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ABSTRACT

Background/importance Peripheral nerve injury is
an uncommon but potentially catastrophic complication
of anesthesia and surgery, for which there are limited
effective treatment options. Hyperbaric oxygen therapy
is a unique medical intervention which improves tissue
oxygen delivery and reduces ischemia via exposure to
oxygen at supra-atmospheric partial pressures. While
the application of hyperbaric oxygen therapy has been
evidenced for other medical conditions involving relative
tissue ischemia, its role in the management of peripheral
nerve injury remains unclear.

Objective This scoping review seeks to characterize
rehabilitative outcomes when hyperbaric oxygen therapy
is applied as an adjunct therapy in the treatment of
perioperative peripheral nerve injury.

Evidence review The review was conducted according
to Preferred Reporting Items for Systematic Reviews and
Meta-Analyses guidelines for scoping reviews, using a
systematic screening and extraction process. The search
included articles published from database inception until
June 11, 2022, which reported clinical outcomes (in
both human and non-human models) of peripheral nerve
injury treated with hyperbaric oxygen therapy.

Findings A total of 51 studies were included in the
narrative synthesis. These consisted of animal (40) and
human studies (11) treating peripheral nerve injury

due to various physiological insults. Hyperbaric oxygen
therapy protocols were highly heterogenous and applied
at both early and late intervals relative to the time

of peripheral nerve injury. Overall, hyperbaric oxygen
therapy was reported as beneficial in 88% (45/51) of
included studies (82% of human studies and 90% of
animal studies), improving nerve regeneration and/or
time to recovery with no reported major adverse events.
Conclusions Existing data suggest that hyperbaric
oxygen therapy is a promising intervention in the
management of perioperative peripheral nerve injury, in
which tissue ischemia is the most common underlying
mechanism of injury, neurological deficits are severe, and
treatment options are sparse. This positive signal should
be further investigated in prospective randomized clinical
trials.

INTRODUCTION

Peripheral nerve injury (PNI) is a rare yet potentially
devastating complication of anesthesia and surgery.
Approximately 0.03%-0.1% of patients undergoing
surgery with a general anesthetic will suffer periop-
erative PNL'™ The American Society of Regional
Anesthesia and Pain Medicine (ASRA) further defines
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the risk of perioperative PNI following peripheral
nerve blockade, ranging from 15% for short-term
paresthesiae to 0.024% for serious/permanent nerve
damage.* Fortunately, the vast majority of perioper-
ative PNI symptoms resolve spontaneously or with
conservative management alone.” For those patients
who do suffer persistent neurological symptoms for
longer than 3months postoperatively, or for whom
electrophysiological studies report significant axonal
loss, experts—along with ASRA—recommend surgical
referral.”™” However, it is difficult to predict individual
likelihood of benefit from surgical treatment, and only
one quarter of patients who undergo surgical repair
will derive significant improvements in pain or func-
tion. Many patients who suffer PNI will never return
to baseline functioning, especially if surgical interven-
tion is attempted more than 6-9months after injury,”
and consensus statements seldom offer recommenda-
tions for the management of PNI among patients who
do not improve with surgical repair or are not surgical
candidates at the outset.’

While the cause of perioperative PNI is often
multifactorial, nerve ischemia has been proposed
as a central feature underpinning different types of
injury.’® ™ Limiting ischemia and restoring tissue
oxygen delivery are therefore important factors
to mediate nerve repair.'* As such, one emerging
intervention for PNI is the use of hyperbaric oxygen
therapy (HBOT)." HBOT involves the exposure of
patients to >95% oxygen delivered at pressures
above 1.3 ATA (atmosphere absolute), in a hyper-
baric chamber. Its therapeutic effects are medi-
ated by an increase in oxygen tension and oxygen
solubility in plasma, increasing the blood oxygen
carrying capacity and generating a heightened
diffusion gradient to enhance oxygen delivery to
cells,'"* ¥ in order to improve conditions of rela-
tive ischemia. Repeated exposure to a hyperoxic
environment is thought to facilitate neurogenesis
and angiogenesis and the proliferation and mobi-
lization of stem cells, while also reducing inflam-
mation and driving metabolic changes.”™ In
addition to a putative role in the acute recovery
phase from direct ischemia,'® early reports suggest
a potential for HBOT to feature in the treatment
of other forms of ischemic nerve injury, such as
chemotherapy-induced nerve injury or diabetic
neuropathy.”® ' Our own HBOT program has
previously reported on the application of HBOT
for two adult patients with complex regional pain
syndrome, both of whom experienced remarkable
improvement in symptoms.*’ 2! However, the role
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Analyses.

for HBOT in the management of perioperative PNI has not been
clearly elucidated. Therefore, the present scoping review secks
to evaluate the evidence base for HBOT in the context of PNI,
in both the acute and delayed setting, to characterize its potential
role in the management of perioperative PNI.

METHODS

Protocol and reporting guidelines

The protocol for this scoping review was registered through the
Open Science Framework (https://osf.io/z5amr/) on June 11,
2022. We had intended to explore the use of HBOT in the treat-
ment of PNI in the setting of anesthesia and surgery, but because
of a paucity of studies specific to PNI in the perioperative period
we broadened the scope of our review to include HBOT for
PNI regardless of setting. The review was conducted according
to the Preferred Reporting Items for Systematic Review and
Meta-Analysis (PRISMA) Scoping Review guidelines, for which

a transparency checklist is provided in online supplemental file
1‘22

Information sources and literature search strategy

We systematically searched four databases on June 11, 2022,
including (1) the Ovid versions of MEDLINE and MEDLINE Daily
including e-publications, in progress, and non-indexed citations,

searching (n=2)

PRISMA flow diagram outlining article acquisition and screening. PRISMA, Preferred Reporting Items for Systematic Reviews and Meta-

(2) Embase Classic and Embase, (3) Cochrane CENTRAL, and (4)
CINAHL. Preliminary searches were conducted to mine the litera-
ture for relevant keywords and controlled vocabulary terms. Search
terms were built into three discrete concept blocks: HBOT, PNI, and
chemotherapy or radiation injury. The complete search strategy is
provided in online supplemental file 2.

Study selection

The search included all studies presenting original data, in
any language, that described the use of HBOT in treating
PNI. These included studies of both adult human participants
or animal models, describing the effect of HBOT on clinical
outcomes of nerve injury management such as nerve regenera-
tion, pain, sensation, motor strength, or patient-reported satis-
faction. We included studies examining both acute (eg, crush
or transection injuries) and delayed (eg, neuropathy, complex
regional pain syndrome) nerve injuries. Review, commentary,
and ‘expert opinion’ articles, which did not present original
data were excluded. Similarly, articles were excluded if they did
not examine the role of HBOT as an intervention, if they used
pediatric and/or cadaveric models and/or ex vivo models, if they
examined central nerve injuries (ie, of the brain or spinal cord),
and if they included only molecular or mechanistic but not clin-
ical outcomes. Finally, studies were excluded if a full text could
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not be accessed for review. No exclusions were applied on the
basis of language or country of origin.

Study screening and data extraction process

After duplicate citations were removed, titles and abstract
screening and full-text screening were performed independently
and sequentially by two investigators (CB and SK). The reference
lists of all included studies were also screened for relevant articles.
Data extraction from included studies was similarly performed
by two independent reviewers (CB and SK) and qualitatively
analyzed. Extracted data included study design and model
demographic, type of nerve injury, elapsed time before HBOT,
HBOT protocol, measures of clinical outcomes, and concluded
utility of HBOT. We designated 3 months elapsed from the time
of injury to the initiation of HBOT as the threshold to differen-
tiate between acute and delayed presentations of PNI, aligning
with the International Association for the Study of Pain defini-
tion of chronic pain.*

RESULTS

Study screening

The search strategy yielded 256 results from MEDLINE, 279
from Embase, 253 from Cochrane CENTRAL, and 11 from
CINAHL, totalling 799 articles. After removing duplicate arti-
cles (111), 688 records remained. A further 586 articles were
excluded by title and abstract screening, leaving 102 records.
The full texts of these papers were reviewed, and 49 articles
met the inclusion criteria. An additional two studies were found
through manual searching, as well as forwards and backwards
searching by reviewing the reference lists of included studies
through the Scopus database. Ultimately, 51 articles were
included in this scoping review. The results of our systematic
search are presented in a PRISMA flow chart in figure 1.

