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Abstract

Background: Necrotizing soft tissue infections (NSTIs) are complex multifactorial diseases characterized by rapid bacterial
proliferation and progressive tissue death. Treatment is multidisciplinary, including surgery, broad-spectrum antibiotics, and
intensive care; adjunctive treatment with hyperbaric oxygen (HBO2) may also be applied. Recent advances in molecular technology
and biological computation have given rise to new approaches to infectious diseases based on identifying target groups defined
by activated pathophysiological mechanisms.

Objective: We aim to capture NSTI disease signatures and mechanisms and responses to treatment in patients that receive the
highest standard of care; therefore, we set out to investigate genome-wide transcriptional responses to HBO2 treatment during
NSTI in the host and bacteria.

Methods: The Effects of Hyperbaric Oxygen Treatment Studied with Omics (HBOmic) study is a prospective cohort study
including 95 patients admitted for NSTI at the intensive care unit of Copenhagen University Hospital (Rigshospitalet), Denmark,
between January 2013 and June 2017. All participants were treated according to a local protocol for management of NSTI, and
biological samples were obtained and stored according to a standard operational procedure. In the proposed study, we will generate
genome-wide expression profiles of whole-blood samples and samples of infected tissue taken before and after HBO2 treatment
administered during the initial acute phase of infection, and we will analyze the profiles with unsupervised hierarchical clustering
and machine learning. Differential gene expression will be compared in samples taken before and after HBO2 treatment (N=85),
and integration of profiles from blood and tissue samples will be performed. Furthermore, findings will be compared to NSTI
patients who did not receive HBO2 treatment (N=10). Transcriptomic data will be integrated with clinical data to investigate
associations and predictors.

Results: The first participant was enrolled on July 27, 2021, and data analysis is expected to begin during autumn 2022, with
publication of results immediately thereafter.

Conclusions: The HBOmic study will provide new insights into personalized patient management in NSTIs.

Trial Registration: ClinicalTrials.gov NCT01790698; https://clinicaltrials.gov/ct2/show/NCT01790698

JMIR Res Protoc 2022 | vol. 11 | iss. 11 | e39252 | p. 1https://www.researchprotocols.org/2022/11/e39252
(page number not for citation purposes)

Vinkel et alJMIR RESEARCH PROTOCOLS

XSL•FO
RenderX

mailto:julie.vinkel.clausen@regionh.dk
http://www.w3.org/Style/XSL
http://www.renderx.com/


International Registered Report Identifier (IRRID): DERR1-10.2196/39252

(JMIR Res Protoc 2022;11(11):e39252) doi: 10.2196/39252

KEYWORDS

necrotizing soft tissue infection; hyperbaric oxygen treatment; host-pathogen interaction; transcriptomic; sepsis; machine learning;
infection; soft tissue infection; study protocol; NSTI; treatment; oxygen; tissue; data; validation; immunology; immune system;
mechanism; response; genome; longitudinal; biomarker; signaling

Introduction

Necrotizing soft tissue infections (NSTIs) are severe infections
of the soft tissue surrounding the bones that are frequently
accompanied by septic shock and multiorgan failure. Advanced
supportive care in the intensive care unit is frequently required
[1]. The reported mortality rate of NSTIs varies among studies
and countries, with an overall mortality of 24% and average
30-day mortality rates of 20% to 40% [2-5]. In our cohort, we
found a 30-day mortality rate of 14%, and amputation was
performed in up to 13% of cases [6]. The infections are
characterized by rapid bacterial proliferation and progressive
tissue destruction of the fascia and deep skin layers. This process
is triggered by white blood cell infiltration causing thrombosis
of the veins and arteries perforating the fascia. Accompanied
by further microorganism proliferation and biofilm formation,
this progresses to the occlusion of nutrient vessels with
subsequent ischemia and tissue death and potentially reduced
antibiotic effects [7-9].

The contemporary treatment strategy is a combination of
empirical broad-spectrum antimicrobial therapy, aggressive
surgical debridement, and cardiovascular support. Hyperbaric
oxygen (HBO2) treatment is used worldwide as an adjunctive
treatment in NSTI as a means of reducing tissue loss and death
[10-13]. Treatment with HBO2 leads to hyperoxia. Besides
improving oxygen supply to hypoxic and ischemic tissues, it
has been suggested that HBO2 treatment promotes beneficial
immunomodulatory activities and antibacterial actions [14-17],
resulting in improved survival [18-20]. The immunomodulatory
effects of HBO2 treatment for infectious diseases include
coagulopathy, endothelial activation, and altered cellular
metabolism; these effects have been revealed using the
traditional approach of biomarker discovery [21-25]. However,
the mechanisms of action of HBO2 treatment for NSTI on a
molecular gene-expression level and the genetic associations
with clinical and demographic variables have not yet been
investigated, and a coherent understanding of the
pathophysiological effects of HBO2 in NSTIs is needed [10].

NSTIs are caused by a variety of microbes, and affected patients
are highly heterogeneous, including both young
immunocompetent individuals and individuals with severe

comorbidities [5]. The disease complex may be driven as much
by the biology of the host response as by the type of microbe
invading the host. This view is supported by earlier studies that
show that NSTI patients infected with group A Streptococcus
were more likely to develop septic shock [6]. It is not surprising
that the human genome holds variants related to infection, given
that infectious diseases have been the largest cause of death
during our evolution [26]. The multifaceted, heterogeneous
nature of disease may explain the lack of success with
identification of biomarkers. Bacterial toxin–mediated
inflammation is associated with altered expression of more than
3700 human genes, making gene-expression analysis a
potentially useful tool for discovery-oriented studies of the
pathogenesis of sepsis and severe infections [27]. Traditional
analysis of exposure and outcome does not fully utilize the
power of combined gene expression data [28]. This paper
presents a transcriptomic study protocol for examining host and
pathogen interactions using a data-driven approach with
unsupervised analysis. Our hypotheses are that genetic diversity
accounts for the variation in outcomes that follow interactions
between humans and the potentially life-threatening pathogens
in NSTIs and that these interactions are modulated by HBO2

treatment.

