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Background. Bacillus cereus is a ubiquitous gram-positive rod-shaped bacterium that can cause sepsis and neuroinvasive
disease in patients with acute leukemia or neutropenia.

Methods. A single-center retrospective review was conducted to evaluate patients with acute leukemia, positive blood or
cerebrospinal fluid test results for B cereus, and abnormal neuroradiographic findings between January 2018 and October 2022.
Infection control practices were observed, environmental samples obtained, a dietary case-control study completed, and whole
genome sequencing performed on environmental and clinical Bacillus isolates.

Results.  Five patients with B cereus neuroinvasive disease were identified. All patients had acute myeloid leukemia (AML), were
receiving induction chemotherapy, and were neutropenic. Neurologic involvement included subarachnoid or intraparenchymal
hemorrhage or brain abscess. All patients were treated with ciprofloxacin and survived with limited or no neurologic sequelae.
B cereus was identified in 7 of 61 environmental samples and 1 of 19 dietary protein samples—these were unrelated to clinical
isolates via sequencing. No point source was identified. Ciprofloxacin was added to the empiric antimicrobial regimen for
patients with AML and prolonged or recurrent neutropenic fevers; no new cases were identified in the ensuing year.

Conclusions. B cereus is ubiquitous in the hospital environment, at times leading to clusters with unrelated isolates. Fastidious
infection control practices addressing a range of possible exposures are warranted, but their efficacy is unknown and they may not
be sufficient to prevent all infections. Thus, including B cereus coverage in empiric regimens for patients with AML and persistent
neutropenic fever may limit the morbidity of this pathogen.

Keywords. acute myeloid leukemia; Bacillus cereus; immunocompromised; infection control investigation; neuroinvasive
infection.

INTRODUCTION infection can lead to sepsis and neuroinvasive disease with a

: . L o . range of neurologic complications, such as meningoencephali-
Bacillus cereus is a ubiquitous gram-positive or gram-variable

. . Lo tis, cerebritis, brain abscess, cerebral infarction, cerebral hem-
spore-forming rod-shaped bacterium that causes serious inva-

L . L . orrhage, and subarachnoid hemorrhage. Neuroinvasive B
sive infections in immunocompromised hosts [1-9]. In

. . . . infections are fr ntly f: ite prom minis-
patients with acute leukemia and neutropenia, B cereus cereus infections are frequently fatal despite prompt adminis

tration of appropriate antimicrobial therapy [1, 10, 11].

Typical B-lactam therapy, such as cefepime or piperacillin-
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tazobactam administered for febrile neutropenia, will not treat

therapies are vancomycin, carbapenems, or fluoroquinolones,

ronment and is a common contaminant in microbiologic cul-
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potential clinical significance in high-risk populations. It has
been associated with nosocomial outbreaks related to hospital
construction, contaminated linens and towels, faulty ventila-
tion systems, parenteral nutrition formulas, and dietary expo-
sures such as tea and probiotics [1, 2, 18-22]. Clusters of
genetically unrelated cases co-occurring in time without a point
source have also been described.

A previous cluster of neuroinvasive B cereus infections was
identified at our institution in 2013 to 2014 prompting an epi-
demiologic investigation. No clear point source was identified,
as all isolates were unrelated; however, there was evidence link-
ing cases to Bacillus contamination of unpeeled bananas asso-
ciated with nearby construction [1]. Subsequent mitigating
measures were instituted, such as adjustment of the neutrope-
nic diet, enhanced environmental cleaning practices, and a
temporary change to the fever and neutropenia protocol, which
included the addition of empiric ciprofloxacin therapy for pa-
tients with acute myeloid leukemia (AML) receiving induction
chemotherapy with persistent or recurrent neutropenic fever.
Following the discontinuation of these measures, 3 patients
with AML developed health care-associated neuroinvasive
B cereus infections in close temporal proximity in 2022, trigger-
ing an extensive epidemiologic investigation that identified 2 ad-
ditional cases between 2018 and 2022.