Study characteristics

We identified six trials describing HBOT as a treatment for PNI
in human subjects, comprizing two prospective cohort studies
and four randomized controlled trials (table 1).2*% These trials
represent a variety of countries and patient demographics and,
collectively, describe the use of HBOT in 148 adults. Only two
reported the sex distribution of enrolled participants, with a
male:female ratio of 2:1 in one® and 1:12 in the other.”” An
additional five case reports describe a total of two female and
three male patients, aged 24-50, treated with HBOT for PNI
(table 2).2°213932 The remaining 40 studies, which are illustrated
in table 3, describe experiments performed in a rat model,**”°
with the exception of two which used a rabbit model.”* 7> Collec-
tively, they chronicle more than 800 animal models of HBOT for
the treatment of PNIL.

Nerve types

Four human trials describe PNI of the ulnar and median nerves,*
sural and peroneal nerves,” pudendal nerve,”” and brachial
plexus,”® while the remaining human studies describe patients
with variable or widespread nerve injuries such as complex
regional pain syndrome or distributed peripheral neuropathies
(table 1 and table 2).%° 2126232 Among animal studies (table 3)
the most common nerve of interest (in 28/40 studies) is the sciatic
nerye,? 37 41-44 46-56 58 60-64 66-68 70 72 bile oehers examine the
LS spinal nerve,”®* 37 peroneal nerve,” ® or cavernous nerve.”’
Several additional animal studies describe distributed peripheral

neuropathies. 3364071

Brenna CTA, et al. Reg Anesth Pain Med 2022;0:1-11. doi:10.1136/rapm-2022-104113

"yBLAdo9 Aq pa1oa10id "NHN e 2202 ‘¥2 19qWaAoN uo jwod fwg wdel:dny woly papeojumoq ZZ0zZ J9qWBAoN £2 U0 STTY0T-2202-Wdelj9sTT 0T Se paysignd 1sily (pa ured yissuy Bay


http://rapm.bmj.com/

Review

Table 2 A descriptive overview of (human) case reports included in the review, including patient descriptions and peripheral nerve injury details

Study Country Age (years) Sex Nerve distribution  Mechanism of injury Category
Song, 2020%° China 24 Female Distributed Guillain-Barre Syndrome Autoimmune
Binkley, 2020% Canada 50 Female Distributed Complex regional pain syndrome Mechanical
Katznelson, 2016°' Canada 4 Male Left leg Complex regional pain syndrome Mechanical
Rahmani, 2013 Morocco 42 Male Brachial plexus Carbon monoxide poisoning-induced peripheral neuropathy ~ Chemical
Williams, 20092 UK 48 Male Ankle Complex regional pain syndrome Mechanical

Etiology

The six human trials describe different mechanisms of PNI,
including trauma,** diabetic neuropathy,” complex regional
pain syndrome,?® idiopathic chronic pudendal neuropathy,
radiation-induced,”® and drug-induced,” as summarized in
table 1. The five case reports describe HBOT in the treatment of
complex regional pain syndrome,?* *' ¥ Guillain-Barre syndrome
(autoimmune),’® and carbon monoxide-induced peripheral
neuropathy (table 2).>' Collectively, these report the use of
HBOT for mechanical (4), ischemic (3), chemical (2), autoim-
mune (1), and ischemic/compressive (1) nerve injuries.

Among animal studies (table 3), the mechanisms of iatrogenic
PNI include chronic neural constriction injury, ! 37 #1744 4749515335
crush injury,? 525458 596366676972 pove transection® 33 46 48 56 6070
chemotherapy-induced neuropathy with paclitaxel,’ ** ** ** or
cisplatin,'®* nerve ligation,* ** * ¢! diabetic neuropathy,' ®* neuro-
toxic injury with clioquinol,' ”* vascular embolization,! ®® burn
injury,! ¥ or a combination of these mechanisms.’” ** > Most
of these reports described either mechanical (12) or ischemic/
compressive (10) nerve injuries, or a combination of these (10),
while the remainder described chemical (5) or ischemic (2)
injuries.

HBOT regimens
Among human clinical trials, three described HBOT initi-
ated during the acute period of nerve regeneration (range of
<72hours to 3 months)** 2°?’ and three as a delayed treatment
(range of 2-11 years) (table 4).>° %" %% All trials used a treat-
ment pressure between 2.0 and 2.5 ATA, although there was
wide variation in treatment duration ranging from five daily
120 min treatments®* to 10-30 treatments of 60-120 min each
over the course of several weeks or months.” ™ Giving each
trial equal weight, the average number of treatments was 19 and
the average length of each treatment was 79 min. Case reports
describe three patients treated in the acute period,**>* and two
receiving HBOT as a delayed therapy (table 5).2°2! Collectively,
they describe treatment regimens of 10-73 serial treatments of
30-90min each (average of 29 treatments of 68 min each), at
2.0-2.4 ATA,*'3°32 although treatment pressure and total dura-
tion was not specified in one report.”’ All human studies which
reported a fraction of inspired oxygen used 10006,2' 273932
HBOT regimens used in animal studies were highly hetero-
geneous, and are reviewed in table 6. A majority of these (39)
described HBOT in the acute treatment of nerve injury, while
just one described its use later than 3 months after injury.”’
Many studies describe brief hyperbaric exposures of 1-5 daily,
60min sessions with 90%-100% oxygen applied at 2.0-3.5
ATA 3¢ 37 394750 53 Apother common protocol was 7 daily,
60-120 min treatments at 2.0-2.5 ATA 3 3338495134335868 g e
studies applied much greater cumulative hyperoxic exposure,
using protocols of 20—40 treatments, between once and twice
daily, at 2.0-3.5 ATA.* 52566065 697172 The ayerage number
of treatments among animal studies was 10.8, with an average

duration of 71 min each. The total duration of HBOT treatment
among animal studies ranged from a single day*® *°** to 150
days.*

Follow-up

In human studies, the latest follow-up ranged from 2 weeks® to
12 months® ?® from the final HBOT session (tables 4 and 5).
Follow-up duration among animal studies ranged from 5 days®’ °'
to 1year,”! with an average follow-up of approximately 6 weeks
after treatment (table 6).

Outcomes
Five of the six human trials reported benefit from the use of
HBOT,>*?” ?° and one did not.?® Measures of nerve function,
described in table 4, included electroneuromyography, motor
and sensory latencies/amplitudes and thresholds, and pain. Simi-
larly, four of five case reports detailed in table 5 ascribed benefit
to HBOT,?* 2! *°3! and one did not,** using a variety of subjec-
tive, functional, and objective measures to measure recovery.
Mechanical and thermal thresholds were the most frequently
applied measure of nerve function among animal studies, but
some studies also used functional indices such as the Sciatic
Function Index, nerve stimulation and conduction tests, pinch
tests, gait analyses, and a variety of behavior scores. A majority
of animal studies (36/40; 90%) reported a clinical benefit
attributable to HBOT,3361 63 646768 7072 f the remaining four
studies, one described short-term benefits of HBOT (ie, faster
recovery) but clinical equipoise at later time points.”’ Three
studies reported no benefit of HBOT in the treatment of nerve
injury.5? 6 69

Complications

Only two of the included human studies reported complications
of HBOT. One study describes reversible myopia in one patient,
and severe sinus pain in another”’; the other study describes
claustrophobia experienced in the HBOT treatment chamber.?’
None of the animal studies attributed any complications to

HBOT.

DISCUSSION

Our scoping review of the literature demonstrated that, among
51 animal and human studies, the vast majority (45; 88%) attri-
bute a primary outcome benefit to HBOT in the treatment of
PNI. Disaggregated by study type, HBOT was reported as bene-
ficial in 5/6 (83%) human trials, 4/5 (80%) human case reports,
and 35/40 (90%) animal studies. Collectively, the available liter-
ature describes beneficial effects of HBOT protocols ranging
from 1 to 73 individual treatments of 30-120 min at pressures
of 1.5-3.5 ATA. These studies report a positive effect of HBOT
for PNI caused by various mechanisms including transection,
crush injury, constriction/ligation, and chemotherapy-induced or
radiation-induced neuropathies. No included studies reported

