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Hyperbaric Oxygen Therapy (HBOT)
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Mechanisms of HBOT

Primary mechanism

Secondary mechanism

Hyperoxygenation

Pressurization (Bubble reduction)

Vasoconstriction
Host response

Microbiological Effect

Gas Washout
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3H Tissue

- Hypovascular
- Hypocelluar
- Hypoxic

Hyperbaric medicine practice 4t edition



Wound Healing

e Control contamination/infection
* Resolution of inflammation
* Regeneration of connective tissue

Depend on
* perfusion

* Neovascularization + oxygen availability
* \Wd contration

* Resurfacing




Vasoconstriction (Secondary mechanism)

& == -> Edema reduction
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Acute wound

/— A Vicious Cycle \




Vasoconstriction

Normal Situation
¢° Blood == . _;Qbo,o- o )2 ol %ol —> Blood
a"‘/ fie i e e Lymphatics
Filtration = Re-absorptidﬁm“"; — ='. nterstitial Fluid Balance
Vasodilatation
2
> Inflow
%
®
Filtration > Re-absorption . Edema Formation

Vasoconstriction




Compartment syndromes




Host response (Secondary mechanismj

3 oxygen dependent host cells related to wound healing and infection
control

> Fibroblast (associated with angiogenesis)
> Neutrophils (WBC oxidative killing)
> Osteoclasts




During HBO at 2.4 ATA

A 230mm Hg




i A=10mm Hg

A 10-=15mmHg
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Microbiological effects (Secondary mechanism)

= Bacteriostatic and bacteriocidal effects
>Clostridial organisms (no killed but stop multiplying)
>Anaerobic streptococcus and peptostreptococcus are killed by hyperoxic condition
>Bacteroids species killed by hyperoxia
>Fungal infection by actinomyces species

= Cessation of the endotoxin formation produced by clostridial organisms

= Toxin inactivation has been best appreciated with the theta toxin produced
by clostridial organisms

= Additive effect with certain antibiotics
>Aminoglycosides
> Amphotericin
>Possibly vancomycin



Mitigation of reperfusion injury

* Interrupt the neutrophil adherence to the endothelium by beta-integrin attachment mechanism inactivation

 Extreme hyperoxia environment triggers to generate oxygen free radical scavengers (superoxide, peroxidase)

/ WBC Adherence\

BO stops WBC attachngent
‘t-|o the cgplllary endothelium

ts the Beta-2 integrin-

\mmphl adhesion reactioy

LEGEND: Mitigation of neutrophil adherence to the capillary endothelium sensitized by hypoxia
reduces/eliminates the release of toxic O, radicals (peroxides and superoxides) that cause the
harmful effects of the reperfusion injury.

Prevents latent
encephalopathy after CO Px

In addition, this prevents the cascade of reactive oxygen species with nitric oxide (NO)-in hypeoxic
environments—from forming highly toxic degradation products such as peroxynitrite (-OON).

NOTES & KEY: *Neutrophils adhering to the sensitized capillary endothelium are so indicated
by white circles around them (Zamboni'?); CO Px = Carbon monoxide poisoning, HBO, =
Hyperbaric oxygen, WBC = White blood casll

Figure 35. Morphology of the reperfusion injury and roles of HBO, in mitigating its effects.



« Recommend starting HBO as soon as possible after an
extended period of ischemia in critical tissue such as the
brain and heart as well as skeletal muscles and perhaps
In other organs such as the liver, kidney, pancreas, etc.

« HBO should be considered after revascularization
surgeries associated with long ischemia times
« Re-implantations
» Threatened flaps

 Other situations where there is a possibility that reperfusion
injury will contribute to more morbidity.
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Graft




ompromised Flap
7 A W/ ,




Suspected Tissue

Compromise
Is ita flap or graft? Avoid large random flaps om0 o
PREVENTING  Adequate wound that do not follow 3:1 FLAP
GRAFT bed, avoid la ‘ length-to-width ratio, . FAP
COMPROMISE  composite gra avoid tension at dosure
Intrinsic blood supply?
v N
No Vq\
Graft compromise / Flap compromise

P

Random or axial

Free flap compromise flap compromise

Operative exploration Surgical
rules out mechanical 10~ treargnent
causes?

