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Introduction: Neutropenic enterocolitis (NEC) is a life-threatening complication
reported in patients with acute myeloid leukemia (AML) following chemotherapy
(CHT). Intensive induction and consolidation CHT may damage intestinal mucosa
leading to a NEC episode (NECe). NEC reported mortality may be up to 30-60%.
Early US-guided bed-side diagnosis and prompt treatment may substantially
improve the survival. An emerging worldwide concern is the intestinal
colonization by multi-drug-resistant bacteria especially when patients are
exposed to chemotherapy regimens potentially correlated to mucosal damage.

Methods: In our study we prospectively enrolled all AML patients admitted in our
leukemia unit to receive intensive induction and consolidation chemotherapy
and experiencing chemotherapy-induced-neutropenia (CHTN).

Results and discussion: Overall, we enrolled N=213 patients from 2007 to March
2023. We recorded N=465 CHTN, and N=42 NECe (9.0% incidence). The aim of
our study was to assess which chemotherapy regimens are more associated with
NEC. We found that ALM1310, followed by 7 + 3 (daunorubicin), 7 + 3 (idarubicin),
5+ 3 + 3 (cytarabine, etoposide, idarubicin), and AML1310 (consolidation) were
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associated with a statistically higher incidence of NEC. We did not detect NEC
episodes in patients treated with CPX-351, 5 + 2 (cytarabine, idarubicine), and
high-dose cytarabine. Thus, we found that cytarabine could determine mucosal
damage when associated with an anthracycline but not if delivered either alone
or as dual-drug liposomal encapsulation of daunorubicin/cytarabine. We also
describe NEC mortality, symptoms at diagnosis, intestinal sites involvement, and
prognostic significance of bowel wall thickening.

KEYWORDS

neutropenic enterocolitis, NEC, ultrasound sonography, acute myeloblastic
leukemia, chemotherapy

1 Introduction

For several decades, cytarabine plus an anthracycline (e.g., “7 +
3” regimen) has been the standard-of-care induction therapy for
acute myeloid leukemia (AML), including therapy related AML (t-
AML) and AML with myelodysplasia-related changes (AML-MRC)
(1, 2). Although complete remission was historically achieved in
60-80% of patients aged < 60 years with AML, conventional
chemotherapy may not be well tolerated either in older patients
or in patients with significant comorbidities (3, 4). The key point of
intensive induction treatment is the achievement of a complete
response (CR) and furthermore may be a bridge to allogenic
transplant (HCT) when indicated (5). CPX-351 is a dual-drug
liposomal encapsulation of daunorubicin/cytarabine. CPX-351 has
been approved for newly diagnosed t-AML and MRC-AML adult
patients in US in 2017 and for patients aged >1 year in 2021, and it
has been approved in EU/UK in 2018 (5-12). A major concern
worldwide is the colonization of the intestine by multi-drug
resistant bacteria (MDR) (13-15). Intensive induction and
consolidation chemotherapy may damage intestinal mucosa
leading to a neutropenic enterocolitis (NEC), a life-threatening
complication with reported mortality up to 30-60%, although it
has been recently suggested that an early US-guided diagnosis and
prompt treatment may substantially improve the survival (16-19).
NEC is clinical syndrome, and a bowel wall thickening (BWT),
determined either by computed tomography (CT) or
ultrasonography (US), has been proposed as a major diagnostic
criterion (20-23). Different CHT regimens may be associated with
different incidence of NEC (16). NEC incidence greatly varies from
0.8% to 46%. This variability is partly due to the retrospective nature
of most studies, and partly due to different definitions and
diagnostic criteria (23, 24). The aim of our study has been to
investigate the incidence of NEC, symptoms at diagnosis, and
outcome in AML patients exposed to different CHT regimens
with respect to their potential damaging effects on intestinal
mucosa. The novelty of our study relies on the homogenous
cohort of patients (all affected by AML) and the prospective
enrollment design.
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2 Materials and methods
2.1 Patients and study design

This prospective study was conducted from March 2007
through March 2023 in the adult (>18 years old) Leukemia ward
of the Hematology Unit at the University of Pisa (Italy). The patient
population included all patients with newly diagnosed AML
undergoing intensive chemotherapy and experiencing
chemotherapy-related neutropenia (CHTN) (25-27). Overall, we
enrolled N=213 patients. A single patient could receive multiple
chemotherapy regimens during subsequent admissions on the
ward. Each admission inducing a chemotherapy-related
neutropenia episode (CHTNe) was considered a statistical
“observation”, and each “observational period” started on the date
of admission and ended on the date of discharge. Thus, in the
N=213 patients we recorded N=465 CHTNe. A single patient could
experience multiple “events” of NEC diagnosed during different
observational periods. All the other AML patients who experienced
chemotherapy-related neutropenia but did not experience NEC
episodes (NECe) during an entire observational period were
considered as the control group (N = 423 NEC negative
observations). All patients provided written informed consent and
the study was approved by our Institutional Review Board (IRB
File 3636).

2.2 Definition of neutropenic enterocolitis

NEC was defined when BWT was found more than 4 mm in
transversal scans for at least 30 mm length (28), at the onset of at
least one of the following symptoms: fever (axillary temperature
>38°C, (F)) and/or abdominal pain (AP) and/or diarrhea (more
than three fluid stools/24 h, D) during neutropenia (23, 28, 29),
which was defined as absolute neutrophil count (ANC) < 0.5 x 10°/
L. Abdominal pain was evaluated using a Visual Analogous Scale
Pain Score, ranging from 0 to 10 (28). Resolution of NEC was
defined as a complete disappearance of symptoms combined with
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“restitutio ad integrum” of all bowel segments involved at diagnosis
by bedside ultrasound (30).

2.3 Antimicrobial prophylaxis

From the start of the study until December 2013, all patients
received levofloxacin 500 mg/day, fluconazole 400 mg/day, and
aciclovir 400 mg twice a day until neutrophil recovery. In January
2014, levofloxacin and fluconazole prophylaxes were discontinued
and patients received posaconazole prophylaxis (31).

2.4 Microbiological evaluation

Blood cultures were part of routine fever workup for all febrile
episodes as per institutional policy as previously described (21, 32).
Routine stool cultures were performed at each episode of diarrhea to
rule out Clostridium Difficile colitis (28), or other bacterial or fungal
infections. PCR analysis was carried out to rule out viral infections
(herpes viruses, adenovirus, EBV, CMV, rotavirus, norovirus
enterovirus, and astrovirus). Stool cultures were repeated if
diarrhea persisted or worsened. Moreover, diarrhea was
considered chemotherapy-induced (33) (Figure 1) when no
pathogen was isolated from stool cultures, and neutropenic fever
was considered of unknown origin if no infection was
microbiologically documented using extensive microbiological
evaluation (28, 32, 34).

2.5 Ultrasonographic examination

Each patient enrolled in the study underwent a baseline
abdominal and intestinal B-mode US at the beginning of each
observational period, as soon as admitted on the ward, before
receiving any chemotherapy (16, 28, 32, 35). All patients were
clinically monitored during their entire hospital stay (observational
period). Ultrasound was performed with an Esaote MyLab 25
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FIGURE 1

Outcome of patients correlated with BWT <10 mm or > 10 mm.
There was a statistically significant difference in mortality rate
between the two groups of patients (p=0.001, with OR=42).
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ultrasonographer equipped with a 3.5-5.0-MHz convex probe and
a 7.5-MHz linear transducer without any preparation, 6-12 h
within the onset of either one symptom or a combination of
symptoms (fever and/or diarrhea and or abdominal pain). The
entire gastrointestinal tract was submitted to a gray-scale US
examination as previously described (35-37). The colon and
ileum wall thickness were measured from the luminal surface to
outer wall, as previously reported (16, 32, 34, 38, 39). Bowel wall
layers were investigated, including superficial mucosal interface,
deep mucosa, submucosa, muscolaris propria and serosa (40,
41) (Figure 2A).