4
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Table 3 A descriptive overview of non-human/animal studies included in the review, including experimental samples and peripheral nerve injury

details
Study Country Sample size Nerve type Mechanism of injury Category
Chou, 2021* Taiwan 12 cases, 12 controls Not applicable Chemotherapy-induced peripheral ~ Chemical
neuropathy with paclitaxel
Toledo, 20213 Brazil 24 cases, 21 controls Sciatic nerve Traumatic (transection) Mechanical
Brewer, 2020° USA 28-36 cases, 91-99 Not applicable Chemotherapy-induced peripheral ~ Chemical
controls neuropathy with paclitaxel
Khademi, 2020% Iran 10 cases, 30 controls Not applicable Chemotherapy-induced peripheral ~ Chemical
neuropathy with cisplatin
Kun, 2019%’ China 36 cases, 72 controls Sciatic nerve Chronic neural construction injury  Ischemic /compression
Liu, 2019 China 5cases, 10 controls Left L5 spinal nerve Traumatic (ligation) Mechanical
Wu, 2019% Taiwan 12 cases, 18 controls Unspecified (right hind paw burn)  Traumatic (burn) Mechanical
Zhang, 2019 USA 35 cases, 35 controls Not applicable Chemotherapy-induced peripheral ~ Chemical
neuropathy with paclitaxel
Ding, 2018 China 6 cases, 12 controls Sciatic nerve Chronic neural constriction injury  Ischemic
/compression
Ding, 2018% China 48 cases, 96 controls Sciatic nerve Chronic neural constriction injury  Ischemic
/compression
Ding, 2017% China 36 cases, 6 controls Sciatic nerve Chronic neural construction injury  Ischemic
/compression
Han, 2017% China 20 cases, 60 controls Sciatic nerve Chronic neural construction injury  Ischemic
/compression
Liu, 2017% China Not reported Left L5 spinal nerve Ligation Mechanical
Shams, 2017% Iran 28 cases, 32 controls Sciatic nerve Transection Mechanical
Zhao, 2017% China 12 cases, 24 controls Sciatic nerve Chronic neural construction injury  Ischemic
/compression
Ince, 2016 Turkey 30cases, 10 controls Sciatic nerve Transection Mechanical
Hu, 2015% USA 16 cases, 32 controls Sciatic nerve Chronic neural construction injury  Ischemic
/compression
Zhao, 2015*° China 24 cases, 16 controls Sciatic nerve Chronic neural construction injury  Ischemic
/compression
Zhao, 2014°! China 12 cases, 12 controls Sciatic nerve Chronic neural construction injury  Ischemic
/compression
Gibbons, 2013* USA 16-18 cases, 16-18 Sciatic nerve Crush injury Mechanical
controls
Han, 2013 China 16 cases, 24 controls Sciatic nerve Chronic neural construction injury  Ischemic
/compression
Gu, 2012* China 40 cases, 40 controls Sciatic nerve Crush injury Mechanical,
Ischemic /compression
Li, 2011% USA 18 cases, 24 controls Sciatic nerve Chronic neural construction injury  Ischemic
/compression
Oroglu, 2011° Turkey 8 cases, 8 controls Sciatic nerve Transection Mechanical
Thompson, 2010”7 USA 22 cases, 20 controls L5 spinal nerve (ligation) and sciatic Ligation and chronic neural Mechanical, ischemic
nerve (chronic constriction injury)  constriction injury /compression
Pan, 2009° Taiwan 63 cases, 60 controls Sciatic nerve Crush injury Mechanical, ischemic /compression
Miiller, 2008> USA 5 cases, 15 controls Cavernous nerve Crush injury Mechanical, ischemic /compression
Equiluz-Ordofiez, 2006%°  Mexico 20 cases, 20 controls Sciatic nerve Transection Mechanical
Mychaskiw, 2005°' USA 8 cases, 16 controls Sciatic nerve Ligation Mechanical
Aydin, 2004% Turkey 10 cases, 30 controls Sciatic nerve Diabetic neuropathy Ischemic
Bajrovi¢, 2002 Slovenia 7 cases, 14 controls Sciatic nerve Crush injury Mechanical, ischemic /compression
Haapaniemi, 2002 Sweden 24 cases, 72 controls Sciatic nerve Transection and crush injury Mechanical, ischemic /compression
Santos, 2000%° USA 24 cases, 24 controls Peroneal nerve Transection and crush injury Mechanical, ischemic /compression
Tuma, 1999% Brazil 5 cases, 8 controls Sciatic nerve Crush injury Mechanical, ischemic /compression
Haapaniemi, 1998%7 Sweden 43 cases, 32 controls Sciatic nerve Crush injury Mechanical, ischemic /compression
Bradshaw, 199672 USA 25 cases, 5 controls Sciatic nerve Crush injury Mechanical
Kihara, 1995% USA 18 cases, 18 controls Sciatic nerve Other: embolization of nerve- Ischemic
supplying arteries
Santos, 1995% USA 17 cases, 51 controls Peroneal nerve Crush injury Mechanical, ischemic /compression
Zamboni, 19957 USA 16 cases, 20 controls Sciatic nerve Transection Mechanical
Continued
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Table 3  Continued

Study Country Sample size Nerve type

Mechanism of injury Category

Mukoyama, 1975”" UK 7 cases, 15 controls

tibial nerve)

Not applicable (although the study Other: neurotoxic peripheral
included biopsies of the posterior

Chemical
nerve damage via clioquinol (a
neurotoxin)

All studies describe rodent models of nerve injury with the exception of two (Mukoyama et al and Bradshaw et al), which used a rabbit model.

that HBOT resulted in worse outcomes after PNI, there were
no major complications reported after treatment, and only three
minor complications of HBOT were described.

Notably, the only human trial included herein which did
not ascribe benefit to HBOT initiated treatment 11 years, on
average, after initial nerve insult (radiation-induced brachial
plexopathy),?® which is a very late time point for any interven-
tion. The remaining five studies (four animal model experiments
and one case report) which did not favor HBOT described
treatment initiated during the acute injury period,* > ® ¢ and
only one described HBOT during a ‘hyperacute period’ within
6hours of PNL® One possible explanation for the observed

lack of effect in these studies is small sample sizes: the human
trial in this subgroup describes 17 patients undergoing HBOT,*®
and the animal studies’ experimental groups range in size from
5 to 24 animals.®® © ° ¢ These samples were smaller than the
cohort averages of 25 (13 — 38) for human studies and 21 (5-63)
for animal studies and, in some cases, a larger sample size may
have demonstrated statistical significance. For example, one
study evaluating a model of hypoxic PNI found that 24 HBOT-
treated animals had a 12% improvement in nerve function
after five daily treatments, but no statistically significant long-
term benefit or histopathological changes at later time points
(despite a noted increase in myelinated axonal areas and myelin

Table 4 Overview of hyperbaric oxygen therapy protocols applied among human trials included in the review, including outcomes of nerve injury

treatment
Elapsed time from injury to Hyperbaric oxygen Follow-up
Study hyperbaric oxygen therapy therapy protocol Complications duration Outcomes Benefit (yes/no)
Ince, 2022* Acute (within 96 hours) 5x120min sessions at 2.0 Not reported 12 months (select ~ Primary: Electromyography  Yes
ATA, over 5days cases followed (conduction velocity)
36months) Secondary: Nerve-related  Yes
muscle strength
Secondary: Two-point Yes
discrimination (fingertip)
Secondary: Two-point No
discrimination (thenar,
hypothenar surfaces)
Elshinnawy, Delayed (average 7.92 years) 10x60 min sessions at None Two weeks Primary: Motor and sensory Yes
2021% 100% 02 and 2.5 ATA, latencies
over 2 weeks Secondary: Michigan Yes
Neuropathy Questionnaire
Kiralp, 2004 Acute (approximately 1.5 months) 15x90 min sessions at Not reported 45 days Primary: Pain Yes
100% 02 and 2.4 ATA Secondary: wrist range of ~ Yes
over 3weeks motion
Secondary: wrist edema Yes
(circumference)
Cundall, 2003 Delayed (2 years or more) 30x90 min sessions at Reversible myopia ~ 6months Primary: Pudendal nerve Yes

100% 02 and 2.4 ATA,
over 6 weeks

Pritchard, 20012 30x100 min sessions,
each with two 5min air
breaks, at 100% 02 and

2.4 ATA, over 6 weeks

Delayed (11 years after insult)

Jordan, 1998%° 24x120min sessions at
100% 02 and 2.0 ATA,

over 3months

Acute (0 to 3 months)

ATA, atmosphere absolute.

in one patient,
severe sinus pain in
another

Not reported 12-24 months

Not reported 6months

terminal motor latency

Secondary:
Fecal incontinence quality
of life scale

Secondary: Anal sphincter
resting and squeeze
pressures

Primary: Warm and cold
sensory threshold
Secondary: Arm
lymphoedema

Primary: Frequency of
neuropathy

Secondary: Karnofsky
functional impairment score
Secondary: Patient

subjective assessment
scores

No (after 1 month)