METHODS

We identified all patients with acute leukemia and health care-
associated neuroinvasive B cereus infection at Brigham and
Women’s Hospital and Dana-Farber Cancer Institute between
January 2018 and October 2022 (Figure 1). After 3 index cases
were identified, all patients with B cereus isolated from blood
or cerebrospinal fluid (CSF) via microbiologic culture or
molecular testing >48 hours after admission were assessed
(n =48). Standard microbiologic methods were used to identify
Bacillus species on blood culture. Patients with a diagnosis of
acute leukemia and B cereus isolated via microbiologic testing
during the risk period were extensively reviewed (n=13), in-
cluding 5 that exhibited correlating abnormal central nervous
system (CNS) radiographic findings. Given the high barrier
to pursue lumbar puncture or brain biopsy in this population
with profound neutropenia and thrombocytopenia, case defini-
tions consisted of those with positive blood cultures, suggestive
clinical history, and new abnormal CNS radiographic findings
within 2 weeks of diagnosis, even in the absence of positive CSF
cultures or confirmatory CNS histopathology. Patients were
followed through last follow-up as of 1 August 2023. Clinical
information was collected from the electronic medical record:
demographics, medical history, presenting symptoms, microbio-
logic and radiographic studies, laboratory testing, treatment, and
outcomes. Infection control practices were evaluated on wards
where patients with hematologic malignancy received care.

Environmental samples were obtained from patient rooms (ex-
haust ducts), portable medical equipment (laundry cart, blanket
warmer), and linens (towels, sheets, pillowcases, blankets, and
unused patient gowns at multiple points during the complete
laundry process from the commercial laundry through the deliv-
ery to patient care floors). Sixty-one samples were collected from
surfaces via environmental swabs or RODAC agar plates (repli-
cate organism detection and counting; blood agar, 5%, contact
plates with Lok-Tight friction lids; Hardy Diagnostics) with a
contact time of 10 seconds per plate [23, 24]. Hospital construc-
tion projects during the at-risk period were assessed, and patient
locations were noted. A matched case-control study was per-
formed to assess dietary risk factors for B cereus infection.
Fourteen control patients without Bacillus infections were ran-
domly selected among patients with AML admitted for induc-
tion chemotherapy between October 2021 and August 2022.
Odds ratios and P values were calculated with a Fisher exact
test. Whole genome sequencing (WGS) was performed on the
available clinical Bacillus isolates (n=2), 15 environmental
Bacillus isolates recovered from 7 environmental samples, and
2 isolates recovered from a sample of dietary protein supplement
common to most patients with AML. Sequencing was performed
by Brigham and Women’s Hospital, the Centers for Disease
Control and Prevention, and the Massachusetts Department of
Public Health [25], respectively. FASTQ files were shared with
the Massachusetts Department of Public Health for bioinfor-
matic analysis, which was performed as previously described
with modifications outlined in the supplementary methods
[26, 27]. Institutional review board approval was not sought be-
cause this study was done as part of a public health and infection
control investigation.

RESULTS

Clinical Characteristics of Neuroinvasive B cereus Infection
Five patients with AML and B cereus neuroinvasive disease
were identified between January 2018 and November 2022.
Clinical characteristics of cases are presented in Table 1. The
median age was 41 years (range, 24-55) and 60% were male.
All patients were hospitalized for intensive cytotoxic induction
chemotherapy (cytarabine and daunorubicin with venetoclax,
n=3; cytarabine and daunorubicin with crenolanib, n=1;
FLAG-IDA [fludarabine, cytarabine, granulocyte-stimulating
colony factor, and idarubicin], n=1) and were neutropenic
at the time of infection. Four cases were identified via blood
culture, and 1 case (patient 3) was identified via metagenomic
sequencing of plasma cell-free DNA (Karius) [28]. No cases
were identified via CSF culture or CNS tissue histopathology.
Susceptibility testing (E-test method) on 4 available isolates
showed a minimum inhibitory concentration of 4 pg/mL for
vancomycin and <0.25 pg/mL for ciprofloxacin for all isolates.
B cereus infection occurred most often 1 to 3 weeks after ini-
tiation of chemotherapy, with a median time to diagnosis of 14
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3 cases of
neuroinvasive B.
cereus infection
identified in 2022

Epidemiologic
investigation initiated

All patients with Bacillus species identified in blood
culture or cerebrospinal fluid (CSF) culture from
January 2018 to October 2022 were reviewed.
N =48

All patients with acute leukemia AND B. cereus identified in
blood or CSF culture assessed for evidence of
neuroinvasive disease.

