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A B S T R A C T
Patients undergoing high-dose chemotherapy and autologous hematopoietic cell transplantation (auto-HCT) are
at risk for multiple morbidities, including mucosal inflammation and neutropenic fever, both related to neutrope-
nia. Evidence from our preclinical work in an umbilical cord blood (UCB) transplantation murine model suggests
that treatment with hyperbaric oxygen (HBO) before UCB infusion improves UCB CD34+ cell engraftment by
reducing erythropoietin levels. A pilot clinical trial using HBO in patients undergoing UCB transplantation showed
improvement in kinetics of blood count recovery. In this study, we evaluated HBO in combination with auto-HCT.
Our primary aim was to determine the safety of HBO in this setting and secondarily to determine its efficacy in
reducing time to neutrophil and platelet engraftment compared with matched historic controls. Patients with
multiple myeloma, non-Hodgkin lymphoma, and Hodgkin disease eligible for auto-HCT were included. On day 0,
patients received HBO treatment consisting of exposure to 2.5 atmosphere absolutes for a total of 90 minutes, in a
monoplace hyperbaric chamber, breathing 100% oxygen. Six hours after the start of HBO, peripherally mobilized
stem/progenitor cells were infused and patients were followed daily for toxicity and blood count recovery. All
patients received daily granulocyte colony-stimulating factor starting on day +5 and until absolute neutrophil
count (ANC) of �1500 or ANC of 500 for 3 consecutive days. A matched historic cohort of 225 patients who
received auto-HCT between January 2008 and December 2012 was chosen for comparison and matched on sex,
age, conditioning regimen, and disease type. We screened 26 patients for this study; 20 were treated and included
in the primary analysis, and 19 completed the HBO therapy and were included in the secondary analysis. Although
the median time to neutrophil count recovery was 11 days in both the HBO and control cohorts, the Kaplan-Meier
estimates of the full distributions indicate that the time to neutrophil recovery was generally about 1 day sooner
for HBO versus historical controls (log-rank P = .005; range, 9 to 13 for HBO patients and 7 to 18 for controls). The
median time to platelet count recovery was 16 days (range, 14 to 21) for HBO versus 18 days (range, 11 to 86) for
controls (log-rank P < .0001). In the secondary analysis comparing the HBO cohort who completed HBO therapy
(n = 19) with our historical cohort, we evaluated neutropenic fever, growth factor use, mucositis, day +100 disease
responses, and blood product use. HBO was associated with less growth factor use (median 6 days in HBO cohort
versus median 8 days in controls, P < .0001). Packed RBC and platelet transfusion requirements were not statisti-
cally different between the 2 cohorts. Mucositis incidence was significantly lower in the HBO cohort (26.3% in
HBO cohort versus 64.2% in controls, P = .002). HBO therapy appears to be well tolerated in the setting of high-
dose therapy and auto-HCT. Prospective studies are needed to confirm potential benefits of HBO with respect to
earlier blood count recovery, reduced mucositis, and growth factor use, and a cost-benefit analysis is warranted.
� 2019 American Society for Blood and Marrow Transplantation.
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INTRODUCTION METHODS
Clinical Study Design
Autologous hematopoietic cell transplantation (auto-HCT)
following high-dose chemotherapy has an important role in
treating many patients with lymphoma andmultiple myeloma.
For patients with a variety of lymphomas, including Hodgkin
disease (HD) and non-Hodgkin lymphoma (NHL), auto-HCT
might potentially be a curative procedure, in addition to
improving overall survival and progression-free survival
[1�5]. For multiple myeloma, auto-HCT is not curative, but its
role is well established as a consolidation treatment to achieve
deep durable remissions in most patients [6�9].

However, multiple adverse events may develop during or after
auto-HCT related to the high-dose chemotherapy. Many patients
have significant immediate transplant-related morbidities, includ-
ing pancytopenia, that require transfusions of blood products and
granulocyte colony-stimulating factor (G-CSF) support, as well as
mucositis and infectious complications [10,11]. Neutropenia and
subsequent infections remain the most common cause of early
mortality [12�14]. Studies have showed that G-CSF support may
improve neutrophil recovery and decrease the incidence of infec-
tions [15,16]. Mucositis incidence and severity are also related to
prolonged neutropenia [17,18]. Hemorrhagic complications sec-
ondary to thrombocytopenia require platelet transfusions
[19�21], which adds to the total cost of transplants: the average
60-day platelet transfusion cost per patient undergoing auto-HCT
was estimated to be around $4000 [22]. Given the impact of the
transplant-related mortality and morbidity, innovative modalities
are needed to reduce the incidence of these serious complications
and potentially reduce days of hospitalization, transfusion require-
ments, antibiotic use, and narcotic use for mucositis, any of which
might reduce the overall cost of auto-HCT.