Methods

Study Design and Setting
This is a prospective observational study. All participants were
enrolled in the Systems Medicine to Study Necrotizing Soft
Tissue Infections (INFECT) study, a clinical study that
systematically collected blood and tissue samples with the
purpose of including these samples in a biobank for
bioinformatics studies of large biochemical groups. For the
Effects of Hyperbaric Oxygen Treatment Studied with Omics
(HBOmic) study, we will screen this biobank (the Rigshospitalet
NSTI biobank) for patients that meet our eligibility criteria,
starting with the 2017 data and working backward until we meet
our desired sample size. The HBOmic study will analyze gene
expression in samples of peripheral blood leukocytes and
samples from infected tissue sites. The transcriptome will be
compared in patients before and after they undergo HBO2

treatment and in patients who were and were not treated with
HBO2. The workflow of the study is illustrated in Figure 1.
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Figure 1. Workflow of the HBOmic study. HBO2: hyperbaric oxygen treatment; ICU: intensive care unit; INFECT: Systems Medicine to Study
Necrotizing Soft Tissue Infections; mRNA: messenger RNA; NSTI: necrotizing soft tissue infection; RH: Rigshospitalet.

Eligibility Criteria
Participants are included in the HBO2 treatment group if they
had been clinically diagnosed with NSTI according to previously
defined criteria [6], had been treated with HBO2 during the
initial acute phase of the infection, had blood samples withdrawn
before and after HBO2 treatment, and had been subjected to
surgical debridement with sampling of infected tissue before
and after HBO2 treatment. Participants are included in the
non–HBO2 treatment group if they had been clinically diagnosed
with NSTI according to previously defined criteria [6], had 2
blood samples withdrawn at different time points during the
initial acute phase of the infection, had been subjected to surgical
debridement twice with sampling of infected tissue at 2 different
time points during the initial acute phase of the infection, and
had not been treated with HBO2 between sample collection.
Participants were excluded from the study if they were alive
and unwilling or unable to give informed consent.

HBO2 Intervention

The HBO2 treatment was performed in a hyperbaric
multichamber (Drass Galeazzi SpA, Type HPO4000,
HPE50.2.A) that had been modified to deliver intensive care
treatment during pressurization, including mechanical ventilation
(Servo-I-30 HBO Editor, Maquet), cardiovascular monitoring
(Intellivue, Phillips, MP30), and multiple intravascular infusions
(Perfusor Space, Braun). All participants who underwent HBO2

treatment were treated according a standardized treatment
protocol, which aimed at a minimum of 3 HBO2 treatments,
with the first treatment administered as soon as possible after
hospital admission. The treatment duration of each session was
90 minutes at a pressure of 284 kPa without air breaks and a
compression and decompression rate of 15 minutes.

Concomitant care was also protocolized and aimed at 3 surgical
revisions during the first 24 hours after diagnosis, with repeated
revisions thereafter as necessary. Antibiotic treatment with
meropenem, ciprofloxacin, and clindamycin and intensive care
treatment were adapted to individual needs [6].
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Studies and Outcomes
Study 1 aims to obtain transcriptome profiles of peripheral
whole blood before and after HBO2 treatment to reveal
treatment-dependent gene regulation of the septic response to
infection. The primary outcome will be the change in gene
expression in whole-blood samples before and after HBO2

treatment. In study 2, we will perform simultaneous
transcriptional profiling of infected human tissue and bacterial
gene expression before and after HBO2 treatment to reveal
treatment-dependent alterations in microbial virulence
mechanisms and interactions with the host immune system. The
primary outcome will be the change in gene expression in
samples of infected tissue before and after HBO2 treatment.
Study 3 aims to integrate the molecular response to sepsis with
the immune response that unfolds in the tissues that are the
source of the NSTI, including changes in the response to
treatment with HBO2 treatment. The primary outcome will be

the correlation of the transcriptional profile of the whole blood
and infected human tissue in patients with NSTI, before and
after HBO2 treatment.

Study Population
All participants were diagnosed with NSTI by the surgeon at
the primary operation. The diagnosis was based on the presence
of necrotic or deliquescent soft tissue with widespread
undermining of the surrounding tissue, as determined by the
surgeon. The diagnosis was systematically cross-checked by
study investigators, and patients were excluded from the study
if necrotic or deliquescent tissue was not described in the patient
records. Detailed characteristics of the participant population
have been published elsewhere [6].

Participant Timeline
Participants included in the study followed the participant
timeline illustrated in Figure 2.

Figure 2. Participant Timeline. Whole-blood samples and tissue biopsies taken during surgical debridement were stored in RNAlater. All samples were
immediately frozen and stored at –80 °C until processing. Hyperbaric oxygen treatment was administered at 284 kPa for a minimum of 90 minutes.
Patients had received 0 (ie, the non–hyperbaric oxygen group), 1, or 2 hyperbaric oxygen sessions when the follow-up samples “B” and “b” were taken.

Data Collection and Storage

Clinical Variables
All clinical variables for the included participants are available
through the INFECT project’s INFECT database, which contains
more than 2000 variables, including baseline variables, time
variables related to hospital admission, variables monitored at
the intensive care unit and during surgical procedures, tissue
sampling and microbiological findings, and variables related to
long-term outcomes and quality of life measures. A full list of
variables is available in the appendix to a previous publication
[29].

Biological Samples
Each tissue biopsy was collected during surgical debriding.

Sample volumes ranged from 0.5 to 0.75 cm2. Immediately after

collection, the tissue was placed in a 1-ml sterile natural tube
(Cryo.s) and covered and stabilized in 0.5 ml RNAlater (Thermo
Fisher Scientific). A tissue specimen of the same size was also
placed in a 1-ml sterile natural tube (Cryo.s) without RNAlater.
Then, the tubes were placed directly in a thermal container on
dry ice and transported to a freezer in the same building, where
they were frozen at –80 °C for storage. All tissue samples were
previously categorized by type of tissue (muscle, fascia, or soft
tissue), the degree to which the tissue was affected by infection
(normal, infected without necrosis, or necrotic) and whether it
was collected from the margin or the center of the infection.
This categorization of the tissue samples was a subjective
clinical categorization performed by the surgeon in the acute
setting based on the look and texture of the biopsied area, not
a pathological, microscopically verified classification. We
selected samples in accord with a predefined strategy; the
categorization of each sample was noted.
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Whole blood was collected with an arterial catheter using a
10-ml lithium heparin tube; 2.5 ml of the blood was transferred
to a sterile natural tube (Cellstar) with a sterile 10-ml syringe
and mixed with 5 ml of RNAlater. The content was mixed by
turning the tubes upside down a few times before they were
transported on dry ice to a freezer in the same building, where
they were stored at –80 °C. All samples were handled with
sterile procedures. Blood was collected with the vacuum
technique, and a discard tube was used prior to blood collection.