N=13

Neuroinvasive cases defined as patients with acute leukemia, B.
cereus identified in blood culture*, and radiographic evidence of
acute CNS sequelae >48h following hospital admission.
N=5

* One case identified via metagenomic sequencing of plasma cell-free DNA

Figure 1.

Identification of neuroinvasive Bacillus cereus infections. The figure describes the methods for identifying neuroinvasive B cereus infections. Cases were defined

as patients with a diagnosis of acute leukemia, positive microbiologic cultures (blood or cerebrospinal fluid) for B cereus >48 hours after admission, and correlating central
nervous system radiographic findings. After 3 index cases were identified, all patients with microbiologic cultures positive for Bacillus species were assessed (n = 48). Cases
of patients with a diagnosis of acute leukemia and a positive culture with B cereus during the risk period were extensively reviewed (n = 13), including 5 that exhibited
correlating abnormal central nervous system radiographic findings consistent with neuroinvasive disease.

days from the first day of chemotherapy (range, 8-26 days;
Figure 2). Fever was the presenting symptom in 4 of 5 patients
(80%), and all patients had gastrointestinal symptoms that pre-
ceded their neurologic complications, such as diarrhea (n =4)
and/or abdominal/rectal pain (n=3). Neurologic symptoms
were headache (n = 2), encephalopathy (n = 2), focal neurolog-
ic deficits (cranial nerve palsy, n = 1; hemiparesis, n = 2; apha-
sia, n = 1), and meningismus (n = 1). CNS sequelae occurred at
a median of 1 day (range, 0-11) after positive microbiologic di-
agnosis and were highly morbid: 60% (n = 3) developed intra-
parenchymal or subarachnoid hemorrhage and 40% (n=2)
had rim-enhancing lesions or brain abscesses. Three patients

(60%) also had radiographic evidence of enteritis or typhlitis,
and 3 (60%) had evidence of hepatic hypodense lesions or “mi-
croabscesses” on computed tomography imaging of the abdo-
men, although these were not microbiologically confirmed to
be related to B cereus infection. All patients had prior exposure
to P-lactam antibiotics, including cefepime (n=5) and
piperacillin-tazobactam (n=2). Notably, 2 patients had re-
ceived fluoroquinolone prophylaxis before infection was de-
tected; however, their fluoroquinolones were discontinued at
the time of first neutropenic fever (8 and 13 days prior to diag-
nosis), and they transitioned to an anti-Pseudomonal p-lactam
antibiotic, per the hospital febrile neutropenia guidelines.
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Figure 2. Timeline of neuroinvasive Bacillus cereus infections. The figure demonstrates the timing of neuroinvasive B cereus infections, including first and recurrent fever,
diagnosis of B cereus bacteremia, and recovery of neutrophils after intensive cytotoxic induction chemotherapy. ANC, absolute neutrophil count.

Following diagnosis, all patients were treated with combina-
tion therapy for 1 to 4 weeks with ciprofloxacin, vancomycin,
or meropenem. Patients ultimately transitioned to ciprofloxacin
monotherapy at hospital discharge and completed a median 147
days (range, 54-220) of total therapy. Three patients (60%) had
radiographic worsening of CNS lesions following recovery of
neutrophils, one of whom (patient 3) underwent brain biopsy
to exonerate a secondary or new process that demonstrated
negative microbiologic studies. Patient 5 received a time-
limited course of corticosteroids for presumed immune recon-
stitution inflammatory syndrome. All patients received addi-
tional cycles of chemotherapy without clinical worsening,
and 80% successfully underwent hematopoietic cell transplan-
tation at a median 109 days (range, 100-204) after B cereus
neuroinvasive infection. All patients recovered without gross
residual neurologic deficits, though one patient had mild
persistent neurocognitive deficits [1].