No
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Table 5 Overview of hyperbaric oxygen therapy protocols applied among (human) case reports included in the review, including outcomes of

nerve injury treatment

Elapsed time from injury to  Hyperbaric oxygen therapy Benefit
Study hyperbaric oxygen therapy  protocol Complications Follow-up intervals Outcomes (yes/no)
Song, 2020*° Acute (approximately 30x40min sessions at 100%  None 1 month Primary: Functional recovery Yes
2.5months) 02 and 220kPa (2.17 ATA), Secondary: Muscle strength Yes
over 34 days
Binkley, 2020  Delayed (more than 3months) ~ 73x90min sessions, each Claustrophobia  Approximately Primary: Complex regional pain Yes
with a 5min air break, at 2.4 5months syndrome pain
and 2.0 ATA, over 1 year Secondary: Skin integrity Yes
Secondary: Quality of life Yes
Katznelson, Delayed (more than 3months)  15x90min sessions at 100% None NR Primary: Complex regional pain Yes
2016% 02 and 2.4 ATA over 3weeks syndrome pain
Secondary: skin swelling/color Yes
Secondary: Resolution of Tinel's sign ~ Yes
Secondary: Ankle range of motion Yes
Secondary: Depression and anxiety Yes
scores
Rahmani, 2013%"  Acute (approximately 23 days) ~ 10x30min sessions None NR Primary: Electromyography Yes
Williams, 2009 Acute (3.5 weeks) 19%90 min sessions, each None Approximately Primary: wound healing; prevention of No
with a 5min air break, at 5months complex regional pain syndrome

100% 02 and 2.2 ATA, over
4weeks

ATA, atmosphere absolute.

thickness).* Another possible explanation relates to mechanisms
of injury, as this subgroup contains several reports of PNI caused
by crush injury or diabetic neuropathy. Three studies showed
no effect of HBOT initiated immediately after crush injury of
the sciatic nerve®® ®® or peroneal nerve® in rats, although the
authors suggested that the mechanism of crush injury may differ
from other models of nerve transection as functional impairment
may normalize within several weeks of nerve crush without any
therapeutic intervention. This was observed in control group
animals, and likely accounts for the lack of HBOT benefit in
crush injury models of PNL®® In contrast, spontaneous regen-
eration is less likely in models of nerve transection, which may
explain why a therapeutic benefit of HBOT is more evident in
studies of this mechanism.> *¢

It must also be noted that HBOT has the potential to increase
oxidative stress if applied at the wrong time point or in a subop-
timal dose, and this may contribute to the lack of benefit seen in
six of the included studies. The optimal time to initiate HBOT
for PNI is currently unknown; however, it has been suggested
that the therapeutic window for benefit may be within the first
6 hours after acute injury.'® During this time, HBOT may improve
ischemia, swelling, and microcirculation in the injured nerves to
promote the salvation of jeopardized tissue. We speculate that
the therapeutic window for HBOT in PNI may be bimodal, with
potential for enhanced tissue regeneration in this early stage
as well as later, in the chronic stage of healing. Between these
phases, a subacute window (the exact bounds of which have yet
to be defined) may present enhanced vulnerability of injured
tissues to reactive oxygen species, and the benefits of HBOT
during this stage may be offset by increased oxidative stress to
provide little if any benefit or even potentially exacerbate tissue
damage. This mechanism can help explain the lack of HBOT
benefit in models of early-stage diabetic neuropathy, such as that
reported by Aydin et al,** who similarly suggested that HBOT
might cause further oxidative damage. We hypothesize that, in
this trial, HBOT was applied too late to benefit acute injury and
too early to stimulate neurogenesis and angiogenesis in injured

nervous tissue at a later regenerative stage. However, several
included studies also reported positive results with HBOT initi-
ated at similar time points,?* 33 34 38 404445475135 58, nd more
research is needed to support this hypothesis. The optimal dose
for HBOT in the treatment of acute PNI is similarly unknown,
but Holbach et al have demonstrated an impairment of ATP
production with higher treatment pressures (2.0 ATA) compared
with lower ones (1.5 ATA).” This may explain why less favor-
able results are seen in some human and animal studies which
apply HBOT at pressures exceeding 2.0 ATA.* 3262656669 yery
high concentrations of oxygen, at higher treatment pressures,
may generate an excess of reactive oxygen species that injured
tissues’ antioxidant capacities cannot overcome.

Our findings are consistent with one prior review article
on this subject, which highlights the neuroprotective role of
HBOT,"™ but which is limited by a narrower view of the liter-
ature, including only a subset of the extant animal-model
studies—and no human studies—of PNIL. One strength of the
present review is its comprehensive overview of the extant
literature relating to HBOT in the treatment of PNI. None of
the included human studies evaluated HBOT in the treatment
of perioperative PNI specifically, but many of the studied PNI
mechanisms can be expected to overlap with the pathophysi-
ology of neurological injury in the surgical patient. Furthermore,
the overwhelming support for HBOT in PNI treatment among
included studies supports the proposition that ischemia may
be a common link between many or all distinct mechanisms of
PNI. Currently, there are insufficient data to support any specific
clinical protocol of HBOT timing, duration, or treatment pres-
sure that should be prescribed in the setting of acute or delayed
PNI. However, HBOT is a non-invasive intervention with
an appealing safety profile and few contraindications or side
effects,”* which should be carefully considered as a therapeutic
option in PNI when other interventions have failed or are other-
wise unavailable. Potential cost represents an important barrier
to the routine application of HBOT in practice, and the setup
costs associated with hyperbaric chambers should be considered.
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Table 6 Overview of hyperbaric oxygen therapy protocols applied among non-human/animal studies included in the review, including outcomes of
nerve injury treatment

Elapsed time from injury to

Hyperbaric oxygen therapy

Study hyperbaric oxygen therapy  protocol Follow-up duration  Outcomes Benefit (yes/no)
Chou, 20213 Acute (0-1days) 7x60min sessions at 2.5 ATA, over 2 weeks Primary: Mechanical and thermal Yes
7days thresholds
Toledo, 2021**  Acute (1 day) 10x105min sessions, over 150 days 150 days Primary: Functional testing Yes
Secondary: Histological and Yes
morphometric analysis
Brewer, 2020®°  Acute (7 to 10 days) 1 or 4x60 min sessions at 100% 02 45 days Primary: Mechanical and thermal Yes
and 3.5 ATA, over 1 or 4days thresholds
Khademi, 2020%* Acute (preceding injury and 7x60min sessions at 100% 02 and 4 weeks Primary: Von Frey nociception assay Yes
continuing for 4 weeks) 2.0 ATA, over 7 days (mechanical thresholds)
Secondary: Histopathology Yes
Kun, 2019°7 Acute (6 hours) 5x60min sessions at 90% 02 and ~ 7days Primary: Mechanical and thermal Yes
0.25mPa (2.47 ATA), over 7 days thresholds
Secondary: Microscopy Yes
Liu, 2019% Acute (24 hours) 7x60min sessions at 2.0 ATA, over ~ 7days Primary: Mechanical and thermal Yes
7days thresholds
Secondary: Microscopy Yes
Wu, 2019% Acute (3—4 weeks) 5 or 10x60 min sessions at 100% 13 weeks Primary: Mechanical and thermal Yes
02 and 2.5 ATA, over 7 or 14 days thresholds
Zhang, 2019 Acute (1 day) 1 or 4x60 min sessions at 100% 02 24 days Primary: Mechanical and thermal Yes
and 3.5 ATA, over 1 or 4days thresholds
Ding, 2018 Acute (within 4 hours) 5x60min sessions at 2.5 ATA, over 15 days Primary: Mechanical and thermal Yes
5days thresholds
Ding, 2018% Acute (6days) 5x60min sessions at 2.5 ATA, over 15 days Primary: Mechanical and thermal Yes
5days thresholds
Ding, 2017% Acute (0-14 days) 5x60 min sessions at >90% 02 and 15 days Primary: Mechanical and thermal Yes
2.5 ATA, over 5days thresholds
Han, 2017% Acute (1day) 5x60min sessions at >90% 02 and 7days Primary: Mechanical and thermal Yes
0.25mPa (2.47 ATA), over 5days thresholds
Secondary: Histopathology Yes
Liu, 2017% Acute (24 hours) 5x60min sessions at 2.0 ATA, over ~ 7days Primary: Mechanical thresholds Yes
5days Secondary: Histopathology Yes
Shams, 2017 Acute (1 day before or 5x60 min sessions at 100% 02 and 4 weeks Primary: Biochemical Yes
immediately after) 2.0 ATA, over 5days Secondary: Histopathology Yes
Secondary: Tunel staining Yes
Zhao, 2017¥ Acute (1 day) 5x60min sessions at 100% 02 and 7 days Primary: Mechanical and thermal Yes
2.0 ATA, over 5days thresholds
Secondary: Histopathology Yes
Ince, 2016 Acute (1 hour, 1week, or 2 21x90 min sessions at 100% 02 16 weeks Primary: Sciatic function index Yes
weeks) and 2.4 ATA, over 21 days Secondary: Nerve histology Yes
Hu, 2015% Acute (6 hours) 7x60min sessions at 100% 02 and  7days Primary: Mechanical thresholds Yes
2.4 ATA, over 7 days Secondary: immunohistochemistry Yes
Zhao, 2015°°  Acute (1, 6, or 11 days) 5x60min sessions at 100% 02 and 21 days Primary: Mechanical and thermal Yes
2.0 ATA, over 5days thresholds
Secondary: Histopathology Yes
Zhao, 2014 Acute (1 day) 7x60min sessions at 100% 02 and  7days Primary: Mechanical and thermal Yes
2.0 or 2.5 ATA, over 7 days thresholds
Secondary: Histopathology Yes
Gibbons, 2013**  Acute (7 days) 29x60 sessions at 3.5 ATA, over 30 days Primary: Mechanical thresholds Yes
29 days Secondary: Allodynia Yes
Han, 2013 Acute (12 hours before or after) 1x60 min session at >90% 02 and 4 weeks Primary: Mechanical thresholds Yes
0.25mPa (2.47 ATA) Secondary: Histopathology Yes
Gu, 2012** Acute (30 min) 7x70min sessions at >98% 02 and 35 days Primary: Mechanical thresholds Yes
1.5-3.0ATA, over 7 days Secondary: Histopathology Yes
Li, 2011°° Acute (1 day) 7x60min sessions at >98% 02 and 7days Primary: Mechanical thresholds Yes
2.4 ATA, over 7 days Secondary: Microscopy Yes
Continued
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Table 6 Continued

