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Abstract
Background and Objectives
To examine the relationship between transcranial Doppler (TCD)
mean flow velocity (MFV) and the severity and temporal onset of
neurotoxicity after chimeric antigen receptor (CAR) T-cell therapy in
patients with relapsed lymphoma.

Methods
We identified a cohort of 165 patients with relapsed or refractory B-cell
lymphoma who received CART-cell therapy. TCDswere performed at baseline, treatment day 5,
and throughout hospitalization based on development of neurologic symptoms. We assessed the
percent change in velocity from baseline in each of the 6 major supratentorial arteries and the
relationship of these values to development and timing of neurotoxicity.

Results
Our cohort was 30% female with an average age of 60 years. Of patients with TCDs performed,
63% developed neurotoxicity, and 32% had severe neurotoxicity. The median time of neuro-
toxicity onset was day 7. Higher maximum percent change in MFV across all vessels was
significantly associated with likelihood of developing neurotoxicity (p = 0.0002) and associated
with severe neurotoxicity (p = 0.0421).We found that with increased percent change inMFV, the
strength of correlation between day of TCD velocity change and day of neurotoxicity onset
increased. There was no single vessel in which increase inMFVwas associated with neurotoxicity.

Discussion
Our study demonstrates an association between increase in TCDMFV and the development of
neurotoxicity, as well as timing of neurotoxicity onset. We believe that TCD ultrasound may be
used as a bedside functional biomarker in CAR T-cell patients and may guide immunologic
interventions to manage toxicity in this complex patient group.

The treatment of hematologic malignancies has been transformed by chimeric antigen receptor
(CAR)T-cell therapy.1,2 However, more widespread adoption of this therapy has been limited in
part by treatment-associated toxicities of cytokine release syndrome (CRS) and neurotoxicity,
also known as the immune effector cell–associated neurologic syndrome (ICANS).3

ICANS can be seen in more than half of patients with lymphoma treated with CAR T cells,2,4,5

with symptoms ranging from tremor, encephalopathy, and aphasia to cerebral edema and
death. Discriminating ICANS from delirium and other causes of neurologic symptoms is
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challenging, as laboratory values are nonspecific, structural
imaging is most often normal,6,7 and EEG typically dem-
onstrates only nonspecific changes.8

Furthermore, the pathophysiology of ICANS is incompletely
understood, and treatments used to treat CRS, such as IL-6
pathway antagonists, are often not effective6,9 and may even
increase the risk of neurotoxicity.10 Biomarkers that aid in
the accurate and timely diagnosis of ICANS may allow for
earlier and more precise therapeutic intervention, reducing
hospitalization time and improving long-term outcomes.

Transcranial Doppler (TCD) ultrasonography is a rapid and
noninvasive imaging modality to assess flow and velocity in
cerebral vasculature.11 We previously demonstrated that
cerebral blood flow velocities were higher in CAR T-cell
patients with focal neurologic deficits.8 The present study
sought to more thoroughly examine the relationship of TCD
mean flow velocity (MFV) and the severity and temporal
onset of ICANS in a cohort of patients with B-cell lymphoma
treated with CAR T cells.

Methods
Standard Protocol Approvals, Registrations,
and Patient Consents
This study was approved by the Brigham and Women’s
Hospital Institutional Review Board (IRB Protocol#
2018P000227) and followed the Standards for Reporting of
Diagnostic Accuracy reporting guideline. The need for in-
formed consent was waived by the IRB because this was a
retrospective study.

Data Collection
A cohort of patients admitted to Brigham and Women’s
Hospital/Dana Farber Cancer Institute for CAR T-cell therapy
from April 2015 to May 2020 was identified. Briefly, for this
study, we included all patients admitted for the treatment of
relapsed or refractory B-cell lymphoma with CAR T cells who
underwent at least 2 TCD studies as detailed below. Patients
who had previously received CAR T-cells or were receiving
treatment for a nonlymphomatous malignancy (leukemia,
myeloma, or nonhematologic malignancy) were excluded.
Complete medical inclusion/exclusion criteria have been de-
tailed previously.8 All patients were assessed and followed
prospectively by a neurologist regardless of neurologic symp-
toms. A protocolized and detailed neurologic assessment was
performed daily by the primary oncology team, who had re-
ceived training from a neurologist before their clinical in-
volvement. This assessment included a detailed neurologic
examination and CAR-T neurotoxicity numerical scoring daily.
The presence or absence of symptoms based on clinician re-
port, date of symptom onset, and severity of CRS and ICANS
were documented. Neurotoxicity was graded by the Common
Terminology Criteria for Adverse Events (CTCAE), version
4.03.12 The CTCAE scale was used given that this was the
standard of care for assessment of CAR-T patients when

enrollment of our patients began in 2015.13 Once pub-
lished, the newer CAR T-Cell Therapy–Associated Toxicity
(CARTOX) grading scale for CAR T-cell therapy–associated
toxicity was also performed on all patients clinically, although
CTCAE was used for data analysis in this study to preserve
internal consistency across the cohort.