The blood and tissue samples included in this study were
stabilized with RNAlater (Thermo Fisher Scientific). The data
and time of sampling were noted, along with any deviations
from standard operational procedures.

Ethics Approval
The study presented in this protocol abides by the principles
outlined in the Declaration of Helsinki. The INFECT study is
registered at ClinicalTrials.gov (NCT01790698). During the
INFECT study, informed consent for collection and storage of
the biological material for future research was given. We will
follow the genomics guidelines of the Danish National
Committee on Health Research Ethics, including the special
requirements for research projects involving extensive mapping.
Also following the Danish National Committee on Health
Research Ethics (journal number 2010299, locally in journal
number 1151739), renewed informed consent for this study was
obtained from living participants. This study was approved by
Capital Region at Knowledge Center for Data Reviews
(P-2020-1186).

Data Processing

RNA Purification, Library Preparation, and Sequencing
A volume of 300 to 500 μL of anticoagulated whole blood will
be used to extract total RNA from leukocytes using the RiboPure
RNA Purification Kit (Thermo Fisher Scientific). Infected tissue
biopsies (10-30 mg) will be disrupted and homogenized with
TissueLyser (Qiagen), and total RNA of both human and

bacterial origin will be isolated using the RNeasy Plus Mini Kit
(Qiagen). We will use the NEBNext Globin & rRNA Depletion
Kit (New England Biolabs Inc) for strand-specific messenger
RNA (mRNA) purification using probes that are selective for
globin mRNA, cytoplasmic ribosomal RNA (rRNA), and
mitochondrial rRNA with human, mouse, and rat samples. In
all biological samples, first- and second-strand copyDNA
(cDNA) will be synthesized based on ligation adaptor techniques
(NEBNext Globin & rRNA Depletion Kit [human, mouse, and
rat]). Each step will be performed according to the
manufacturer’s instructions and an internal standard operational
procedure. The obtained cDNA library will then be sequenced
with dual RNA sequencing with paired-end sequencing of 150
nucleotide fragments on the Illumina Novaseq6000 platform
with a targeted sequencing read depth of 20 million reads.

Data Validation and Quality Check
We have performed a validation test of the data processing
method using 8 tissue samples and 8 whole blood samples to
estimate the quantity and integrity of the extracted RNA, the
quality of the cDNA libraries, and the sequencing output.

Quality Check Methods
All data processing was performed as described in this protocol.
The quality check of the extracted RNA and the prepared
libraries was performed on a Fragment Analyzer with the
included ProSize software (version 3.0; Agilent Technologies,
Inc). Quantity was measured with Qubit fluorometric
quantification. Quality checks of the RNA sequence data were
performed in MultiQC (version 1.7; Seqera Labs). We
performed computational calculation of the transcript integrity
number (TIN) as a measure of the RNA degradation level across
all the transcripts that were annotated in the computational
databases [30].

Quality Check Results
The results of the pilot quality check are summarized in Table
1.

Table 1. Results of the quality check.

Infected tissue samplesWhole blood samplesMeasurements

830 (2471)6560 (2540)RNA quantity (ng), median (IQR)

2.9 (1.55)9.6 (0.37)RNA quality number, mean (SD)

93.49 (0.245)93.55 (0.4425)Illumina sequencing Q30 quality scorea, median (IQR)

31,009,818 (5,969,336)29,178,943 (8,718,838)Obtained reads per sample (n), median (IQR)

55.0 (5.83)57.7 (1.92)Transcript integrity number, mean (SD)

0.82 (0.73)0.34 (0.346)Coefficient of variation, mean (SD)

aIndicates the probability of 1 in 1000 incorrect base calls.

In 1 tissue sample, we were not able to extract any RNA; this
sample was thus excluded from further analysis. In the
remaining 15 samples, we obtained sufficient RNA in both the
whole-blood and tissue samples. The RNA in the whole-blood
samples was of high quality (the RNA quality number [RQN]
ranged from 8.8 to 10.0), but the RQN in the tissue samples
was low. Transcript quality control and a preliminary

bioinformatics analysis showed acceptable values, with average
TINs of 58 (SD 1.92) and 55 (SD 5.83) for the whole-blood and
tissue samples, respectively, along with a good quality of reads
and a high number of unique reads.

Using the number of reads per gene, the weighted trimmed mean
of the M (log ratio) values, and the TIN, we defined a linear
model to calculate coefficients of variation of 0.34 (SD 0.346)
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and 0.82 (SD 0.73) for the whole-blood and infected tissue
samples, respectively, with the estimateDisp method in the
Bioconductor package edgeR. Descriptive statistics were
calculated in R (version 4.1.2).

Evaluation of Quality Check
The infected tissue samples were collected from soft tissue with
varying degrees of necrosis, and therefore varying degrees of
degradation were already expected in vivo. Necrosis is
premature cell death, and although it is believed that necrosis
causes RNA degradation in its later stages, the order of progress
of RNA decay is unknown [31]. Based on a visual inspection
of electropherograms, the RNA in some of the tissue samples
appeared more degraded than the whole-blood samples, as also
reflected in the lower RQN. However, tissue samples are also
generally expected to have higher prokaryotic RNA content
than blood samples; therefore, the calculated RQN in these
infected tissue samples might have been falsely low. The
ProSize software can only be programmed to analyze either
eukaryotic or prokaryotic rRNA. When calculating the RQN,
ProSize considers the entire electropherogram, including the
small and large ribosomal peaks, the baseline resolution between
them, and the degradation in front of the small ribosomal peak.
As the prokaryotic ribosomal RNA complexes are smaller than
the eukaryotic ribosomal complexes, they will appear in front
of the eukaryotic complexes, resulting in a falsely low RQN
value. Moreover, the tissue samples used in this study are
degraded in vivo and high levels of degradation are known to
affect the reliability of the RQN [32].

Based on the findings in the quality check, we decided to adhere
to the strategy for data processing presented in the protocol. We
will not dismiss samples due to a low RQN calculation alone.
Biological samples with ≥100 ng of RNA may proceed to library
preparation irrespective of the calculated RQN value, depending
on a visual inspection of the electropherogram. The TIN will
be computed after mapping the sequenced reads onto the human
genome to obtain an estimate of human RNA degradation on
the transcript level. Libraries with sufficient RNA and an inset
fragment size of >300 base pairs will continue to next-generation
sequencing.