Previously, we have demonstrated that erythropoietin (EPO)
plays a role in umbilical cord blood (UCB) hematopoietic stem/
progenitor cell (HSPC) homing and engraftment, as EPO exposure
impairs UCB HSPC in vitro transmigration [23,24]. Recognizing the
negative effects of EPO on HSPC homing in UCB transplantation,
we investigated hyperbaric conditions as an intervention to lower
EPO in transplant recipients to improve HSPC homing, given that
hyperbaric oxygen (HBO) is known to reduce EPO in healthy vol-
unteers [25]. Our in vivo studies showed that HBO conditions pro-
moted homing of transplanted UCB HSPC to the bone marrow by
reducing systemic EPO levels in the recipient [24]. We also evalu-
ated the impact of HBO onUCB CD34+ cell engraftment in amurine
transplant model. In these experiments, irradiated mice that
received HBO treatment before UCB cell infusion showed signifi-
cantly improved myeloid, B cell, and T cell engraftment compared
with nontreatedmice [23]. In a pilot clinical trial, we demonstrated
that HBO therapy given as a single treatment 6 hours before UCB
transplantation was well tolerated and resulted in a significant
reduction in median EPO level from baseline. Compared with his-
toric controls, HBO-treated patients showed a shorter median time
to neutrophil recovery (14 versus 20.5 days). Also, all HBO patients
had complete platelet recovery compared with only 69% of con-
trols (P = .013), and the HBO-treated patients achieved earlier inde-
pendence from RBC transfusion [24].

Encouraged by our experience in UCB transplantation, we initi-
ated a pilot study in auto-HCT transplantation. We hypothesized
that HBO treatment before HSPC transplantation in auto-HCT will
be safe, well tolerated, and associated with lower EPO levels that
enhance engraftment in transplanted patients. In this article, we
present our findings from a clinical trial investigating HBO incor-
poration into auto-HCT focusing on HBO safety in this setting and
on blood count recovery. We also present data from retrospective
analyses evaluating HBO effects on other clinical outcomes, partic-
ularly those related to neutropenia.
This was a pilot study primarily investigating the safety of HBO therapy in
the setting of auto-HCT. Patients at the University of Kansas Cancer Center
were enrolled between March 2014 and December 2014. The study was
approved by the institutional review board before initiation of research and
was registered at clinicaltrials.gov (NCT02087657). In a study with separate
institutional review board approval, we evaluated additional auto-HCT out-
comes in our HBO-treated cohort compared with a historic cohort.

Patient Eligibility
We enrolled consenting patients 18 to 70 years of agewith NHL, HD, ormulti-

ple myeloma who were considered eligible for auto-HCT by the blood and mar-
row transplant specialists at the University of Kansas Cancer Center. Eligibility for
the study was based on a Karnofsky performance status of �70% and evidence of
adequate hepatic, renal function, pulmonary, and cardiac functions. Minimum
standard criteria for transplant included alanine transaminase and aspartate ami-
notransferase <4 times the upper limit of normal range (as specified by the insti-
tution’s clinical laboratory), serum total bilirubin �2 mg/dL, serum creatinine
<2.0 mg/dL, left ventricular ejection fraction �45% measured by echocardiogram
or multigated acquisition scan, and forced expiratory volume-one second, forced
vital capacity, and diffusing capacity of the lungs for carbon monoxide �50% of
predicted value (corrected to serum hemoglobin). To minimize HBO complica-
tions following transplant, patients were excluded from the clinical study if they
were pregnant or breastfeeding or had severe chronic obstructive pulmonary dis-
ease requiring oxygen supplementation, a history of spontaneous pneumothorax,
active ear infection, active sinus infection, history of seizures, claustrophobia,
asthma, history of sinus or ear surgery (excluding myringotomy or ear tubes), or
uncontrolled viral or bacterial infection at the time of study enrollment.

Endpoints
The primary goal of this study was to evaluate the safety and tolerability

of the HBO procedure in these patients. Secondarily, we assessed the impact
of HBO on EPO levels following peripheral blood stem cell (PBSC) infusion
and its effects on neutrophil and platelet count recovery, in comparison to a
historic non-HBO cohort matched for sex, age (within 5 years), disease type
(multiple myeloma or lymphoma), and preparative regimen. In a separate
secondary analysis, we retrospectively evaluated other outcomes, including
transfusion requirements, growth factor use, neutropenic fever, mucositis,
and day +100 disease response in our HBO-treated patients who completed
therapy (n = 19) and historical controls who received auto-HCT without HBO
between January 2008 and December 2012.

Treatment
Patients received standard high-dose melphalan; carmustine, etoposide,

cytarabine, and cyclophosphamide; or carmustine, etoposide, cytarabine, and
melphalan. After receiving routine day 0 pretransplant clinical and laboratory
assessments per institutional guidelines, the patients then presented for HBO
treatment. During treatment, patients were exposed to hyperbaric oxygen for
90 minutes after compression to 2.5 atmosphere absolutes in a monoplace
hyperbaric chamber (Model 3200/3200R; Sechrist Industries, Anaheim, CA
92807), breathing 100% oxygen. The patients were in the chamber for a total
of 120 minutes as approximately 10 to 15 minutes were spent during the
compression and decompression phases. Patients also had 10-minute room
air breaks every 30 minutes of hyperbaric oxygen treatment. Six hours fol-
lowing the start of HBO therapy, patients received PBSC infusion. Premedica-
tions and PBSC infusion followed institutional guidelines. Figure 1A
summarizes the study schema.

Supportive Care
G-CSF was started on day +5 post-transplant and stopped after achieve-

ment of an absolute neutrophil count (ANC) of �1500/mL or ANC of 500 for 3
consecutive days. Infection prophylaxis consisted of levofloxacin, acyclovir,
and oral fluconazole.