TCD ultrasound was performed on or around the date of CAR
T-cell infusion (between days −1 and +3 relative to CAR T-cell
infusion on day 0) and on treatment day 5. Some patients
underwent surveillance TCD monitoring after day 5 or addi-
tional TCD measurements based on development of neuro-
logic symptoms. TCD data were only included if the patient
underwent at least 2 studies of which 1 served as baseline. TCD
was performed by 3 trained and credentialed ultrasonography
technicians who exclusively perform TCDs at our institution.
Whenever possible, and in the vast majority of cases, the same
TCD technician performed all TCDs on a given patient to
minimize operator variation. TCDs were obtained using a
dedicated TCD system and a 2-MHz handheld probe
(Doppler-BoxX, Compumedics DWL, San Juan Capistrano,
CA, or Lucid M1, NovaSignal Co, Los Angeles, CA). Each
artery was assessed from the transtemporal window in 2-mm
increments between the depths of 40–65 mm for the middle
cerebral arteries (MCA), 60–80 mm for the anterior cerebral
arteries (ACA), and 55–75 mm for the posterior cerebral ar-
teries (PCA). According to local standard practice, we took as
the MFV the time averaged mean maximum velocity. At least 3
velocity measurements were recorded from each vessel to
minimize interference. Technicians reported the highest ve-
locity captured for each vessel. If a signal was weak or too noisy,
patients were excluded from further TCD measurements and
therefore not included in this study. Patients without acoustic
windows were not included in our study. Twenty-five patients
had limited acoustic windows in one or more vessels, but the
remaining vessels were included in the study and TCD veloc-
ities measured over time.

For each patient who had at least 2 TCD studies performed,
we assessed the percent change in velocity from baseline in
each of the 6 major supratentorial arteries (right and left
ACA, MCA, and PCA). The maximum percent change in
velocity in any vessel was noted for each patient, as well as the
first date that the percent change in velocity in any vessel rose
by 5%, 10%, 20%, 30%, 40%, and 50% above the baseline
value.

Statistical Analysis
We performed univariate logistic regression between maxi-
mum percent change above baseline velocity in any vessel
and the presence or absence of any neurotoxicity as well as
the presence or absence of severe neurotoxicity (CTCAE
grade ≥3). We used Pearson correlation coefficient to assess
for the relationship between the date of neurotoxicity onset
and the date at which change in velocity rose above a
threshold value. A log-rank test was used to assess for dif-
ferences between groups in a survival analysis. Last, the
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Pearson χ2 test was used to determine the likelihood of any
deviation from chance in the anatomic pattern of maximum
vessel velocity. Statistical significance was defined as α < 0.05
throughout, with Bonferroni correction used in the setting of
multiple comparisons.

Data Availability
Anonymized data will be shared by request from any qualified
investigator.

Results
Demographics
One hundred sixty-five sequential patients with relapsed or re-
fractory B-cell lymphoma who received CART-cell therapy and
had at least 2 TCD measurements during their hospitalization

were identified. Our cohort was 30% female, with a mean age of
60 years (SD 12.5). Of patients with TCDs performed, 104
(63%) developed neurotoxicity. Of these, 53 (51%) had severe
neurotoxicity (grade 3 or higher). The number of TCD mea-
surements for each patient varied between 2 and 18 depending
on the severity of symptoms and length of hospital stay. TCDs
were performed throughout hospitalization fromday 0 up to day
41 depending on the patient. The median day of neurotoxicity
onset was day 7 after CAR T infusion (Table 1).

TCD Velocities
Using the first TCD ultrasound study performed to establish
baseline velocities for all patients, we calculated the percent
velocity change in each supratentorial vessel (right and left
ACA, MCA, and PCA) for each subsequent TCD study. Ab-
solute TCD velocities at baseline for all patients and patients
with and without neurotoxicity are available in eTable 1, links.
lww.com/CPJ/A315.

