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ABSTRACT

Background: Because granulocyte colony-stimulating fac-
tor (G-CSF) has anti-inflammatory and neuroprotective
properties and is known to mobilize stem cells, it may be
useful in the treatment of acute ischemic stroke. We sought
to examine the feasibility, safety and efficacy of using G-CSF
to treat acute stroke.

Methods: We conducted a randomized, blinded controlled trial
involving 10 patients with acute cerebral infarction (middle
cerebral artery territory as documented by the admission MRI)
who presented within 7 days of onset and whose scores on the
National Institutes of Health Stroke Scale (NIHSS) were be-
tween 9 and 20. Patients were assigned to either G-CSF therapy
or usual care. The G-CSF group (n = 7) received subcutaneous
G-CSF injections (15 ug/kg per day) for 5 days. The primary out-
come was percentage changes between baseline and 12-month
follow-up in mean group scores on 4 clinical scales: the NIHSS,
European Stroke Scale (ESS), ESS Motor Subscale (EMS) and
Barthel Index (BI). We also assessed neurologic functioning us-
ing PET to measure cerebral uptake of fluorodeoxyglucose in
the cortical areas surrounding the ischemic core.

Results: All of the patients completed the 5-day course of
treatment, and none were lost to follow-up. No severe ad-
verse effects were seen in patients receiving G-CSF. There was
greater improvement in neurologic functioning between
baseline and 12-month follow-up in the G-CSF group than in
the control group (NIHSS: 59% change in the mean G-CSF
group score v. 36% in the mean control group score, ESS:
33% V. 20%, EMS: 106% v. 58%, Bl: 120% v. 60%). Although
at 12 months there was no difference between the 2 groups in
cerebral uptake of fluorodeoxyglucose in the ischemic core,
uptake in the area surrounding the core was significantly im-
proved in the G-CSF group compared with the control group.
There was positive correlation between metabolic activity and
EMS score following simple linear correlation analysis.

Interpretation: Our preliminary evidence suggests that using
G-CSF as therapy for acute stroke is safe and feasible and leads
to improved neurologic outcomes.

CMAJ 2006;174(7):927-33.

erebrovascular disease is a major cause of death and

disability worldwide.* Currently, some thrombolytic

agents such as tissue plasminogen activator and
urokinase are available to patients who have experienced
acute stroke, but results may be complicated by hemor-
rhagic transformation, and the therapeutic window of only a
few hours limits their wide use.? However, recent studies
have shown that neurons suitable for transplantation can be
generated from stem cells in culture and that, in response to
injury, the adult brain produces new neurons from endoge-
nous stem cells.>* These findings indicate the possibility of
developing stem cell therapies to treat human neurodegen-
erative disorders. For example, bone marrow cell transplan-
tation following cerebral ischemia in an animal model has
been shown to reduce infarction volume through the differ-
entiation of bone marrow stem cells into both neurons and
glial cells.” In one clinical trial, 12 patients who had experi-
enced chronic strokes affecting the basal ganglia received
intracerebral transplantation of neurons generated from the
human NT-2 teratocarcinoma cell line.® Neurologic im-
provement was correlated by improved fluorodeoxyglucose
uptake at the graft site in PET scans of 6 of 11 patients at 6
months after transplantation.”

Granulocyte colony-stimulating factor (G-CSF) is a mem-
ber of the cytokine family of growth factors. Administration
of G-CSF is known to mobilize hematopoietic stem cells
from the bone marrow into the peripheral blood.®* Hema-
topoietic stem cells have been used in place of bone marrow
cells in transplantation for the regeneration of non-
hematopoietic tissues such as skeletal muscle and the heart.’
G-CSF has been used extensively for over 10 years in the
treatment of neutropenia as well as for bone marrow recon-
stitution and stem cell mobilization.* Furthermore, G-CSF
has also been used as an anti-inflammatory agent in murine
endotoxemia.* This is particularly significant in view of
findings that implicate inflammation in the pathophysiology
of cerebral ischemic injury.*> For example, activated neu-
trophils have been shown to promote cerebral ischemic in-
jury by microvascular plugging and the production of cyto-
toxic substances.*® Thus, a therapeutic approach that
reduces inflammation may protect against cerebral ischemic
injury. In a recent study, G-CSF exerted a potential neuropro-
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tective effect in cell culture against excitotoxicity and in rats
with cerebral ischemia.* Because of its anti-inflammatory
and neuroprotective properties and its capacity to mobilize
stem cells, G-CSF has the potential to be used in clinical ap-
plications, including those following myocardial infarction
and stroke.

