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Relatore
Note di presentazione
A total of 226 measurements of cerebral blood flow (CBF) were performed in 96 postoperative patients with aneurysmal subarachnoid haemorrhage (SAH). The global CBF was significantly reduced in the first week after SAH, and the extent of the CBF reduction was less in the patients with good outcome than in those with fair/ poor outcome. The good outcome patients showed a progressive increase in CBF in the following 3 weeks. Although the CBF decreased further in the second week in some of those patients, it turned to a steady increase thereafter. On the other hand, in the fair/poor outcome patients CBF remained far below the normal control value for at least 3 months after SAH. When looking into the effect of age on CBF in the patients with good outcome, those in their thirties and forties had a significantly reduced CBF during the first 2 weeks, whereas in those in their fifties and sixties a significant reduction persisted for 3 months to 1 year after SAH. Management of the older patients needs special attention even if they are apparently in good clinical condition, since the CBF threshold to ischaemia is diminished.
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ﬁgé Acute Hypometabolism a o ﬁ,t

PRIMARY METABOLIC DEPRESSION

CBF
SAH CMRO2 OEF normAL
without Vasospasm CBV

Kent D Yundt et al .(1997)

Clinical and experimental studies have shown hypo-
metabolism after SAH with no changes in CBF.

Hayashi et al 2000
Prunell GF et al 2004

Spreading depression and blood itself probably play
important roles in causing changes in metabolism.
Beaulieu et al 2000

DriFRANK 'RASUIO ! L Neuro-Intensive Care, Spedali Civili University Hospital of Brescia, ITALY


Relatore
Note di presentazione
The exact etiology of the reduction in metabolic activity during the first minutes after SAH is still not well known.

Metabolic alterations may have a role in the reduction of CBF after SAH.Clinically, a decrease in the cerebral oxygen consumption and changes in the levels of Metabolites relatedto the cellular oxydative energy are common after SAH. Experimental studies have also shown a reduction in CMRO2, increase in lactate, FFA and Glutamate levels and reductions phosphocreatine and hexokinase levels.
Bendersonet al 1998

Hypometabolism could also be to the direct effect of deposition of blood in the Subarachnoid space. In accordance with this view, it has been reported that Mitocondrial function is impaired in the acute phase after SAH.
Marzatico et al. 1990

Further investigatins are necessary to determine whether the blood flow and metabolic declines are indeed interrelated or whether they are independent phenomena of the post-SAH brain
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Note di presentazione
Global or Local
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Note di presentazione
Per avere informazioni sull’O2 cerebrale utile conoscere O2 delivery e metabolismo..
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Relatore
Note di presentazione
Fig 1 Schematic representation of the tip of the Licox brain tissue
oxygen sensor. 1, Polyethylene tube with diffusible membrane; 2, gold
polarographic cathode; 3, silver polarographic anode; 4, electrolyte
chamber; 5, brain parenchyma. (Adapted from the manufacturer’s
manual.)
Nortje and Gupta
96
Downloaded from http://bja.oxfordjournals.org/ by guest on March 17, 2016

Fig 2 Schematic representation of the tip of the Neurotrend sensor
demonstrating the microporous polyethylene tube (1), the three optical
sensors, namely the PbO2 sensor (2) (ruthenium dye in a silicone
matrix), the PbCO2 sensor (3) (phenol red in a bicarbonate solution), the
pH sensor (4) (phenol red in a polyacrylamide gel) and the
thermocouple (5) (copper and constantan wires) all suspended in phenol
red and polyacrylamide gel (6) and implanted in the brain parenchyma
(7). (Adapted from the manufacturer’s manual.)
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European Stroke Organization Guidelines for
the Management of Intracranial Aneurysms

and Subarachnoid Haemorrhage cerebrovascular
Cerebrovasc Dis 2013;35:93-112 Diseases

Thorsten Steiner? Seppo Juvela? Andreas Unterberg® Carla JungP®
Michael Forsting® Gabriel Rinkel®

e EEG, PbtO, monitoring, and CMD may all be
useful physiological monitors for DCI detection.
Data from probes should be iterpreted in light of
its limited field of view and location in relation to
pathology. The relative value of these monitors
individually versus as part of a multi-modality
monitoring strategy 1s not known (Low quality
evidence—weak recommendation).
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1. We recommend systemic pulse oximetry in all patients
and end-tidal capnography in mechanically ventilated

COHSE“S[]S S um patients, supported by arterial blood gases measurement.

% LPRLIR 1 (Strong recommendation, high quality of evidence.) .
M“ltldlSCIpll“al 2. We recommend monitoring brain oxygen in patients Odallty
Momtor]ng in N with or at risk of cerebral ischemia and/or hypoxia, it C

L peter Le Roux - David K. M Giusepp using brain tissue (PbtO-,) or/and jugular venous bulb or 2014
eter Le oux * pavi . enon * Wwiuse e " . " " L'-L
Gretchen M. Brophy - Michael N. Diringer - oximetry (SjvO,)—the choice of which depends on
Neeraj Badjatia - Julian Boesel + Randall Ch B hol S dati 1 1
Marek Czosnyka * Michael De Georgia * Ani patlent PBI O Dgy' ( tmng recommendation, low qua -
David Horowitz - Peter Hutchinson + Monish ity Df 'E‘H"iden{:e.)