The degree of dilation (42) and motility (43) were also assessed.
The presence of haustra (Figure 2B) or dehaustration and the
presence/absence of free abdominal fluid in all four quadrants
and/or abdominal organ pathologies (such as cholecystitis or
hepatolienal candidiasis) (23, 28) were assessed during each
imaging study (36, 42, 43). Bowel wall was defined thickened if 4
mm in at least 3 cm long segments was found in transvers scans (19,
21, 28, 44), and bowel content was defined as gas, foodstuff or feces,
mixtures of the two, or fluid filled (45). Patients diagnosed with
NEC were considered our study group. Follow-up ultrasound was
invariably repeated if clinical conditions worsened or at the onset of
new symptom/s.

FIGURE 2

(A) Descending colon with BWT. White arrow indicates the lumen;
white arrowheads indicate preserved haustra. (B) NEC involving the
descending colon: BWT 10.1 mm (white arrowhead). Haustra are
poorly recognizable. The whole colon measures 29.6 mm. The 5
layers are indicated by white arrows (1 = serosa, 2= muscolaris
mucosa, 3=submucosa, 4=mucosa, 5= mucosa-lumen interface).

frontiersin.org


https://doi.org/10.3389/fonc.2023.1272072
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Benedetti et al.

Asymptomatic patients received another bed side US to assess
the gastrointestinal tract after five days of neutropenia. If they did
not experience NEC episodes during the entire observational
period, they were considered controls. Ultrasound studies were
performed either on weekdays or during the weekend as clinically
indicated. In all patients, bed-side US was performed by a
hematologist member and teacher at the Italian School for Basic
and Emergency Ultrasound (SIUMB) at the University of Pisa, with
expertise in gastrointestinal ultrasound.

2.6 NEC treatment

After the ultrasonographic diagnosis of NEC, blood cultures
were obtained in febrile patients, and a conservative approach
with broad-spectrum antibiotics covering both Gram positive
and -negative pathogens, anaerobes, and fungi, was immediately
started regardless of symptoms. Treatment included
meropenem, vancomicin, liposomal ampho-B; dosage was
adjusted to renal function and caspofungin was used in
patients with renal impairment and electrolyte imbalance. In
sepsis/septic shock, IgM-enriched immunoglobulins were
infused over three days (46, 47). Treatment was modified if
infections were documented according to sensitivity tests.
Patients also received total parenteral nutrition, G-CSF, fluid
resuscitation, transfusions of packed red blood cells, platelet and
fresh frozen plasma as needed (32). NEC-related mortality was
defined according to manuscripts previously published (17, 18,
23, 32, 34, 39, 45, 48).

2.7 Statistical analysis

Categorical data were described by absolute and relative (%)
frequency, continuous data were summarized by mean and
standard deviation. To compare categorical factors with
continuous and categorical variables t-test for independent
samples and chi square test or z-test for two proportions were

TABLE 1 Cumulative incidence rate percentage of NEC.

10.3389/fonc.2023.1272072

performed, respectively. Significance was fixed at 0.05 and all
analyzes were carried out with SPSS v.28 technology.

3 Results
3.1 Characteristics

From March 2007 to March 2023, N=213 patients were
prospectively enrolled in the study. Patients’ characteristics were
the following: median age 52 years (range 19-81 years), females N=
98 (46.4%) and males N=113 (53.6%); median BMI 24.4 (range
14.1-42.6), N= 131 patients (61.5%) had BMI <25 and N= 82
patients (38.5%) had BMI > 25, respectively. Overall, N=40/213
patients (18.7%) were acute myeloid leukemia (AML) with
myelodysplasia-related changes (MRC-AML), and N= 13/213
patients (6%) were therapy-related AML (t-AML) (49).

3.2 Incidence of NEC

We diagnosed N=42 NECe out of N=465 chemotherapy related
neutropenic observations (Ne) with an incidence rate of 9.0%.
Thirty-six patients experienced N=1 episode of NEC, and N= 6
patients experienced 2 episodes of NEC. NEC was diagnosed after a
median of N=4.5 days of neutropenia grade IV (range 1-12 days).
There was not a statically significant difference between NECe
occurring before and after antimicrobial prophylaxis change
(before and after 2014, paragraph 2.3, p=0.434). We found that
there was not a statistically significant impact of neutropenia on
cumulative incidence (CI)-rate of NEC (p=0.279) (Table 1).

3.3 Number of cycles of chemotherapy
and incidence of NEC

The number, the type of cycles of CHT, the number of NECe,
and median length of days of neutropenia grade IV are reported in

Cumulative percentage

Two-year period NEC no NEC yes Total NEC percentage of NEC yes (n=36)
2007-2008 23 2 25 8 5,6
2009-2010 20 5 25 20 19,4
2011-2012 2 6 28 214 36,1
2013-2014 18 2 20 10 41,7
2015-2016 26 9 35 25,7 66,7
2017-2018 28 4 32 12,5 77,8
2019-2020 23 3 26 11,5 86,1
2021-2022 17 5 22 22,7 100,0
Total 177 36 213 16,9

The CI was performed only on patients experiencing 1 episode of NEC.

Frontiers in Oncology

frontiersin.org


https://doi.org/10.3389/fonc.2023.1272072
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Benedetti et al. 10.3389/fonc.2023.1272072

TABLE 2 Number, type of cycles of CHT, number of NECe, and median length of days of neutropenia grade IV in AML patients during the study
period (2007-2023).

Therapy Total number of cycles deliv- Median length neutropenia grade IV

ered (n) (range)
5+ 2 (ida) 66 5(2-13) 0 0
5+ 343 (cyta-ida- | 110 7 (1-22) 6 5.4
eto)
7 + 3 (dauno) 40 14 (6-22) 10 25
7 + 3 (ida) 120 13 (8-22) 17 142
AML 1310 (ind) 17 14 (5-24) 8 47
AML 1310 (cons) 11 7 (5-14) 1 9.1
HD ARA-C 64 2 (0-6) 0 0
CPX-351 (ind1) 2 195 (12-24) 0 0
CPX-351 (ind2) 1 9 (NA) 0 0
CPX-351 (cons) 14 11 (6-22) 0 0
Tot 465 42 9.0

5 + 2 (ida)= idarubicin 13 mg/m2/ d for 2 days, and cytarabine 100 mg/mzld as a continuous for 5 days (50)); 5 + 3 + 3 (cyta-ida-eto); cytosine arabinoside (100 mg/mz, six doses), idarubicin (8
mg/m?, three doses), and etoposide (100 mg/m?, five doses) (51); 7 + 3 = 7-day continuous infusion of cytarabine at the dosage of 200 mg/m” per day on days 1 to 7 and daunorubicin at 60 mg/m*
per day on days 1 to 3 (52); 7 + 3 ida = idarubicin 12 mg/m” for 3 days and cytarabine was given in a dose of 100 mg/m* continuous IV infusion for 7 days (53); GIMEMA AML1310 (ind)=
induction consisted of IV daunorubicin 50 mg/m? daily on days 1, 3, and 5; IV etoposide 50 mg/m? daily on days 1 to 5; and IV cytarabine 100 mg/m? as a daily continuous infusion, days 1 to 10
(54); GIMEMA AMLI310 (cons) = IV daunorubicin 50 mg/m? daily on days 4, 5, and 6 and IV cytarabine 500 mg/m” every 12 hours on days 1 to 6 (54); HD ARA-C: consolidation with high
dose cytarabine 3g/m” every 12 h on days 1,3,5 (55, 56). CPX-351 ind1: CPX-351 100 units per m? (daunorubicin 44 mg/m? plus cytarabine 100 mg/m?) as a 90-min infusion on days 1, 3, and 5
(57); CPX-351 ind2: CPX-351 100 units per m> (daunorubicin 44 mg/m?” plus cytarabine 100 mg/m?®) as a 90-min infusion on days 1, 3 (57); CPX-351 cons: 65 units per m* (daunorubicin 29 mg/
m” plus cytarabine 65 mg/m?) administered as a 90-min infusion on days 1 and 3 (57).