I
Yes

v v v
Start hyperbaric oxygen treatment as soon as possible

}

Clinical resolution of
graft or flap compromise?

s
e \M\
Stop hyperbaric Continue hyperbaric
oxygen treatment oxygen treatment to

optimize wound bed for
salvage reconstruction




Protocol

« 2~2.5 ATA

* 90~120 min

e Initial : 2/day

« Stable / viable : 1/day



Thermal burns

Figure 11, Burn Victim’s Recovery

A, 23-year-old white female with B. 24 hours later (36 hours after C. 72 hours later (84 hours after
facial burns from flaming gasoline injury) after two HBO, treatments injury) after six HBO, treatments
and tar 12 hours after injury. Note resolution of edema, ‘

D. Shortly before discharge E. Four years after discharge.

Note: Consent to use these photos was obtained prior to publication,



HBOT on Burn wounds?

= Inflammatory Cell Reduction

= Angiogenesis

= Increased Epithelialization




Indications

= Burns that extend into the dermis and beyond
: 2nd / 3rd degree

= Inhalation burn
» Impaired wound healing

= Extensive edema

» A large skin area envolved




Techniques

= As soon as possible !!

= 1st 24hr : 3 times : 90min with 2.0~2.4 ATM
= 2nd day ~ : twice / day

= total 20~30 sessions.

= No. of treatments : wound response and extends
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Traumatic Ischemias  Crush Injuries and Compartment Syndromes

:

Trauma
Etiology +

Ischemia

Pathophysiology

Vicious Cycle

Findings M




Table 1. The Health Status Score—Quantifying Health and Function

2 Points 1 Point 0 Points
Assessment
SR, Use half points if mixed or intermediate between 2 grades
Activities of daily living Full Some None
: Community Househald None
Ambulation _
Subtract % point if aids are used.
; No significant Impaired Decompensated
Comorbidities :
Omit neurological deficits which is separate assessment below.
Inhibitors

smoking, collagen

C t
vascular diseases, and None Past urren
Immunosuppressors
i Some/Minor Major
Neurological deficits None Soriiion bbulaiics o ive, i

Notes: Five assessments (considered to be the most important to determine how healthy and functional the patient is) are
each graded from 2 points (best) to 0 points (worst) and summated to generate a 0 to 10 score. "Healthy” patients generate
scores in the 7% -10 range, “impaired” patients in the 31:-7 range and decompensated patients in the 0-3 range,




Table 2. Guidelines for using Hyperbaric Oxygen in Crush Injuries
using the Gustilo Classification Paired with the Patient’s Wellness Score®

g '
Gustilo soﬁf-&;«fm - Ol HBO, Indications paired with We;.llneff ic:‘rf il
Type SthIh fracture Healthy Hosts Healthy Impaired Deoompensated
Minimal (<1 cm wide) Usually no different from
I puncture wound from a closed fracture of the Yes
inside to out same severity

Laceration with minimal

deep soft tissue damage Same as above Ves

. g Depend on Subtypes A, B,
n Crush Injuries and C

Sufficient soft tissue
A to close the wound (after
debridement)

~10%

completion rate? e e

Flaps and/or
B grafts needed Yes Yes Yes/No’
for bone coverage =509 incidence of
111-B injuries complications®
C with major Yes Yes/No? Yes/No’
vascular damage

Notes: Table 2 shows how the Wellness Score is combined with the Gustilo open fracture grading system to add objectivity to
the indications for using hyperbaric oxygen in crush injuries.

Scares greater than 4 points support the decision for doing everything possible to salvage the injured tissue including the
adjunctive use of hyperbaric oxygen.



Compartment syndromes




Figure 2-a. Indications for HBO, in the Skeletal Muscle-Compartment Syndrome

Clinical Findings
1. Post-traumatic edema
2. Infiltrations
3. Venous outflow obstruction
4. Prolonged ischemia

5. Comatose posturing;
“crunch” syndrome

6. Snake bites {(unusual)

7. Shock (hypoperfusion)
plus injury to soft tissues

3 or more
clinical findings

Clinical Findings

1. Increasing pain

2. Anesthesia

3. Muscle weakness

4. Discomfort with
passive stretch

5. Tenseness of muscle
compartment

ed Stage
, not mducated)

Sus
{HB

— A High “index of suspicion

=)

P —

Impending Stage

!