Andrew Naidech * Mauro Oddo * DaiWai Ol .
Corinna Puppo - Richard Riker + Claudia R« 3. We recommend that the location of the Pthz P['ﬂb'ﬂ

and side of jugular venous oximetry depend on the
diagnosis, the type and location of brain lesions, and
technical feasibility. (Strong recommendation, low
quality of evidence.)

4. While persistently low PbtO, and/or repeated episodes
of jugular venous desaturation are strong predictors of
mortality and unfavorable outcome, we recommend
that brain oxygen monitors be used with clinical
indicators and other monitoring modalities for accurate
prognostication. (Strong recommendation, low quality
of evidence.)

5. We suggest the use of brain oxygen monitoring to
assist titration of medical and surgical therapies to
guide ICP/CPP therapy, identify refractory intracranial
hypertension and treatment thresholds, help manage
delayed cerebral ischemia, and select patients for

second-tier therapy. (Weak recommendation, low
quality of evidence.) ““ié"
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Systematic and Comprehensive Literature Review of Publications on
Direct Cerebral Oxygenation Monitoring

Erhard W. ]_;iflllg_ﬂt*’L and Matthias Jae gt“l‘2 The Open Critical Care Medicine Journal, 2013, 6, 1-24

Device

Licox -
Neurotrend -
Neurovent-PTO -
MPBS -

Foxy, AL-300 -

PO2-100DW -

DIRECT INVASIVE PbtO2 MONITORING DEVICES

Manufacturer Sensor type
GMS-Integra, (Kiel- Mielkendorf, Germany) - Polarographic (“Clark”) cell
Codman, Johnson & Johnson (Raynham, MA, USA) - Optical sensors

Raumedic (Mlinchberg, Germany)
Oxford Optronix (Oxford, UK) Luminescense quenching

Ocean Optics (Dunedin, FL, USA)

Inter Medical Co. Ltd. (Nagoya, Japan) - Clark type electrode
:'.- I‘?:‘i?‘—":s mV polarization
N e |
Licox sensor Neurotrend sensor
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Relatore
Note di presentazione
The Neurotrend probe uses optical sensors. Measurements are obtained through a dye which is connected to a fiberoptic cable. The properties of the dye change along with gas concentrations and pH of adjacent tissues, which in turn reflects tissue partial pressure of oxygen. The Neurotrend probe contains four sensors, it measures pbtO2, ptiCO2, tissue pH, and tissue temperature. Its sampling area is around 2mm2 . The Neurotrend probe yields lower values compared to the Licox probe. This is a difference due to the probe’s monitoring techniques, which users must be aware of. It does not indicate measurement validity.

The Licox probe uses a polarographic (“Clark”) cell in which oxygen diffuses from the tissue through the catheter polyethylene wall into its inner electrolyte chamber. Oxygen is transformed at the electrode where it determines an electrical current. The electrical current reflects tissue pbtO2. Its sampling area, depending of the type of oxygen sensor, is around 13mm2  to 18 mm2 .
The Neurotrend probe yields lower values compared to the Licox probe. This is a difference due to the probe’s monitoring techniques, which users must be aware of. It does not indicate measurement validity.

The “Neurovent-PTO” is a sensor which measures pbtO2, ICP and brain temperature. The pbtO2 measurement principle is based on exciting a flourescent dye with light. PbtO2 is calculated from the fading properties of the fluorescent dye, so called “luminescense quenching”. Its sampling area is around 22mm2  [71].

The Oxford Optronix and the Foxy-ptiO2 sensor also use the “luminescense quenching” technique. The Oxford Optronix sensor, referred to as “multi-parametric brain sensor” [MPBS] also measures laser-Doppler based cerebral blood flow and ICP [149, 245]. It is a prototype and has been used in animals [246]. The Foxy AL-300 has also been used in animals [247].

The “PO2-100DW” is a micro polarographic cell sensor (Clark type electrode) and has been used in an animal studyFig 1 Schematic representation of the tip of the Licox brain tissue
oxygen sensor. 1, Polyethylene tube with diffusible membrane; 2, gold
polarographic cathode; 3, silver polarographic anode; 4, electrolyte
chamber; 5, brain parenchyma. (Adapted from the manufacturer’s
manual.)
Nortje and Gupta
96
Downloaded from http://bja.oxfordjournals.org/ by guest on March 17, 2016

