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Traumatic Brain Injury
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- the optical luminescent method
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the OxyLab pO2 (Oxford Optronix Ltd, Oxford, United Kingdom)
the Neurovent-PTO (Raumedic AG, Munchberg, Germany)

- the polarographic method
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the Licox Brain Oxygen Monitor
(Integra Neuroscience, Plainsboro, New Jersey)



Brain Tissue Oxygenation / PbtO2
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CPP = MAP - ICP

CPP:cerebral perfusion pressure, MAP:mean arterial pressure, ICP:intracranial pressure

CBF = APnr4 / 8nL

r=radius, P=pressure, n=viscosity, L=length

DO2=COXx(1.34xHbxSa02 + 0.0031xPa02)

DO2:delivery 02, CO:cardiac output
Ca02:arterial oxygen content=1.34xHbxSa02 + 0.0031xPa02
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Table 3. Relationship of physiological parameters with brain tissue oxygen tension (P,0,)

Univariate Multivariate

Physiological Parameter Coefficient 95% CI p Coefficient 95% CI p
CBF 59 (.01-1.19) .05 92 (—1.83-3.67) 51
C,0, 8.60 (2.50-14..70) .006

C,0 2.95 (—.41-6.31) .08 3.62 (—1.25-8.49) 14
AVDO, 4.64 (—.31-9.59) 07 3.65 (—2.08-9.39) 21
10cD02 1.89 (1.91-9.32) .003 -12.65 (—32.41-7.11) 21
__CMRO., 2827 (17.87-38.66) <001 — 45 (-21.49-20.59) 97

| CBF x (P,0,~P.0,) .0064 (.0053-.0075) <.001 0077 (.0063-.0090) <.001 |
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Table I. Studies of Brain PtiO,-Guided Therapy Versus ICP/CPP-Guided Therapy.

Year

Author

ICP/CPP-Guided
Therapy

PtiO;-Guided
Therapy

Outcome
Measure

Results

2003

2005

2009

2009
2009

2009

2010

2013

Meixensberger et al*® 39

Stiefel et al®®

Martini et al®'

Adamides et al’?

McCarthy et al*?

Narotam et al*’

Spiotta et al®®

Green et al*®

25

506

10
48

41

53

37

52

28

123

20
63

127

70

37

GOS at 6 months

Mortality at discharge

FIM at discharge

GOS at 6 months
GOS at 3 months

GOS at 6 months

GOS at 3 months

Mortality at discharge

No benefit

54% vs 65%
P=.27

Reduced mortality
34% vs 25%
P<.05

Worse outcome
8.6vs 7.6

P <.0l

No benefit

Trend toward better outcome
61% vs 79%
P=.09

Better outcome
2.7 vs 3.5

P =.0Il

Reduced mortality
35% vs 26%
P=.0l

No benefit

54% vs 65%
P=.34

Abbreviations: CPP, cerebral perfusion pressure; FIM, Functional Independence Measure; ICP, intracranial pressure; GOS, Glasgow Outcome Scale; PtiO,, brain
tissue oxygen tension.
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MATERIALS AND METHODS

- study design

the BOOST-1II study
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Participants
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Supplemental Table 1: Inclusion/Exclusion Criteria

Inclusion Criteria

Exclusion Criteria

Male and female patients

Neurological exam suggested imminent brain death

Age: 14 years and older

Accuracy of neurologic exam was uncertain (e.g.,
seizure activity)

Non-penetrating severe TBI

(initial GCS score 3-8, motor score <5, not
following commands after resuscitation and without
influence of paralytics or sedation)

Potential secondary oxygenation concerns which
would influence results (e.g., evidence of severe
chest/lung injury), refractory hypotension; and/or
systemic hypoxia

Clinical need for ICP monitoring according to
Guidelines for the Management of Severe TBI

Placement of an intracranial monitor was
contraindicated

Randomization and ICP monitor placement within
12 hours of injury

Pregnancy

Inability to obtain informed consent from legal
authorized representative (LAR)