Data Analysis

Quality Assessment of the Sequencing Data
Quality control of sequence reads will be done using the tools
FastQC (version 0.11.2), RSeQC (version 2.6.4) [33], and
fastq_screen (version 0.11.4). The proportion of human rRNA
reads will be checked with the split_bam.py tool in RSeQC.
Quality control will be performed separately for reads of human
and bacterial origin. The cutoff for the percentage of duplicate
reads and the number of unique reads will be defined post hoc
to minimize the number of excluded samples while considering
the risk of introducing biases to the analysis. The median TIN
will be calculated for all samples to evaluate RNA degradation
on the transcript level. The influence of RNA degradation on
the results will be evaluated by performing a sensitivity analysis.

Alignment of Reads to the Genomes of Interest
Sequencing reads will be aligned onto the human and bacterial
genomes. Adaptors, low-quality bases, the first 12 bases, and
reads shorter than 25 nucleotides will be removed with
Trimmomatic [34].

Reads will be mapped using STAR software (version 2.7.3a)
separately against the human and bacterial genomes [35]. Up
to 2 mismatches will be allowed during mapping, and the
minimum number of overlap bases to trigger mate merging and
realignment will be set to 5. Otherwise, default settings will be
used. Duplicate reads will be removed using the MarkDuplicates
function of Picard software.

The featureCounts function of the Rsubread R package will be
used to quantify reads in exons. Bacterial typing will be
performed by assigning species- and genus-level annotations
to a phylotype of previously described isolates using relevant
databases to identify microbiomes [36].

Clustering Analyses
Interindividual heterogeneity will be investigated using
unsupervised hierarchical clustering for the most variable
probes. Endotypes will be defined by agglomerative hierarchical
clustering from samples taken before HBO2 therapy according
to the microbial community composition, the microbial
expressed virulence mechanisms, and the host immune response.
Clusters will be tested for quality and stability by multiple
iterations, and group membership will be consolidated using k
means to ensure that membership is due to true cluster structure
rather than stochastic picks.

Differential Expression Assessment
Differential gene expression analysis will be performed using
edgeR or similar software by comparing individual patients and
patients stratified to each of the endotypes and by comparing
each endotype to the other endotypes [37]. The data will be fit
to a gene-wise generalized linear model that will include relevant
covariates, such as the degradation level of the samples (ie, the
TIN). Differential gene usage will be assessed by
quasi-likelihood tests and adjusted for multiple comparisons
with the false discovery rate. Gene coexpression networks will
be determined to obtain insight into the biological function of
the included genes.

Functional Enrichment of Gene Sets
Genes showing treatment-dependent differential regulation will
be explored, as will genes involved in gene networks and
signaling pathways related to, for example, host immunity,
inflammation, and redox homeostasis. Gene set enrichment
analyses will be performed with ranked log fold changes using
state-of-the-art enrichment tools, such as the gseGO function
in the clusterProfiler R package [38]. Related functions will be
used to visualize the results together with state-of-the-art
enrichment tools, such as the DOSE R package functions [39].

Data Integration and Interpretation
Differential gene expression data discovered before and after
treatment with HBO2 will be compared with gene expression
profiles from blood and tissue samples taken at similar time
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points from NSTI patients that were not treated with HBO2.
Participants from the HBO2 group will be matched with
participants from the non-HBO2 group on key variables in the
downstream gene expression analyses.

Furthermore, starting from the endotypes identified before HBO2

treatment, we will annotate endotypes and monitor
immunomodulatory effects of HBO2 treatment as dynamic
changes in the endotypes.

Highly abundant microbial genera expressed in the initial
clusters will be compared to relevant virulence factor databases
before and after HBO2 treatment. The microbial diversity
associated with NSTIs and how their pathological mechanisms
may be altered in response to HBO2 treatment will be integrated
with the host immune response.

A comparison between whole blood and infected tissue will be
performed with a quantitative and qualitative comparison of the
clusters obtained from the 2 tissue types before and after HBO2

treatment. Endotypes or subgroups will be associated with
demographic and clinical variables in the INFECT database.
Linear models will be applied to fit group membership with
gene expression and clinical variables and identify predictors.

Sample Size
The genome-wide transcriptional response to HBO2 has not
previously been addressed in any type of tissue or disease.
Hence, the number of biological replicates necessary to observe
a significant difference in gene expression before and after
HBO2 treatment is unknown. Based on the depth of gene
coverage for all expressed genes and the overall coefficient of
variation for the blood samples found in the pilot study, we
estimated the sample size for the 2 conditions according to
published methods for the primary outcome of this paper’s
“study 1” [40]. Assuming a coefficient of variation of 0.34 for
the whole-blood samples, a depth of coverage of human reads
of 218, a risk of type I error of 5%, and a risk of type II error
of 20% (with a power of 80%), the number of participants per
group required to detect a 25% difference between conditions
is 38, giving a total sample size of 76 participants. However,
the differential expression analysis will focus on the majority
of genes that are better behaved, and we therefore expect a
stronger power [40]. On the other hand, we also expect that
approximately 10% of samples will fail quality control.
Therefore, we decided to include 85 participants in the study.
Figure 3 depicts the power for estimated effect sizes. Regardless
of the estimated effect sizes, all biological and clinically relevant
findings will be reported in the exploratory analysis.

Figure 3. Power for estimated effect sizes for analyses of whole blood samples including either 85 or 76 participants.

Results

Patient recruitment in the clinical setting was completed in 2017.
Screening of the resulting biobank for eligible participants for
the HBOmic study according to the inclusion and exclusion
criteria has been completed. Informed consent for participation
in the HBOmic study has been obtained from all eligible study
participants, and the first participant was enrolled on July 27,
2021. Data analysis is expected to begin during autumn 2022,
with publication of results immediately thereafter.