TABLE 3 Patient clinical variables at the first and second episode of NEC.

First NEC episode Second NEC episode

Characteristic Frequency/Mean Frequency/Mean

Small intestine

No 29 80.5 6 100
Yes 7 19.5 0 0

‘ Colon
No 12 333 1 16.7
Yes 24 66.7 5 83.3

Small intestine +Colon

No 31 86.1 5 83.3

Yes 5 13.9 1 16.7

Fever at diagnosis

No 36 100 6 100
Yes 0 0 0 0
‘ Diarrhea
No 36 100 6 100
yes 0 0 0 0
‘ Pain
No 33 91.7 5 84
(Continued)
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TABLE 3 Continued

First NEC episode

10.3389/fonc.2023.1272072

Second NEC episode

Characteristic Frequency/Mean Frequency/Mean

Yes 3 8.3 1 16
Fever + Diarrhea

No 16 445 2 33.3
yes 20 55.5 4 66.7
Fever + Abdominal Pain

No 11 30.6 1 16.7
Yes 25 69.4 5 83.3
Diarrhea + Abdominal Pain

No 11 30.6 2 33.3
Yes 25 69.4 4 66.7
Fever + Diarrhea + Abdominal Pain

No 17 472 2 33.3
yes 19 52.8 4 66.7
Documented infections

No 13 36.0 2 33.3
Yes 23 64.0 4 66.7
Therapy

Surgical 3 83 0 0
Medical 33 91.7 6 100
Outcome

deceased 7 19.4 1 16.7
alive 29 80.6 5 83.3
Chemotherapy

34345 3 8.3 3 50
3 +7IDA 16 445 1 16.7
3 + 7dauno 9 25.0 1 16.7
AML1310 ind 8 222 0 0
AML1310 cons 0 0 1 16.7
WBT (mm) 8.9 (mean value) 3.57 10.9 2.7
Time to death (hours) 53.3 (mean value) 22.2 0 0
Time to surgery (hours) 26.7 (mean value) 18.9 0 0

Table 2. We report the CHT regimens according to various
protocols with antileukemic activity used in our leukemia unit
during the study period (2007-2023). Table 3 shows the patient
clinical variables at the first and second episode of NEC.
Microbiology-documented NEC infections (blood and/or stool)
were found in N=31 out of 42 NECe (74%), 27 positive blood
cultures and 4 positive stool cultures. In N= 23 out of 27 (85%)
NECe we found positive blood cultures (N=9 Pseudomonas
aeruginosa, and among these 4 were aminoglycosides, quinolones,

Frontiers in Oncology

and B-lactams resistant, respectively (57); N=3 Klebsiella
pneumoniae carbapenemase (KPC)-producing bacteria; N=11
Escherichia coli, and among these 6 B-Lactamase (ESBL) were
resistant); N=2 Enterococcus Faecalis; and N=2 Candida albicans.
In 4 out of 27 NECe the stool cultures yielded pathogens (N=2
Candida albicans, and N=2 KPC, respectively).

Gram-negative bacteria in blood cultures were the most
represented 85% (N= 23/27), 56% were MDR bacteria, and
patients colonized were 43.5% (N=10/23). There was not a
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statically significant impact of colonization on NEC episodes in the
chemotherapy sub-groups in which NEC was diagnosed: in the 5 +
3 + 3 (cyta-ida-eo) (p=0.884), in the 7 + 3 (dauno) (p=0.412), in the
7 + 3(ida) (p=0.732), in the AML 1310(ind) (p=0.132) and in the
AML 1310 (cons) (p=0.836). In the group of patients treated with
CPX-351(ind1) N=2 patients, and CPX (cons) N=2 patients were
colonized by Klebsiella pneumoniae carbapenemase (KPC)-
producing bacteria, and none experienced a NECe.

Overall, AML 1310 (ind), followed by 7 + 3 (dauno), 7 + 3 (Ida),
AML 1310 (cons), and 5 + 3 + 3 were the chemotherapy cycles most
associated with occurrence of NECe. Table 4 reports the statistical
comparison of two cycle of chemotherapy which had the highest
percentages of NECe used as reference with respect to other cycles. In
column 4 of Table 4, AML 1310 (ind) is the chemotherapy used as
reference with the highest incidence of NEC and it was compared with
NECe occurring using the other cycles of chemotherapy. In column 5
of Table 4, 7 + 3 (dauno) is considered the reference chemotherapy.
The comparison of Cl-rate incidence of NEC in patients treated with
CPX-351 (ind1) vs 7 + 3 (ida) showed a strong trend (p=0.06). We did
not find a statistically significant difference in CI-rate incidence of
NEC between 7 + 3 using daunorubicin or idarubicin (p=0.115). In
univariate analysis the only variable associated with NEC occurrence
was the type of chemotherapy (Table 4). Neutropenia, patients’ age,
year of treatment, did not have a statically significant impact (p=
p=0.279, 0.292, p=0.434, respectively).

3.4 Mortality

Eight patients died (N=8/42, 22%) because of a NEC-related
septic shock. Seven out of 8 died during the first NECe, and one died

TABLE 4 Comparison of NECe related to chemotherapy cycles.

Therapy Total number
5 + 2 (ida) 66
5 + 3+3 (ida-eto-cyta) 110
7 + 3 (dauno) 40
7 + 3 (ida) 120
AML 1310 (ind) 17
AML 1310 (cons) 11
HD ARA-C 64
CPX-351 (indl) 22
CPX-351 (ind2) 1
CPX-351 (cons) 14
Tot 465

10.3389/fonc.2023.1272072

during the second NECe. The mortality rate of patients who
experienced only one NECe was 19.4% (7/36) and in patients
experiencing 2 NECe was 16.7% (1/6), without a statistically
significant difference (p = 0.877).

3.5 Treatment

Thirty-nine NECe were treated conservatively whereas N= 3
NECe were treated with surgery. Six out of 39 patients and two out
of three patients died because of uncontrolled septic shock in the
group treated with conservative therapy and surgery, respectively,
without a statistically significant difference between the two
groups (p=0.165).

3.6 Bowel wall thickness

Figure 3 shows the outcome of patients correlated with BWT <
10 mm or > 10 mm. There was a statistically significant difference in
mortality rate between the two groups of patients (p=0.001,
with OR=42).

3.7 Body mass index

Body mass index (BMI) did not influence BUS scanning of
patients enrolled in the study. Mean BMI of the entire NEC group
was 24.3 + 4.3; mean BMI of the NEC negative control group was 25
+ 5.2. Patient’s BMI was homogeneously distributed in the two
groups (p=0.397).

NEC/Total (%) p-value p-value
0 <0.001 <0.001

54 <0.001 0.002

25 0.186 Reference
14.2 0.003 0.182

47 Reference 0.186

9.1 0.092 0.471

0 <0.001 <0.001

0 0.001 0.028

0 NA NA

0 0.010 0.094

9.0

5 + 2 (ida)= idarubicin 13 mg/m2/d for 2 days, and cytarabine 100 mg/m2/d as a continuous for 5 days (50); 5 + 3 + 3 (ida-eto-cyta); idarubicin (8 mg/m2, three doses), cytosine arabinoside (100
mg/m2, six doses) and etoposide (100 mg/m2, five doses) (50); 7 + 3 = 7-day continuous infusion of cytarabine at the dosage of 200 mg/m2 per day on days 1 to 7 and daunorubicin at 60 mg/m2
per day on days 1 to 3 (50); 7 + 3 ida = idarubicin 12 mg/m2 for 3 days and Cytarabine was given in a dose of 100 mg/m2 continuous IV infusion for 7 days (53); GIMEMA AML1310 (ind)=
Induction consisted of IV daunorubicin 50 mg/m2 daily on days 1, 3, and 5; IV etoposide 50 mg/m2 daily on days 1 to 5; and IV cytarabine 100 mg/m2 as a daily continuous infusion, days 1 to 10
(53); GIMEMA AML1310 (cons) = IV daunorubicin 50 mg/m2 daily on days 4, 5, and 6 and IV cytarabine 500 mg/m2 every 12 hours on days 1 to 6 (53); HD ARA-C: consolidation with high
dose cytarabine 3g/m” every 12h on days 1,3,5 (55, 56); CPX-351 ind1: CPX-351 100 units per m? (daunorubicin 44 mg/m? plus cytarabine 100 mg/m?) as a 90-min infusion on days 1, 3, and 5
(57); CPX-351 ind2: CPX-351 100 units per m* (daunorubicin 44 mg/m” plus cytarabine 100 mg/m?) as a 90-min infusion on days 1, 3 (57); CPX-351 cons: 65 units per m” (daunorubicin 29 mg/
m” plus cytarabine 65 mg/m?) administered as a 90-min infusion on days 1 and 3 (57).
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FIGURE 3

