history of cytokine therapy.

4. Diffuse distribution of hypermetabolic bone marrow.

5. Normal corresponding CT findings without evidence
of bone metastases.

6. Rapid decrease in glucose metabolic rates after stop-

ping cytokines.

With the increasing use of cytokines in cancer patients and
FDG-PET in oncology, hypermetabolic bone marrow may
be observed more frequently and should not be misinter-
preted as bone marrow metastases. This can be easily
differentiated because cytokine response is diffuse, but this
will produce an increase in background activity for identi-
fication of metastatic foci.

Hypermetabolic bone marrow also has been reported in
21T] scanning (29), ™Tc-MDP bone scanning (30) and
9mTc-colloid scanning (37) during cytokine therapy. Re-
cent MRI studies of the effects of cytokine on bone marrow
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have revealed dramatic intensity changes in the bone mar-
row on MR images after cytokine infusion. These changes
correlated with histologic findings of replacement of fatty
marrow by hematopoietic marrow containing numerous
granulocytes (32). Different mechanisms may be involved
with these imaging findings and further study for their
frequency and timing is necessary.

CONCLUSION

Quantification of biological processes with PET imaging
provides a means for directly measuring metabolic and
biochemical abnormalities as well as assessing treatment
responses in humans. We demonstrated alterations of bone
marrow glucose metabolic response to hematopoietic cy-
tokines on FDG-PET images. GMCSF can induce a signif-
icant increase in glucose metabolic rates in bone marrow,
whereas MCSF had only a slight effect. In using PET and
FDG to quantify metabolic changes of malignant tumors
after chemotherapy, leukocytic response to GMCSF or
other cytokines should be taken into consideration.
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