Discussion

In the HBOmic study, we anticipate being able to identify NSTI
endotypes with differential responses to HBO2 treatment based
on transcriptional responses. We will analyze longitudinal
genome-wide transcriptional data in systematically collected
daily blood and infected-tissue samples from patients with NSTI,
which will allow us to capture immunomodulatory changes
associated with critical events following HBO2 treatment in this
rare disease complex. NSTI is a heterogeneous and dynamic
disease, and the biological variability of the specimens under
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study is expected to be high. To account for this, we have
included a relatively large cohort of septic patients with NSTI.
The study is highly feasible, because we have already performed
the described data validation, including testing the quality of
the samples and the resulting sequencing data. In the pilot study,
1 sample failed quality control and was dismissed from further
analysis. We have therefore estimated that 10% of samples may
fail quality control, which we have accounted for in the sample
size estimation. We will identify molecular differences with a
broad-spectrum analysis of transcriptomic data with a systems
approach, in which specific parameters have not been chosen
as they will be by default everything or anything. In that sense,
this data-driven research will deliver unbiased and
unprecedented information about immunomodulatory
changeability during disease progression and treatment. On the
other hand, this approach has inherent limitations and biases,
including gene panel selection bias and sequencing bias in
library construction and amplification bias. To minimize
technical biases during the processing of this high number of
samples, we will carefully design our batches with bridging and
perform sensitivity analyses in response to degradation markers.
A systems approach to this heterogeneous disease complex
implies the investigation of many markers, which might make
it challenging to identify the most relevant biomarkers and
increases the risk of nonreproducible results. Future approaches
could include identifying genes predictive of group membership
in our cohort, and then, in a validation cohort, assigning group

membership to individuals based on their expression of the
predictive gene set and evaluating the robustness of the
prediction. Another future approach could be to perform
multiomic analyses. Combining transcriptomics with genomics
could shed light on the link between genotype and any
phenotypes identified in the clustering analysis. For this,
mapping to expression quantitative trait loci would allow us to
focus on genes that are expressed differently in blood and
infected tissue. This would allow distinguishing responders and
nonresponders on the genetic level. On the other end of the
omics sequence, proteomics would give insight into protein
modifications, and in combination with our differential
expression analysis proteomics would give a more precise view
of the differential protein abundance and thereby strengthen the
identification of candidate biomarkers for clinical trials.
However, transcriptomics is the first step in which
environmental effects can impact the translation from DNA to
cellular function, and it thereby constitutes an appropriate initial
application.

The availability of transcriptomic data from pathogens and hosts
from 2 different tissues (ie, whole blood and soft tissue) at
separate time points with an intermediate intervention is unique
and will provide real-time snapshots of cellular and extracellular
signaling pathways that are up- and downregulated in different
clinical subgroups. The HBOmic study will provide new insights
into personalized patient management in NSTIs and selection
for future clinical trials.

Acknowledgments
We would like to thank all members of the Personalized Medicine in Acute Infectious Diseases (PERMIT)/Personalized Medicine
in Infections: From Systems Biomedicine to Precision Diagnosis and Stratification Permitting Individualized Therapies Personalized
Medicine in Infectious Disease (PERAID) consortium and the Systems Medicine to Study Necrotizing Soft Tissue Infections
(INFECT) group for the participant and data collection. We would like to acknowledge the European division of Azenta Life
Sciences for assistance with RNA sequencing. Finally, we would like to thank all patients who participated in the study. This
work was supported by the PERMIT project (grant 8113-00009B), which is funded by Innovation Fund Denmark and EU Horizon
2020 under the ERA (European Research Area in Personalized Medicine) PerMed (project 2018-151) and PERAID (grant
8114-00005B) frameworks, which are funded by Innovation Fund Denmark and Nordforsk (project 90456). OH also received a
research grant from the Ellab-Fonden of Denmark. The funders had no role in the collection, analysis, or interpretation of the
data in the pilot study. Similarly, the funders and sponsors had no role in the design of the study, the preparation, review, or
approval of the manuscript, or in the decision to submit the manuscript for publication.

Data Availability
The human sequencing data underlying the results of this study will not be openly available due to their sensitive nature. The
Danish National Committee on Health Ethics has rejected making the human genetic data generated in this study publicly available
in any form. Bacterial sequence data that support the findings of the studies described in this protocol will be deposited in a public
repository (such as ArrayExpress or GEOCIBEX).

Authors' Contributions
JV, LR, AB, MH, and OH contributed to the study concept and design. JV and MH contributed to obtaining renewed informed
consent from the participants, the collection of samples, and record keeping. JV, LR, AB, and OH contributed to data processing
and preliminary analysis. JV, LR, and OH drafted the manuscript. All authors read and approved the final manuscript.

Conflicts of Interest
None declared.

References

JMIR Res Protoc 2022 | vol. 11 | iss. 11 | e39252 | p. 8https://www.researchprotocols.org/2022/11/e39252
(page number not for citation purposes)

Vinkel et alJMIR RESEARCH PROTOCOLS

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


1. Stevens DL, Bisno AL, Chambers HF, Dellinger EP, Goldstein EJC, Gorbach SL, Infectious Diseases Society of America.
Practice guidelines for the diagnosis and management of skin and soft tissue infections: 2014 update by the Infectious
Diseases Society of America. Clin Infect Dis 2014 Jul 15;59(2):e10-e52. [doi: 10.1093/cid/ciu444] [Medline: 24973422]

2. Hakkarainen TW, Kopari NM, Pham TN, Evans HL. Necrotizing soft tissue infections: review and current concepts in
treatment, systems of care, and outcomes. Curr Probl Surg 2014 Aug;51(8):344-362 [FREE Full text] [doi:
10.1067/j.cpsurg.2014.06.001] [Medline: 25069713]

3. May AK. Skin and soft tissue infections. Surg Clin North Am 2009 Apr;89(2):403-20, viii. [doi: 10.1016/j.suc.2008.09.006]
[Medline: 19281891]

4. Misiakos EP, Bagias G, Patapis P, Sotiropoulos D, Kanavidis P, Machairas A. Current concepts in the management of
necrotizing fasciitis. Front Surg 2014;1:36 [FREE Full text] [doi: 10.3389/fsurg.2014.00036] [Medline: 25593960]

5. Hedetoft M, Madsen MB, Madsen LB, Hyldegaard O. Incidence, comorbidity and mortality in patients with necrotising
soft-tissue infections, 2005-2018: a Danish nationwide register-based cohort study. BMJ Open 2020 Oct 16;10(10):e041302
[FREE Full text] [doi: 10.1136/bmjopen-2020-041302] [Medline: 33067303]

6. Madsen MB, Skrede S, Perner A, Arnell P, Nekludov M, Bruun T, INFECT study group, et al. Patient's characteristics and
outcomes in necrotising soft-tissue infections: results from a Scandinavian, multicentre, prospective cohort study. Intensive
Care Med 2019 Sep;45(9):1241-1251. [doi: 10.1007/s00134-019-05730-x] [Medline: 31440795]