Epidemiologic Investigation of Neuroinvasive B cereus Infections

The 5 patients were on 3 separate oncology wards, housed on
one floor of the hospital at the time of infection. There was
no overlap in patient rooms. From the targeted environmental
sampling, B cereus was identified in 7 of 61 environmental sam-
ples, including 2 laundry cart covers, a laundry cart shelf, an ex-
haust duct in a patient bathroom, and unused linens (flat sheet,
fitted sheet, blanket) stored on a laundry cart on the oncology
ward. B cereus was not isolated from any of the linen samples
collected from the laundry facility. Renovation and construc-
tion projects at the hospital were assessed with no correlation
to the location or timing of the cases. On case-control analysis
of 5 patients with neuroinvasive B cereus and 14 controls, no

dietary exposures were significantly associated with B cereus in-
fection. All patients received a dietary protein supplement,
which was previously identified as a potential source of B cereus
contamination: samples were therefore obtained from 19 lots
[1]. B cereus was identified in 1 of 19 samples that were tested;
however, the concentration of bacterial growth fell under the
US Food and Drug Administration thresholds for dietary sup-
plements. WGS analysis of the dietary protein isolate and envi-
ronmental specimens did not show any relationship to
available clinical B cereus isolates (n = 2). Two environmental
isolates were highly related via WGS (bathroom exhaust duct
and unused fitted sheet). Empiric fluoroquinolone therapy
was added back to the antimicrobial regimen for patients
with AML receiving induction or reinduction chemotherapy
with prolonged or recurrent neutropenic fevers in September
2022 for prevention of neuroinvasive B cereus infections
(Figure 3). No new cases of neuroinvasive infection have since
been identified through August 2023.

DISCUSSION

Neuroinvasive B cereus infections are life-threatening events
that affect immunocompromised hosts and can lead to death
or long-term disability if not treated promptly. Here we report
5 cases of neuroinvasive B cereus infection that occurred in pa-
tients with AML at our institution between 2018 and 2022, with
3 in close temporal proximity in 2022. While this study was lim-
ited by the lack of microbiologic confirmation of B cereus in the
CNS, the clinical history and temporal proximity of CNS com-
plications to B cereus bloodstream infections (median, 1 day
from diagnosis) was highly suggestive of neuroinvasive disease.

Neuroinvasive B cereus Infection in Immunocompromised Patients « OFID « 5



ANTIMICROBIAL INTERVENTION
Addendum to Febrile Neutropenia Protocol for Patients with Acute Myeloid Leukemia

1.

At first neutropenic
fever, start empiric
anti-Pseudomonal
beta-lactam therapy
after blood cultures

2.

For recurrent or
persistent fever 2 4 -
7 days after empiric
antimicrobials, start
empiric micafungin.

3.

ADDENDUM
For AML patients s/p
re/induction therapy
‘with recurrent or
persistent fever, add
fluoroquinolone.

drawn.

Consider ID consultation 72

Can be dis':t:ohtinueid aﬂer

s if cultures are
negative for Bacillus sp.

0 CASES OF NEUROINVASIVE B. CEREUS INFECTION IDENTIFIED FROM
SEPT 2022 THROUGH AUGUST 2023 FOLLOWING THIS INTERVENTION

Figure 3.

Empiric antimicrobial strategy for prevention of neuroinvasive Bacillus cereus infections in patients with acute myeloid leukemia. The figure displays the empiric

antimicrobial strategy that was initiated at our institution among patients with acute myeloid leukemia for the prevention of neuroinvasive B cereus infection. The strategy
was elected to maximize antimicrobial stewardship by ensuring time-limited courses of empiric fluoroquinolone therapy and prompt discontinuation if blood cultures re-
mained negative and there was no evidence of neuroinvasive B cereus infection. Fluoroquinolone therapy was selected given optimal central nervous system penetration
and borderline elevated minimum inhibitory concentrations to vancomycin for the organisms isolated at our institution. AML, acute myeloid leukemia.

No point source was identified, and WGS did not identify a re-
lationship between clinical and environmental isolates. This is
suggestive of sporadic infections from varying exposures in a
high-risk population. Notably, while the cluster reported by
Rhee et al had a high mortality rate (80%), all patients in this
cluster survived with almost complete resolution of neurologic
deficits and went on to receive additional immunosuppressive
chemotherapy and/or hematopoietic cell transplantation [1].
This may have been related to increased familiarity with this
clinical syndrome and prompt administration of appropriate
antimicrobials associated with the prior cases in 2013 to 2014.
A permanent empiric antimicrobial strategy was adopted after
identification of these new cases in September 2022, with a fluo-
roquinolone added for any persistent or recurrent neutropenic
fever in patients with AML who were receiving induction or re-
induction chemotherapy and with no further cases reported
since then (through January 2024).