Participation in another interventional trial

PbtO. monitoring before randomization




Study Procedure
Intracranial Monitoring Placement and Management
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Study Procedure
Patient Medical Management

the BOOST-1I manualllfE> TEEIMAZITDOTHED
HAWLEIE(Lthe 3rd edition Brain Trauma Foundation(CBlIl> TUL\3S

volume euvolemia-19 hMChypervolemia
CPP 50-70mmHg(WERSFTEH)
PaCO2 35-40mmHg
Sa02 290%
Na =135mEq
Glu 60-150mg/dI
PT-INR IEEEEHEMA
Body Temprature normothermia
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ICP < 20 ICP = 20
Type A Type B
No interventions Interventions
potL; 2 20 directed at pBtO, |directed at
or ICP needed lowering ICP
Type C neew
' Interventions
A < 30 Interventions directed at
puto, directed at

increasing pBtO,;

lowering ICP and
increasing pBtO,
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Web Appendix — BOOST-II tiered interventions for each treatment scenario.

Type B
(ICP 220mmHg and Pbt0, =20mmHg)

Type C
(ICP <20mmHg and PbtD, <20mmHg)

Type D
(ICP =20mmHg and Pbt0, <20mmHg)

TIER 1

(1). Adjust head of the bed to lower ICP.

(2). Ensure Temperature < 38°C.

(3). Adjust pharmacologic analgesia and
sedation; titrate to effect.

(4). CSF drainage (if EVD available); titrate to
effect.

(5). Standard dose Mannitol (0.25 - 1.0 g/kg),
as bolus infusion.

(6). Hypertonic saline. Titrate to ICP control
and maintain serum MNa* 155-160).

TIER 1

(1). Adjust head of bed to improve brain oxygen
level.

(2). Ensure Temperature < 38°C,

(3). Increase CPP to 70 mm Hg with fluid bolus.
(4). Optimize hemodynamics.

(5). Increase Pa0, by increasing FiO2 to 60%.
(6) Increase Pa0, by adjusting PEEP.

(7) Add EEG monitoring .

(8) Consider adding AED's, either Dilantin or
Keppra, for 1 week only.

TIER 1

(1). Adjust head of the bed to lower ICP .

(2). Ensure Temperature < 38°C.

(3). Pharmacologic analgesia and sedation

(4). CSF drainage (if EVD available).

(5). Increase CPP up to a maximum >70 mm Hg with fluid bolus.
(6). Standard dose Mannitol, to be administered as bolus
infusion, (0.25 - 0.5 mg/kg).

(7). Hypertonic saline.

(8). Adjust ventilator parameters to increase Pa0, by increasing
FiO, to 60%.

(9). Increase FiO, by increasing PEEP.

(10) Consider EEG monitoring.

11) Consider AED's, either Dilantin or Keppra, for 1 week only.

TIER 2

(1). Adjust ventilatory rate to lower PaCO, to
32-35mm Hg.

(2). High dose Mannitol >1g/kg.

(3). Repeat CT to determine if increased size of
intracranial mass lesions.

(4). Treat surgically remediable lesions with
craniotomy according to guidelines.

(5). Adjust temperature to 35— 37°C, using
active cooling measures.

TIER 2
(1). Adjust ventilator parameters to increase
Pa0, by increasing Fi0, to 100%.
(2). Increase Pa0, by adjusting PEEP.
(3). Increase CPP up to a maximum of 70 mmHg
with vasopressors.
(4). Adjust ventilatory rate to increase PaCO, to
45 =50 mm Hg.
(5). Transfuse PRBCs to goal Hgb >10g/dL.
(6). Decrease ICP to <10 mm Hg.
6a. CSF drainage.
6b. Increased sedation.

TIER 2.

(1). High dose Mannitol 1g/kg, or frequent boluses standard
dose Mannitol.

(2). Increase CPP up to maximum of 70mmHg with
VASOPressors.

(3). Adjust ventilator parameters to increase Pa0, by increasing
FiO, to 100%.

{4). Increase FiD; by increasing PEEP.

(5). Transfuse to Hgb >10g/dL.

(6). Repeat CT to determine if increased size of intracranial
mass lesions.

(7). Treat surgically remediable lesions with craniotomy
according to guidelines.

(8). Induced hypothermia to 35 - 37°C, using active cooling
measures.

TIER 3 (optional)

(1). Pentobarbital coma, according to local
protocol.

(2). Decompressive craniectomy.

(3). Adjust temperature to 32 — 34.5°C, using
active cooling measures.

(4). Neuromuscular blockade.