7. Wong CH, Wang YS. The diagnosis of necrotizing fasciitis. Curr Opin Infect Dis 2005 Apr;18(2):101-106. [doi:
10.1097/01.qco.0000160896.74492.ea] [Medline: 15735411]

8. Siemens N, Chakrakodi B, Shambat SM, Morgan M, Bergsten H, Hyldegaard O, INFECT Study Group, et al. Biofilm in
group A streptococcal necrotizing soft tissue infections. JCI Insight 2016 Jul 07;1(10):e87882 [FREE Full text] [doi:
10.1172/jci.insight.87882] [Medline: 27699220]

9. Jensen, Møller SA, Lerche CJ, Moser C, Bjarnsholt T, Ciofu O, et al. Improving antibiotic treatment of bacterial biofilm
by hyperbaric oxygen therapy: Not just hot air. Biofilm 2019 Dec;1:100008 [FREE Full text] [doi:
10.1016/j.bioflm.2019.100008] [Medline: 33447795]

10. Levett D, Bennett MH, Millar I. Adjunctive hyperbaric oxygen for necrotizing fasciitis. Cochrane Database Syst Rev 2015
Jan 15;1:CD007937 [FREE Full text] [doi: 10.1002/14651858.CD007937.pub2] [Medline: 25879088]

11. Moon RE, Bakker D, Barnes R, Bennett M, Camporesi E, Cianci P. Hyperbaric Oxygen Therapy Indications, 14th Edition.
Palm Beach, FL: Best Publishing Company; 2019.

12. Sartelli M, Guirao X, Hardcastle TC, Kluger Y, Boermeester MA, Raşa K, et al. 2018 WSES/SIS-E consensus conference:
recommendations for the management of skin and soft-tissue infections. World J Emerg Surg 2018;13:58 [FREE Full text]
[doi: 10.1186/s13017-018-0219-9] [Medline: 30564282]

13. Mathieu D, Marroni A, Kot J. Tenth European Consensus Conference on Hyperbaric Medicine: recommendations for
accepted and non-accepted clinical indications and practice of hyperbaric oxygen treatment. Diving Hyperb Med 2017
Mar;47(1):24-32 [FREE Full text] [doi: 10.28920/dhm47.1.24-32] [Medline: 28357821]

14. Lima FL, Joazeiro PP, Lancellotti M, de Hollanda LM, de Araújo Lima B, Linares E, et al. Effects of hyperbaric oxygen
on Pseudomonas aeruginosa susceptibility to imipenem and macrophages. Future Microbiol 2015;10(2):179-189. [doi:
10.2217/fmb.14.111] [Medline: 25689530]

15. Bumah VV, Whelan HT, Masson-Meyers DS, Quirk B, Buchmann E, Enwemeka CS. The bactericidal effect of 470-nm
light and hyperbaric oxygen on methicillin-resistant Staphylococcus aureus (MRSA). Lasers Med Sci 2015
Apr;30(3):1153-1159 [FREE Full text] [doi: 10.1007/s10103-015-1722-9] [Medline: 25700768]

16. Lerche CJ, Christophersen LJ, Kolpen M, Nielsen PR, Trøstrup H, Thomsen K, Jensen, et al. Hyperbaric oxygen therapy
augments tobramycin efficacy in experimental Staphylococcus aureus endocarditis. Int J Antimicrob Agents 2017
Sep;50(3):406-412. [doi: 10.1016/j.ijantimicag.2017.04.025] [Medline: 28669832]

17. Bai X, Song Z, Zhou Y, Pan S, Wang F, Guo Z, et al. The apoptosis of peripheral blood lymphocytes promoted by hyperbaric
oxygen treatment contributes to attenuate the severity of early stage acute pancreatitis in rats. Apoptosis 2014 Jan;19(1):58-75.
[doi: 10.1007/s10495-013-0911-x] [Medline: 24101212]

18. Hedetoft M, Bennett MH, Hyldegaard O. Adjunctive hyperbaric oxygen treatment for necrotising soft-tissue infections: A
systematic review and meta-analysis. Diving Hyperb Med 2021 Mar 31;51(1):34-43 [FREE Full text] [doi:
10.28920/dhm51.1.34-43] [Medline: 33761539]

19. Devaney B, Frawley G, Frawley L, Pilcher DV. Necrotising soft tissue infections: the effect of hyperbaric oxygen on
mortality. Anaesth Intensive Care 2015 Nov;43(6):685-692 [FREE Full text] [doi: 10.1177/0310057X1504300604] [Medline:
26603791]

20. Wilkinson D, Doolette D. Hyperbaric oxygen treatment and survival from necrotizing soft tissue infection. Arch Surg 2004
Dec;139(12):1339-1345. [doi: 10.1001/archsurg.139.12.1339] [Medline: 15611459]

21. Memar MY, Yekani M, Alizadeh N, Baghi HB. Hyperbaric oxygen therapy: Antimicrobial mechanisms and clinical
application for infections. Biomed Pharmacother 2019 Jan;109:440-447 [FREE Full text] [doi: 10.1016/j.biopha.2018.10.142]
[Medline: 30399579]

JMIR Res Protoc 2022 | vol. 11 | iss. 11 | e39252 | p. 9https://www.researchprotocols.org/2022/11/e39252
(page number not for citation purposes)