In this study, we evaluate the clinical effects of G-CSF ther-
apy for acute stroke by measuring as our primary end point
the percentage change in group scores between baseline and
12-month follow-up on the National Institutes of Health
Stroke Scale (NIHSS), European Stroke Scale (ESS), ESS Mo-
tor Subscale (EMS) and Barthel Index (BI). On the basis of re-
sults achieved in our previous animal study," we postulated
that patients given G-CSF would show greater improvement
in neurologic functioning than patients not given G-CSF. We
also sought to determine the safety and adverse events of G-
CSF therapy.

Methods

We recruited patients 35—75 years of age with a first episode
of acute cerebral infarction localized in the middle cerebral
artery territory as confirmed by MRI who presented to the
emergency department within 7 days of onset. Patients were
eligible if they were between 35 and 75 years of age and had a
score of between ¢ and 20 on the NIHSS. We excluded pa-
tients with other intracranial pathologies (e.g., tumours, in-
fection); a history of major bleeding requiring blood transfu-
sion or of leukopenia, thrombocytopenia, or hepatic or renal
dysfunction; or evidence of malignant disease. We also ex-
cluded patients who were pregnant or nursing.

After giving informed consent to the study, patients were
randomly assigned to receive G-CSF therapy or usual care.
Randomization was carried out in the emergency department
in the following manner: the clinician responsible for the pa-
tient selected an opaque envelope that contained the treat-
ment assignment. The envelopes were prepared by one per-
son who was responsible for treatment assignment and was
unfamiliar with the patients.

Following enrollment, patients were assessed with a med-
ical history, review of current medication and physical and
neurologic examination. We determined stroke symptoms
using an inhospital questionnaire that included questions
about lifestyle before symptom onset and the acute or rapid
progressive onset of symptoms such as limb weakness and
slurred speech. To determine stroke severity we used the
NIHSS administered at hospital admission (scores range
from o to 42, with higher scores indicating increasing sever-
ity) as well as the ESS (scores range from o to 100, with lower
scores indicating increasing severity), EMS (scores range
from o to 58, with lower scores indicating increasing severity)
and BI (scores range from o to 100, with lower scores indicat-
ing increasing severity).’>"” Blood samples were obtained for
routine laboratory tests, including complete blood counts and
serum cytokine and C-reactive protein levels. Neuroimaging
studies consisting of the MRI scan taken at hospital admis-
sion and fluorodeoxyglucose PET (FDG-PET) were used to as-
certain intracranial vascular condition.
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After all of the data had been recorded, patients assigned
to receive G-CSF were given 15 ugl/kg G-CSF (Filgrastim,
Kirin, Japan) subcutaneously for 5 consecutive days. Other
routine medications, such as fluid supplements and an-
tiplatelet or anticoagulant agents, were given to all of the
study participants unless contraindicated. Patients with hy-
pertension were given antihypertensive drugs at the discre-
tion of their physician. Leukocyte counts were measured daily
from blood samples. One week after admission, neurologic
function was assessed again in all of the participants using all
4 clinical stroke scales, and each patient was then discharged.