Hyperbaric Oxygen
Indications

—

Management

N

for a SMCS
B. Frequent neurocirculatory
checks (The “5 P')
--Fain
~Paresthesia
--Paralysis
--Pallor
--Pulselessness
C. Treat primary injuries

1 or more
manometric
findings

Pressure Measurements
(manometrics) when available

Increasing serial measurements
AND/OR
Paired with Wellness Score
(refer to Table 1)
<45 mmHg “healthy” patient
<35 mmHg “impaired” patient
<25 mmHg “decompensated”
patient and/or in shock
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Figure 2-b. Requirements for Fasciotomy in the Skeletal Muscle-Compartment Syndrome
and Indications for Hyperbaric Oxygen Post-Fasciotomy

Progression of signs/symptoms
during Impending Stage

/LN

Established Stage
3 or more 1 Manometric
clinical findings finding
Clinical Findi Fasciotom
inical Findings < =i —p Manometrics
. Increasingly severe pain equire {when available)
- Anesth:ssia >45 mmHg “healthy” patient
. Paralysis >35 mmHg “impaired” patient
. Extreme discomfort with >25 mmHg “decompensated”
passive stretch patient and/or in shock

. Tautness (rigid swelling) of

muscle compartment

. Encephalopathy, myelopathy;,

and/or traumatic neuropathy

Indications for HBO, Post-Fasciotomy

* Ischemic muscle * Threatened skin flap or graft
* Demarcation between viable and non-viable e Residual neuropathy
tissue is unclear e Markedly impaired or decompensated

* Massive swelling/prolonged ischemia time patient



Table 3. Treatment Recommendations and Peer Review when using Hyperbaric Oxygen for Crush

acs Peer Review'
Condinom Obtain after # of Rxs O
Primary Conditions
Minimal tissue trauma, e.g. after free
1. Reperfusion injury 1-2 treatments flaps, revascularizations,
and transient edema

9 (TID 1st 24 hours; If deterioration noted when HBO,

2. Crush injury BID 2 days and treatments are decreased, resume the
daily 2 days) previous schedule
3 (BID day 1 and HBO, is not a substitute for fasciotomy;

3. Compartment Syndromes

single treatment day 2) use it for the imsphigc;ing stage of the

Residual Problems and/or Complications

If site remains tenuous, consider an
1. Threatened flaps and grafts 14 (BID for 7 days) additional week of twice a day trea 5
21 (BID for 7 days, Refer to Problem Wounds section of this
2. Problem wounds/infected wounds daily for 7 days) Hyperbaric Oxygen Committee Report
aie 30 (Daily for 21 days; possible HBO, must be integrated with a
3. Refractory osteomyelitis extension to 40 treatments) combined antibiotic and surgical strategy
4. Post-fasciotomy Concerns include massive swelling,

14 (BID for 7 days) threatened flaps, unclear demarcation,

concerns after SMCS neuropathy, etc.

Notes: 'Peer review should be done by two or more of the following: 1) Hyperbaric medicine physician; 2} Trauma/orthope-
dic/plastic surgeon requesting HBO, and/or patient’s primary care physician to decide whether to continue or stop hyperbaric
oxygen treatments.
Abbreviations: BID = Twice a day, HBO, = Hyperbaric oxygen, # = Number, Rxs = Treatments,

SMCS = Skeletal muscle-compartment syndrome, TID = Three times a day.



PAOD

Critical Limb ischemia

= Defined by the presence of PAOD in combination with rest pain, gangrene,

or a lower limb ulceration > 2 weeks duration

CLI confirmed

'

Candidate for
revascularization

A4

Imaging (Duplex,
angiography, MRA, CTA)

A4

Revascularization
as appropriate

:

Not candidate for
revascularization

.