Vinkel et alJMIR RESEARCH PROTOCOLS

XSL•FO
RenderX

http://dx.doi.org/10.1093/cid/ciu444
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24973422&dopt=Abstract
https://europepmc.org/abstract/MED/25069713
http://dx.doi.org/10.1067/j.cpsurg.2014.06.001
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25069713&dopt=Abstract
http://dx.doi.org/10.1016/j.suc.2008.09.006
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19281891&dopt=Abstract
https://doi.org/10.3389/fsurg.2014.00036
http://dx.doi.org/10.3389/fsurg.2014.00036
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25593960&dopt=Abstract
https://bmjopen.bmj.com/lookup/pmidlookup?view=long&pmid=33067303
http://dx.doi.org/10.1136/bmjopen-2020-041302
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33067303&dopt=Abstract
http://dx.doi.org/10.1007/s00134-019-05730-x
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31440795&dopt=Abstract
http://dx.doi.org/10.1097/01.qco.0000160896.74492.ea
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=15735411&dopt=Abstract
https://doi.org/10.1172/jci.insight.87882
http://dx.doi.org/10.1172/jci.insight.87882
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27699220&dopt=Abstract
https://linkinghub.elsevier.com/retrieve/pii/S2590-2075(19)30008-5
http://dx.doi.org/10.1016/j.bioflm.2019.100008
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33447795&dopt=Abstract
https://europepmc.org/abstract/MED/25879088
http://dx.doi.org/10.1002/14651858.CD007937.pub2
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25879088&dopt=Abstract
https://wjes.biomedcentral.com/articles/10.1186/s13017-018-0219-9
http://dx.doi.org/10.1186/s13017-018-0219-9
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30564282&dopt=Abstract
https://europepmc.org/abstract/MED/28357821
http://dx.doi.org/10.28920/dhm47.1.24-32
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28357821&dopt=Abstract
http://dx.doi.org/10.2217/fmb.14.111
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25689530&dopt=Abstract
https://europepmc.org/abstract/MED/25700768
http://dx.doi.org/10.1007/s10103-015-1722-9
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25700768&dopt=Abstract
http://dx.doi.org/10.1016/j.ijantimicag.2017.04.025
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28669832&dopt=Abstract
http://dx.doi.org/10.1007/s10495-013-0911-x
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24101212&dopt=Abstract
https://europepmc.org/abstract/MED/33761539
http://dx.doi.org/10.28920/dhm51.1.34-43
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33761539&dopt=Abstract
https://aaic.net.au/PMID/26603791
http://dx.doi.org/10.1177/0310057X1504300604
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26603791&dopt=Abstract
http://dx.doi.org/10.1001/archsurg.139.12.1339
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=15611459&dopt=Abstract
https://linkinghub.elsevier.com/retrieve/pii/S0753-3322(18)35482-9
http://dx.doi.org/10.1016/j.biopha.2018.10.142
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30399579&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/


22. Lerche CJ, Schwartz F, Pries-Heje MM, Fosbøl EL, Iversen K, Jensen, et al. Potential advances of adjunctive hyperbaric
oxygen therapy in infective endocarditis. Front Cell Infect Microbiol 2022;12:805964 [FREE Full text] [doi:
10.3389/fcimb.2022.805964] [Medline: 35186793]

23. Hedetoft M, Jensen, Moser C, Vinkel J, Hyldegaard O. Hyperbaric oxygen treatment impacts oxidative stress markers in
patients with necrotizing soft-tissue infection. J Investig Med 2021 Oct;69(7):1330-1338 [FREE Full text] [doi:
10.1136/jim-2021-001837] [Medline: 34006573]

24. Hedetoft M, Moser C, Jensen, Vinkel J, Hyldegaard O. Soluble ICAM-1 is modulated by hyperbaric oxygen treatment and
correlates with disease severity and mortality in patients with necrotizing soft-tissue infection. J Appl Physiol (1985) 2021
Mar 01;130(3):729-736 [FREE Full text] [doi: 10.1152/japplphysiol.00844.2020] [Medline: 33444122]

25. Hedetoft M, Garred P, Madsen MB, Hyldegaard O. Hyperbaric oxygen treatment is associated with a decrease in cytokine
levels in patients with necrotizing soft-tissue infection. Physiol Rep 2021 Mar;9(6):e14757 [FREE Full text] [doi:
10.14814/phy2.14757] [Medline: 33719215]

26. Burgner D, Jamieson SE, Blackwell JM. Genetic susceptibility to infectious diseases: big is beautiful, but will bigger be
even better? Lancet Infect Dis 2006 Oct;6(10):653-663 [FREE Full text] [doi: 10.1016/S1473-3099(06)70601-6] [Medline:
17008174]

27. Calvano SE, Xiao W, Richards DR, Felciano RM, Baker HV, Cho RJ, Inflamm and Host Response to Injury Large Scale
Collab. Res. Program. A network-based analysis of systemic inflammation in humans. Nature 2005 Oct
13;437(7061):1032-1037. [doi: 10.1038/nature03985] [Medline: 16136080]

28. Itenov TS, Murray DD, Jensen JUS. Sepsis: personalized medicine utilizing 'omic' technologies-a paradigm shift? Healthcare
(Basel) 2018 Sep 07;6(3):111 [FREE Full text] [doi: 10.3390/healthcare6030111] [Medline: 30205441]

29. Madsen MB, Skrede S, Bruun T, Arnell P, Rosén A, Nekludov M, et al. Necrotizing soft tissue infections - a multicentre,
prospective observational study (INFECT): protocol and statistical analysis plan. Acta Anaesthesiol Scand 2018
Feb;62(2):272-279. [doi: 10.1111/aas.13024] [Medline: 29082520]

30. Wang L, Nie J, Sicotte H, Li Y, Eckel-Passow JE, Dasari S, et al. Measure transcript integrity using RNA-seq data. BMC
Bioinformatics 2016 Mar 03;17:58 [FREE Full text] [doi: 10.1186/s12859-016-0922-z] [Medline: 26842848]

31. Golstein P, Kroemer G. Cell death by necrosis: towards a molecular definition. Trends Biochem Sci 2007 Jan;32(1):37-43.
[doi: 10.1016/j.tibs.2006.11.001] [Medline: 17141506]

32. Wimmer I, Tröscher AR, Brunner F, Rubino SJ, Bien CG, Weiner HL, et al. Systematic evaluation of RNA quality,
microarray data reliability and pathway analysis in fresh, fresh frozen and formalin-fixed paraffin-embedded tissue samples.
Sci Rep 2018 Apr 20;8(1):6351 [FREE Full text] [doi: 10.1038/s41598-018-24781-6] [Medline: 29679021]

33. Wang L, Wang S, Li W. RSeQC: quality control of RNA-seq experiments. Bioinformatics 2012 Aug 15;28(16):2184-2185.
[doi: 10.1093/bioinformatics/bts356] [Medline: 22743226]

34. Bolger AM, Lohse M, Usadel B. Trimmomatic: a flexible trimmer for Illumina sequence data. Bioinformatics 2014 Aug
01;30(15):2114-2120 [FREE Full text] [doi: 10.1093/bioinformatics/btu170] [Medline: 24695404]

35. Dobin A, Davis CA, Schlesinger F, Drenkow J, Zaleski C, Jha S, et al. STAR: ultrafast universal RNA-seq aligner.
Bioinformatics 2013 Jan 01;29(1):15-21 [FREE Full text] [doi: 10.1093/bioinformatics/bts635] [Medline: 23104886]