As a first test of the association between TCD velocity and
neurotoxicity, we performed univariate logistic regression to
assess for a relationship between the maximum percent
change in velocity in any vessel on any date during hospi-
talization, and the development of neurotoxicity in each
patient (Figure 1). We found a statistically significant re-
lationship between maximum percent change in TCD ve-
locity and likelihood of developing neurotoxicity (p =
0.0002) with an OR of 1.24 (95% confidence interval [CI]:
1.11–1.39) for every 10% increase in MFV. We found a
similar though less robust relationship between the percent
change in velocity and the occurrence of severe neurotoxicity
(p = 0.0421) with an OR of 1.104 (95% CI: 1.004–1.215) for
every 10% increase in MFV.

Table 1 Demographics of the Study Population

Characteristics n % of total

Total patients 165 —

Neurotoxicity 104 63

Severe (grade ≥3) 53 32

Sex

Male 115 70

Female 50 30

Age mean (SD) 60 (12.5) —

Dayof onset of neurotoxicitymedian (IQR) 7 (6–9) —

Figure 1 Association of Change in MFV and Neurotoxicity

Regression analysis between the maximum percent change in MFV in any vessel at any point during hospitalization and the occurrence of (A) any grade
neurotoxicity or (B) severe neurotoxicity (CTCAE grade ≥3). The left-sided Y-axes indicate the probability of (A) neurotoxicity or (B) severe neurotoxicity
predicted by the univariate logistic regressionmodel. The histograms along the bottom and top X axes indicate the number of patients with (shaded bars) or
without (open bars) neurotoxicity or severe neurotoxicity at eachMFV range; counts are indicated on the right-sided Y-axes. The blue line represents the best
fit of the logistic regression analysis examining the probability that neurotoxicity (A) or severe neurotoxicity (B) will occur as a function of the maximum
percent change in velocity of any vessel. A 10% increase inMFV had anORof 1.24 (95%CI: 1.11–1.39, p = 0.0002,Wald χ2 test) for developing neurotoxicity and
anOR of 1.104 (95% CI: 1.004–1.215, p = 0.0421, Wald χ2 test) for developing severe neurotoxicity. CTCAE = Common Terminology Criteria for Adverse Events;
MFV = mean flow velocity.
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We next sought to determine whether there was a relation-
ship between the timing of the change in TCD velocity and
the day of onset of neurotoxicity. We quantified the Pearson
correlation coefficient between the date that any vessel first
had an increase inmaximum velocity by 10%, 20%, 30%, 40%,
and 50% above baseline for each patient and the date that
each patient developed neurotoxicity. We found that the
magnitude of the correlation (as quantified by the r2 statistic)
between the day first reaching a given percent change in
velocity and day of neurotoxicity onset increased mono-
tonically with the magnitude of the threshold value applied
(Figure 2). This suggests that with an increasing threshold,
elevated TCD velocity is associated with a greater proportion
of the variance of timing of neurotoxicity onset.

We next performed a survival analysis to determine whether
the percent change in maximum TCD velocity at any time
point during hospitalization was related to the temporal
course of neurotoxicity. The patients were broken into 3
groups: those with 20% or less rise in MFV, 20%–80% rise in
MFV, or greater than 80% increase in MFV. There was a
statistically significant relationship between TCD velocity
cluster and likelihood of developing neurotoxicity (p <
0.0001, log-rank test), though from a qualitative evaluation
of KM curves, no appreciable difference in the time to onset
of neurotoxicity symptoms (Figure 3).

Finally, we sought to identify whether change in MFV within
1 particular vessel was more commonly associated with the
development of neurotoxicity (Figure 4). When assessed

across all patients, the specific artery with maximum increase
in MFV did not vary significantly from chance (p = 0.1212,
Pearson χ2 test). Similarly, when examining only those pa-
tients who either did or did not develop neurotoxicity, after
correcting for multiple comparisons, there was no significant
variation in which artery demonstrated the maximum in-
crease in MFV.

Discussion
We assessed the relationship between change in TCD ve-
locity and development of neurotoxicity at any point during
hospitalization for a cohort of 165 patients with relapsed
B-cell lymphoma and multiple TCD measurements, 104 of
whom developed neurotoxicity. We found a significant re-
lationship between MFV and the likelihood of developing
any grade of neurotoxicity and severe neurotoxicity. We also
identified a monotonic relationship between each threshold
increase in TCD velocity change and the magnitude of the
correlation between threshold crossing date and timing of
neurotoxicity onset. We did not clearly identify 1 vessel that
was more predictive of developing neurotoxicity.

