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BACKGROUND: Mechanisms of chemotherapy-associated neurotoxicity are poorly understood, and therefore, prevention
strategies have not been developed. We hypothesized that a subgroup of children receiving intrathecal cytarabine develops
subclinical vasospasm, which may contribute to long-term neurocognitive sequelae of cancer.

METHODS: We used transcranial Doppler ultrasound to serially evaluate cerebral blood flow velocities in participants <25 years old

receiving intrathecal cytarabine for hematologic malignancies.

RESULTS: Four of 18 participants (22%) met the criteria for subclinical vasospasm within 4 days of intrathecal cytarabine
administration. The distribution of oncologic diagnoses differed between the vasospasm and non-vasospasm groups (p = 0.02).
Acute myeloid leukemia was identified as a potential risk factor for vasospasm. Children with vasospasm were more likely to have
received intravenous cytarabine (75% versus 0%, p =0.01) and less likely to have received steroids (25% versus 100%, p = 0.01).
CONCLUSIONS: A subpopulation of children with hematologic malignancies develops subclinical vasospasm after intrathecal
cytarabine treatment. Future research is needed to determine the long-term clinical consequences of cerebral vasospasm in this

population.
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IMPACT:

® A subset of children with hematologic malignancies who receive intrathecal cytarabine experience subclinical cerebral

vasospasm, as measured by transcranial Doppler ultrasound.

® Of children receiving intrathecal cytarabine, those who develop cerebral vasospasm are more likely to have diagnosis of acute
myeloid leukemia, more likely to receive concurrent intravenous cytarabine, and less likely to receive steroids as part of their
chemotherapy regimen, as compared with children without vasospasm.

® Future research is needed to determine if vasospasm during chemotherapy is associated with higher rates of neurocognitive
dysfunction, and if so, to focus on prevention of these long-term sequelae of childhood cancer.

INTRODUCTION

The burden of cancer-related neurological sequelae is growing as
chemotherapeutic agents become more effective and survivorship
increases.'? Childhood cancer treatment regimens are associated
with significant neurotoxicity.> However, because mechanisms of
chemotherapy-associated neurotoxicity are not well-understood,
appropriate prevention strategies have not been developed.
Treatment-related side effects continue to produce long-term
morbidity and sometimes compel modification of chemotherapy
regimens to alternatives that may be less effective.

Cytarabine (cytosine arabinoside or ara-C) is a pyrimidine
nucleoside analog antineoplastic agent that is an integral part of
combination chemotherapy regimens for childhood cancer. As the
central nervous system (CNS) can act as a sanctuary site for
malignant cells where they can elude the effects of systemically
administered chemotherapy, cytarabine is commonly administered
intrathecally (IT) on the first day of induction chemotherapy for

childhood hematologic malignancies for prophylaxis against CNS
relapse. Cytarabine is associated with significant neurotoxicity,
both with intravenous (IV) and IT administration.*> High-dose IV
cytarabine has been associated with an array of neurotoxic effects
including peripheral neuropathy, seizures, encephalopathy, and
acute cerebellar syndrome.*®” Intrathecal cytarabine most com-
monly has been reported to cause myelopathy of variable severity,
with some cases resulting in permanent paraplegia, but has also
been associated with stroke and posterior reversible encephalo-
pathy syndrome (PRES).*®"'* Neurocognitive impairment is also
substantial after chemotherapy for childhood leukemia,'® though
the contribution of IT cytarabine to cognitive and behavioral
dysfunction is not known.