Chemotherapy-related diarrhea. Two ileum loops with bowel wall
measuring 3.0 mm (white arrow); white arrowhead 1 indicates the
lumen liquid-filled; white arrowhead 2 indicates valvulae conniventes.

3.8 Bowel sites involved in NEC

Intestinal involvement in NECe was as follows: N=7/42 (16.7%),
N=29/42 (69%), and N=6/42 (14.3%) had small bowel, colon, and
both involved, respectively. Thus, the colon (alone and in
association with the small bowel) was the most involved site. One
and seven patients died when NEC was localized in the small bowel
and colon, respectively.

3.9 Symptoms

Symptoms at NECe diagnosis are listed in Table 3. At NECe
diagnosis fever and diarrhea alone were never found, whereas
abdominal pain alone was found in 8.3% and in 16% of patients
who experienced one and two NECe, respectively. The most
frequent symptom or symptoms at NECe diagnosis were fever +
abdominal pain, followed by diarrhea + abdominal pain, fever +
diarrhea, and fever+ diarrhea + abdominal pain.

4 Discussion

Chemotherapy agents used to treat patients affected by AML
may cause direct intestinal injury leading to NEC (16-18, 23, 28,
45). Moreover, an emerging concern is the colonization of the
intestine by MDR bacteria in patient who will receive intensive
CHT (13).

A part of patients diagnosed with AML will be offered an
allogenic transplant (1, 2) after remission-induction CHT, and in
these patients the colonization by MDR bacteria may be detrimental
(1, 2). In our research we wanted to verify if different CHT regimens
could cause a significantly different mucosal injury causing a
different incidence of NEC.
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4.1 Pathogenesis

The exact pathogenesis of NEC is multi-factorial (16). The
cytotoxic effect of chemotherapy can cause direct mucosal injury
and destruction of the normal mucosal architecture (17, 24, 38),
with loss of gut barrier function and subsequent microbial invasion
of the bowel wall by colonic and opportunistic organisms (58).
Bacterial endotoxins may lead to inflammation, edema, ulceration,
transmural necrosis, and perforation. Intramural hemorrhage (17)
due to severe thrombocytopenia (20, 24) may lead to massive
gastrointestinal (GI) bleeding. Neutropenia reduces the immune
response against the microbial invasion of the bowel wall (20, 24)
and neutropenia alone can cause mucosal ulcerations (16, 20).
Complications of NEC are perforation of the bowel wall, stenosis,
fistula, ileus or sub-ileus, gastro intestinal bleeding, and septicemia
with or without septic shock (ref (16). and references therein).

4.2 Incidence

In a systematic review of 21 studies, the reported pooled
incidence rate of NEC was 5.3% (266/5058; 95% CI, range 4.7%-
5.9%) in adult patients hospitalized for the treatment of
hematologic malignancies, high-dose chemotherapy in solid
tumors, or aplastic anemia (23). In our prospective study in AML
patients, CI-rate incidence of NEC was 9.0%.

Incidence and outcome of NEC occurring in patients affected by
acute leukemia undergoing CHT were reported previously in one
prospective study (28) and two retrospective studies (16, 45).
Gorshluter et al. in their study included 36 patients with acute
leukaemia (AML, acute lymphoblastic leukaemia (ALL) or blast
crisis of chronic myeloid leukaemia (CML) with 62 independent
episodes of neutropenia after myelosuppressive chemotherapy and
reported a NEC incidence of 6.5% (28). Cartoni et al. reported
overall 6% NEC incidence in N=64 patients with AML (72.8%),
N=21 patients (23.8%) with ALL, and N=3 patients (3.4%) with
CML in blast crisis (45). Pugliese et al. reported overall 23.8% NEC
incidence in N=420 patients with AML (16). Unlike the prospective
study of Goshluter et al. (28), our cohort included only patients
diagnosed with AML. Our study also differs from the other two
studies (16, 45) due to the prospective vs retrospective design. CI-
rate incidence of NEC in our study was 9.0% NEC, diagnosed at a
median of 4.5 day of neutropenia grade IV. Cytotoxic
chemotherapeutic agents (i.e., cytosine arabinoside, vinca
alkaloids, and doxorubicin) account for most cases of NEC, but
other agents have been also implicated (e.g., 5-fluorouracil,
gemcitabine, vincristine, methotrexate, leucovorin, and taxane-
based agents) (59).

We found that the highest incidence of NEC occurred in patient
treated with the following regimens: GIMEMA AMLI310 (ind)
(47%), followed by 7 + 3 (dauno) (25%), which were used as
reference for statistical comparison with the other CHT cycles,
followed by 7 + 3 (ida), AML1310 (cons), and 5 + 3 + 3 (Table 4).
Our findings are in accordance with what previously reported by
Pugliese et al. (16), who analyzed the impact on intestinal mucosal

frontiersin.org


https://doi.org/10.3389/fonc.2023.1272072
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Benedetti et al.

toxicity of the various schedules of cytarabine-based cytotoxic
agents reporting that patients treated with high (AML-12 trial,
and FLAG-Ida protocol), intermediate (HOVON-SAKK trial), and
standard (AML-10 trial) dose cytarabine chemotherapy regimens
experienced NEC with an incidence of 42%, 19%, and 15%,
respectively. It was previously reported that neutropenia and not
the underlying disease acute leukemia was the main risk factor for
NEC (23). In our study we found that the median duration of
neutropenia in patients treated with CPX-351 was about 25% longer
in respect to the median of days of patients treated with 7 + 3
(dauno), and 7 + 3 (ida). Nevertheless, we did not find NEC
episodes in patients treated with CPX-351 neither in induction (1
or 2) nor in consolidation. CPX-351 is a liposomal encapsulation of
daunorubicin and cytarabine at a synergistic 1: 5 molar ratio (49).
This formulation gave a statistically significant difference in CI-rate
incidence of NEC if compared with a standard induction based on 7
days of cytarabine +3 days of daunorubicine (Table 4) and a strong
trend if CPX-351 is compared with 7 + 3 (ida) (p=0.06). This
observation might suggest that the damage of liposomal
encapsulation of daunorubicin and cytarabine on the intestinal
mucosa is minimum. Moreover, we might also speculate that the
mucosal and submucosal injury caused by CHT, rather than the
length of neutropenia, has a major impact on the possibility to
develop bowel wall infection and NEC.