Stable pain and lesion

v

Y

Not-tolerable pain,
spreading infection

Medical treatment
(non-operative)

=

Eur J Vasc Endovasc Surg 2019, 58:51.



= Numerous unexpected and unwanted outcomes generated by reperfusion
= PAOD patients experience delay in recovery after successful therapy due

to further tissue damage

Reperfusion paradox ——

— Postreperfusion syndrome
* Restoring blood flow to these ischemic areas paradoxically results in

further injury
* Local complications of postreperfusion syndrome result

« Amputation or severe dysfunction in the salvaged limbs




Restricted Blood Flow Hyperbaric Oxygenation Neurovascular Regeneration

Al N N
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Restriction (occlusion) in blood flow

due to surgery, illness, or injury,



Guideline about HBOT

D7 ~ 31 XX 1 . A o1 : 160

Hyperbaric therapy significantly reduced the risk of [€

P.

major amputation in patients with diabetic ulcer

because of mcmod‘Wﬂﬁ“ ogical ShoTtcomings Cr_patnolo-

gies related to PAD and diabetes were not evaluated using
this kind of treatment. Therefore. given the absence of

Hyperbaric oxygen may be considered in selected
patients with ischemic ulcers who have not responded

to, or are not candidates for, revascularization.
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Measurement of Wd. hypoxia

Transcutaneous oxygen tension (PtcO2) : most useful

PtcO2 < 40mmHg : HBOT
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* Neutophils require tissue oxygen tensions of 30~40 mmHg to
destroy bacteria by oxidative killing mechanisms

« Antibiotic fx.

» Cefazolin and HBOT produced a 100-fold greater reduction in
bacterial counts

» Osteoclast enhancement
* Angiogenesis



Refractory Osteomyelitis

* Definitive surgical debridement + appropriate antibiotic Tx.
(4~6 weeks)



Figure 1. Cierny-Mader’s Anatomic Staging.

muscie

bone cortex

marrow cavity

draining sinus tract

primary site of
infection

Stage 1: Stage 2: Stage 3: Stage 4:
Medullary osteomyelitis Superficial osteomyelitis Localized osteomyelitis Diffuse osteomyelitis
Anatomic Characteristic: Anatomic Characteristic: Anatomic Characteristics: Anatomic Characteristics:
Infection confined to bone Surface infection of Localized full thickness Through-and-through
Intramedullary surfaces perigsteum and cortical irvolvement of cortical bone involvement (i.e.
Typical Etiology- vone bone, + sequestration combined Stage 1, 2
Hematogenous seeding, Typical Etiology: Typical Etiology: and 3 characteristics),
infected Intrameauliary Bone coverage defect Penetrating trauma, R0 IEIMIDN, Wi
hardware allowing infection spread surgical contamination, rRenhaniont ity
Primary Managsmests from overlying soft tissue infected hardware " W’;’: o
Culture directed antibiotics, wounds Primary Management:
hardware removal for Primary Management: Cutture directed Typical Etiology:
refractory infection of Cutture directed antibiotics, antibiotics, debridement Penetrating trauma,
stable bone superficial debridement of of nacrotic bone & tissue, surgical contamination,

necrotic bone & tissue adjunctive HBO, therapy Ao
for refractory/progressive Primary Management:
infection Cuilture directad
antibiotics, debridement
of necrotic bone &
tissue, bone stabilization,
adjunctive HBO, therapy
for refractory /progressive
infection
- . - . . .
St ALK S+ HAEK| = Adjunctive HBOT




Table 1. Host Physiologic Class

A Host B Host C Host
Normal Physiology Systemic Compromise (Bs) Osteomnyelitis treatment or physiologic
Local Gompromise B outcome is \mrsZiZ:; Seost than ongoing
Concurrent Local and Systemic
Compromise (B5)
Table 2. Class B Host Compromising Factors
Systemic Factors (B Local Factors (B)
Malnutrition Chronic lymphedema
Renal failure Venous stasis
Diabetes mellitus Major vessel compromise
Chronic hypoxia Arteritis
Malignancy Extensive scarring
Immune deficiency Radiation fibrosis
Immunosuppression Small vessel disease
Extremes of age Complete loss of local sensation

Tobacco abuse

* Specific areas (sternum, vertebrae, cranium, and other central bony)



Stop HBO, and continue

Figure 2. Flowchart for HBO, Management of Refractory Osteomyelitis
Details of management are described in the text.