Elapsed time from injury to  Hyperbaric oxygen therapy

Study hyperbaric oxygen therapy  protocol Follow-up duration  Outcomes Benefit (yes/no)
Oroglu, 2011°®  Acute (2 hours) 30x60 min sessions at 100% 02 22 days Primary: Sciatic function index Yes
and 2.5 ATA, over 21 days Secondary: Nerve histopathology Yes
Secondary: Electrophysiology No
Thompson, Acute (2 weeks or more) 6x90 min sessions at 100% 02 and  5days Primary: Mechanical paw withdrawal ~ Yes
2010%7 2.4 ATA, over 6days threshold testing
Pan, 2009° Acute (12 hours) 7x60min sessions at 100% 02 and 28 days Primary: Sciatic function index Yes
2.0 ATA, over 7 days Secondary: Histopathology Yes
Miiller, 2008°°  Acute (within 24 hours) 10x90 min sessions at 100% 02 10 days Primary: Maximal intracavernosal Yes
and 3.0 ATA, over 10 days pressure/mean arterial pressure
Secondary: Histopathological analysis ~ Yes
Equiluz-Ordofiez, Acute (within 3 hours) 20x90 min sessions at 100% 02 14 weeks Primary: Motor latency Yes
2006% and 2.0 ATA, over 10 days Secondary: Ankle-foot angles Yes
Secondary: Nerve amplitudes Yes
Secondary: Nerve axons Yes
Secondary: Nerve blood vessels Yes
Mychaskiw, Acute (immediately after) 5x120min sessions at 100% 02 5days Primary: Tissue edema Yes
2005°" and 3.0 ATA, over 5days Secondary: Nerve cellular structure Yes
Secondary: Skin blood flow Yes
Secondary: Muscle and neuronal Yes
ultrastructural integrity
Aydin, 2004% Acute (24 hours) 10x60 min sessions at >95% 02 12 weeks Primary: Sciatic function index No
and 2.5 ATA, over 10 days Secondary: Mean axon diameter No
Secondary: Myelin sheath diameter No
Secondary: Axonal count per area No
Bajrovic, 2002%  Acute (2 to 8 hours) 6x90 min sessions at 100% or 21% 1 week Primary: Pinch test Yes
02 and 2.5 or 0.5 ATA, over 6days
Haapaniemi, Acute (within 60 min) 14x90 min sessions at 100% 02 84 to 90 days Primary: Walking track analysis Yes
2002% and 2.5 ATA, over 7 days Secondary: Axonal outgrowth in nerve  Yes
grafts
Santos, 2000%°  Acute (within 1 month) 21x90 min sessions at 100% 02 120 days Primary: Tension transduction testing No
and 2.5 ATA, over 14 days Secondary: Gait analysis No
Secondary: Histology No
Tuma, 1999% Acute (1 hour) 6x30min sessions at 100% 02 and 30 days Primary: Sciatic function index No
2.8 ATA, over 3days
Haapaniemi, Acute (immediately after) 5-16 x 45 min sessions at 100% 02 35 days Primary: Pinch reflex test Yes
1998 and 3.3 ATA, over 5days Secondary: Neurofilament staining Yes
Bradshaw, Acute (4days) 35x90 min sessions at 100% 02 7 weeks Primary: Morphological/histological Yes
1996’2 and 2.0, 2.4, or 3.0 ATM, over analysis
7weeks Secondary: Subjective grading of Yes
edema
Kihara, 1995%®  Acute (within 30 min) 7x120min sessions at 2.5 ATA, over 6 to 7days Primary: Behavior score Yes
7days Secondary: Electrophysiology Yes
Secondary: Neuropathology Yes
Santos, 1995%  Acute (within 3 months) 21x90 min sessions at 100% 02 28 days Primary: Gait analysis No
and 2.5 ATA, over 14 days Secondary: Nerve stimulation No
Secondary: Muscle force No
Zamboni, 1995”° Acute (within 3 months) 14x105 min sessions at 100% 02 10 weeks Primary: Sciatic function index Yes
and 2.5 ATA, over 7 days
Mukoyama, Delayed (greater than 3 40x60 min sessions at 2.0 ATA, over 12 months Primary: Nerve testing Yes
1975" months) 40 days
ATA, atmosphere absolute.
However, hyperbaric treatment facilitates already exist within relative to surgical management which bears a high cost and
many large North American centers and across Europe, and limited effectiveness for many nerve injuries.
while a cost—benefit analysis of HBOT for PNI has not yet been The foremost limitation of the present review is the heterogeneity
performed, we suggest that the marginal cost of treatment can be within and between study populations, study settings, study design,
readily justified by the potential for material PNI improvement, HBOT regimens, and mechanisms of PNI. However, it is reasonable
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to assume that while the settings and specific mechanisms of injury
may differ, nerve ischemia is a common essential feature of PNI
regardless of mechanism and setting. Importantly, since the majority
of studies included herein describe the use of HBOT for rat models
of PNI, the findings of these studies may not accurately reflect the
oxidative stress conditions in human PNI repair, and do not allow
for study of subjective experiences of pain. Similarly, while animal
model studies can provide evidence supporting a statistical benefit
of HBOT for PNI, they are limited in their ability to establish clin-
ical significance for patients. Additional shortcomings likely include
publication bias, as it is possible that reports which ascribe no benefit
of HBOT in PNI treatment remain disproportionately unpublished.
Lastly, these studies may not have identified adverse effects that
occur in longer term follow-up, with many studies ceasing study
observation on or shortly after HBOT completion.

The present scoping review suggests that HBOT may confer
important therapeutic benefits in the setting of PNI, and also iden-
tifies a need for high-quality studies to further characterize its effect
as an adjunct treatment for human patients. Because the diagnosis
of perioperative PNI is often delayed, the validation of HBOT for
hyperacute-phase injury in this setting will need to occur in clin-
ical circumstances wherein PNI can be immediately recognized
(eg, witnessed nerve transection or change in intraoperative neuro-
monitoring signal). Other perioperative PNI which we propose as
worthwhile targets for future study with HBOT are those sustained,
recognized, and/or attributable to peripheral nerve blockade, as well
as single-nerve injuries resulting from retraction or intraoperative
positioning. Randomized controlled trials of HBOT are often not
pragmatic because long courses of hyperbaric treatment require
specially trained personnel and infrastructure which is not available
in all centers, and because the inclusion of a high-fidelity negative
control group would require randomizing some patients to spend
impractical lengths of time in a sealed chamber containing regular
air. Well-designed randomized controlled trials of patients with PNI
are similarly difficult to conduct for a variety of clinical and tech-
nical reasons, but these studies are needed to establish the role of
HBOT for PNI, which has few other efficacious therapies.