The mechanism of cytarabine-associated neurotoxicity is
unknown, but multiple recent clinical case reports and series
describe severe diffuse cerebral vasospasm leading to stroke and/or
PRES in children 4-16 days after IT cytarabine administration.”™>
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These cases suggest a possible role for cerebrovascular dysfunction
in the pathogenesis of cytarabine toxicity. Chemotherapy-associated
cerebral vasospasm may be significantly under-recognized given
that angiography is not routinely performed unless it leads to overt
neurologic manifestations such as stroke. Subclinical vasospasm
may lead to more subtle forms of neurotoxicity such as silent
cerebral infarcts, headache, or neurocognitive impairment in a larger
group of patients. Subtle neurotoxicity has been demonstrated to
result from subclinical vasospasm in other disease processes. For
example, in patients with aneurysmal subarachnoid hemorrhage,
cerebral vasospasm has been identified as a predictor of cognitive
impairment after discharge.'®'” Interestingly, this association has
not been demonstrated in more recent studies, which some authors
have suggested may be related to improved vasospasm treatment
with calcium channel blockade and induced hypertension, hyper-
volemia, and hemodilution (“triple H” therapy).'® Subclinical cerebral
vasospasm has also been reported to play a role in neurologic
disability and silent radiographic brain injury in the settings of
traumatic brain injury'® and cocaine use,*® respectively. Similar to
these patients in other settings, recognition and treatment of
subclinical vasospasm could potentially prevent both overt and
subtle downstream adverse neurologic consequences.

We hypothesized that a subgroup of children receiving IT
cytarabine would have evidence of subclinical vasospasm on
transcranial Doppler (TCD) ultrasound. In addition, we aimed to
identify potential risk factors for vasospasm.

METHODS

In this prospective self-controlled case series, we enrolled subjects
<25 years old admitted to the Johns Hopkins Children’s Center for
initiation of chemotherapy with IT cytarabine for newly diagnosed
hematologic malignancy. Exclusion criteria included history of
stroke or PRES, prior neuroimaging abnormalities, prior che-
motherapy, or administration of IT medications other than
cytarabine. All families signed informed consent and the study
was approved by the institutional review board.

Using TCD ultrasound, we measured cerebral blood flow
velocity (CBFV) in seven cerebral vessels at baseline (pretreatment)
and at 1, 4, and 8 days after administration of IT cytarabine. These
days were chosen because they were in a window when
vasospasm was expected to be maximal based on prior literature
and because they are prior to administration of different IT
medications on day 8, so as to isolate the effects of IT cytarabine
on the intracranial vasculature. Each TCD examination included
insonation of at minimum the basilar artery and the bilateral
intracranial internal carotid arteries (ICA), middle cerebral arteries
(MCA) at the M1 segment, and anterior cerebral arteries (ACA). The
primary outcome was the change in MCA CBFVs averaged over
both sides. Demographic, laboratory, medication, and clinical data
were collected at enrollment and throughout the duration of the
study. Systemic blood pressure, body temperature, and heart rate
were measured at baseline and with each TCD study. Participants
or their parents were called approximately 1 month after
enrollment to administer a standardized questionnaire about
neurological symptoms since discharge, including specific inqui-
ries regarding stroke, headaches, seizures, vision changes, and
focal neurologic deficits.

We determined the proportion of subjects who had significant
elevations in CBFV compared with their own baseline pretreat-
ment measurements. Given the hematologic abnormalities
inherent in untreated leukemia, such as anemia, abnormal
baseline TCD studies were expected. We therefore defined
vasospasm as an increase of two standard deviations (based on
age-based normative data®') above each child’s baseline MCA
CBFV. When data were available, we calculated the Lindegaard
ratios, though we did not use this to define vasospasm as external
ICA velocities were not obtained for all participants.
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Data were compared between study participants and children
that were eligible but not enrolled, as well as between participants
with and without vasospasm, using Wilcoxon rank sum tests for
continuous variables and Fisher's exact tests for categorical
variables. For statistical comparison between children with and
without vasospasm, CBFVs in the M1 segment of the MCA were
used. Results were considered statistically significant if p < 0.05.