Refractory
Osteomyelitis

+

Osteomyelitis refractory
or progressive after 4-6
weeks standard of care

management?
Yes No,
Reevaluate and refine Continue present standard
antibiotic coverage, using of care management

culture-directed sensitivities
where possible. Reinstitute
antibiotic coverage

+

Is surgical
debridement/hardware
removal contraindicated or
complicated by
anatomic location?

Yes No
Initiate 4-6 weeks Proceed with surgical No
HBO, therapy debridement/hardware
concurrent with removal
re-evaluated/refined 1

antibiotic coverage <&

v

Is continued

Osteomyelitis resolved? No P osteomyelitis treatment

worse than disease?

¥ !

Stop HBO, and continue

with wound care with wound care

as indicated as indicated
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Delayed Radiation Injuries




Radiation

! 3

Tumor Cell




Radiation

! 3

Cell Necrosis




Progressive radiation fibrosis, capillary 10Ss

RADIATION TISSUE INJURY VS TIME

RTI
LSICS (TcPO,)

CRP (TCPOQJ

3.3
3
2.5
2
1.5

TIME {YEARS)

Hyperbaric medicine practice 4t edition



3H Tissue

- Hypovascular
- Hypocelluar
- Hypoxic

Hyperbaric medicine practice 4t edition



Hypovascular

Exuberant fibrosis

HypoXia



Restricted Blood Flow Hyperbaric Oxygenation Neurovascular Regeneration

Al N N
'3 A il A r k.

Restriction (occlusion) in blood flow

due to surgery, illness, or injury,



VASCULAR DENSITY OF IRRADIATED TISSUE AS A FUNCTION
OF HYPERBARIC OX[fGEN EXPOSURES

'::-.I.l TCF"::'I

| G0
YO
80
0
&l
50
40
30
20
10
0

[cPO [LSICS) N=34
[P [MPRF] M=34
a6 IITIAL (Lt

{F - 0 Q)

0 2 4 & F 10 12 14 146 18 20 22 24 26 2B 40 lyrs 2rs  Jyrs

HYPERBARIC OXYGEN SESSION (8) - TIME

Hyperbaric medicine practice 4t edition




During HBO at 2.4 ATA

A 230mm Hg




i A=10mm Hg

A 10-=15mmHg

Hyperbaric medicine practice 4t edition



HBOT

e Stimulates angiogenesis == improve tissue oxygenation

e Reduces fibrosis

* Mobilizes and induces and increase of stem cells (can
differentiate)



Figure 1.

Mandibular ORN

v

Ensure options for oncologic
treatment are pursued if available.
No HBO, except in purely
palliative fashion; oncologic care
should take precedence.

Is active malignancy
Yes= cause of exposed bone

Erfter patient Igto Marx

at 90 O, mimutes at 2.4

ATA (preferred) and ensure

patient receives appropriate
surgical management.

Ensure patient receives

appropriate surgery to o _

remove all necrotic ~ @=——No=—  Will patient require

bone as a Marx Stage | segmental resection?
or Stage 11 ORN.

Note: Surgical experience and skills play an important role in
accomplishing a successful course of treatment. Reconstructive
surgery may take several forms including free flaps, when soft
tissue is also needed. To complete reconstruction, pedicle flaps
or free flaps may be appropriate.

This flowchart, though referring to mandibular ORN, with slight
modification, may be applied to ORN at other anatomic sites.

Yes

Patient treated as Marx Stage 11l ORN.
This group will include failures from
Stage | and Il as well as those with
serious manifestations at presentation.
Patient will require internal fixation after
resection and will need to undergo
reconstruction several weeks later.



Neoadjuvant HBO, Prior
to Dental Extractions

!

Has the patient received
high-dose* irradiation?

AN

- Are teeth mandibular? s NQ =3 Proceed to extractions

without HBO.,
I /
Yes

* No
Am teeth in the /

high-dose region
of irradiation?