TIER 3 ([optional)

(1). Pentobarbital coma.

(2). Decompressive craniectomy.

(3). Induced hypothermia to 32 — 34.5°C.
(4). Neuromuscular blockade.
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Web Appendix — BOOST-lI tiered interventions for each treatment scenario.

ICP>20mmHgADM L Pbt02<20mmHgADMEN | ICP>20 HhD Pbt02<20 AD# it
TIER 1 Step 1 Step 1
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(0.25-1.0g/kg) PEEPRZEEZ1TS S5REIEK(Na+:155-160E81Z)
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TIER 2 Step 2 Step 2
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Outcomes

the primary outcome
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GOS-E : the Glasgow Outcome Scale-Extended score
DRS : the Disability Rating Scale
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the Glasgow Outcome Scale-Extended score

(GOS-E)
score  outcome sign
- FETC
1 Death D
- HEYDIRRE
2 Vegetative state VS
- B ortEHREZE DO EELEE (T WE
3 Lower severe disability SD -
4 Upper severe disability SD +
- fHEFNor INEEN D DINHELEEITBIL
5 Lower moderate disability MD -
6 Upper moderate disability MD +
- BIBAEN TRV OrD I WIREE TruDEEICEND
7 Lower good recovery GR -

8 Upper good recovery GR +




the Disability Rating Scale
(DRS)

Arousability Awareness and Responsivity
- Eye Opening
- Communication Ability
- Motor Response

Cognitive Ability for Self Care Activities TBIfZOMIR Y M=

- Feeding 0-29.a CXRXOAFX YU
- Toileting
+ Grooming - score 0 —normal

Dependence on Others
- Level of Functioning

- score 25-29
—Extreme Vegetative State

Psychosocial Adaptability
- Employability




Statistical Analysis
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Study schematic

119%EHINVEER

n=62 n=57

If all values normal, monitors
removed after 48 hours or at end of
assigned monitoring time

ICP=20 1CP=20
TSEBEMTA PbtO02<20
- THRETA

- ICP-only&% PbtO2+ICP&¥

[

Monitors removed when patients awoke from coma, when values (ICP and PbtO,) were normal for
>48 hours, when assigned monitoring time is met, or when monitors had been in place for 5 days

J

At 6 months after injury:
Glasgow Outcome Scale-Extended (GOS-E)
Disability Rating Scale
(in person or by telephone)




- Study Population

RESULTS

B=IZERZROEDERD . g’
TABLE 1. Demographics and Injury Characteristics of the Study Population

H(XICP-onlyBEh % L V]

Characteristics Overall ICP Only PbtO, + ICP P
Subjects, n 119 62 57
Age, mean (sp) 370 (17.3) 36.2 (175) 378 (172) 0613
Male sex, n (%) 92 (79) 46 (74) 46 (84) 0.262
Race, n (%)
White 100 (86) 53 (85) 47 (87) 0.359
Black 12 (10) 7(11) 5(9)
Other 4 (4) 2(4) 2(4)
Unknown 3 0 3
Injury type
Closed, n (%) 118 (99) 62 (100) 56 (98) 0.479
Penetrating, n (%) 0 (0) 0(0) 0(0)
Blast, n (%) 0(0) 0 (0) 0 (0)
Crush, n (%) 1(1) 0(0) 12
Glasgow Coma Scale motor, mean (so) 3.7 (1.5) 3.7 (1.5) 3.6 (1.5) 0.858
CT scan results
Contusions, n (%) 20 (38.4) 26 (566.5) 0.104
Midline shift, n (%) 28 (563.8) 26 (56.5) 0.841
Midline shift (mm), mean + so; median 3.38+4.68; 2 29814.56; 1 0918
Intraventricular hemorrhage, n (%) 17 (32.7) 15 (32.6) 1
Basal cisterns compressed or absent, n (%) 42 (80.7) 27 (68.7) 0.566
Craniectomy, n (%) 18 (35) 12 (24) 0.285
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TABLE 2. Brain Tissue Oxygenation and Intracranial Pressure Parameters by Study Group
ICP Only, (n = 58), PbtO, + ICP, (n = 55),