The available evidence suggests treatment protocols character-
ized by 1.5-2.0 ATA and administered during either the hyperacute
(<6hours from injury) or delayed phase of PNI treatment may be
a useful starting point in the design of future clinical trials. Situ-
ating this evidence within current clinical treatment pathways for
PNI like the ASRA practice guideline for neurological complica-
tion,” HBOT might be considered as an adjunct therapy offered
in parallel to traditional management in the hyperacute phase of
PNI, rather than simply as a treatment of last resort when others
such as physical therapy or surgery have failed to provide adequate
improvement. For the purposes of discussion, presented with a case
of PNI sustained in an operative setting which was either (1) recog-
nized within this hyperacute period, or (2) identified outside of this
brief window but not fully resolved after 3 months despite tradi-
tional conservative and/or surgical management, we would consider
offering a trial of 20 daily, 90 min sessions of HBOT at 1.8-2.0 ATA
at our home institution. Important future direction for this work
include: (1) prospective studies comparing several unique HBOT
regimens and/or time points of treatment to identify the optimal
application of HBOT for PNI; (2) high-quality studies applying
HBOT at very late time points (eg, years) following PNI to deter-
mine when, if ever, it is too late to derive benefit; (3) cost-benefit
analyses to determine the cost-effectiveness of HBOT for PNI
relative to other management strategies; (4) the collection of data
specific to HBOT in the treatment of PNI experienced in the course
of perioperative care; and (5) the description of long-term outcomes
of patients undergoing treatment of perioperative PNI with HBOT,

in order to distinguish accelerated recovery from overall improve-
ment in functional outcomes, as well as allow for the identification
of potential complications of treatment.

Twitter Connor TA Brenna @CTA_Brenna

Acknowledgements We thank Marina Englesakis, MLIS (Library & Information
Services, University Health Network, Toronto, ON, Canada) for assistance refining the
literature search strategy.

Contributors CB contributed to study and search algorithm design, screening and
data collection, data analysis, study coordination, drafting the initial manuscript,
preparing exhibits, and revising the draft manuscript. SK contributed to study and
search algorithm design, screening and data collection, data analysis, drafting

the initial manuscript, preparing exhibits, and revising the draft manuscript. RK
contributed to study design, and revising the draft manuscript. RB contributed

to study design, revising the draft manuscript, and supervision of the project. All
authors serve as guarantors of the work.

Funding RB receives research time support from the Evelyn Bateman Recipe
Endowed Chair in Ambulatory Anesthesia and Women's Health, Women's College
Hospital, and Merit Award Program, Department of Anesthesia and Pain Medicine,
Toronto, Ontario, Canada.

Competing interests RK'is a shareholder in the Rouge Valley Hyperbaric Medical
Centre, Toronto, Ontario, Canada. The authors have no further financial conflicts of
interest to disclose.

Patient consent for publication Not applicable.
Provenance and peer review Not commissioned; externally peer reviewed.

Supplemental material This content has been supplied by the author(s). It

has not been vetted by BMJ Publishing Group Limited (BMJ) and may not have
been peer-reviewed. Any opinions or recommendations discussed are solely those
of the author(s) and are not endorsed by BMJ. BMJ disclaims all liability and
responsibility arising from any reliance placed on the content. Where the content
includes any translated material, BMJ does not warrant the accuracy and reliability
of the translations (including but not limited to local requlations, clinical guidelines,
terminology, drug names and drug dosages), and is not responsible for any error
and/or omissions arising from translation and adaptation or otherwise.

ORCID iDs
Connor TA Brenna http://orcid.org/0000-0002-6126-3897
Richard Brull http://orcid.org/0000-0002-7708-8843

REFERENCES

1 Welch MB, Brummett CM, Welch TD, et al. Perioperative peripheral nerve injuries: a
retrospective study of 380,680 cases during a 10-year period at a single institution.
Anesthesiology 2009;111:490-7.

2 ChuiJ, Murkin JM, Posner KL, et al. Perioperative peripheral nerve injury after general
anesthesia: a qualitative systematic review. Anesth Analg 2018;127:134-43.

3 Tighe S, Sandu R. Section 11: nerve damage associated with an operation under
general anaesthetic, 2019. Royal College of anaesthetists. Available: https://www.
rcoa.ac.uk/sites/default/files/documents/2022-06/11-NerveDamageGA2019web.pdf
[Accessed 09 Oct 2022].

4 Neal JM, Bernards CM, Hadzic A, et al. ASRA practice advisory on neurologic
complications in regional anesthesia and pain medicine. Reg Anesth Pain Med
2008;33:404-15.

5 Neal JM, Barrington MJ, Brull R, et al. The second ASRA practice advisory on
neurologic complications associated with regional anesthesia and pain medicine:
executive summary 2015. Reg Anesth Pain Med 2015;40:401-30.

6 Watson JC, Huntoon MA. Neurologic evaluation and management of perioperative
nerve injury. Reg Anesth Pain Med 2015;40:491-501.

7 Sorenson EJ. Neurological injuries associated with regional anesthesia. Reg Anesth
Pain Med 2008;33:442-8.

8 Pulos N, Shin EH, Spinner R, et al. Management of iatrogenic nerve injuries. J Am
Acad Orthop Surg 2019;27:e838-48.

9 Kretschmer T, Heinen CW, Antoniadis G, et al. latrogenic nerve injuries. Neurosurg Clin
N Am 2009;20:vii:73-90.

10 Sawyer RJ, Richmond MN, Hickey JD, et al. Peripheral nerve injuries associated with
anaesthesia. Anaesthesia 2000;55:980-91.

11 O'Flaherty D, McCartney CJL, Ng SC. Nerve injury after peripheral nerve blockade-
current understanding and guidelines. BJA Educ 2018;18:384-90.

12 Yeoh S, Warner WS, Merchant SS, et a/. Incorporating blood flow in nerve injury and
regeneration assessment. Frontiers in Surgery 2022;9.

13 Sanchez EC. Hyperbaric oxygenation in peripheral nerve repair and regeneration.
Neurol Res 2007;29:184-98.

14 Leach RM, Rees PJ, Wilmshurst P. Hyperbaric oxygen therapy. BMJ/ 1998;317:1140-3.

10

Brenna CTA, et al. Reg Anesth Pain Med 2022;0:1-11. doi:10.1136/rapm-2022-104113

"yBLAdo9 Aq pa1oa10id "NHN e 2202 ‘¥2 19qWaAoN uo jwod fwg wdel:dny woly papeojumoq ZZ0zZ J9qWBAoN £2 U0 STTY0T-2202-Wdelj9sTT 0T Se paysignd 1sily (pa ured yissuy Bay


https://twitter.com/CTA_Brenna
http://orcid.org/0000-0002-6126-3897
http://orcid.org/0000-0002-7708-8843
http://dx.doi.org/10.1097/ALN.0b013e3181af61cb
http://dx.doi.org/10.1213/ANE.0000000000003420
https://www.rcoa.ac.uk/sites/default/files/documents/2022-06/11-NerveDamageGA2019web.pdf
https://www.rcoa.ac.uk/sites/default/files/documents/2022-06/11-NerveDamageGA2019web.pdf
http://dx.doi.org/10.1097/00115550-200809000-00003
http://dx.doi.org/10.1097/AAP.0000000000000286
http://dx.doi.org/10.1097/AAP.0000000000000185
http://dx.doi.org/10.1097/00115550-200809000-00007
http://dx.doi.org/10.1097/00115550-200809000-00007
http://dx.doi.org/10.5435/JAAOS-D-18-00510
http://dx.doi.org/10.5435/JAAOS-D-18-00510
http://dx.doi.org/10.1016/j.nec.2008.07.025
http://dx.doi.org/10.1016/j.nec.2008.07.025
http://dx.doi.org/10.1046/j.1365-2044.2000.01614.x
http://dx.doi.org/10.1016/j.bjae.2018.09.004
http://dx.doi.org/10.3389/fsurg.2022.862478
http://dx.doi.org/10.1179/016164107X181824
http://dx.doi.org/10.1136/bmj.317.7166.1140
http://rapm.bmj.com/

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

Tibbles PM, Edelsberg JS. Hyperbaric-oxygen therapy. N Engl J Med
1996;334:1642-8.

Oscarsson N, Miiller B, Rosén A, et a/. Radiation-Induced cystitis treated with
hyperbaric oxygen therapy (RICH-ART): a randomised, controlled, phase 2-3 trial.
Lancet Oncol 2019;20:1602-14.

Hadanny A, Efrati S. The hyperoxic-hypoxic paradox. Biomolecules 2020;10:958.
Ahmadi F, Khalatbary AR. A review on the neuroprotective effects of hyperbaric
oxygen therapy. Med Gas Res 2021;11:72-82.