It was recently reported by Chiche et al. in a French
retrospective multicenter study, that 50% of patients had all grade
of gastro intestinal toxicity but only 4 AML patients out of 103
patients treated with CPX-351, experienced gastro intestinal toxicity
grade 3 (vomiting in 1 patient a mucositis in 3 patients) (49). Lemoli
et al. in their real-world experience with CPX-351 study found that
gastro intestinal toxicity was rarely reported in real-world studies
(5). Hueso et al. addressed the mechanism of mucosal damage from
7 + 3 with daunorubicin (60). Moreover, Renga et al. (submitted
manuscript) fond that thigh junction protein of the mucosal
epithelial barrier are preserved in cells exposed to CPX-351 but
not if exposed to the 3 + 7 (dauno) combination (61). In our study
NEC was diagnosed after a median of 4.5 days of neutropenia
(range 1-12 days). Thus, NEC episodes were diagnosed relatively
early in the neutropenic phase post chemotherapy. The median of
days of neutropenia for each chemotherapy cycle is reported in
Table 2. NEC episodes were not diagnosed after 12 days of
neutropenia (range 1-12 days) although neutropenia related to
chemotherapy could exceed 12 days. We did not detect delayed
NEC episodes after 12 days although neutropenia may persist much
longer (for example in the CPX-351 (ind) the neutropenia phase
ranged from 12 to 24 day, as in AML1310 (ind)). Thus, NEC seems
a relatively early event post end of chemotherapy not happening
later even though neutropenia persists. Thus, considering the
literature and our findings, it is reasonable to interpret the results
reported by the authors (5, 49) hypothesizing that in this setting of
patients the mechanism of mucosal barrier damage is most
probably more due to a direct effect of the chemo-agents
delivered rather than on the neutropenia per se. Furthermore, the
impact of chemotherapy on mucosal barrier damage, is part of the
pathogenesis addressed by the literature (16, 17, 20, 24, 38, 58). In

Frontiers in Oncology

10.3389/fonc.2023.1272072

accordance with the literature mentioned (5, 49) we found a
correlation of NEC with the type of chemotherapy and not with
the duration of neutropenia. Other CHT regimens in which we did
not detect NEC episodes were HD-ARAC (55, 56), and 2 + 5 (ida)
(50). Thus, cytarabine may damage intestinal mucosal and
submucosal architecture only if combined with daunorubicin or
idarubicin and does not induce mucosal injury at either reduced
combination schemes (e.i. 2 + 5 ida) or if combined as a dual-drug
liposomal encapsulation with daunorubicin (CPX-351).

4.3 Diagnosis and outcome

High-resolution ultrasound techniques allow detailed
differential diagnosis including NEC (21, 28, 37, 62). We found
that patient ‘s BMI did not affect the reliability of the US evaluation
of the intestinal tract as previously reported (30, 32, 37, 42, 43),
which allows to scan the intestine at bed-side in severely ill patients.

We found that the analysis of symptoms at NEC diagnosis in
the setting of AML patients with chemo-related NEC agrees with
data previously reported (32). In this study, focused on AML
patients, we did not find neither fever nor diarrhea alone
(Table 3). Abdominal pain was the symptom most frequently
found either alone or in combination with other symptoms at
diagnosis (Table 3). The mean time to death and surgery at NEC
first episode was 53.3 hours and 26.7 hours, ant at second episode of
NEC 22.2 hours and 18.9 hours, respectively. Thus, our study
confirms the crucial benefit of an early US bed-side diagnosis and
a timely treatment intervention (32).

Mortality of NEC can be up 30-60%, and is due to sepsis,
uncontrolled bleeding, or necrotizing perforation (16, 23). Recently
authors have shown that the mortality can be reduced significantly
with an early US-driven diagnosis and prompt treatment (16, 17,
32). NEC-related mortality in the setting of patients affected by
leukemia, previously reported by Gorshluter et al. (28), Pugliese
et al. (16), and Cartoni et al. (45), was 50%, 23%, and 29%,
respectively. In our study NEC-related mortality was 22% without
a statistically significant difference (p= 0.308, p= 0.448, and p=0.207
respectively). Drug-resistant Gram-negative bacilli may contribute
to significant morbidity and mortality in colonized patients
undergoing chemotherapy (13). Accordingly, in our study 85% of
documented infections were Gram-negative bacteria, and 56% of
them were MDR which is indeed a public health problem of major
concern worldwide. BWT is considered to establish the clinical
diagnosis of NEC (20, 45), and it reflects the pathology of NEC. On
macroscopic viewing (either surgical pathology, or on autopsy),
there is transmural inflammation of the bowel (45), or transmural
necrosis (17), which is edematous, dilated and thickened (45).
Cartoni et al. reported in their retrospective study that the wall
thickness had prognostic relevance with mortality rate of 60% in
patients with BWT > 10 mm (45).

In our prospective study we found that BWT > 10 mm
maintains its prognostic significance (Figure 1). Moreover, the
results of our study further confirm that BWT is pathognomonic
of NEC. None of the patients in the NEC-negative control group
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experienced BWT. This finding, previously observed in other
studies (28, 32), is crucial in clinical practice to make NEC
diagnosis at patient’s bedside, because patient clinical conditions
and thrombocytopenia often preclude tissue biopsies given the high
risk of bleeding and perforation (23). Clinical symptoms combined
with BWT (determined either by ultrasonography (US) or
computed tomography (CT) (20-22)) are considered highly
suggestive diagnostic criteria (23, 32, 63), as proved by the
revision of NEC diagnostic criteria (21, 24, 28, 32).

5 Conclusions

There is a growing concern of drug resistant bacteria colonizing
the bowel of patients affected by AML. Different chemotherapy
regimens show different mucosal and submucosal architecture
damage of the intestinal tract leading to a significant difference in
NEC incidence. Bed-side US is a non-invasive, radiation-free, and
widely available imaging technique, which allows an early diagnosis
of NEC with a timely intervention of a mucosal damage leading to
NEC at bed side. Our findings have shown that various
chemotherapy regimens determine different intestinal mucosal
damage resulting in a significant different NEC incidence. These
results may be valuable in planning the induction and consolidation
treatment strategy, especially in patients colonized with drug
resistant bacteria who might be candidate to receive an allogenic
transplant post remission treatment. In these patients it is desirable
to obtain a remission without experiencing life-threatening
complications that could preclude further therapeutic options
inducing life-threatening chemotherapy-related complications.

Data availability statement

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

Ethics statement

The studies involving humans were approved by Comitato
Etico Area Vasta Nord Ovest (Tuscany). The studies were
conducted in accordance with the local legislation and
institutional requirements. The participants provided their written
informed consent to participate in this study.

Author contributions

EBe: Conceptualization, Data curation, Investigation,
Methodology, Supervision, Writing - original draft, Writing -

Frontiers in Oncology

10

10.3389/fonc.2023.1272072

review & editing, Validation. GT: Data curation, Methodology,
Writing - review & editing. GP: Data curation, Writing — review
& editing. RM: Data curation, Formal Analysis, Methodology,
Validation, Writing - original draft. EBr: Methodology,
Validation, Writing - original draft, Writing - review & editing.
PL: Methodology, Writing - review & editing. MS: Data curation,
Investigation, Writing - review & editing. EM: Data curation,
Writing - review & editing. RG: Methodology, Writing — review
& editing. FM: Investigation, Methodology, Writing — review &
editing. EC: Conceptualization, Methodology, Supervision, Writing
- review & editing. EN: Supervision, Writing - review & editing.
CA: Data curation, Investigation, Methodology, Writing - review &
editing. FC: Investigation, Methodology, Writing - review & editing.
LS: Supervision, Writing - review & editing. KV: Investigation,
Methodology, Writing - review & editing. SS: Methodology,
Writing - review & editing, Investigation, Supervision. VR:
Methodology, Validation, Writing - review & editing. BB:
Supervision, Validation, Writing - review & editing, Methodology.
SG: Writing - review & editing, Supervision, Validation.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article.

Acknowledgments

EBe would like to dedicate this work to Franco Giuntoni for
being his ultrasound teacher, mentor, and friend.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

The author(s) declared that they were an editorial board
member of Frontiers, at the time of submission. This had no
impact on the peer review process and the final decision.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

frontiersin.org


https://doi.org/10.3389/fonc.2023.1272072
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Benedetti et al.