B cereus is ubiquitous in the environment and has been asso-
ciated with outbreaks in health care settings related to hospital
construction, contaminated medical equipment, linens, and
dietary exposures [2, 13, 18-21]. In the prior case series of
5 patients from our institution, there was no point source iden-
tified, as infections were caused by multiple distinct strains.
Cranberry juice and bananas were identified as dietary expo-
sures associated with increased risk of B cereus neuroinvasive
infection in a case-control study. B cereus was also cultured
from the shelf where bananas were stored and from a banana
peel, raising concern that this could have represented a

potential source, though these isolates were unrelated to the
clinical isolates. Other environmental samples that tested pos-
itive in that study included a blanket warmer, an air sample
near a construction site, and a sample of a protein dietary sup-
plement [1]. In the current investigation, there were no associ-
to hospital
construction areas, or a link between clinical and environmen-

ated dietary exposures, patient exposures
tal/dietary B cereus isolates on WGS. In this case-control study,
all patients received a protein dietary supplement for nutritional
purposes, and 19 lots were tested for B cereus, given the concern
in 2015, with only 1 lot returning positive with a concentration
that fell within the Food and Drug Administration’s threshold
for dietary supplements. The occurrence of multiple cases with-
out an epidemiologic link likely reflects the ubiquity of Bacillus
spp in the environment and the potential for vulnerable patients
to be exposed via multiple routes. However, this analysis was
limited to the available clinical isolates (n =2), and we cannot
rule out that an epidemiologic link could exist with environ-
mental sources that were not sampled or clinical isolates that
were not included. In addition, the dietary case-control study
consisted only of patients with AML with neuroinvasive B cere-
us infection instead of all of those with B cereus bacteremia,
which may have provided additional information on dietary ex-
posures. Despite these limitations, the ubiquity of Bacillus spp
highlights the importance of optimizing infection control prac-
tices across multiple domains to minimize the risk of nosocomi-
al Bacillus spp infections (construction management, fastidious
handling of linens, protecting food from contamination and/or
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decreasing bioburden through irradiation, and rigorous envi-
ronmental cleaning). Furthermore, it may be impossible to elim-
inate Bacillus spp entirely from the hospital environment,
underlining the importance of clinical countermeasures in addi-
tion to infection control, including early recognition of the syn-
drome of invasive B cereus infections and early use of
fluoroquinolones or other agents active against Bacillus species.

Shifts in epidemiology have led to an increasing prevalence
of gram-positive bloodstream infections, including B cereus,
in patients with hematologic malignancy, and neuroinvasive
B cereus infections are well described in patients with acute leu-
kemia [4, 7, 29]. Early identification and treatment of these in-
fections are key to improving patient outcomes, though
confirming a diagnosis of neuroinvasive disease can be chal-
lenging in patients with profound neutropenia and thrombocy-
topenia. In fact, the clinical association of neurologic events
with invasive B cereus infection has primarily been described
through postmortem studies [4, 5, 8, 30, 31]. For patients
who survive, B cereus is often identified only on blood culture,
as was the case in this series [3, 15]. Thus, a high index of clin-
ical suspicion must be maintained for neurologic complications
in patients who are immunocompromised with B cereus blood-
stream infections. Distinct clinical features of B cereus neuroin-
vasive infections may aid in identifying the clinical syndrome
even without confirmatory CSF or CNS histopathology. All pa-
tients with neuroinvasive infections at our institution had a di-
agnosis of AML and were receiving intensive cytotoxic
induction chemotherapy, with profound neutropenia and dis-
ruption of the gastrointestinal mucosa that likely predisposed
to this infection. There were no cases among patients with acute
lymphoid leukemia, which could be related to lower numbers
of these patients at our institution or to differences in the depth
and duration of neutropenia and mucosal disruption related to
chemotherapy in this population. In terms of the clinical syn-
drome, fever typically occurs >1 week after initiation of chemo-
therapy, most often as a recurrent or persistent fever despite
initiation of anti-Pseudomonal B-lactam therapy for febrile
neutropenia [1, 5, 7, 30]. Gastrointestinal symptoms, such as di-
arrhea, abdominal pain, and vomiting, are frequently present
prior to onset of neurologic symptoms, and in our cluster, 3 pa-
tients had radiographic evidence of typhlitis/enteritis. Others
have reported gastrointestinal necrosis and ulceration with
B cereus on immunohistochemistry on autopsy [1, 31-33].
Abdominal symptoms may reflect a dietary source of inocula-
tion with subsequent translocation leading to systemic infection.
Liver involvement can also occur, with hepatic microabscesses
seen on imaging in 3 patients in this series (though not microbi-
ologically confirmed to be due to B cereus) and with hepatic
necrosis with invasive gram-positive bacteria reported on path-
ologic specimens in prior published cases [1, 4, 32, 34]. These
early clinical findings may raise suspicion for B cereus infection
and can prompt additional workup.