After discharge, all of the patients were followed up every
1-3 months in the out-patient department for one year. At
each visit, any adverse events following G-CSF administration
were recorded, and the results of NIHSS, ESS, EMS and BI as-
sessments were examined to complete a formal chart. Stan-
dard laboratory tests were also conducted, and MRI and PET
scans were taken at the 6-month visit. An independent safety
committee from Tzu-Chi Hospital, Hualien, Taiwan, moni-
tored the results of the trial. All clinical information and eval-
uation data from each patient were assessed by blinded data
recorders and clinicians.

At 12 months, each patient also underwent FDG-PET to
examine the metabolic activity of the brain neurons and MRI
to investigate the abnormality or injury of the cerebral struc-
tures. FDG-PET was performed with a whole-body PET scan-
ner in 3-dimensional mode (septa retracted) using a Discov-
ery LS PET-CT System (GE Healthcare, Waukesha, Wis.). The
overall examination procedure was the same as that described
in a previous study.® Patients received a single dose of FDG (7
mCi) intravenously, and emission scanning was performed
for a total of 30 minutes beginning 40 minutes after injection.
The data from PET were corrected for radioactive decay and
attenuation by transmission, reconstructed with zoom at 2.5
and Hanning at 0.5, and then summed.

MRI was performed using an EXCITE 3T (GE Healthcare,

Acute stroke patients examined within 7 d
of onset, clinically stable and with an
National Institutes of Health Stroke Scale
score between 9 and 20
n=10

G-CSF group Control group
n=7 n=3

Y Y

Completed 12-month Completed 12-month
follow-up follow-up
n=7 n=3

Fig. 1: Flow of participants through the study.
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Waukesha, Wis.) at 3.0 Tesla. The entire examination proce-
dure was the same as that described in a previous study.*® The
patient was supported on a wooden cradle, and his or her
head was placed in a human head coil with an outer diameter
of 5 cm. After the acquisition of scout images, 6—8 coronal
plane images were taken between 3 mm behind the olfactory
bulb and the caudal portion of the cerebellum. The slices
were each 2 mm thick without any gaps. MRI to determine
where the stroke was localized was performed when patients
were first admitted to hospital; this scan included axial T1-
weighted, T2-weighted and diffusion-weighted image and
angiography. T2-weighted MRI data were spatially registered
to the image generated by PET using automated image regis-

tration* and were used to guide region-of-interest (ROI)
analysis of the data from PET.

To semiquantitate FDG uptake, the data generated by PET
and fused with MRI were assessed by a senior neuroradiolo-
gist (C.C.L.) using hand-drawn MRI-guided ROI analyses gen-
erated with software made available over the Internet (FSL,
Oxford University; MRIcro and Image J, National Institutes of
Health). The examination procedure described in an earlier
study® was used with some modification. Briefly, a region sur-
rounding the infarcted core was calculated using a 1.5-cm-
thick circumferential ROI analysis. For regional sampling of
semiquantitative radioactivity, the ROI ipisilateral data were
mirrored to the contralateral data to produce a radioactivity

Table 1: Baseline characteristics of acute stroke patients by study group

Time between

Stroke risk factors

Patient onset and start of
no. Sex  Age, yr therapy, d Hypertension Diabetes Lipids* Smoker
G-CSF group
1 F 70 1 + + + =
2 M 64 1 + — — —
3 M 70 3 + + — —
4 M 58 2 + + + =
5 M 70 5 + + + +
6 M 49 1 + — — —
7 F 66 1 + — — +
Control group
1 F 70 + + — —
2 M 67 + + + —
3 F 70 + — — —

Note: F = female, M = male, , G-CSF = granulocyte colony-stimulating factor.

*Lipids = hypertriglyceridemia or hypercholesterolemia or both.

G-CSF group

Fig. 2: Diffusion-weighted MRI scans at baseline of patients in the G-CSF (n=7) and control (n = 3) groups.
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ratio. After correcting for the difference between the ipsilateral
and contralateral hemispheres of the brain through computer
calculation using applied software (FSL, Oxford University;
MRIcro and Image J, NIH), the PET scans taken at 12 months
were subtracted from the baseline PET scans to highlight
those areas of the brain in which recovery had occurred.