Ortega MA, Fraile-Martinez O, Garcia-Montero C, et al. A general overview on the
hyperbaric oxygen therapy: applications, mechanisms and translational opportunities.
Medicina 2021;57:864.

Binkley K, Katznelson R. Successful treatment of long standing complex regional pain
syndrome with hyperbaric oxygen therapy. J Neuroimmune Pharmacol 2020;15:1-6.
Katznelson R, Segal SC, Clarke H. Successful treatment of lower limb complex regional
pain syndrome following three weeks of hyperbaric oxygen therapy. Pain Res Manag
2016;2016:1-4.

Tricco AC, Lillie E, Zarin W, et al. PRISMA extension for scoping reviews (PRISMA-ScR):
checklist and explanation. Ann Intern Med 2018;169:467-73.

Treede R-D, Rief W, Barke A, et al. Chronic pain as a symptom or a disease: the IASP
classification of chronic pain for the International classification of diseases (ICD-11).
Pain 2019;160:19-27.

Ince B, Ismayilzada M, Arslan A, et al. Does hyperbaric oxygen therapy facilitate
peripheral nerve recovery in upper extremity injuries? A prospective study of 74
patients. £ur J Trauma Emerg Surg 2022;48:3997-4003.

Elshinnawy AM, Wadee AN, Fahmy SM. Influence of hyperbaric oxygen therapy on
sensorimotor functions in diabetic peripheral neuropathy: a controlled randomized
trial. Int J Pharm Res 2021:13:5286-99.

Kiralp Mz, Yildiz S, Vural D, et al. Effectiveness of hyperbaric oxygen therapy in the
treatment of complex regional pain syndrome. J Int Med Res 2004;32:258-62.
Cundall JD, Gardiner A, Chin K, et al. Hyperbaric oxygen in the treatment

of fecal incontinence secondary to pudendal neuropathy. Dis Colon Rectum
2003;46:1549-54.

Pritchard J, Anand P, Broome J, et al. Double-blind randomized phase Il study of
hyperbaric oxygen in patients with radiation-induced brachial plexopathy. Radliother
Oncol 2001;58:279-86.

Jordan WC. The effectiveness of intermittent hyperbaric oxygen in relieving drug-
induced HIV-associated neuropathy. J Nat/ Med Assoc 1998;90:4.

Song L, Xing B, Yang W, et al. Hyperbaric oxygen treatment in a patient with Guillain-
Barré syndrome receiving mechanical ventilation. Diving Hyperb Med 2020;50:303-5.
Rahmani M, Belaidi H, Benabdeljlil M, et al. Bilateral brachial plexus injury following
acute carbon monoxide poisoning. BMC Pharmacol Toxicol 2013;14:61.

Williams STB, Davies A, Bryson P. Chronic regional pain syndrome after

Subtalar arthrodesis is not prevented by early hyperbaric oxygen. Pain Physician
2009;5:E335-9.

Toledo GL, Sangalette BS, Passerotti LC, et a/. Guided neural regeneration with
autologous fat grafting and oxygen hyperbaric therapy. Braz Oral Res 2021;35:e138.
Chou P-R, Lu C-Y, Kan J-Y, et al. Simultaneous hyperbaric oxygen therapy during
systemic chemotherapy reverses chemotherapy-induced peripheral neuropathy by
inhibiting TLR4 and TRPV1 activation in the central and peripheral nervous system.
Supportive Care in Cancer 2021;29:6841-50.

Khademi E, Pirhajati Mahabadi V, Ahmadvand H, et a/. Anti-inflammatory and anti-
apoptotic effects of hyperbaric oxygen preconditioning in a rat model of cisplatin-
induced peripheral neuropathy. /ran J Basic Med Sci 2020;23:321-8.

Brewer AL, Shirachi DY, Quock RM, et a/. Effect of hyperbaric oxygen on
chemotherapy-induced neuropathy in male and female rats. Behav Pharmacol
2020;31:61-72.

Kun L, Lu L, Yongda L, et a/. Hyperbaric oxygen promotes mitophagy by

activating CaMKK B /AMPK signal pathway in rats of neuropathic pain. Mol Pain
2019;15:174480691987138.

Liu Y-D, Wang Z-B, Han G, et al. Hyperbaric oxygen relieves neuropathic pain through
AKT/TSC2/mTOR pathway activity to induce autophagy. J Pain Res 2019;12:443-51.
ZSW, SHW, Lee SS, et al. Dose-dependent effect of hyperbaric oxygen treatment on
burn-induced neuropathic pain in rats. Int J Mol Sci 2019; 20;20:1951.

Zhang Y, Brewer AL, Nelson JT, et al. Hyperbaric oxygen produces a nitric oxide
synthase-regulated anti-allodynic effect in rats with paclitaxel-induced neuropathic
pain. Brain Res 2019;1711:41-7.

Ding Y, Yao P, Hong T, et al. Early hyperbaric oxygen effects on neuropathic pain and
nitric oxide synthase isoforms in CCl rats. Oncotarget 2018;9:7513-21.

Ding Y, Yao P, Hong T, et al. The analgesic effect of early hyperbaric oxygen treatment
in chronic constriction injury rats and its influence on nNOS and iNOS expression and
inflammatory factor production. Mol Pain 2018;14:174480691876583.

Ding Y, Yao P, Hong T, et al. The NO-cGMP-PKG signal transduction pathway is
involved in the analgesic effect of early hyperbaric oxygen treatment of neuropathic
pain. J Headache Pain 2017;18:51.

Han G, Liu K, Li L, et a/. Effects of hyperbaric oxygen therapy on neuropathic pain via
mitophagy in microglia. Mol Pain 2017;13:174480691771086.

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

Liu Y-D, Wang Z-B, Han G, et al. Hyperbaric oxygen treatment attenuates neuropathic
pain by elevating autophagy flux via inhibiting mTOR pathway. Am J Trans/ Res
2017,9:2629-38.

Shams Z, khalatbary AR, Ahmadvand H, et al. Neuroprotective effects of hyperbaric
oxygen (HBO) therapy on neuronal death induced by sciatic nerve transection in rat.
BMC Neurol 2017;17:220.

Zhao B, Pan Y, Xu H, et al. Hyperbaric oxygen attenuates neuropathic pain and
reverses inflammatory signaling likely via the Kindlin-1/Wnt-10a signaling pathway in
the chronic pain injury model in rats. / Headache Pain 2017;18:1.

Ince B, Arslan A, Dadaci M, et al. The effect of different application timings of
hyperbaric oxygen treatment on nerve regeneration in rats: hyperbaric oxygen and
nerve regeneration. Microsurgery 2016;36:586-92.

Hu Q, Fang L, Li F. Hyperbaric oxygenation treatment alleviates CCl-induced
neuropathic pain and decreases spinal apoptosis: HbO alleviates neuropathic pain
and decreases spinal apoptosis. Eur J Pain 2015;19:920-8.

Zhao B-S, Song X-R, Hu P-Y, et al. Hyperbaric oxygen treatment at various stages
following chronic constriction injury produces different antinociceptive effects via
regulation of P2X4R expression and apoptosis. PLoS One 2015;10:e0120122.

Zhao B-S, Meng L-X, Ding Y-Y, et al. Hyperbaric oxygen treatment produces an
antinociceptive response phase and inhibits astrocyte activation and inflammatory
response in a rat model of neuropathic pain. J Mol Neurosci 2014;53:251-61.
Gibbons CR, Liu S, Zhang Y, et a/. Involvement of brain opioid receptors in the
anti-allodynic effect of hyperbaric oxygen in rats with sciatic nerve crush-induced
neuropathic pain. Brain Res 2013;1537:111-6.

Han G, Li L, Meng L-X. Effects of hyperbaric oxygen on pain-related behaviors

and nitric oxide synthase in a rat model of neuropathic pain. Pain Res Manag
2013;18:137-41.

Gu N, Niu J-Y, Liu W-T. Hyperbaric oxygen therapy attenuates neuropathic
hyperalgesia in rats and idiopathic trigeminal neuralgia in patients: hyperbaric oxygen
therapy reduces chronic pain. £ur J Pain 2012;16:1094-105.

Li F, Fang L, Huang S, et al. Hyperbaric oxygenation therapy alleviates chronic
constrictive Injury—Induced neuropathic pain and reduces tumor necrosis factor-alpha
production. Anesthesia Analgesia 2011;113:626-33.

Oroglu B, Turker T, Aktas S, et al. Effect of hyperbaric oxygen therapy on tense repair of
the peripheral nerves. Undersea Hyperb Med 2011;38:367-73.