Assessments
The safety of HBO therapy was determined based on 2 separate assess-

ments. The first was conducted 24 hours post-HBO therapy and was
focused on treatment-limiting toxicities, defined as the occurrence of any
of the following complications during or within 24 hours of HBO: seizure
disorder, pneumothorax, death or irreversible grade III, or any grade IV
toxicity determined by the treating physician to be at least likely related
to HBO. The second assessment reviewed any adverse event (AE) that
could be attributed to HBO treatment following auto-HCT. Data were col-
lected regarding AEs, severe AEs (SAEs), and their relationship to HBO
therapy until engraftment and SAEs until day 100 post-transplant. Toxic-
ities were graded using Common Terminology Criteria for Adverse Events
(CTCAE) version 4.0.

Peripheral blood was also collected from study patients just before start-
ing their preparative regimen, just before HBO therapy on day 0, at 6 hours



Figure 1. (A) Study schema. (B) Patient enrollment.
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(just before PBSC infusion), and at 24 and 48 hours from the start of HBO ther-
apy. Blood specimens were processed for plasma isolation and stored by the
Biospecimen Repository Core Facility. Samples were evaluated for plasma
EPO levels using Human Erythropoietin ELISA Kit (Stem Cell Technologies,
Vancouver, British Columbia, Canada) according to the manufacturer’s
recommendations.

Time to neutrophil and platelet engraftment was also measured. Neutro-
phil engraftment was defined as the interval between transplantation and
the first of 3 consecutive days of ANC �500/mL; platelet count recovery was
defined as the interval between transplantation and the first of 3 consecutive
platelet counts >20,000/mL without a platelet transfusion.
Statistical Methods
Continuous variables were summarized with medians and interquartile

ranges (IQRs), and the Wilcoxon rank-sum test was used to compare these
variables between the 2 treatment arms. Counts and proportions were used
to summarize categorical variables, and Fisher exact test was used to com-
pare these variables between treatment arms. Time to neutrophil recovery
and time to platelet recovery were graphically summarized using the
Kaplan-Meier method, and arms were compared using the log-rank test.
The EPO levels for the pilot cohort were compared between time points
using a paired sample t test. All Pvalues were 2-sided, with P� .05 being
considered statistically significant. Statistical analysis used SAS 9.4 (SAS
Institute, Cary, NC).
RESULTS
Patient Characteristics

A total of 26 patients were screened for this pilot study; 20
were treated and included in the primary analysis (Fig. 1B).
These 20 patients had a median age of 63 years (IQR, 14.5
years), 10 (50%) were female, 10 had multiple myeloma, and
10 had HD or NHL. Of the 20 patients treated, 19 completed
HBO therapy and were included in the secondary analysis.
(One patient completed only 14 minutes of HBO therapy due
to ear discomfort and was not included in this analysis;
Fig. 1B.) For the retrospective comparison, the control cohort
included 225 patients.

Patient characteristics for those who completed therapy
(n = 19) are summarized in Table 1. In brief, the median age of
patients was 63.3 years in the pilot cohort and 61.5 years in
the historic cohort. Males were 47% of the patients (n = 9) in
the pilot cohort and 66% of patients (n = 148) in the historic
cohorts. Disease status at transplant was reported as first com-
plete remission, second complete remission, first partial remis-
sion, stable disease, and progressive disease. The conditioning
regimens used were high-dose melphalan; carmustine,



Table 1
Patient Characteristics for Secondary Analysis

Variable HBO (n = 19) Historical Control (n = 225)

Age, median (IQR), yr 63.3 (16.2) 61.5 (11.6)

Sex, n (%)

Female 10 (52.6) 77 (34.2)

Male 9 (47.4) 148 (65.8)

Diagnosis, n (%)

HD 2 (10.5) 15 (6.7)

MM 9 (47.4) 148 (65.8)

NHL 8 (42.1) 62 (27.6)

Disease status, n (%)

CR1 6 (31.5) 63 (28.0)

CR2 3 (15.8) 23 (10.2)

PR1 10 (52.7) 125 (55.6)

PD/SD 0 14 (6.2)

Conditioning regimen, n (%)

Melphalan 9 (47.4) 148 (65.8)

BEAM 7 (38.8) 51 (22.7)

BEAC 3 (13.8) 26 (11.6)

MM indicates multiple myeloma; CR1, complete remission; CR2, second com-
plete remission; PR1, first partial remission; PD, progressive disease; SD, stable
disease; BEAM, carmustine, etoposide, cytarabine, and melphalan; BEAC, car-
mustine, etoposide, cytarabine, and cyclophosphamide.
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etoposide, cytarabine, and cyclophosphamide; and carmustine,
etoposide, cytarabine, and melphalan. Details of disease status
and numbers of patients who received different regimens are
described in Table 1. Median CD34+ cell dose infused was
3.195 (2.5 to 6.1) £ 106 cells/kg in the HBO group (n = 20) com-
pared to 3.51 (2.2 to 7.5) £ 106 cells/kg in the controls (n =
222, 3 patients with no available data) (P = .2015).

Primary Analysis
Safety

Nineteen of 20 treated patients completed the planned
therapy without any treatment-limiting toxicities. One patient
did not complete the planned therapy per the patient’s request
because of ear discomfort.

AEs and SAEs
Hematologic AEs and SAEs. All patients in the pilot cohort

had CTCAE grade III/IV leukopenia, neutropenia, and thrombo-
cytopenia. Only 9 patients (47.3%) developed CTCAE grade III/
IV anemia requiring packed RBC transfusion.