Given these data, systematic TCD measurements may be a
noninvasive and objective bedside tool to monitor CAR T-
cell patients at increased risk of developing neurotoxicity at
any point during hospitalization. Given prior data that
demonstrate a possible association between reduced TCD
flow velocity and delirium,14 and our study demonstrating an
association of increased TCD velocity and neurotoxicity,

Figure 2 Correlation of Day of Change in MFV and Day of Neurotoxicity Onset

Correlation between the day that TCDs first exceeded a threshold percent change in maximumMFV above baseline and day of onset of neurotoxicity, for 5
different thresholds. (A) Correlation between day of neurotoxicity onset and day that MFV first exceeded 10% elevation, n = 90, r2 = 0.32, p < 0.0001, t-test. (B)
Correlation between day of neurotoxicity onset and day thatMFV first exceeded 20% elevation, n = 80, r2 = 0.36, p < 0.0001, t test. (C) Correlation between day
of neurotoxicity onset andday thatMFV first exceeded30%elevation, n = 69, r2 = 0.40, p < 0.0001, t test. (D) Correlation between day of neurotoxicity onset and
day that MFV first exceeded 40% elevation, n = 56, r2 = 0.49, p < 0.0001, t test. (E) Correlation between day of neurotoxicity onset and day that MFV first
exceeded 50% elevation, n = 45, r2 = 0.54, p < 0.0001, t test. MFV = mean flow velocity; TCD = transcranial Doppler.
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TCDs may be a useful measure to differentiate between
delirium and early neurotoxicity which is a common cause of
clinical uncertainty in CAR T-cell patients. We would rec-
ommend obtaining baseline TCDmeasurements for patients
undergoing CAR T-cell infusion, as well as TCD measure-
ments at a later date during hospitalization with day 5 a
reasonable choice given that the greatest rise in TCD velocity
was seen on this date, and the average day of neurotoxicity
onset is day 7 (Figure 2). Those with maximum velocity
increases in any vessel, especially >20% from baseline, should
be more closely monitored for change in neurologic status
indicative of neurotoxicity.

Although survival data were beyond the scope of this study
given that all patients had a treatment-refractory malignancy
and there was variability in disease subtype, CAR T-cell
construct, and comorbidities, we did examine the relation-
ship between change in TCD velocity and duration of hos-
pitalization as a surrogate marker for survival. We found a
significant correlation (R2 = 0.064, p = 0.0011) between
hospitalization length and maximum change in TCD veloc-
ity. Patients treated with CAR T-cell therapy at our in-
stitution are admitted with the intention of discharging to
home on day 7 in the absence of any complications; patients
hospitalized for longer than 7 days are those who developed
complications from treatment requiring ongoing care and/or
observation. Early identification of patients at risk for pro-
longed hospitalization may allow upfront for action to pre-
vent this very significant negative short-term outcome that is
associated with increased risk of hospital acquired infection,

delirium, deconditioning, and other well-described sequelae
of prolonged hospitalization. Monitoring increases in ve-
locity in these patients may help alter decisions about
management of neurologic symptoms and subsequent im-
munologic interventions, such as corticosteroids, which have
the potential to worsen delirium and affect the efficacy of
CAR T-cell therapy.

ElevatedMFV on TCD ultrasound has been best validated as
an indicator for vasospasm after subarachnoid hemorrhage.
TCD sensitivity for vasospasm ranges from 48% to 67%
depending on the vessel tested,15 and absolute MFV
thresholds in the range of 120 cm/s to 200 cm/s in the
middle cerebral artery (for mild to severe vasospasm, re-
spectively) are commonly used to identify areas concerning
for stenosis or vasospasm.16 The change in velocities seen in
our study is not as dramatic as those seen in subarachnoid
hemorrhage–associated vasospasm and therefore is unlikely
to indicate that large central perfusion alterations are oc-
curring during CAR T-cell neurotoxicity. Rather, we suspect
that these alterations in velocity may be driven by regional
fluctuations in cerebral metabolism (as has been demon-
strated on FDG-PET)8 as a downstream effect of some as of
yet incompletely defined pathophysiology. Although our
data demonstrate a clear association between velocity in-
crease and neurotoxicity, the pathophysiology and causality
of these phenomena require further investigation.