For patients with a suggestive clinical syndrome or a known
B cereus bloodstream infection, rapid initiation of empiric or
targeted antimicrobials may be lifesaving. B cereus produces
B-lactamases, rendering them resistant to many antibiotics typ-
ically included in empiric regimens for neutropenic fever [12,
14, 35]. Vancomycin, fluoroquinolones, and carbapenems are
the empiric agents of choice for patients with suspected B cereus
infection, and they are often used in combination for severe
cases until susceptibility results return, as resistance has been
reported to each class [13, 15, 34, 36, 37]. Among our cases,
all patients received combination therapy initially, and no resis-
tance to these agents was documented. However, given the rel-
atively elevated minimum inhibitory concentration of 4 to
vancomycin with the potential for reduced susceptibility, fluo-
roquinolones were chosen as the empiric regimen for treatment
of persistent or recurrent febrile neutropenia in patients with
AML who were receiving chemotherapy. Our empiric antimi-
crobial strategy is described in Figure 3 and was elected with
several key aims. First, appropriate antimicrobial therapy
must be rapidly initiated at onset of symptoms in patients at
risk for B cereus infections in hopes of preventing the progres-
sion to neuroinvasive disease. This was balanced by a distinct
goal to maximize antimicrobial stewardship and prevent wide-
spread long-term use of fluoroquinolones, with the potential
for generation of antimicrobial resistance as well as complica-
tions such as Clostridioides difficile colitis. This was attained
by targeting only the most high-risk patients with AML who
were undergoing intensive cytotoxic chemotherapy, as well as
recommending a time-limited duration of antimicrobials
with prompt discontinuation once B cereus infection was exon-
erated as a cause of fevers [38, 39].

The neurologic complications of B cereus infection are di-
verse: brain abscess, meningoencephalitis, intraparenchymal
or subarachnoid hemorrhage, and cerebral infarct [8, 9, 11].
While the mechanism of the CNS complications is not well elu-
cidated, it has been postulated that they are related to the pro-
duction of tissue-destructive toxins or exoenzymes [35, 40].
Regardless, these events are morbid and often difficult to iden-
tify as sequelae of B cereus infection. In addition, patients with
neurologic sequelae should be monitored closely at the time of
neutrophil recovery, as clinical worsening with increased ede-
ma associated with immune reconstitution has been described
and did occur in 60% of the patients in our study, with 1 patient
undergoing an invasive biopsy to rule out other potential caus-
es [7, 15, 16]. The role of corticosteroids in this setting are un-
known, although patient 5 received a corticosteroid taper with
clinical improvement and near full resolution of neurologic
deficits.

Clinicians should have a high index of suspicion for neuro-
invasive B cereus infections in neutropenic cases with hemato-
logic malignancy that include persistent or recurrent fevers in
conjunction with gastrointestinal symptoms, followed by the
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development of new neurologic symptoms or CNS radiograph-
ic abnormalities. These infections may be underrecognized,
and even though they have been associated with nosocomial
outbreaks, due to the ubiquity of B cereus, they can also occur
as sporadic infections associated with independent environ-
mental or dietary exposures. Regardless, the morbidity and
mortality of this syndrome are high; thus, infection control
and clinical mitigation measures may be required. Use of addi-
tional antimicrobials, such as fluoroquinolones, to empirically
treat B cereus infection in the right host could reduce morbid-
ity, but these measures should be targeted to the highest-risk
populations to balance the increasing risks of antimicrobial re-
sistance and the need for stewardship in patients with hemato-
logic malignancy.
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