References

1. Dohner H, Estey E, Grimwade D, Amadori S, Appelbaum FR, Biichner T, et al.
Diagnosis and management of AML in adults: 2017 ELN recommendations from an
international expert panel. Blood (2017) 129:424-47. doi: 10.1182/blood-2016-08-
733196

2. Déhner H, Wei AH, Appelbaum FR, Craddock C, DiNardo CD, Dombret H, et al.
Diagnosis and management of AML in adults: 2022 recommendations from an
international expert panel on behalf of the ELN. Blood (2022) 140:1345-77.
doi: 10.1182/blood.2022016867

3. Daver N, Wei AH, Pollyea DA, Fathi AT, Vyas P, DiNardo CD. New directions
for emerging therapies in acute myeloid leukemia: the next chapter. Blood Cancer |
(2020) 10:107. doi: 10.1038/s41408-020-00376-1

4. Chen KTJ, Gilabert-Oriol R, Bally MB, Leung AWY. Recent treatment advances
and the role of nanotechnology, combination products, and immunotherapy in
changing the therapeutic landscape of acute myeloid leukemia. Pharm Res (2019)
36:125. doi: 10.1007/s11095-019-2654-z

5. Lemoli RM, Montesinos P, Jain A. Real-world experience with CPX-351 in high-
risk acute myeloid leukemia. Crit Rev Oncol Hematol (2023) 185:103984. doi: 10.1016/
j.critrevonc.2023.103984

6. Vyas P, Appelbaum FR, Craddock C. Allogeneic hematopoietic cell
transplantation for acute myeloid leukemia. Biol Blood Marrow Transplant (2015)
21:8-15. doi: 10.1016/j.bbmt.2014.10.026

7. Kolitz JE, Strickland SA, Cortes JE, Hogge D, Lancet JE, Goldberg SL, et al.
Consolidation outcomes in CPX-351 versus cytarabine/daunorubicin-treated older
patients with high-risk/secondary acute myeloid leukemia. Leuk Lymphoma (2020)
61:631-40. doi: 10.1080/10428194.2019.1688320

8. Lancet JE, Uy GL, Cortes JE, Newell LF, Lin TL, Ritchie EK, et al. CPX-351
(cytarabine and daunorubicin) liposome for injection versus conventional cytarabine
plus daunorubicin in older patients with newly diagnosed secondary acute myeloid
leukemia. J Clin Oncol (2018) 36:2684-92. doi: 10.1200/JC0O.2017.77.6112

9. Lancet JE, Cortes JE, Hogge DE, Tallman MS, Kovacsovics T], Damon LE, et al.
Phase 2 trial of CPX-351, a fixed 5:1 molar ratio of cytarabine/daunorubicin, vs
cytarabine/daunorubicin in older adults with untreated AML. Blood (2014) 123:3239-
46. doi: 10.1182/blood-2013-12-540971

10. Feldman EJ, Lancet JE, Kolitz JE, Ritchie EK, Roboz GJ, List AF, et al. First-in-
man study of CPX-351: A liposomal carrier containing cytarabine and daunorubicin in
a fixed 5:1 molar ratio for the treatment of relapsed and refractory acute myeloid
leukemia. J Clin Oncol (2011) 29:979-85. doi: 10.1200/JC0.2010.30.5961

11. Lindsley RC, Mar BG, Mazzola E, Grauman PV, Shareef S, Allen SL, et al. Acute
myeloid leukemia ontogeny is defined by distinct somatic mutations. Blood (2015)
125:1367-76. doi: 10.1182/blood-2014-11-610543

12. Burchert A, Bug G, Finke J, Stelljes M, Rollig C, Wiasch R, et al. Sorafenib as
maintenance therapy post allogeneic stem cell transplantation for FLT3-ITD positive
AML: results from the randomized, double-blind, placebo-controlled multicentre
sormain trial. Blood (2018) 132:661. doi: 10.1182/blood-2018-99-112614

13. Girmenia C, Bertaina A, Piciocchi A, Perruccio K, Algarotti A, Busca A, et al.
Incidence, risk factors and outcome of pre-engraftment gram-negative bacteremia after
allogeneic and autologous hematopoietic stem cell transplantation: an italian
prospective multicenter survey. Clin Infect Dis (2017) 65:1884-96. doi: 10.1093/cid/
cix690

14. Vasoo S, Barreto JN, Tosh PK. Emerging issues in gram-negative bacterial
resistance: an update for the practicing clinician. Mayo Clin Proc (2015) 90:395-403.
doi: 10.1016/j.mayocp.2014.12.002

15. Munoz-Price LS, Poirel L, Bonomo RA, Schwaber MJ, Daikos GL, Cormican M,
et al. Clinical epidemiology of the global expansion of Klebsiella pneumoniae
carbapenemases. Lancet Infect Dis (2013) 13:785-96. doi: 10.1016/S1473-3099(13)
70190-7

16. Pugliese N, Salvatore P, Iula DV, Catania MR, Chiurazzi F, Della Pepa R, et al.
Ultrasonography-driven combination antibiotic therapy with tigecycline significantly
increases survival among patients with neutropenic enterocolitis following cytarabine-
containing chemotherapy for the remission induction of acute myeloid leukemia.
Cancer Med (2017) 6:1500-11. doi: 10.1002/cam4.1063

17. Davila ML. Neutropenic enterocolitis: Current issues in diagnosis and
management. Curr Infect Dis Rep (2007) 9:116-20. doi: 10.1007/s11908-007-0006-3

18. Davila ML. Neutropenic enterocolitis. Curr Treat Options Gastroenterol (2006)
9:249-55. doi: 10.1007/s11938-006-0043-2

19. Benedetti E, Caracciolo F, Lippolis P, Bruno B, Caramella D, Cerri F, et al.
Neutropenic enterocolitis: prospective study on usefulness of ultrasound sonography
for early diagnosis and to guide medical or surgical treatment. Bone Marrow Transplant
(2012) 47:877.

20. Gomez L, Martino R, Rolston KV. Neutropenic enterocolitis: spectrum of the
disease and comparison of definite and possible cases. Clin Infect Dis (1998) 27:695-9.
doi: 10.1086/514946

21. Sachak T, Arnold MA, Naini BV, Graham RP, Shah SS, Cruise M, et al.
Neutropenic enterocolitis: new insights into a deadly entity. Am ] Surg Pathol (2015)
39(12):1635-42. doi: 10.1097/PAS.0000000000000517

Frontiers in Oncology

11

10.3389/fonc.2023.1272072

22. Picardi M, Selleri C, Camera A, Catalano L, Rotoli B. Early detection by
ultrasound scan of severe post-chemotherapy gut complications in patients with
acute leukemia. Haematologica (1999) 84(3):222-5.

23. Gorschluter M, Mey U, Strehl ], Ziske C, Schepke M, Schmidt-Wolf IGH, et al.
Neutropenic enterocolitis in adults: systematic analysis of evidence quality. Eur J
Haematol (2005) 75:1-13. doi: 10.1111/j.1600-0609.2005.00442.x

24. Nesher L, Rolston KVI. Neutropenic enterocolitis, a growing concern in the era
of widespread use of aggressive chemotherapy. Clin Infect Dis (2013) 56:711-7.
doi: 10.1093/cid/cis998

25. Campo E, Swerdlow SH, Harris NL, Pileri S, Stein H, Jaffe ES. The 2008 WHO
classification of lymphoid neoplasms and beyond: evolving concepts and practical
applications. Blood (2011) 117:5019-32. doi: 10.1182/blood-2011-01-293050

26. Arber DA, Orazi A, Hasserjian R, Thiele ], Borowitz MJ, Le Beau MM, et al. The
2016 revision to the World Health Organization classification of myeloid neoplasms
and acute leukemia. Blood (2016) 127:2391-405. doi: 10.1182/blood-2016-03-643544

27. Khoury JD, Solary E, Abla O, Akkari Y, Alaggio R, Apperley JF, et al. The 5th
edition of the world health organization classification of haematolymphoid tumours:
myeloid and histiocytic/dendritic neoplasms. Leukemia (2022) 36:1703-19.
doi: 10.1038/s41375-022-01613-1