RESULTS

Between March 2016 and September 2019, 73 patients were
screened, 65 were eligible, and 18 enrolled and completed the
study. Reasons for nonenrollment included: insufficient time to
complete baseline TCD prior to IT cytarabine administration (n = 39)
and declined participation (n=28). There were no significant
differences between enrolled subjects and eligible patients that
did not enroll (Table 1). The 18 enrolled subjects were ages 2-23
years with diagnoses of pre-B acute lymphocytic leukemia (ALL)
(n=10), T-cell ALL (n=3), acute myeloid leukemia (AML) (n=3),
and B-cell lymphoma (n=2). No subject had exposures known to
cause cerebral vasospasm, including marijuana, selective serotonin
reuptake inhibitors, and decongestants. All data points were
acquired for 12 subjects; the remaining participants had one (n =
5) or two (n=1) missing TCD studies due to agitation in one
instance and unavailability/early discharge of the other five subjects.

All 18 subjects had significantly globally elevated CBFVs (MCA,
ACA, intracranial ICA, basilar artery) at baseline compared to age-
based norms, with median CBFV 22 cm/s (interquartile range [IQR]
12-33 cm/s) above reference values (p < 0.01).2" Baseline median
velocity was 107.5cm/s (IQR 94.1-114.4cm/s) in the MCA and
58 cm/s (IQR 46-60 cm/s) in the basilar artery.

With respect to post-cytarabine CBFVs, four participants (22%)
met criteria for vasospasm during induction chemotherapy
(Fig. 1; see Table 2 for chemotherapy regimens). Their TCD
studies revealed substantial increases in anterior circulation
CBFVs after administration of IT cytarabine, with peak MCA CBFVs
increasing 45% (44.5 cm/s), 43% (35.5 cm/s), 40% (44.5 cm/s), and
34% (38.5 cm/s) above baseline values. Lindegaard ratios, when
performed, confirmed vasospasm with ratios between 3 and 4,
though this could not be calculated for all studies as external ICA
velocities were not routinely measured. In contrast to anterior
circulation velocities, basilar artery CBFV did not change after
cytarabine. The other 14 subjects (78%) did not meet the criteria
for vasospasm. In most subjects who did not meet the criteria for
vasospasm, over the course of the four studies, there was a slow
decline in CBFVs over time (Fig. 1). Among subjects who did not
meet the criteria for vasospasm, mean M1 CBFV decreased from
103.5cm/s at baseline to 95.2cm/s by day 8. Of note, over
this same time period, median hematocrit increased from 27.6
to 30.3%.

Table 1. Characteristics of enrolled subjects compared with patients
who were eligible but not enrolled.

Enrolled subjects Eligible but not enrolled p value

Number 18 47
Female 8 (44%) 15 (32%) 0.39
Age, years 9.1 (4.9-11.1) 9.7 (3.7-17.5) 0.63
Median (IQR)
Oncologic diagnosis 0.9
Pre-B ALL 10 (55%) 29 (62%)
T-cell ALL 3 (17%) 7 (15%)
AML 3 (17%) 8 (17%)
Lymphoma 2 (11%) 3 (6%)
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Age and sex were not significantly different between the
vasospasm and non-vasospasm groups, though there was a
nonsignificant trend toward younger children (6.2 versus 10.9
years, p=10.19) and more females (75% versus 36%, p =0.27)
in the vasospasm group (Table 3). Race and ethnicity did
not differ between the vasospasm and non-vasospasm groups.
The distribution of oncologic diagnoses differed between
groups (p =0.02); all children with AML and only one other
child met the criteria for vasospasm. Children with vasospasm
were more likely to receive IV cytarabine (75% versus 0%, p =
0.01) and less likely to receive steroids (25% versus 100%, p =
0.01) prior to reaching peak CBFV. There was no difference in
proportions of children who received additional IT cytarabine
during the study period, baseline CBFVs, hematocrit, or change
in hematocrit from baseline between the vasospasm and non-
vasospasm groups. No child in either group received calcium
channel blockers or other antihypertensive medication, selective
serotonin reuptake inhibitors, or decongestants during the
study period.