Yes

Institute theMarx 20/10 Protocol:
20 tx's pre-extractio -post-extraction

n )

each 90 O, minutes at 2.4 ATA (preferred).

**Extractions should be done by a dental
specialist, preferably an oral surgeon
employing careful technique including
minimal disturbance of mucoperiosteum.

* Doses of at least 60 Gy with likely risk of ORN
showing significant increase at doses at 68 Gy or over.



Radiation Necrosis with External Wound,
Including Head and Neck, Trunk and Extremities

.

Refer patient back to oncology ¢ __f Eteemidnlor Initiate HBO, at 2.4 ATA
team to address malignanc',rﬁ}t: e TSR rnalldg’na.ncy - {preferred) for 90 O,
isnlated recurrence, address with in wour minutes and advanced
surgery or possible irradiation. If wound care.

eradicated and wound persists,
consider HBO, at that time. l
*Note: If cancer is incurable or local
control is not achievable, pailiative
HBO, may be considered.

Does wound require
surgieal procedure, such as
excisional debridement,
flap or graft?

N\

géponse of wuur:d prmrlde
20 to 30 pre-op HBO,
patments followed by 10
post-op. THe

p : XAt iming,
of wound. Seﬁln peer review and number of treatments is
if over 60 HBO, treatments, determined by response.
Flaps and grafts, if failing,
should be supported as per

usual protocols.



Late Radiation Injury to Internal
Organ Such as Bowel or Bladder

.

Is recurrent/persistent
tumor present?

/ AN
' N
Cancer treatment should Document extent and
take precedence; severity of radiation injury
if no effective oncologic by imaging. If accessible
treatment available, to endoscopy, direct
palliative HBO, should visualization and/or biopsy
be considered. is ideal. Address need for
intervention for anemia or
obstructive symptoms,
Cystitis patients may

require continuous
bladder irrigation.

.

lnmate HBO, preferably at 2.4 ATA
for 9 autes. Recommend
i mal 40 treatments unless early

patie approaches these 40
treatments. If there is response but

improvement has not vet plateaued,
consider anotider 10 to 20
treatments. If 60 treatments are to

be exceeded, seek peer review.
“Note: Several cases of radiation cystitis
have recurred but responded to a
second course of treatment.



CNS Radiation Necrosis

v

Refer patient back to oncology —Yes— s malignancy the cause of —No=—P> Initiate HBO, preferably at

team for cancer treatment if neurologic damage? 2.4 ATA fgr90 O, minutes:
reasonable options are available, Recommen
If none are possible, HBO, may be Both necrosis and tumor may unless early reSpende

considered for palliation. show mass effect on treatments can be consndered If

anatomic imaging may also exceeding 60 treatments, peer
need functional imaging such review is indicated. CNS imaging

as PET or MRI spectroscopy improvement (commonly by
to make diagnosis. MRI), clinical improvement and

decrease in steroid requirements
often indicates response.



Generalized Approach to HBO,
for Delayed Radiation Injury

'

Rule out persistent or
recurrent malignancy as
source of symptoms

-

Malignancy present?

/

Yes

¥

Patient should be referred
back to oncology team for
management of
malignancy, which will
take priority if effective
treatment is available. If
none available, HBO, as
alliative treatment
should be considered
since necrosis and tumor
may both be present.
HBO, cannot be expected
to have benefit for tumor
except potentially as
adjuvant to concomitant
radiation injury.

In some instances, up to 60
freatments are appropriate,

\
No

In most cases HBO, should
be initiated. 2.4 ATA is
preferred for 90 minutes of
O, per treatment. Typically,

especially for brain. Rarely,
HBO, may exceed 60
treatments, though peer
review should be obtained.
If initially responsive but
then recurrent symptoms,
a repeat course is likely
appropriate. HBO, should
be combined with other
appropriate medical or
surgical interventions. Prior
to surgery in a radiated
field, 20 to 30 pre-operative
Treatments should & given.
If there is a wound, wound
care as in other hypoxic
tissues is needed. A team
effort including oncologists,
surgeons and endoscopists
will optimize patient




Case

37/M

Rt. Maxillary sinus
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