Thompson CD, Uhelski ML, Wilson JR, et al. Hyperbaric oxygen treatment decreases
pain in two nerve injury models. Neurosci Res 2010;66:279-83.

Pan H-C, Chin C-S, Yang D-Y, et a/. Human amniotic fluid mesenchymal stem cells

in combination with hyperbaric oxygen augment peripheral nerve regeneration.
Neurochem Res 2009;34:1304-16.

Miller A, Tal R, Donohue JF, et al. The effect of hyperbaric oxygen therapy on erectile
function recovery in a rat cavernous nerve injury model. J Sex Med 2008;5:562—70.
Equiluz-Ordofiez R, Sdnchez CE, Venegas A, et al. Effects of hyperbaric oxygen on
peripheral nerves. Plast Reconstr Surg 2006;118:350—7.

Mychaskiw G, Pan J, Shah S, et al. Effects of hyperbaric oxygen on skin blood flow and
tissue morphology following sciatic nerve constriction. Pain Physician 2005;8:157-61.
Aydin A, BC Ozden, Karamiirsel S. Effect of hyperbaric oxygen therapy on nerve
regeneration in early diabetes: hyperbaric oxygen therapy in diabetic nerves.
Microsurgery 2004;24:255-61.

Bajrovic FF, Sketelj J, Jug M, et al. The effect of hyperbaric oxygen treatment on

early regeneration of sensory axons after nerve crush in the rat. J Peripher Nerv Syst
2002;7:141-8.

Haapaniemi T, Nishiura Y, Dahlin LB. Functional evaluation after rat sciatic nerve injury
followed by hyperbaric oxygen treatment. J Peripher Nerv Syst 2002;7:149-54.
Santos PM. A functional model system of an hypoxic nerve injury and its evaluation.
Laryngoscope 2000;110:845-53.

Tuma Janior P, Dias MD, Arrunétegui G, et al. Effect of hyperbaric oxygen on the
regeneration of experimental crush injuries of nerves. Rev Hosp Clin Fac Med Sao
Paulo 1999;54:81-4.

Haapaniemi T, Nylander G, Kanje M, et al. Hyperbaric oxygen treatment enhances
regeneration of the rat sciatic nerve. Exp Neurol 1998;149:433-8.

Kihara M, McManis PG, Schmelzer ID, et al. Experimental ischemic neuropathy:
salvage with hyperbaric oxygenation. Ann Neurol 1995;37:89-94.

Santos PM, Williams SL, Covey J. Peroneal motor nerve crush injury and hyperbaric
oxygen effect. Laryngoscope 1995;105:1061-5.

Zamboni W, Brown R, Roth A, et a/. Functional evaluation of peripheral-nerve repair
and the effect of hyperbaric oxygen. J Reconstr Microsurg 1995;11:27-9.

Mukoyama M, lida M, Sobue I. Hyperbaric oxygen therapy for peripheral nerve
damage induced in rabbits with clioquinol. Exp Neurol 1975;47:371-80.

Bradshaw PO, Nelson AG, Fanton JW, et al. Effect of hyperbaric oxygenation

on peripheral nerve regeneration in adult male rabbits. Undersea Hyperb Med
1996;23:107-13.

Holbach KH, Caroli A, Wassmann H. Cerebral energy metabolism in patients with
brain lesions at normo- and hyperbaric oxygen pressures. J Neurol 1977;217:17-30.
Plafki C, Peters P, Almeling M, et al. Complications and side effects of hyperbaric
oxygen therapy. Aviat Space Environ Med 2000;71:119-24.

Brenna CTA, et al. Reg Anesth Pain Med 2022;0:1-11. doi:10.1136/rapm-2022-104113

"yBLAdo9 Aq pa1oa10id "NHN e 2202 ‘¥2 19qWaAoN uo jwod fwg wdel:dny woly papeojumoq ZZ0zZ J9qWBAoN £2 U0 STTY0T-2202-Wdelj9sTT 0T Se paysignd 1sily (pa ured yissuy Bay


http://dx.doi.org/10.1056/NEJM199606203342506
http://dx.doi.org/10.1016/S1470-2045(19)30494-2
http://dx.doi.org/10.3390/biom10060958
http://dx.doi.org/10.4103/2045-9912.311498
http://dx.doi.org/10.3390/medicina57090864
http://dx.doi.org/10.1007/s11481-019-09901-x
http://dx.doi.org/10.1155/2016/3458371
http://dx.doi.org/10.7326/M18-0850
http://dx.doi.org/10.1097/j.pain.0000000000001384
http://dx.doi.org/10.1007/s00068-022-01920-3
http://dx.doi.org/10.31838/ijpr/2021.13.01.705
http://dx.doi.org/10.1177/147323000403200304
http://dx.doi.org/10.1007/s10350-004-6812-x
http://dx.doi.org/10.1016/S0167-8140(00)00319-4
http://dx.doi.org/10.1016/S0167-8140(00)00319-4
http://www.ncbi.nlm.nih.gov/pubmed/9640906
http://dx.doi.org/10.28920/dhm50.3.303-305
http://dx.doi.org/10.1186/2050-6511-14-61
http://www.ncbi.nlm.nih.gov/pubmed/19787019
http://dx.doi.org/10.1590/1807-3107bor-2021.vol35.0138
http://dx.doi.org/10.1007/s00520-021-06269-8
http://dx.doi.org/10.22038/IJBMS.2019.40095.9504
http://dx.doi.org/10.1097/FBP.0000000000000497
http://dx.doi.org/10.1177/1744806919871381
http://dx.doi.org/10.2147/JPR.S189353
http://dx.doi.org/10.3390/ijms20081951
http://dx.doi.org/10.1016/j.brainres.2019.01.009
http://dx.doi.org/10.18632/oncotarget.23867
http://dx.doi.org/10.1177/1744806918765837
http://dx.doi.org/10.1186/s10194-017-0760-z
http://dx.doi.org/10.1177/1744806917710862
http://www.ncbi.nlm.nih.gov/pubmed/28560010
http://dx.doi.org/10.1186/s12883-017-1004-1
http://dx.doi.org/10.1186/s10194-016-0713-y
http://dx.doi.org/10.1002/micr.30023
http://dx.doi.org/10.1002/ejp.618
http://dx.doi.org/10.1371/journal.pone.0120122
http://dx.doi.org/10.1007/s12031-013-0213-3
http://dx.doi.org/10.1016/j.brainres.2013.08.050
http://dx.doi.org/10.1155/2013/147043
http://dx.doi.org/10.1002/j.1532-2149.2012.00113.x
http://dx.doi.org/10.1213/ANE.0b013e31821f9544
http://www.ncbi.nlm.nih.gov/pubmed/22013762
http://dx.doi.org/10.1016/j.neures.2009.11.010
http://dx.doi.org/10.1007/s11064-008-9910-7
http://dx.doi.org/10.1111/j.1743-6109.2007.00727.x
http://dx.doi.org/10.1097/01.prs.0000227666.64552.81
http://www.ncbi.nlm.nih.gov/pubmed/16850069
http://dx.doi.org/10.1002/micr.20038
http://dx.doi.org/10.1046/j.1529-8027.2002.02020.x
http://dx.doi.org/10.1046/j.1529-8027.2002.02021.x
http://dx.doi.org/10.1097/00005537-200005000-00014
http://dx.doi.org/10.1590/S0041-87811999000300003
http://dx.doi.org/10.1590/S0041-87811999000300003
http://dx.doi.org/10.1006/exnr.1997.6745
http://dx.doi.org/10.1002/ana.410370116
http://dx.doi.org/10.1288/00005537-199510000-00010
http://dx.doi.org/10.1055/s-2007-1006507
http://dx.doi.org/10.1016/0014-4886(75)90070-9
http://www.ncbi.nlm.nih.gov/pubmed/8840479
http://dx.doi.org/10.1007/BF00316313
http://www.ncbi.nlm.nih.gov/pubmed/10685584
http://rapm.bmj.com/

	Modelling attending physician productivity in the emergency department: a multicentre study
	Abstract
	Methods
	Study design
	Study setting
	Study protocol

	Measures
	Data analysis

	Results

	The role of hyperbaric oxygen therapy in the management of perioperative peripheral nerve injury: a scoping review of the literature
	Abstract
	Introduction
	Methods
	Protocol and reporting guidelines
	Information sources and literature search strategy
	Study selection
	Study screening and data extraction process

	Results
	Study screening
	Study characteristics
	Nerve types
	Etiology
	HBOT regimens
	Follow-up
	Outcomes
	Complications

	Discussion
	References