There was no clear relationship between systemic blood
pressure, body temperature, or heart rate and CBFV in children
who met the criteria for vasospasm. In the vasospasm group, at
the time of each participant's peak CBFV, the systolic blood
pressure was on average 14 points higher than at baseline. In
three of the four subjects, blood pressure was elevated for age at
the time the CBFV peaked. However, in all three of those subjects,
CBFV remained elevated (and continued to meet criteria for
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Fig. 1 MCA CBFVs for each subject at each time point after

treatment with IT cytarabine. Black lines, children who met the
criteria for vasospasm. Gray lines, children who did not meet the
criteria for vasospasm.

vasospasm) on subsequent studies despite blood pressure
returning to normal values. With regards to temperature and
heart rate, one child who met the criteria for vasospasm was
febrile and tachycardic at the time his CBFV peaked. However, his
CBFV remained elevated on a subsequent TCD study despite
normalization of heart rate and temperature to baseline values. At
the time the CBFV peaked for each of the other three participants,
temperature was within 1 °C of baseline and heart rate was within
15 points of baseline, with all temperatures and heart rates within
normal limits for age.

No serious neurologic complications were discovered during
telephone follow-up. Headache was the only reported neurologic
event and occurred with similar frequency in children with and
without vasospasm (25% versus 21%, p=0.9). In all cases of
headache, the subjects’ parents reported temporal association of
the headaches to lumbar punctures, though the description of the
headache was variable. There were no reported seizures, focal
neurological deficits, episodes of confusion or decreased respon-
siveness, vision changes, or other neurologic concerns.

DISCUSSION

In this study of children undergoing induction chemotherapy for
new onset hematologic malignancy, we identified a subgroup of
children who developed subclinical cerebral vasospasm after
receiving IT cytarabine. Three of the four children with cerebral
vasospasm in this study had AML and consequently received
twice-daily IV cytarabine throughout the study and did not receive
steroids, unlike children with other oncologic diagnoses. Of note,
one child with AML (subject “D”") received a single dose of IV
methylprednisolone (as a pretreatment for IV gemtuzumab) but
only after meeting the criteria for vasospasm. It is therefore
unclear if vasospasm in these children is related to treatment
effects versus malignancy subtype. IT cytarabine initial and
cumulative doses did not differ between children with and
without vasospasm, though additional IT doses were not given
until after study day 4. The short duration of this study limited our
analysis of the effects of cumulative intrathecal cytarabine
exposure on the cerebral vasculature. However, systemic cytar-
abine, which was administered more frequently in children who
developed vasospasm, crosses the blood—brain barrier and could
propagate effects of intrathecal cytarabine. Interestingly, con-
comitant IV and IT cytarabine administration has previously been
postulated as a risk factor for neurotoxicity.*?*** Pharmacokinetic
studies demonstrate that after IV cytarabine infusion, the CSF drug
concentration exceeds the plasma concentration due to the long
half-life of cytarabine in the CSF.>* Therefore, twice-daily admin-
istration of systemic cytarabine could propagate the effects of IT

Table 2.

Chemotherapy administered to subjects who met the criteria for vasospasm during the study period.

Participant COG protocol Days on study Study days receiving IT IV cytarabine Other chemotherapy during study period
cytarabine
A AAML1031 3 0,3 Every 12 h starting IV daunorubicin (days 1, 3, 5)
before day 1 TCD IV etoposide (days 1-5)
B AALL0932 8 0 None IV vincristine (days 1 and 8)
IV dexamethasone (days 1-8)
IV PEG-asparaginase (day 4)°
C AAML1031 4 0 Every 12 h starting IV daunorubicin (days 1, 3)
before day 1 TCD IV etoposide (days 1-4)
D Modified 8 0 Every 12 h starting after |V daunorubicin (days 1, 3, 5)
AAMLO531 day 1 TCD IV gemtuzumab with methylprednisolone

pretreatment (day 7)%

COG children’s oncology group.
®Received only after meeting the criteria for vasospasm.
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Table 3. Characteristics of subjects who met the criteria for
vasospasm compared with those who did not.
Vasospasm No vasospasm p value