Efficacy
Blood Count Recovery. Although the median time to neutro-

phil count recovery was 11 days in both the HBO and control
cohorts, the Kaplan-Meier estimates of the full distributions
(Figure 2A) indicate that the time to neutrophil recovery was
generally about 1 day sooner for HBO versus historical controls
(log-rank P = .005; range, 9 to 13 for HBO patients and 7 to 18
for controls). The median time to platelet count recovery was
16 days (range, 14 to 21) for HBO versus 18 days (range, 11 to
86) for controls (log-rank P < .0001; Figure 2B).

Secondary Analysis
Neutropenic Fever and Mucositis

The rate of neutropenic fever was 47.4% (n = 9/19) in the
HBO cohort versus 62.1% (n = 136/225) in controls (P = .23;
Table 2). Mucositis incidence was 26.3% (n = 5) in the HBO
cohort compared with 64.2% (n = 138) in controls (P = .002;
Table 2). There were no cases of grade IV mucositis in either
group, but the combined incidence of grade II and III mucositis
was 21% (n = 4) in the HBO cohort compared with 43.6%
(n = 98) in controls.

Hospital Stay and Admission
The rate of hospital admissions was 31.6% (n = 6) in the HBO

cohort compared with 21.6% (n = 45) in controls (P = .39;
Table 2).

Blood Transfusion and G-CSF Support
The median number of days of G-CSF use was significantly

less in the HBO cohort: 6 days (IQR, 6 to 7) compared with 8
(IQR, 7 to 9) days in controls (P < .0001). The median number
of transfused platelet units was 2 in both groups (P = .57).
Grade III/IV anemia requiring packed RBC (PRBC) transfusion
was similar in both groups: 9 patients (47.3%) in the HBO
cohort versus 109 patients (48.4%) in the historic cohort (P =
.55). The median number of transfused PRBC units was 1 in the
HBO group and 0 in the historic cohorts (P = .88; Table 2).

Day +100 Disease Staging Results
All patients from HBO cohorts were alive at day 100, while

3 from the historic cohort did not survive. Complete remission
rate was 57.9% and 52.8% in the HBO and the control cohorts,
respectively. The rate of partial remission was 15.8% in the
pilot cohort versus 34.3% in this historic control cohort. Finally,
the rate of progressive disease was 10.5% in the HBO group
versus 7.4% in the control cohort (P = .12; Table 3).

Correlative Studies
HBO Effects on EPO Levels during Transplantation

The median EPO level before starting the conditioning regi-
men was 10.42 (1.5 to 770.6) mU/mL. Median EPO level peaked
at 50.66 (3.1 to 269.1) mU/mL after the conditioning regimen
and just before HBO therapy. HBO therapy was associated with
significant reduction in median EPO levels 6 hours after HBO
therapy: 40.65 mU/mL (3.9 to 278.2) post-HBO versus pre-HBO
EPO levels of 50.66 (3.1 to 269.1) mL (P = .00018). The median
reduction in EPO level was 8.1 mU/mL (15.9%; Figure 3). EPO
levels were not examined in the historic controls.

DISCUSSION
In this article, we present the final results of the first-in-

human study evaluating the use of HBO therapy before auto-
HCT. We found that standard HBO treatment before auto-HCT is
safe and feasible; almost all patients who underwent transplant
completed the planned HBO therapy without AEs. Only 1 of 20
patients did not complete HBO therapy because of ear discomfort.
In comparison with data from our matched historic cohort, our
findings suggest that HBO therapy shortens time to neutrophil
and platelet engraftment and reduces the use of G-CSF, with no
significant effect on PRBC or platelet transfusion requirements.
We understand the limitations of comparing to a current versus
historic cohort, but our use of a multivariable model to match
groups may have mitigated heterogeneity between the groups.
Also, we evaluated the infused CD34+ cell dose in the 2 cohorts as
a potential variable that could affect time to neutrophil and plate-
let count recovery following auto-HCT [26,27]. In our analysis, we
did not find significant differences in the infused CD34+ cell dose
between the 2 cohorts.

Because EPO negatively affected HSPC homing in our preclini-
cal studies [24], we evaluated HBO effects on serum EPO in our
study.We showed that HBO significantly reduced EPO blood levels
in the treated patients. However, we have no EPO data from our



Figure 2. (A) Kaplan-Meier curves for time to neutrophil recovery in the hyperbaric oxygen cohort (HBO, solid line) and historical controls (interrupted line). (B)
Kaplan-Meier curves for time to platelet recovery in the HBO cohort (solid line) and historical controls (interrupted line).
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Table 2
Summary of Post-Transplant Outcomes in Secondary Analyses

Characteristic Pilot Cohort
(n = 19)

Historic Cohort
(n = 225)

P Value

Neutropenic fever, n (%) 9 (47.4) 136 (62.1) .23

Hospital admissions, n (%) 6 (31.6) 45 (21.6) .39

G-CSF use days,
median (IQR)

6 (1) 8 (2) <.01

Mucositis incidence, n (%) 5 (26.3) 138 (64.2) <.01

PRBC units, median
(range)

1 (1) 0 (2) .88

Platelet units, median
(range)

2 (2) 2 (2) .57

Table 3
Disease Outcomes at Day 100

Characteristic Pilot Cohort
(n = 19), n (%)

Historic Cohort
(n = 225), n (%)

Complete remission 11 (57.9) 114 (52.8)

Partial remission 3 (15.8) 74 (34.3)

Progressive disease 2 (10.5) 16 (7.4)

Stable disease was reported in 4 patients in the HBO cohort and in 12 patients
in the Historic cohort. A total of 9 patients in the Historic cohort were not
evaluable (n=3 for death and n=6 had no documented response).