28. Gorschliiter M, Marklein G, H(’jﬂing K, Clarenbach R, Baumgartner S, Hahn C,
et al. Abdominal infections in patients with acute leukaemia: a prospective study
applying ultrasonography and microbiology. Br J Haematol (2002) 117:351-8.
doi: 10.1046/j.1365-2141.2002.03434.x

29. Picardi M, Camera A, Pane F, Rotoli B. Improved management of neutropenic
enterocolitis using early ultrasound scan and vigorous medical treatment. Clin Infect
Dis (2007) 45:403-4. doi: 10.1086/519506

30. Maconi G, Nylund K, Ripolles T, Calabrese E, Dirks K, Dietrich CF, et al.
EFSUMB recommendations and clinical guidelines for intestinal ultrasound (GIUS) in
inflammatory bowel diseases. Ultraschall Med (2018) 39:304-17. doi: 10.1055/s-0043-
125329

31. Girmenia C, Frustaci AM, Gentile G, Minotti C, Cartoni C, Capria S, et al.
Posaconazole prophylaxis during front-line chemotherapy of acute myeloid leukemia: a
single-center, real-life experience. Haematologica (2012) 97:560-7. doi: 10.3324/
haematol.2011.053058

32. Benedetti E, Bruno B, Martini F, Morganti R, Bramanti E, Caracciolo F, et al.
Early diagnosis of neutropenic enterocolitis by bedside ultrasound in hematological
Malignancies: A prospective study. J Clin Med (2021) 10(18):4277. doi: 10.3390/
jem10184277

33. Tacke D, Buchheidt D, Karthaus M, Krause SW, Maschmeyer G, Neumann S,
et al. Primary prophylaxis of invasive fungal infections in patients with haematologic
Malignancies. 2014 update of the recommendations of the Infectious Diseases Working
Party of the German Society for Haematology and Oncology. Ann Hematol (2014)
93:1449-56. doi: 10.1007/500277-014-2108-y

34. Wade DS, Nava HR, Douglass HO Jr. Neutropenic enterocolitis. Clin diagnosis
Treat Cancer (1992) 69:17-23. doi: 10.1002/1097-0142(19920101)69:1<17::AID-
CNCR2820690106>3.0.CO;2-X

35. Kuzmich S, Howlett DC, Andi A, Shah D, Kuzmich T. Transabdominal
sonography in assessment of the bowel in adults. Am J Roentgenol (2009) 192:197-
212. doi: 10.2214/AJR.07.3555

36. Benedetti E, Bruno B, McDonald GB, Paolicchi A, Caracciolo F, Papineschi F,
et al. Prospective qualitative and quantitative non-invasive evaluation of intestinal acute
GVHD by contrast-enhanced ultrasound sonography. Bone Marrow Transplant (2013)
48:1421-8. doi: 10.1038/bmt.2013.65

37. Atkinson NSS, Bryant RV, Dong Y, Maaser C, Kucharzik T, Maconi G, et al.
WFUMB position paper. Learning gastrointestinal ultrasound: theory and practice.
Ultrasound Med Biol (2016) 42:2732-42. doi: 10.1016/j.ultrasmedbio.2016.08.026

38. Bremer CT, Monahan BP. Necrotizing enterocolitis in neutropenia and
chemotherapy: a clinical update and old lessons relearned. Curr Gastroenterol Rep
(2006) 8:333-41. doi: 10.1007/s11894-006-0055-z

39. Cloutier RL. Neutropenic enterocolitis. Hematol Oncol Clin North Am (2010)
24:577-84. doi: 10.1016/j.h0c.2010.03.005

40. Bolondi L, Casanova P, Santi V, Caletti G, Barbara L, Labo G. The sonographic
appearance of the normal gastric wall: an in vitro study. Ultrasound Med Biol (1986)
12:991-8. doi: 10.1016/0301-5629(86)90067-0

41. Lim JH, Jeong YM. Sonography of the stomach: an in vitro study to determine
the anatomic cause of inner hyperechoic and hypoechoic layers of the gastric wall. AJR
Am ] Roentgenol (1994) 162:335-8. doi: 10.2214/ajr.162.2.8310921

42. Hollerweger A. Colonic diseases: The value of US examination. Eur J Radiol
(2007) 64:239-49. doi: 10.1016/j.ejrad.2007.06.038

43. Serra C, Menozzi G, Labate AMM, Giangregorio F, Gionchetti P, Beltrami M,
et al. Ultrasound assessment of vascularization of the thickened terminal ileum wall in
Crohn’s disease patients using a low-mechanical index real-time scanning technique
with a second generation ultrasound contrast agent. Eur ] Radiol (2007) 62:114-21.
doi: 10.1016/j.ejrad.2006.11.027

frontiersin.org


https://doi.org/10.1182/blood-2016-08-733196
https://doi.org/10.1182/blood-2016-08-733196
https://doi.org/10.1182/blood.2022016867
https://doi.org/10.1038/s41408-020-00376-1
https://doi.org/10.1007/s11095-019-2654-z
https://doi.org/10.1016/j.critrevonc.2023.103984
https://doi.org/10.1016/j.critrevonc.2023.103984
https://doi.org/10.1016/j.bbmt.2014.10.026
https://doi.org/10.1080/10428194.2019.1688320
https://doi.org/10.1200/JCO.2017.77.6112
https://doi.org/10.1182/blood-2013-12-540971
https://doi.org/10.1200/JCO.2010.30.5961
https://doi.org/10.1182/blood-2014-11-610543
https://doi.org/10.1182/blood-2018-99-112614
https://doi.org/10.1093/cid/cix690
https://doi.org/10.1093/cid/cix690
https://doi.org/10.1016/j.mayocp.2014.12.002
https://doi.org/10.1016/S1473-3099(13)70190-7
https://doi.org/10.1016/S1473-3099(13)70190-7
https://doi.org/10.1002/cam4.1063
https://doi.org/10.1007/s11908-007-0006-3
https://doi.org/10.1007/s11938-006-0043-2
https://doi.org/10.1086/514946
https://doi.org/10.1097/PAS.0000000000000517
https://doi.org/10.1111/j.1600-0609.2005.00442.x
https://doi.org/10.1093/cid/cis998
https://doi.org/10.1182/blood-2011-01-293050
https://doi.org/10.1182/blood-2016-03-643544
https://doi.org/10.1038/s41375-022-01613-1
https://doi.org/10.1046/j.1365-2141.2002.03434.x
https://doi.org/10.1086/519506
https://doi.org/10.1055/s-0043-125329
https://doi.org/10.1055/s-0043-125329
https://doi.org/10.3324/haematol.2011.053058
https://doi.org/10.3324/haematol.2011.053058
https://doi.org/10.3390/jcm10184277
https://doi.org/10.3390/jcm10184277
https://doi.org/10.1007/s00277-014-2108-y
https://doi.org/10.1002/1097-0142(19920101)69:1%3C17::AID-CNCR2820690106>3.0.CO;2-X
https://doi.org/10.1002/1097-0142(19920101)69:1%3C17::AID-CNCR2820690106>3.0.CO;2-X
https://doi.org/10.2214/AJR.07.3555
https://doi.org/10.1038/bmt.2013.65
https://doi.org/10.1016/j.ultrasmedbio.2016.08.026
https://doi.org/10.1007/s11894-006-0055-z
https://doi.org/10.1016/j.hoc.2010.03.005
https://doi.org/10.1016/0301-5629(86)90067-0
https://doi.org/10.2214/ajr.162.2.8310921
https://doi.org/10.1016/j.ejrad.2007.06.038
https://doi.org/10.1016/j.ejrad.2006.11.027
https://doi.org/10.3389/fonc.2023.1272072
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Benedetti et al.