The 12-month scores from the NIHSS, ESS, EMS and BI
were used to assess treatment efficacy. Improvement was de-
fined as the percentage change in mean group scores be-
tween baseline and 12 months. Statistical analyses were per-
formed after all of the participants had completed the
12-month evaluation. The scale scores were analyzed in terms
of percentage of recovery in neurologic deficits, which were
calculated as the mean and standard deviation (SD) from
baseline for each efficacy variable. Data showing normal dis-
tribution were analyzed using a Student t test (2-sided),
whereas data not meeting this criterion were examined with

nonparametric Wilcoxon 2-sample techniques. Comparison
between groups was performed with Bonferroni-corrected
ANOVA testing. Simple linear correlation analysis was used
to investigate the relation between regional metabolic activity
surrounding the infarction core under FDG-PET and the EMS
score relative to baseline. Statistical significance was assumed
atavalue of pless than o.05.

The Institutional Review Board of the Buddist Tzu-Chi
Hospital, Hualien, Taiwan, approved the study protocol, and
the study was conducted in accordance with the Declaration
of Taiwan.

Results
A total of 10 patients were enrolled in the study, of whom 3

received usual care and 7 G-CSF therapy (Fig. 1). There were
no losses to follow-up over the study period. There was no

Table 2: Leukocyte counts and C-reactive protein levels at baseline and during the hospital stay and clinical stroke

scale scores at baseline and 12-month follow-up

Leukocyte count, x 10°/L

CRP level,* mg/L

Stroke scale scores at baseline / at 12 mo

Maximum during

Maximum during

Patient no.  Baseline 7-d hospital stay Baseline 7-d hospital stay NIHSSt ESSt EMSS BIY
G-CSF group
1 10.8 47.2 0.22 0.34 1/2 54 / 57 12 / 35 20/ 90
2 4.5 34.8 0.11 0.21 9/1 89 / 100 47 / 58 65 / 100
3 7.8 35 0.19 0.36 16 /8 36 / 65 4/ 33 30/ 80
4 6.7 55 0.10 0.23 9/6 54 / 67 12/ 25 25/ 80
5 8.8 61.3 0.26 0.44 20/ 14 22 / 32 4/5 20 /30
6 6.8 44.2 0.17 0.33 9/1 72 /99 30/ 55 70 / 100
7 4.6 43.1 0.21 0.29 10/2 50 / 80 8/30 20/70
Control group
1 71 10.4 0.27 0.35 177 54 / 56 12/ 16 20/ 33
2 8.6 9.2 0.13 0.28 15/9 30/ 49 6/10 35/ 45
3 9.2 9.7 0.36 0.42 10/7 53/ 60 11/ 20 19 / 40

Note: CRP = C-reactive protein, NIHSS = National Institutes of Health Stroke Scale, ESS = European Stroke Scale, EMS = ESS Motor Subscale,

Bl = Barthel Index, G-CSF = granulocyte colony-stimulating factor.
*Normal range 0.08-0.5 mg/L.

TNIHSS scores range from 0 to 42, with higher scores indicating increasing severity.
$ESS scores range from 0 to 100, with lower scores indicating increasing severity.
SEMS scores range from 0 to 58, with lower scores indicating increasing severity.
1Bl scores range from 0 to 100, with lower scores indicating increasing severity.

Table 3: Mean clinical stroke scale scores at baseline and at 6-month and 12-month follow-up

Baseline; mean score (SD) 6 mo; mean score (SD) 12 mo; mean score (SD)

Clinical scale G-CSF Control G-CSF Control G-CSF Control

NIHSS* 12.0 (4.3) 12.0 (2.6) 7.6 (4.9) 11.1 (3.8) 4.9 (4.7) 7.7 (1.2)
ESSt 53.8 (22.0) 45.7 (13.6) 65.3 (23.6) 50.9 (19.0) 71.4 (24.1) 55.0 (5.6)
EMSt 16.7 (16.0) 9.7 (3.2) 29.3 (6.7) 12.4 (9.9) 34.4 (18.0) 15.3 (5.0)
BI§ 35.7 (22.1) 24.7 (9.0) 69.4 (15.3) 34.8 (9.1) 78.6 (24.1) 39.3 (6.0)

Note: SD = standard deviation, G-CSF = granulocyte colony-stimulating factor, NIHSS = National Institutes of Health Stroke Scale,
ESS = European Stroke Scale, EMS = ESS Motor Subscale, Bl = Barthel Index.