1718 H. Abdelhakim et al. / Biol Blood Marrow Transplant 25 (2019) 1713�1719
control cohort to optimally study HBO effects on EPO in auto-HCT.
Such knowledge might be helpful in deciding which patients
might benefit from this intervention. For example, patients with
high baseline EPOmight benefit more from this intervention.

An interesting finding was that mucositis following auto-
HCT is potentially ameliorated by pretreatment with HBO.
HBO also appears to reduce G-CSF use, which is a direct result
of improvement in time to neutrophil recovery. The use of
HBO to improve engraftment in auto-HCT is a novel approach
to shorten post-transplant neutropenia, and this approach is
both simple and affordable. Other approaches that have been
used to improve neutrophil engraftment post-transplant
Figure 3. Erythropoietin (EPO) response to
include the use of colony-stimulating factors [28,29]. While
G-CSF use improves time to neutrophil recovery, our approach
affects other outcomes, including time to neutrophil and plate-
let engraftment, mucositis incidence, and even the duration of
G-CSF use. The mechanism of decreased mucositis after HBO is
unclear, but it might be related to direct effects of HBO on oral
mucosa. Literature studying HBO effects on radiated mucosa
suggests that HBO therapy improves oxygen tension and vas-
cular capacity in irradiated mucosa, but such an effect, which
lasted up to 6 months, was documented after 28 successive
treatments [30]. In an in vitro study, HBO was found to signifi-
cantly increase several angiogenic factors, including keratino-
cyte growth factor in tissue-engineered mucosa following 1
HBO treatment [31]. Accordingly, it is conceivable that 1 single
HBO treatment could enhance mucosal healing following che-
motherapy by increasing angiogenic factors in oral mucosa.

One concern regarding this intervention is the practicality
of this treatment method and applying it to hematopoietic
stem cell transplantation. Our completed study [24] and this
study consistently show good tolerability and feasibility.
Although some centers might not have HBO chambers in their
own hospital, most transplant centers will have access to one
within a short distance. With the ability to administer the pre-
parative regimen in the outpatient setting, patients can receive
HBO as outpatient therapy before their admission to the hospi-
tal for their stem cell infusion. The widespread availability of
HBO chambers [32] will certainly allow for rapid dissemination
of the use of this technology. Also, if future studies show this
technology, which is relatively inexpensive, shortens time to
blood count recovery, reduces G-CSF use, and reduces post-
transplant complications such as mucositis, then the cumula-
tive effect is shortened hospital stay and reduced transplant
costs. This potential cost-saving effect might encourage trans-
plant centers to consider housing these chambers in their hos-
pitals or even transplant units. Accordingly, cost analysis of the
future randomized clinical trials investigating this technology
will help in estimating the cost savings of such treatment.
hyperbaric oxygen (HBO) therapy.
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HBO therapy before auto-HCT appears to be well tolerated.
Our currently enrolling phase II study (ClinicalTrials.gov identi-
fier: NCT03398200) is focused on HBO’s impact on blood count
recovery, growth factor use, blood transfusion requirements,
and other outcomes following auto-HCT.
ACKNOWLEDGMENT
The human specimens were processed and stored by the

Biospecimen Repository Core Facility, University of Kansas
Cancer Center. This manuscript was reviewed and edited by a
technical writer for clarity. We thank Jennifer Bunch, Anthony
Arnone, and Stacy Supancic for their help with patient screen-
ing, enrollment, and data entry.

Financial disclosure: This clinical trial was supported by a
Southwest Oncology Group/Hope Foundation grant (O.S.A.).

Conflict of interest statement: There are no conflicts of inter-
est to report.
REFERENCES
1. Majhail NS, Farnia SH, Carpenter PA, et al. Indications for autologous and

allogeneic hematopoietic cell transplantation: guidelines from the Ameri-
can Society for Blood and Marrow Transplantation. Biol Blood Marrow
Transplant. 2015;21(11):1863–1869.

2. Gisselbrecht C, Glass B, Mounier N, et al. Salvage regimens with autolo-
gous transplantation for relapsed large B-cell lymphoma in the rituximab
era. J Clin Oncol. 2010;28(27):4184–4190.

3. Philip T, Guglielmi C, Hagenbeek A, et al. Autologous bone marrow trans-
plantation as compared with salvage chemotherapy in relapses of chemo-
therapy-sensitive non-Hodgkin's lymphoma. N Engl J Med. 1995;333
(23):1540–1545.

4. Sebban C, Brice P, Delarue R, et al. Impact of rituximab and/or high-dose
therapy with autotransplant at time of relapse in patients with follicular
lymphoma: a GELA study. J Clin Oncol. 2008;26(21):3614–3620.

5. Stiff PJ, Unger JM, Cook JR, et al. Autologous transplantation as consolida-
tion for aggressive non-Hodgkin’s lymphoma. N Engl J Med. 2013;369
(18):1681–1690.

6. Cavo M, Rajkumar SV, Palumbo A, et al. International Myeloma Working
Group consensus approach to the treatment of multiple myeloma patients
who are candidates for autologous stem cell transplantation. Blood.
2011;117(23):6063–6073.

7. Child JA, Morgan GJ, Davies FE, et al. High-dose chemotherapy with
hematopoietic stem-cell rescue for multiple myeloma. N Engl J Med.
2003;348(19):1875–1883.