Mean £ so; Median Mean % so; Median

Proportion of time below 20 mm Hg 0.44 (0.31); 045 0.15 (0.21); 0.07 0.0000147
Average depth (mm Hg) 36 (39); 2.3 1.0 (2.0); 0.2 0.0000005
Area (over) the curve (mm Hg X hr)® 255 (291); 187 58 (97); 14 0.0000002
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TABLE 2. Brain Tissue Oxygenation and Intracranial Pressure Parameters by Study Group

Intracranial Pressure ICP Only, (n =57), PbtO, + ICP, (n = 55),
Maetric Mean 1 sp; Median Mean * so; Median
Proportion of time above 20mm Hg 0.15(0.19); 0.10 0.12 (0.19); 0.04 0.115
Average depth (mm Hg) 1.6 (69); 04 0.7 (1.3 0.3 0.194
Average depth (mm Hg) (excluding the two 0.7 (0.9); 0.4 0.6 (0.9); 0.2 0.195
extreme outliers)
Area under the curve (mm Hg x hr)® 103 (408); 36 50 (88)* 17 0.113
Area under the curve (mm Hg X hr)® (excluding 50 (56); 34 41 (59); 156 0.115
the two extreme outliers)
1.0 — ->-
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Supplemental Table 4: Serious Adverse Events.

Overall | ICP Only pbli:? * p-value

Subjects 119 62 57
A - Cardio-Vascular 14 (12%) | 5 (8%) 9 (16%) 257
B - Genito-Urinary 0 (0%) 0 (0%) 0 (0%)
C - Gastro-intestinal 2 (2%) 1(2%) 1 (2%) 1.000
D - Laboratory abnormalities 0 (0%) 0 (0%) 0 (0%)
E - Metabolic Disorders 0 (0%) 0 (0%) 0 (0%)
F - Musculo-skeletal 0 (0%) 0 (0%) 0 (0%)
G - Neurological 15 (13%) | 10 (16%) 5 (9%) 276
H - Opthamologic 0 (0%) 0 (0%) 0 (0%)
| - Respiratory 5(4%) 1(2%) 4 (7%) 192
J - Skin 0 (0%) 0 (0%) 0 (0%)
K - Other 25 (21%) | 17 (27%) | 8 (14%) 114
car[:e;a’t:h following w/d of medical 22 (18%) | 14 (23%) | 8 (14%) 48

Other* 3 (3%) 3 (5%) 0 (0%) 245
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Supplemental Table 3: Treatment-related protocol deviations & violations in each study

group.
By Number of Patients Overall | ICP Only Phlt 3: * p-value
N 119 62 57
Eﬁ:latmn: ICP 20-25 mmHg for >30 45 (38%) | 25 (40%) | 20 (35%) 576
Devlatlnn:' PbtO; 15-19 mmHg 11 (9%) 11 (19%)
for >30 min.
i ion: > >
\r:;::atmn ICP >25mmHg for >30 14(12%) | 8(13%) | 6(11%) 780
‘:{':;::]Iatmn: PbtO; <15mmHg for >30 9 (8%) 9 (16%)

ICP+PbtO28%¥D19% CTPbtO2=15mmHgADTT AN 3073 LIEN.
[E4R(C19% CTPbt0O2:15-19mMmMHgGADIT AN RSN o =
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Supplemental Table 2: Interventions by assignment group
ICP Only f,i':o";

(N=62) NeS7

Total Number of Interventions 933 867

B 933 411

C — 334

D —— 122
Add antiepileptic drug (AED) -— 9
C -— 8
D --- 1
Add EEG monitoring — 10
C 10
D 0
Adjust head of bed to improve brain oxygenation -— 39
C -— 39
Adjust head of bed to lower ICP 104 56
B 104 46
D -— 10

Adjust sedation and analgesia 340 210

B 340 184
D --- 26
Adjust Temperature to 32 — 34.5°C 1 0
B 1 0
D --- 0
Adjust temperature to 35 — 37°C 4 6
B 4 4
D i 2
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Supplemental Table 2: Interventions by assignment group
ICP Only :f:l:ot
(N=62) (N=57)
Adjust ventilation to increase PaCO: to 45-50 mmHg -— 6
C - 6
Adjust ventilation to lower PaCO: to 32-35 mmHg. 9 6
B 9 6
Adjust ventilation to obtain PaCO:. between 35-40 mmHg 39 10
B 39 10
CSF drainage 169 68
B 169 61
D — 7
Decompressive craniectomy 3 0
B 3 0
D == 0
Decrease ICP to < 10mmHg — 11
C - 11
Ensure temperature < 38°C 98 90
B 98 33
C - 42
D - 15
High dose mannitol (>1g/kg), or higher frequency of standard 6 6
dose
B 6 6
D —
Hypertonic saline 71 35
B 71 28