Number 4 14
Age, years 6.2 10.9 0.19
Median (IQR) (3.0-9.4) (5.0-19.3)
Female 3 (75%) 5 (36%) 0.27
Race 0.71

White 2 (50%) 10 (71%)

Black 1 (25%) 3 (21%)

Asian 1 (25%) 1 (7%)
Hispanic/Latino 1 (25%) 6 (43%) 0.62
Oncologic diagnosis 0.02*

Pre-B ALL 1 9

T-cell ALL 0 3

AML 3 0

Lymphoma 0 2
CNS disease positivity 2 (50%) 4 (29%) 0.57
Additional IT 1 (25%) 3 (21%) 0.9
cytarabine doses
Intravenous cytarabine 3 (75%) 0 (0%) 0.01*
administration
Steroid administration 1 (25%) 14 (100%) 0.01*
Baseline CBFV, MCA, cm/s 104.5 (92.5-115.0) 110.5 (91.5-111.5) 0.66
Median (IQR)
Baseline hematocrit (%) 23.7 (22.6-24.7) 27.6 (24.8-30.3) 0.09
Median (IQR)
Decrease in hematocrit 2.1 (0.2-2.9) 1.7 (-0.4-4.3) 0.96
from baseline to day of
peak CBFV
Median (IQR)
"Significant at predetermined cutoff of p = 0.05.

cytarabine by supplementing CSF levels through continuous
dosing. It is noteworthy that the study participant with delayed
elevation of CBFV (subject “D” in Fig. 1) received IV cytarabine only
after the TCD on day 1 was performed; this may potentially explain
why this subject did not meet the criteria for vasospasm until
day 4, in contrast to participants “A” and “C" who received twice-
daily IV cytarabine starting prior to the TCD on day 1. The three
subjects that received twice-daily IV cytarabine also received IV
daunorubicin every other day starting on day 1 of the study.
Daunorubicin is not known to affect cerebral vasculature or
blood flow.

Alternatively, steroids may play a protective role against
vasospasm. This is supported by one previously published case in
which an adolescent with lymphoma who developed PRES after IT
cytarabine administration was successfully treated with methylpred-
nisolone.”> However, this diverges from other reports that suggest
that methylprednisolone may instead be a risk factor for pediatric
PRES.?® These contradictory notions may be explained by patho-
physiological differences between PRES associated with cytarabine
versus other etiologies, such as hypertension, which would be
exacerbated by steroids. Further study is needed to explore the role
of underlying malignancy versus therapies in the development of
vasospasm.

All subjects had elevated CBFVs at baseline. Lindegaard ratios at
baseline, when calculated, ranged from 1.4 to 2.7, which in the
setting of elevated CBFVs is suggestive of hyperemia.?”?® There-
fore, these elevations are likely secondary to hematologic
abnormalities associated with leukemia, such as severe anemia.
Baseline CBFV did not differ between children who ultimately
developed vasospasm versus those who did not. Among subjects
who did not meet the criteria for vasospasm, the decline in CBFV
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from baseline to day 8 was paralleled by an increase in hematocrit
over the same time frame. While the gradual CBFV normalization
over time may be related to transfusions and oncologic therapies,
future study is needed to explore the reasons for this observation.