8. McCarthy PL, Owzar K, Anderson KC, et al. Phase III intergroup study of
lenalidomide versus placebo maintenance therapy following single autol-
ogous hematopoietic stem cell transplantation (AHSCT) for multiple mye-
loma: CALGB 100104. Blood. 2010;116(21). 37.

9. Harousseau J-L, Moreau P. Autologous hematopoietic stem-cell transplan-
tation for multiple myeloma. N Engl J Med. 2009;360(25):2645–2654.

10. Vose JM, Carter S, Burns LJ, et al. Phase III randomized study of rituximab/
carmustine, etoposide, cytarabine, and melphalan (BEAM) compared with
iodine-131 tositumomab/BEAMwith autologous hematopoietic cell trans-
plantation for relapsed diffuse large B-cell lymphoma: results from the
BMT CTN 0401 trial. J Clin Oncol. 2013;31(13):1662–1668.

11. Cunningham D, Paz-Ares L, Milan S, et al. High-dose melphalan and autol-
ogous bone marrow transplantation as consolidation in previously
untreated myeloma. J Clin Oncol. 1994;12(4):759–763.

12. Marr KA, Carter RA, Crippa F, Wald A, Corey L. Epidemiology and outcome
of mould infections in hematopoietic stem cell transplant recipients. Clin
Infect Dis. 2002;34(7):909–917.
13. Pi~nana JL, Montesinos P, Martino R, et al. Incidence, risk factors, and out-
come of bacteremia following autologous hematopoietic stem cell trans-
plantation in 720 adult patients. Ann Hematol. 2014;93(2):299–307.

14. Sanchez L, Sylvester M, Parrondo R, Mariotti V, Eloy JA, Chang VT. In-hos-
pital mortality and post-transplantation complications in elderly multiple
myeloma patients undergoing autologous hematopoietic stem cell trans-
plantation: a population-based study. Biol Blood Marrow Transplant.
2017;23(7):1203–1207.

15. Sheridan WP, Wolf M, Lusk J, et al. Granulocyte colony-stimulating factor
and neutrophil recovery after high-dose chemotherapy and autologous
bone marrow transplantation. Lancet. 1989;334(8668):891–895.

16. Brandt SJ, Peters WP, Atwater SK, et al. Effect of recombinant human gran-
ulocyte-macrophage colony-stimulating factor on hematopoietic reconsti-
tution after high-dose chemotherapy and autologous bone marrow
transplantation. N Engl J Med. 1988;318:869–876.

17. Rapoport AP, Miller Watelet LF, Linder T, et al. Analysis of factors that cor-
relate with mucositis in recipients of autologous and allogeneic stem-cell
transplants. J Clin Oncol. 1999;17(8). 2446-2446.

18. Sonis ST, Oster G, Fuchs H, et al. Oral mucositis and the clinical and eco-
nomic outcomes of hematopoietic stem-cell transplantation. J Clin Oncol.
2001;19(8):2201–2205.

19. Szabolcs P, Niedzwiecki D. Immune reconstitution after unrelated cord
blood transplantation. Cytotherapy. 2007;9(2):111–122.

20. Wandt H, Schaefer-Eckart K, Frank M, Birkmann J, Wilhelm M. A thera-
peutic platelet transfusion strategy is safe and feasible in patients after
autologous peripheral blood stem cell transplantation. Bone Marrow
Transplant. 2006;37(4):387–392.

21. Robbins RA, Linder J, Stahl MG, et al. Diffuse alveolar hemorrhage in autol-
ogous bone marrow transplant recipients. Am J Med. 1989;87(5):511–518.

22. Bernstein SH, Nademanee AP, Vose JM, et al. A multicenter study of plate-
let recovery and utilization in patients after myeloablative therapy and
hematopoietic stem cell transplantation. Blood. 1998;91(9):3509–3517.

23. Aljitawi OS, Xiao Y, Eskew JD, et al. Hyperbaric oxygen improves engraft-
ment of ex-vivo expanded and gene transduced human CD34+ cells in a
murine model of umbilical cord blood transplantation. Blood Cells Mol Dis.
2014;52(1):59–67.

24. Aljitawi OS, Paul S, Ganguly A, et al. Erythropoietin modulation is associ-
ated with improved homing and engraftment post umbilical cord blood
transplantation. Blood. 2016;128(25):3000–3010.

25. Balestra C, Germonpr�e P, Poortmans JR, Marroni A. Serum erythropoietin
levels in healthy humans after a short period of normobaric and hyper-
baric oxygen breathing: the “normobaric oxygen paradox.” J Appl Physiol.
2006;100(2):512–518.

26. Olivieri A, Offidani M, Montanari M, et al. Factors affecting hemopoietic
recovery after high-dose therapy and autologous peripheral blood pro-
genitor cell transplantation: a single center experience. Haematologica.
1998;83(4):329–337.

27. Tricot G, Jagannath S, Vesole D, et al. Peripheral blood stem cell trans-
plants for multiple myeloma: identification of favorable variables for rapid
engraftment in 225 patients. Blood. 1995;85(2):588–596.

28. Freeman M, Vose J, Bennett C, et al. Costs of care associated with high-
dose therapy and autologous transplantation for non-Hodgkin’s lym-
phoma: results from the University of Nebraska Medical Center 1989 to
1995. Bone Marrow Transplant. 1999;24(6):679–684.