D
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Supplemental Table 2: Interventions by assignment group

icponly | CPY
(N=62) PbtO:
(N=57)
Increase CPP to a maximum of 70mmHg with fluid bolus — 35
C --- 27
D --- 8
Increase CPP to a maximum of 70mmHg with vasopressors == 6
C — 5
D — 1
Increase PaO: by adjusting PEEP — 57
C --- 48
D --= 9
Increase Pa0: by increasing FiO2 to 100% == 38
C — 26
D - 12
Increase Pa0: by increasing FiO: to 60% - 102
C --- 83
D --- 19
Neuromuscular paralysis 8 3
B 8 2
D = 1
Optimize hemodynamics --- 25
C --- 25
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A GOS-E at 6 Months
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PbtO2 + ICP

ICP Only
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8 = Upper Good Recovery, 7 = Lower Good Recovery. 6 = Upper Moderate Disability. 5 = Lower Moderate
Disability; 4 = Upper Severity Disability; 3 = Lower Severe Disability; 2 = Vegetative State; 1 = Dead

. FET-K (L. ICP-onlyBE T34%(n=18). ICP+PbtO2B¥T25%(n=13)
- ICP+PbtO28¥ TCGOS-E 5-8 (good outcome)H'11%Zh o=

- ICP+PbtO28+TGOS-E 8 (best outcome) 2B F &ixo Tz
(ICP+PbtO28%:13%. ICP-only2%:6%)
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B DRS at 6 Months
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0 = no disability; 1-11 = Mild to Moderate Disability; 12-29 = Severe Disability to Vegetative State

Figure 3. A, Glasgow Outcome Scale-Extended (GOS-E) at 6 months after injury in each study treatment
group. B, Disability Rating Scale (DRS) at 6 months after injury in each study treatment group. ICP = intracra-
nial pressure, PbtO, = brain tissue oxygenation.
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TABLE 2. Brain Tissue Oxygenation and Intracranial Pressure Parameters by Study Group

ICP Only, (n = 58), PbtO, + ICP, (n = 55),
Mean % so; Median Mean % so; Median
Proportion of time below 20 mm Hg 0.44 (0.31); 0.45 0.15 (0.21); 0.07 0.0000147
Average depth (mm Hg) 36(39);23 1.0 (20); 02 0.0000005
Area (over) the curve (mm Hg x hr)® 255 (291); 187 58 (97); 14 0.0000002
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TABLE 1. Demographics and Injury Characteristics of the Study Population

Characteristics Overall ICP Only PbtO, + ICP p
Subjects, n 119 62 57

Basal cisterns compressed or absent, n (%) 42 (80.7) 27 (68.7) 0.566
Craniectomy, n (%) 18 (35) 12 (24) 0.285
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Supplemental Table 4: Serious Adverse Events.

Overall | ICP Only Pbltc?: * p-value

Subjects 119 62 57
A - Cardio-Vascular 14 (12%) | 5(8%) 9 (16%) .257
B - Genito-Urinary 0 (0%) 0 (0%) 0 (0%)
C - Gastro-intestinal 2 (2%) 1(2%) 1(2%) 1.000
D - Laboratory abnormalities 0 (0%) 0 (0%) 0 (0%)
E - Metabolic Disorders 0 (0%) 0 (0%) 0 (0%)
F - Musculo-skeletal 0 (0%) 0 (0%) 0 (0%) -
G - Neurological 15(13%) | 10(16%) | 5(9%) .276
H - Opthamologic 0 (0%) 0 (0%) 0 (0%)
| - Respiratory 5 (4%) 1(2%) 4 (7%) 192
J - Skin 0 (0%) 0 (0%) 0 (0%)
K - Other 25(21%) | 17 (27%) | 8(14%) 114
Car[:eath following w/d of medical 22 (18%) | 14 (23%) | 8 (14%) 248

Other* 3 (3%) 3 (5%) 0 (0%) 245
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