*NIHSS scores range from 0 to 42, with higher scores indicating increasing severity.

TESS scores range from 0 to 100, with lower scores indicating increasing severity.

FEMS scores range from 0 to 58, with lower scores indicating increasing severity.

§BI scores range from 0 to 100, with lower scores indicating increasing severity.
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significant difference in baseline characteristics between the
2 groups (Table 1). Fig. 2 shows the baseline MRI scans of all
of the study participants.

Of the 7 patients receiving G-CSF, 3 reported headache,
bone pain and transient impairment of liver function dur-
ing the 3 days before and after the period of G-CSF admin-
istration. All of the patients completed the course of ther-
apy, and the adverse reactions stopped after therapy ended.
We observed no aggravations of stroke symptoms during
the course of therapy or 7-day hospital stay. G-CSF success-
fully mobilized peripheral blood stem cells, as shown by el-
evated leukocyte counts, but there was no change in in-
flammation, as indicated by elevated C-reactive protein
levels (Table 2). During the periprocedural and G-CSF in-
jection periods, no patients receiving G-CSF experienced a
thrombosis complication.

We observed no aggravation of limb weakness, speech im-
pediment or sensory impairment during the 12-month fol-
low-up in either study group.

At 12-month follow-up, patients who had received G-CSF
injections showed significant improvement in neurologic
function according to the clinical scales (Table 2, Table 3, Fig.
3). The mean EMS score in the G-CSF group showed a signif-
icant increase over that of the control group from the sixth
month after treatment (Fig. 4).

MRI scans revealed no anatomic or structural changes, in-
cluding cerebral hemorrhage, between baseline and 12-
month follow-up in the brains of patients who received G-
CSF therapy. There was no significant difference between the
2 groups (p = 0.24) with regard to infarction size at baseline
and at 12-month follow-up.

At baseline, FDG-PET revealed marked localized hypome-
tabolism in both study groups that corresponded to the in-
farcted regions shown by MRI. At 12-month follow-up, there
was no significant difference between the 2 study groups in
the uptake of FDG in core stroke areas (Fig. 5). However, the
lateral-to-contralateral ratio of uptake activity in the sur-
rounding stroke area was significantly higher in the G-CSF
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group than in the control group (0.45% [SD 0.22%] v. 0.23%
[SD 0.12%]) (p < 0.05). Fig. 6 shows significant correlation
between the glucose metabolic activity surrounding the
stroke area and the EMS score.

Interpretation

The results of our study show the feasibility of giving pa-
tients subcutaneous G-CSF therapy within 7 days of the on-
set of acute ischemic stroke symptoms. G-CSF therapy did
not aggravate either inflammation or ischemia, and there
were no consistent or clinically significant differences in
blood or laboratory test results or urinalysis between the 2
study groups during the treatment period. Further, this
study also provides preliminary data on the efficacy of G-
CSF therapy in improving stroke-related neurologic
deficits. At 12-month follow-up, the mean stroke severity
scores of patients given G-CSF were significantly improved
over those of patients who received usual care. FDG-PET
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Fig. 4: Changes in EMS score in the G-CSF and control groups
between baseline and 12 months. “p < 0.05.
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Fig. 3: Percent change in mean stroke scale scores between baseline and 12-month follow-up: (A) NIHSS, (B) EMS, (C) ESS, (D) BI. "p < 0.05.
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Fig. 5: Fusion images of MRI and PET at 12-month follow-up;
(A) are of a G-CSF patient and (B) of a control patient. The im-
ages show successive views from the base of the skull (top left)
to the vertex (bottom right). Areas of increasing metabolic ac-
tivity, indicated by yellow and red colour, are distributed
around the infarcted core, which is indicated by deep blue. Dif-
ferences between the ipsilateral and contralateral hemispheres
of the brain have been corrected.
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Fig. 6: Correlation between PET-generated data and clinical neu-
rologic analysis. The relation between the ratio of fluo-
rodeoxyglucose radioactivity in regions surrounding the infarc-
tion core and mean European Stroke Scale Motor Subscale (EMS)
score was significant in the G-CSF group (r=0.78; p=o0.01).