29. Luce BR, Singer JW, Weschler JM, et al. Recombinant human granulocyte-
macrophage colony-stimulating factor after autologous bone marrow trans-
plantation for lymphoid cancer: an economic analysis of a randomised,
double-blind, placebo-controlled trial. Pharmacoeconomics. 1994;6(1):42–48.

30. Svalestad J, Thorsen E, Vaagbo G, Hellem S. Effect of hyperbaric oxygen
treatment on oxygen tension and vascular capacity in irradiated skin and
mucosa. Int J Oral Maxillofac Surg. 2014;43(1):107–112.

31. Tra WM, Spiegelberg L, Tuk B, Hovius SE, Perez-Amodio S. Hyperbaric oxy-
gen treatment of tissue-engineered mucosa enhances secretion of angio-
genic factors in vitro. Tissue Eng Part A. 2014;20(9-10):1523–1530.

32. Perdrizet GA. Principles and practice of hyperbaric medicine: a medical
practitioner’s primer, part II. Connecticut Med. 2014;78(7):389–402.

http://refhub.elsevier.com/S1083-8791(19)30353-2/sbref0001
http://refhub.elsevier.com/S1083-8791(19)30353-2/sbref0001
http://refhub.elsevier.com/S1083-8791(19)30353-2/sbref0001
http://refhub.elsevier.com/S1083-8791(19)30353-2/sbref0001
http://refhub.elsevier.com/S1083-8791(19)30353-2/sbref0002
http://refhub.elsevier.com/S1083-8791(19)30353-2/sbref0002
http://refhub.elsevier.com/S1083-8791(19)30353-2/sbref0002
http://refhub.elsevier.com/S1083-8791(19)30353-2/sbref0003
http://refhub.elsevier.com/S1083-8791(19)30353-2/sbref0003
http://refhub.elsevier.com/S1083-8791(19)30353-2/sbref0003
http://refhub.elsevier.com/S1083-8791(19)30353-2/sbref0003
http://refhub.elsevier.com/S1083-8791(19)30353-2/sbref0004
http://refhub.elsevier.com/S1083-8791(19)30353-2/sbref0004
http://refhub.elsevier.com/S1083-8791(19)30353-2/sbref0004
http://refhub.elsevier.com/S1083-8791(19)30353-2/sbref0005
http://refhub.elsevier.com/S1083-8791(19)30353-2/sbref0005
http://refhub.elsevier.com/S1083-8791(19)30353-2/sbref0005
http://refhub.elsevier.com/S1083-8791(19)30353-2/sbref0006
http://refhub.elsevier.com/S1083-8791(19)30353-2/sbref0006
http://refhub.elsevier.com/S1083-8791(19)30353-2/sbref0006
http://refhub.elsevier.com/S1083-8791(19)30353-2/sbref0006
http://refhub.elsevier.com/S1083-8791(19)30353-2/sbref0007
http://refhub.elsevier.com/S1083-8791(19)30353-2/sbref0007
http://refhub.elsevier.com/S1083-8791(19)30353-2/sbref0007
http://refhub.elsevier.com/S1083-8791(19)30353-2/sbref0008
http://refhub.elsevier.com/S1083-8791(19)30353-2/sbref0008
http://refhub.elsevier.com/S1083-8791(19)30353-2/sbref0008
http://refhub.elsevier.com/S1083-8791(19)30353-2/sbref0008
http://refhub.elsevier.com/S1083-8791(19)30353-2/sbref0009
http://refhub.elsevier.com/S1083-8791(19)30353-2/sbref0009
http://refhub.elsevier.com/S1083-8791(19)30353-2/sbref0010
http://refhub.elsevier.com/S1083-8791(19)30353-2/sbref0010
http://refhub.elsevier.com/S1083-8791(19)30353-2/sbref0010
http://refhub.elsevier.com/S1083-8791(19)30353-2/sbref0010
http://refhub.elsevier.com/S1083-8791(19)30353-2/sbref0010
http://refhub.elsevier.com/S1083-8791(19)30353-2/sbref0011
http://refhub.elsevier.com/S1083-8791(19)30353-2/sbref0011
http://refhub.elsevier.com/S1083-8791(19)30353-2/sbref0011
http://refhub.elsevier.com/S1083-8791(19)30353-2/sbref0012
http://refhub.elsevier.com/S1083-8791(19)30353-2/sbref0012
http://refhub.elsevier.com/S1083-8791(19)30353-2/sbref0012
http://refhub.elsevier.com/S1083-8791(19)30353-2/sbref0013
http://refhub.elsevier.com/S1083-8791(19)30353-2/sbref0013
http://refhub.elsevier.com/S1083-8791(19)30353-2/sbref0013
http://refhub.elsevier.com/S1083-8791(19)30353-2/sbref0013
http://refhub.elsevier.com/S1083-8791(19)30353-2/sbref0014
http://refhub.elsevier.com/S1083-8791(19)30353-2/sbref0014
http://refhub.elsevier.com/S1083-8791(19)30353-2/sbref0014
http://refhub.elsevier.com/S1083-8791(19)30353-2/sbref0014
http://refhub.elsevier.com/S1083-8791(19)30353-2/sbref0014
http://refhub.elsevier.com/S1083-8791(19)30353-2/sbref0015
http://refhub.elsevier.com/S1083-8791(19)30353-2/sbref0015
http://refhub.elsevier.com/S1083-8791(19)30353-2/sbref0015