We also explored the relationship between physiologic para-
meters, including blood pressure, temperature, and heart rate, and
CBFV in participants in our sample. Measured blood flow velocity
can be higher with higher systemic blood pressures despite an
intact autoregulatory system.>® The effect of temperature on
cerebral blood flow velocities is not well established. Although
one study showed an inverse relationship between temperature and
flow velocities,*® a more recent study of CBFV in postcardiac arrest
patients treated with hypothermia does not support a relationship
between temperature and flow velocities.' In our cohort, children
who met the criteria for vasospasm did on average have higher
blood pressure and temperature at the time of peak CBFV when
compared to baseline, but the differences were not sufficient to
explain the observed drastic increase in CBFV and the children
continued to meet the criteria for vasospasm days after the
hemodynamic parameters normalized. Therefore, the changes in
systemic physiologic parameters observed in the four children who
met the criteria for vasospasm are highly unlikely to explain the
observed CBFV elevations.

No participant experienced significant neurological complica-
tions at 1-month follow-up. It is possible that with extended
follow-up, formal neuropsychological assessment, or in a larger
sample, neurologic sequelae would emerge. Though the current
study cannot link the presence of vasospasm during induction
chemotherapy with subsequent neurocognitive deficits, it is
possible that subclinical vasospasm may contribute to neurocog-
nitive impairment in a subset of children through impaired
cerebral perfusion or silent cerebral infarcts, akin to the sickle cell
population in which silent cerebral infarctions are associated with
cognitive impairment.3? A larger study with extended follow-up is
needed to determine if vasospasm during chemotherapy is
associated with higher rates of neuropsychological dysfunction
in children with hematologic malignancies. If so, this may be an
opportunity for therapeutic intervention; high-risk patients could
be screened with TCD and vasospasm could be treated, for
example with calcium channel blockers, to prevent or mitigate the
cognitive sequelae of childhood cancer.

Limitations of this study include small sample size and multiple
potential confounders (such as hematocrit) that could not
adequately be adjusted for in our analysis, though no differences
in these parameters across groups were seen. Additionally, while
pediatric studies have defined vasospasm as 2 standard deviations
above age-based normative values,*'** significant baseline CBFV
elevations precluded our use of this definition. We therefore
defined vasospasm as MCA CBFV increase >2 standard deviations
from each subjects’ baseline velocity. It is possible that CBFV
elevations seen in this study may be due to general treatment
effects, the mere act of accessing the intrathecal space, or anxiety
at the time of TCD testing. Lindegaard ratios were not routinely
measured, so CBFV elevations in some cases may have been
related to hyperemia instead of vasospasm. However, hyperemia
is an unlikely cause for sudden changes in CBFV after IT cytarabine
as we saw in the vasospasm group, especially in the absence of
significant changes in other laboratory or hemodynamic para-
meters. In future studies, we will standardly perform Lindegaard
ratios to definitively differentiate between hyperdynamic blood
flow and vasospasm. Future studies will also include vascular
imaging such as magnetic resonance or computed tomography
angiography. This will be critical to confirm the presence of
intracranial vasospasm, particularly in light of data in children with
sickle cell disease that CBFV do not always correlate with the
presence and severity of vascular stenosis in this population.*
Furthermore, neuroimaging could assess for silent cerebral
infarcts, which are known to impact cognition in children with
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sickle cell disease.3? Finally, future studies including participants
receiving IV cytarabine without IT administration are needed to
isolate the effect of IV cytarabine.

These data suggest that there may be a subpopulation of
children at risk for subclinical vasospasm in the days after IT
cytarabine treatment, and that it may be possible to identify high-
risk patients and prevent treatment-related CNS consequences.
Our data suggest that children with AML are at highest risk for
subclinical vasospasm, though whether that is due to underlying
malignancy-specific factors or differences in treatment remains
unknown. As chemotherapeutic regimens continue to become
more effective and cancer survivorship increases, recognition and
prevention of treatment-related neurotoxicity become more
essential. Future research is needed to determine if subclinical
vasospasm in leukemia patients receiving chemotherapy may be a
harbinger of neurologic sequelae, and if so, to focus on prevention
of these complications in cases of cerebral vasospasm.
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