neuroimaging studies verified greater recovery in the G-
CSF group. All measurements were consistent in identify-
ing a trend toward improved neurologic functional recovery
in the G-CSF group.

Despite this success, it should be noted that this was a pre-
liminary study and, because of the small number of partici-
pating patients, any inferences are tentative. In the future, we
plan to conduct larger, double-blinded, placebo—control ran-
domized studies to better evaluate the effect of G-CSF in pa-
tients with acute stroke.

In animal studies of cerebral ischemia, G-CSF exerts sev-
eral functions, including neuroprotection, anti-inflamma-
tion, angiogenesis and mobilization of bone marrow-derived
stem cells to the peripheral blood."****>** Hence, G-CSF not
only enables the penumbric neurons to survive, but also gen-
erates “new” neural tissue formation by mobilizing stem cells
to reconstruct the neural circuits. According to this evidence,
we can speculate that G-CSF, used either alone or in combi-
nation with another agent, should be an effective strategy in
the treatment of cerebral infarction.

In this study, we have shown a relative increase in meta-
bolic activity in the region surrounding infarction after G-CSF
therapy. We postulate that this observed increase indicates
enhanced cellular activity of the surviving neurons over the
penumbric area “protected” by G-CSF. G-CSF may exert this
neuroprotection through its neuronal receptor.** On the basis
of the results of our animal study,*® the increase in glucose
metabolic activity over the peri-infarcted brain region of pa-
tients given G-CSF might be ascribed to new neural circuit
formation generated by the homing of stem cells. In fact, this
neuroplastic effect may have been induced by G-CSF-stimu-
lated mobilization of stem cells from bone marrow, and their
subsequent homing to the ischemic brain region. This theory
of mobilization and homing prompted by G-CSF was sug-
gested in our previous report.”® PET-generated measurements
of cerebral metabolism suggest enhanced functional activity
in the brain tissue surrounding the infarction region of pa-
tients receiving G-CSF.

Of the 7 patients given G-CSF therapy, 4 started treatment
one day after the onset of cerebral ischemia. These 4 patients
showed greater improvement as measured by clinical stroke
scale scores than the other 3 patients in the intervention
group, who received G-CSF later than one day after onset.
Further clinical investigation is needed to see whether start-
ing therapy within one day of infarction is associated with
greater recovery in neurologic function.

In summary, the results of our study show an improve-
ment in neurologic outcome among patients given G-CSF
therapy according to both clinical stroke scale measurements
and FDG-PET imaging studies. Further randomized, double-
blinded and placebo-controlled trials are needed to confirm
these preliminary findings.
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Editor’s take

« Current treatment for ischemic stroke has a narrow therapeutic
window for use. Therapies that mobilize endogenous stem
cells have shown promise in animal research because of their
anti-inflammatory, neuroprotective and angiogenic properties.

+ In this pilot study, acute stroke patients who received G-CSF
therapy showed greater improvement in neurologic func-
tioning after 6 months than patients who received usual
care, as shown by mean clinical stroke scale scores and
metabolic activity measured by PET.

Implications for practice: G-CSF therapy shows promise as
therapy for ischemic stroke; this needs to be confirmed with
larger randomized studies.
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