http://refhub.elsevier.com/S1083-8791(19)30353-2/sbref0016
http://refhub.elsevier.com/S1083-8791(19)30353-2/sbref0016
http://refhub.elsevier.com/S1083-8791(19)30353-2/sbref0016
http://refhub.elsevier.com/S1083-8791(19)30353-2/sbref0016
http://refhub.elsevier.com/S1083-8791(19)30353-2/sbref0017
http://refhub.elsevier.com/S1083-8791(19)30353-2/sbref0017
http://refhub.elsevier.com/S1083-8791(19)30353-2/sbref0017
http://refhub.elsevier.com/S1083-8791(19)30353-2/sbref0018
http://refhub.elsevier.com/S1083-8791(19)30353-2/sbref0018
http://refhub.elsevier.com/S1083-8791(19)30353-2/sbref0018
http://refhub.elsevier.com/S1083-8791(19)30353-2/sbref0019
http://refhub.elsevier.com/S1083-8791(19)30353-2/sbref0019
http://refhub.elsevier.com/S1083-8791(19)30353-2/sbref0020
http://refhub.elsevier.com/S1083-8791(19)30353-2/sbref0020
http://refhub.elsevier.com/S1083-8791(19)30353-2/sbref0020
http://refhub.elsevier.com/S1083-8791(19)30353-2/sbref0020
http://refhub.elsevier.com/S1083-8791(19)30353-2/sbref0021
http://refhub.elsevier.com/S1083-8791(19)30353-2/sbref0021
http://refhub.elsevier.com/S1083-8791(19)30353-2/sbref0022
http://refhub.elsevier.com/S1083-8791(19)30353-2/sbref0022
http://refhub.elsevier.com/S1083-8791(19)30353-2/sbref0022
http://refhub.elsevier.com/S1083-8791(19)30353-2/sbref0023
http://refhub.elsevier.com/S1083-8791(19)30353-2/sbref0023
http://refhub.elsevier.com/S1083-8791(19)30353-2/sbref0023
http://refhub.elsevier.com/S1083-8791(19)30353-2/sbref0023
http://refhub.elsevier.com/S1083-8791(19)30353-2/sbref0024
http://refhub.elsevier.com/S1083-8791(19)30353-2/sbref0024
http://refhub.elsevier.com/S1083-8791(19)30353-2/sbref0024
http://refhub.elsevier.com/S1083-8791(19)30353-2/sbref0025
http://refhub.elsevier.com/S1083-8791(19)30353-2/sbref0025
http://refhub.elsevier.com/S1083-8791(19)30353-2/sbref0025
http://refhub.elsevier.com/S1083-8791(19)30353-2/sbref0025
http://refhub.elsevier.com/S1083-8791(19)30353-2/sbref0025
http://refhub.elsevier.com/S1083-8791(19)30353-2/sbref0026
http://refhub.elsevier.com/S1083-8791(19)30353-2/sbref0026
http://refhub.elsevier.com/S1083-8791(19)30353-2/sbref0026
http://refhub.elsevier.com/S1083-8791(19)30353-2/sbref0026
http://refhub.elsevier.com/S1083-8791(19)30353-2/sbref0027
http://refhub.elsevier.com/S1083-8791(19)30353-2/sbref0027
http://refhub.elsevier.com/S1083-8791(19)30353-2/sbref0027
http://refhub.elsevier.com/S1083-8791(19)30353-2/sbref0028
http://refhub.elsevier.com/S1083-8791(19)30353-2/sbref0028
http://refhub.elsevier.com/S1083-8791(19)30353-2/sbref0028
http://refhub.elsevier.com/S1083-8791(19)30353-2/sbref0028
http://refhub.elsevier.com/S1083-8791(19)30353-2/sbref0029
http://refhub.elsevier.com/S1083-8791(19)30353-2/sbref0029
http://refhub.elsevier.com/S1083-8791(19)30353-2/sbref0029
http://refhub.elsevier.com/S1083-8791(19)30353-2/sbref0029
http://refhub.elsevier.com/S1083-8791(19)30353-2/sbref0030
http://refhub.elsevier.com/S1083-8791(19)30353-2/sbref0030
http://refhub.elsevier.com/S1083-8791(19)30353-2/sbref0030
http://refhub.elsevier.com/S1083-8791(19)30353-2/sbref0031
http://refhub.elsevier.com/S1083-8791(19)30353-2/sbref0031
http://refhub.elsevier.com/S1083-8791(19)30353-2/sbref0031
http://refhub.elsevier.com/S1083-8791(19)30353-2/sbref0032
http://refhub.elsevier.com/S1083-8791(19)30353-2/sbref0032

	Results of the First Clinical Study in Humans That Combines Hyperbaric Oxygen Pretreatment with Autologous Peripheral Blood Stem Cell Transplantation
	INTRODUCTION
	METHODS
	Clinical Study Design
	Patient Eligibility
	Endpoints
	Treatment
	Supportive Care
	Assessments
	Statistical Methods

	RESULTS
	Patient Characteristics
	Primary Analysis
	Safety
	AEs and SAEs
	Hematologic AEs and SAEs

	Efficacy
	Blood Count Recovery


	Secondary Analysis
	Neutropenic Fever and Mucositis
	Hospital Stay and Admission
	Blood Transfusion and G-CSF Support
	Day +100 Disease Staging Results

	Correlative Studies
	HBO Effects on EPO Levels during Transplantation


	DISCUSSION
	ACKNOWLEDGMENT
	REFERENCES