TCD velocities can be affected by systemic factors, including
hypoxia, hypercarbia, hypotension, and anemia. In our study,
we tried tominimize confounding factors by comparing TCD
measurements to a baseline value in each patient. In addition,
in the vast majority of patients (84% of patients with neu-
rotoxicity), the velocity changes were seen in only a subset of
cerebral blood vessels, indicating that this change in velocity
is not secondary to a systemic factor such as anemia or hy-
potension. In our prior work, which included a subset of the
patients included in this data set, we found that TCD velocity
was increased in a subset of patients with neurologic symp-
toms even when controlling for age, maximum temperature,
maximum ferritin, minimum white blood count, and maxi-
mum C-reactive protein. We also found that measurements
of hemoglobin were stable for 2 weeks after CAR-T infusion
and therefore unlikely to explain the sudden and transient
changes in TCD velocity seen in this work. In addition, we
found that all patients in our study were febrile following
CAR T-cell therapy, and this would therefore not explain the
difference in TCD velocity seen in patients with and without
neurotoxicity. Finally, although transient systemic changes
including hypoxia or sleep could theoretically affect TCD
velocities, the primary cutoff for change in velocity used in
this work is 20%, which is greater than would be expected for
minor systemic variations.

The major limitation to this study is that patients were en-
rolled over a 6-year period during which TCD ordering
practices evolved at our institution. Patients were initially not

Figure 3 Relationship of Maximum Change in MFV and
Timing of Neurotoxicity

Kaplan-Meier curves demonstrating the relationship between the maxi-
mum percent rise in MFV and the timing of onset of and proportion of
patients who develop neurotoxicity after CAR T infusion. Red curve shows
patients withmaximum percent rise inMFV above baseline of <20% (n = 57),
green curve shows patients with maximum percent rise in MFV above
baseline of 20%–50% (n = 52), blue curve shows patients with maximum
percent rise in MFV above baseline of 50%–80% (n = 31), and orange curve
shows patients with maximum percent rise in MFV above baseline of >80%
(n = 25). There is a significant relationship between maximum MFV group
and percentage of patients who develop neurotoxicity (p = 0.0004, log-rank
test). CAR = chimeric antigen receptor; MFV = mean flow velocity.
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monitored with TCDs at regularly defined intervals, leading
to sampling at inconsistent time points between patients.
Patients who presented later in the data collection period
were therefore also more likely to have regular monitoring
with multiple TCD measurements during their hospitaliza-
tion and as a result more data points.We also do not have data
for TCD velocities between the baseline day 0 and day 5 for
most patients, given that the first TCD measurements were
traditionally performed on day 5 of hospitalization unless
neurologic symptoms developed. Similarly, patients were
more likely to be monitored with TCDs once neurotoxicity
had already developed, leading to increased sampling in these
patients compared with those without neurotoxicity. During
our 6-year enrollment period, grading scales for neurotoxicity
also evolved, from the CTCAE scale to the CARTOX scale
and Immune-effector Cell-Associated Encephalopathy
(ICE) score.17 The CTCAE scale is limited in its ability to
detect specific and subtle neurologic changes, and this was
modified in the later CARTOX and ICE grading systems.

However, given a need for a standardized outcome measure-
ment in our study, we elected to use the CTCAE scale for
all patients in our data set, though acknowledge here the limi-
tations of this measurement tool. In addition, TCD is an
operator-dependent technique. We sought to minimize opera-
tor variability by using only credentialed TCD ultrasound
technicians and ensuring the same operator performed TCDs
on each given patient, although we cannot exclude some
amount of operator measurement variability. Finally, given
limited patients who met the criteria, we were unable to sepa-
rately evaluate only patients who developed neurotoxicity after a
change in TCD velocity and therefore can show only an asso-
ciation rather than predictive value of increased TCD velocity
and neurotoxicity. Finally, although TCD measurements are
now part of the protocolized monitoring of all CAR-T patients
at our institution and are used clinically for treatment decisions
regarding immune-suppressing medications, we do not yet have
objective prospective data on how this has influenced treatment
or outcomes for CAR-T patients. Additional research is also
needed to identify whether changes in specific cerebral vessels
correlate with clinical symptoms and to determine whether
these findings are limited to patients with B-cell lymphomas or
generalizable to all patients following CAR T-cell therapy.

We believe that TCD ultrasound has the potential to be used
as a functional biomarker in CAR T-cell patients, and even
patients hospitalized for other neurologic conditions, as it
allows clinicians to objectively quantify abnormal physiology
in the absence of (and often prior to) the development of
structural injury. TCDs can also be obtained daily at the
bedside, allowing for an easily obtainable, noninvasive,
trendable biomarker. Limitations of the TCD technique in-
clude restricted cranial windows to obtain measurements in
some patients and variability between operators across in-
stitutions. However, with appropriate training, these factors
can be standardized and should not impose barriers to the use
of this diagnostic tool. We believe that TCDs have significant
clinical utility and provide objective data to help inform
complex decision making regarding when to initiate treat-
ment of CAR-T neurotoxicity.
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