44. Benedetti E, Lippolis PV, Caracciolo F, Galimberti S, Papineschi F, Pelosini M, et al.
Ultrasound findings guided a successful hemicolectomy in a leukemic patient with
neutropenic enterocolitis. ] Ultrasound (2008) 11:97-101. doi: 10.1016/.jus.2008.05.001

45. Cartoni C, Dragoni F, Micozzi A, Pescarmona E, Mecarocci S, Chirletti P, et al.
Neutropenic enterocolitis in patients with acute leukemia: prognostic significance of
bowel wall thickening detected by ultrasonography. J Clin Oncol (2001) 19:756-61.
doi: 10.1200/JC0.2001.19.3.756

46. Berlot G, Dimastromatteo G. Use of IgM and IgA-enriched immunoglobulins in
the treatment of severe sepsis and septic shock. Clin experience Minerva Anestesiol
(2004) 70:735-9.

47. Hollerweger A, Dirks K, Szopinski K. Transabdominal ultrasound of the
gastrointestinal tract (2012). Available at: http://www.kosmos-host.co.uk/efsumb-ecb/
coursebook-transgit_ch08.pdf.

48. Rodrigues FG, Dasilva G, Wexner SD. Neutropenic enterocolitis. World
Gastroenterol (2017) 23:42-7. doi: 10.3748/wjg.v23.i1.42

49. Chiche E, Rahmé R, Bertoli S, Dumas P-Y, Micol J-B, Hicheri Y, et al. Real-life
experience with CPX-351 and impact on the outcome of high-risk AML patients: a multicentric
French cohort. Blood Adv (2021) 5:176-84. doi: 10.1182/bloodadvances.2020003159

50. Wiernik PH, Banks PLC, Case DC, Arlin ZA, Periman PO, Todd MB, et al.
Cytarabine plus idarubicin or daunorubicin as induction and consolidation therapy for
previously untreated adult patients with acute myeloid leukemia. Blood (1992) 79:313—
9. doi: 10.1182/blood.V79.2.313.313

51. Heil G, Bunjes D, Arnold R, Goebel M, Heimpel H, Kurrle E. Idarubicin,
cytosine arabinoside and etoposide for relapsed or refractory acute myeloid leukemia.
Onkologie (2009) 15:12-9. doi: 10.1159/000217326

52. Dombret H, Gardin C. An update of current treatments for adult acute myeloid
leukemia. Blood (2016) 127:53-61. doi: 10.1182/blood-2015-08-604520

53. Sherif HA, Magdy A, Elshesheni HA, Ramadan SM, Rashed RA. Treatment
outcome of doxorubicin versus idarubicin in adult acute myeloid leukemia. Leuk Res
Rep (2021) 16:100272. doi: 10.1016/j.1rr.2021.100272

54. Venditti A, Piciocchi A, Candoni A, Melillo L, Calafiore V, Cairoli R, et al.
GIMEMA AML1310 trial of risk-adapted, MRD-directed therapy for young adults with

Frontiers in Oncology

12

10.3389/fonc.2023.1272072

newly diagnosed acute myeloid leukemia. Blood (2019) 134:935-45. doi: 10.1182/
blood.2018886960

55. Mayer RJ, Davis RB, Schiffer CA, Berg DT, Powell BL, Schulman P, et al.
Intensive postremission chemotherapy in adults with acute myeloid leukemia. N Engl J
Med (1994) 331:896-903. doi: 10.1056/NEJM199410063311402

56. Wu D, Duan C, Chen L, Chen S. Efficacy and safety of different doses of
cytarabine in consolidation therapy for adult acute myeloid leukemia patients: a
network meta-analysis. Sci Rep (2017) 7:9509. doi: 10.1038/s41598-017-10368-0

57. Lancet JE, Uy GL, Newell LF, Lin TL, Ritchie EK, Stuart RK, et al. CPX-351
versus 7+3 cytarabine and daunorubicin chemotherapy in older adults with newly
diagnosed high-risk or secondary acute myeloid leukaemia: 5-year results of a
randomised, open-label, multicentre, phase 3 trial. Lancet Haematol (2021) 8:e481—
91. doi: 10.1016/52352-3026(21)00134-4

58. Wach M, Dmoszynska A, Wasik-Szczepanek E, Pozarowski A, Drop A,
Szczepanek D. Neutropenic enterocolitis: a serious complication during the
treatment of acute leukemias. Ann Hematol (2004) 83:522-6. doi: 10.1007/s00277-
003-0815-x

59. Ullery BW, Pieracci FM, Rodney JRM, Barie PS. Neutropenic enterocolitis. Surg
Infect (Larchmt) (2009) 10:307+. doi: 10.1089/sur.2008.061

60. Hueso T, Ekpe K, Mayeur C, Gatse A, Joncquel-Chevallier Curt M, Gricourt G,
et al. Impact and consequences of intensive chemotherapy on intestinal barrier and
microbiota in acute myeloid leukemia: the role of mucosal strengthening. Gut Microbes
(2020) 12:1800897. doi: 10.1080/19490976.2020.1800897

61. Renga G, Nunzi E, Stincardini C, Pariano M, Puccetti M, Pieraccini G, et al.
CPX-351 exploits the gut microbiota to promote mucosal barrier function, colonization
resistance and intestinal immune homeostasis. Blood Submitt.

62. Gil L, Poplawski D, Mol A, Nowicki A, Schneider A, Komarnicki M.
Neutropenic enterocolitis after high-dose chemotherapy and autologous stem cell
transplantation: incidence, risk factors, and outcome. Transpl Infect Dis (2013) 15:1-
7. doi: 10.1111/j.1399-3062.2012.00777.x

63. Dietrich C-F, Hermann S, Klein S, Braden B. Sonographic signs of neutropenic
enterocolitis. World ] Gastroenterol (2006) 12:1397-402. doi: 10.3748/wjg.v12.i9.1397

frontiersin.org


https://doi.org/10.1016/j.jus.2008.05.001
https://doi.org/10.1200/JCO.2001.19.3.756
http://www.kosmos-host.co.uk/efsumb-ecb/coursebook-transgit_ch08.pdf
http://www.kosmos-host.co.uk/efsumb-ecb/coursebook-transgit_ch08.pdf
https://doi.org/10.3748/wjg.v23.i1.42
https://doi.org/10.1182/bloodadvances.2020003159
https://doi.org/10.1182/blood.V79.2.313.313
https://doi.org/10.1159/000217326
https://doi.org/10.1182/blood-2015-08-604520
https://doi.org/10.1016/j.lrr.2021.100272
https://doi.org/10.1182/blood.2018886960
https://doi.org/10.1182/blood.2018886960
https://doi.org/10.1056/NEJM199410063311402
https://doi.org/10.1038/s41598-017-10368-0
https://doi.org/10.1016/S2352-3026(21)00134-4
https://doi.org/10.1007/s00277-003-0815-x
https://doi.org/10.1007/s00277-003-0815-x
https://doi.org/10.1089/sur.2008.061
https://doi.org/10.1080/19490976.2020.1800897
https://doi.org/10.1111/j.1399-3062.2012.00777.x
https://doi.org/10.3748/wjg.v12.i9.1397
https://doi.org/10.3389/fonc.2023.1272072
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

	Impact of different chemotherapy regimens on intestinal mucosal injury assessed with bedside ultrasound: a study in 213 AML patients
	1 Introduction
	2 Materials and methods
	2.1 Patients and study design
	2.2 Definition of neutropenic enterocolitis
	2.3 Antimicrobial prophylaxis
	2.4 Microbiological evaluation
	2.5 Ultrasonographic examination
	2.6 NEC treatment
	2.7 Statistical analysis

	3 Results
	3.1 Characteristics
	3.2 Incidence of NEC
	3.3 Number of cycles of chemotherapy and incidence of NEC
	3.4 Mortality
	3.5 Treatment
	3.6 Bowel wall thickness
	3.7 Body mass index
	3.8 Bowel sites involved in NEC
	3.9 Symptoms

	4 Discussion
	4.1 Pathogenesis
	4.2 Incidence
	4.3 Diagnosis and outcome

	5 Conclusions
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