36. Liao Y, Smyth GK, Shi W. The R package Rsubread is easier, faster, cheaper and better for alignment and quantification
of RNA sequencing reads. Nucleic Acids Res 2019 May 07;47(8):e47 [FREE Full text] [doi: 10.1093/nar/gkz114] [Medline:
30783653]

37. Robinson MD, McCarthy DJ, Smyth GK. edgeR: a Bioconductor package for differential expression analysis of digital
gene expression data. Bioinformatics 2010 Jan 01;26(1):139-140 [FREE Full text] [doi: 10.1093/bioinformatics/btp616]
[Medline: 19910308]

38. Yu G, Wang LG, Han Y, He Q. clusterProfiler: an R package for comparing biological themes among gene clusters. OMICS
2012 May;16(5):284-287 [FREE Full text] [doi: 10.1089/omi.2011.0118] [Medline: 22455463]

39. Yu G, Wang LG, Yan G, He Q. DOSE: an R/Bioconductor package for disease ontology semantic and enrichment analysis.
Bioinformatics 2015 Mar 15;31(4):608-609. [doi: 10.1093/bioinformatics/btu684] [Medline: 25677125]

40. Hart SN, Therneau TM, Zhang Y, Poland GA, Kocher J. Calculating sample size estimates for RNA sequencing data. J
Comput Biol 2013 Dec;20(12):970-978 [FREE Full text] [doi: 10.1089/cmb.2012.0283] [Medline: 23961961]

Abbreviations
cDNA: copy DNA
HBO2: hyperbaric oxygen
HBOmic: Effects of Hyperbaric Oxygen Treatment Studied With Omics
INFECT: Systems Medicine to Study Necrotizing Soft Tissue Infections
mRNA: messenger RNA
NSTI: necrotizing soft tissue infection
RQN: RNA quality number
rRNA: ribosomal RNA

JMIR Res Protoc 2022 | vol. 11 | iss. 11 | e39252 | p. 10https://www.researchprotocols.org/2022/11/e39252
(page number not for citation purposes)

Vinkel et alJMIR RESEARCH PROTOCOLS

XSL•FO
RenderX

https://doi.org/10.3389/fcimb.2022.805964
http://dx.doi.org/10.3389/fcimb.2022.805964
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=35186793&dopt=Abstract
https://europepmc.org/abstract/MED/34006573
http://dx.doi.org/10.1136/jim-2021-001837
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34006573&dopt=Abstract
https://journals.physiology.org/doi/10.1152/japplphysiol.00844.2020?url_ver=Z39.88-2003&rfr_id=ori:rid:crossref.org&rfr_dat=cr_pub%3dpubmed
http://dx.doi.org/10.1152/japplphysiol.00844.2020
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33444122&dopt=Abstract
https://doi.org/10.14814/phy2.14757
http://dx.doi.org/10.14814/phy2.14757
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33719215&dopt=Abstract
https://linkinghub.elsevier.com/retrieve/pii/S1473-3099(06)70601-6
http://dx.doi.org/10.1016/S1473-3099(06)70601-6
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17008174&dopt=Abstract
http://dx.doi.org/10.1038/nature03985
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16136080&dopt=Abstract
https://www.mdpi.com/resolver?pii=healthcare6030111
http://dx.doi.org/10.3390/healthcare6030111
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30205441&dopt=Abstract
http://dx.doi.org/10.1111/aas.13024
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29082520&dopt=Abstract
https://bmcbioinformatics.biomedcentral.com/articles/10.1186/s12859-016-0922-z
http://dx.doi.org/10.1186/s12859-016-0922-z
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26842848&dopt=Abstract
http://dx.doi.org/10.1016/j.tibs.2006.11.001
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17141506&dopt=Abstract
https://doi.org/10.1038/s41598-018-24781-6
http://dx.doi.org/10.1038/s41598-018-24781-6
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29679021&dopt=Abstract
http://dx.doi.org/10.1093/bioinformatics/bts356
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22743226&dopt=Abstract
https://europepmc.org/abstract/MED/24695404
http://dx.doi.org/10.1093/bioinformatics/btu170
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24695404&dopt=Abstract
https://europepmc.org/abstract/MED/23104886
http://dx.doi.org/10.1093/bioinformatics/bts635
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23104886&dopt=Abstract
https://europepmc.org/abstract/MED/30783653
http://dx.doi.org/10.1093/nar/gkz114
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30783653&dopt=Abstract
https://europepmc.org/abstract/MED/19910308
http://dx.doi.org/10.1093/bioinformatics/btp616
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19910308&dopt=Abstract
https://europepmc.org/abstract/MED/22455463
http://dx.doi.org/10.1089/omi.2011.0118
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22455463&dopt=Abstract
http://dx.doi.org/10.1093/bioinformatics/btu684
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25677125&dopt=Abstract
https://europepmc.org/abstract/MED/23961961
http://dx.doi.org/10.1089/cmb.2012.0283
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23961961&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/


TIN: transcript integrity number

Edited by T Leung; submitted 06.05.22; peer-reviewed by M Giri, P Natarajan; comments to author 04.10.22; accepted 20.10.22;
published 25.11.22

Please cite as:
Vinkel J, Rib L, Buil A, Hedetoft M, Hyldegaard O
Investigating the Effects of Hyperbaric Oxygen Treatment in Necrotizing Soft Tissue Infection With Transcriptomics and Machine
Learning (the HBOmic Study): Protocol for a Prospective Cohort Study With Data Validation
JMIR Res Protoc 2022;11(11):e39252
URL: https://www.researchprotocols.org/2022/11/e39252
doi: 10.2196/39252
PMID:

©Julie Vinkel, Leonor Rib, Alfonso Buil, Morten Hedetoft, Ole Hyldegaard. Originally published in JMIR Research Protocols
(https://www.researchprotocols.org), 25.11.2022. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work, first published in JMIR Research Protocols, is properly cited. The
complete bibliographic information, a link to the original publication on https://www.researchprotocols.org, as well as this
copyright and license information must be included.

JMIR Res Protoc 2022 | vol. 11 | iss. 11 | e39252 | p. 11https://www.researchprotocols.org/2022/11/e39252
(page number not for citation purposes)

Vinkel et alJMIR RESEARCH PROTOCOLS

XSL•FO
RenderX

https://www.researchprotocols.org/2022/11/e39252
http://dx.doi.org/10.2196/39252
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/