Fig 2 Schematic representation of the tip of the Neurotrend sensor
demonstrating the microporous polyethylene tube (1), the three optical
sensors, namely the PbO2 sensor (2) (ruthenium dye in a silicone
matrix), the PbCO2 sensor (3) (phenol red in a bicarbonate solution), the
pH sensor (4) (phenol red in a polyacrylamide gel) and the
thermocouple (5) (copper and constantan wires) all suspended in phenol
red and polyacrylamide gel (6) and implanted in the brain parenchyma
(7). (Adapted from the manufacturer’s manual
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Relatore
Note di presentazione
The Unisense oxygen microsensor is an excellent research tool for high quality oxygen measurements. The microsensor can be made with tip sizes of only 2-3 µm allowing for non-destructive measurements of oxygen at high spatial resolution in numerous applications. The response time ca be less than 0,3 sec and the oxygen microsensor has an insignificant oxygen consumption giving you fast and accurate oxygen measurements.
The oxygen micro- and minisensors are all Clark-type sensors measuring oxygen partial pressure. The working principle of the oxygen microsensor is based on diffusion of oxygen through a silicone membrane to an oxygen reducing cathode. The reducing cathode is polarized against an internal Ag/AgCl anode.The oxygen microsensor has a guard cathode that removes oxygen in the electrolyte, thus minimizing zero-current and pre-polarization time. The resulting sensor signal is in the pA range and is measured by a high quality picoammeter e.g. the Unisense Microsensor Multimeter.


““'é’é PbtO2 DIFFERENT VALUES

Probes cannot be used interchangeably in patients after SAH

Cerebral tissue oxygenation measured by two
different probes: challenges and interpretation

Julius Dengler
Intensive Care Med (2011) 37:1809-1815
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LX and NV probes measure different PbrO2 values

in routine monitoring in patients after SAH and TBI.

Our data therefore do not support the view that
both probes can be used interchangeably.

The Oxygen Reactivity Index and Its Relation to Sensor
Technology in Patients with Severe Brain Lesions

Julius Dengler « Christin Frenzel = Peter Vajkoczy s neurocritical Neurocrit Care (2013) 19:74-78
Peter Horn - Stefan Woll ol society
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The main result is that Licox and Raumedic showed con-
sistent differences in ORx and CPP,. Therefore, ORx
values of both probes cannot be interchanged and should
not be viewed as equivalent. This should be taken into




‘2 PbtO; DIFFERENT VALUES

DIFFERENT THRESHOLD VALUES BETWEEN SAME DEVICES

Sensor Authors Year Proposed threshold How the threshold was determined
[mm Hg (kPa)]
Paratrend 7 | Zauner and mlleaguesl": 1997, 1998 25 (33) Phg, of 26 mm Hg = CBF (xenon CT) < I8 ml per 100 g
Doppenberg and colleagues' per min; all patients with Pbg, <25 mm Hg had a poor outcome
Paratrend 7 | Doppenberg and colleagues'™ 1998 Between 19 and 23 Combined above data with a feline MCA occlusion study and
(25 and 3) outcome
Neurotrend ~ Menon and colleagues™ 2004 10 (1.3) Significantly greater diffusion gradients for oxygen
(Pvg, —FPbg,) if Pby, =10 mm Hg
Neurotrend  Johnston and mlleagueﬁ” 2005 <14 (19) Significant linear relationship between Phg, and PET OEF
(=021, P<0.05); mean normal OEF=40% associated with
Phg,=14 mm Hg
Licox Kiening and colleagues™ 1996 8.5(1.1) Regression analysis: Sj,, threshold of 50% correlated with
Phg, of 8.5 mm Hg
Licox van Santbrink and ED"E-EEUES‘;H 1996 Between 10 and 15 Significant difference in 6 month outcome at threshold
(1.3 and 2) =5 mm Hg (P=0.04), suggested maintenance of Pbg, between
10 and 15 mm Hg
Licox Valadka and mlleaguteq“ 1998 2002716 (0.8)] Tobit regression analysis relating the time below thresholds of
Phg, with likelihood of death. Much greater likelihood of death,
the longer the Fbo, <20 mm Hg or any time of Pbg, <6 mm Hg
Licox van den Brink and colleagues” 2000 <5 (0.6) for 30 min The relative risk of death was graded. Hypoxic thresholds are
<10 (13)for 1 h45 min  expressed as the depth and duration of hypoxia imparting a
<I15(2)for4 h 50% risk of death
Dr. Frank Rasulo EQ
ANESTHESIA, INTENSIVE CARE, PERIOPERATIVE CARE MEDICINE =3

Spedali Civili, University Hospital of Brescia, Italy


Relatore
Note di presentazione
Not only different probes, but between same probes….and same centres!!!!!!
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PbtO, where?

Christian T. Ulrich'*, Christian Fung1, Hartmut Vatter?, Matthias Setzer?, Erdem Gueresir>,
Volker Seifert?, Juergen Beck', Andreas Raabe’

Occurrence of Vasospasm and Infarction in Relation to
a Focal Monitoring Sensor in Patients after SAH: Placing
a Bet when Placing a Probe? PLOS ONE May 2013 | Volume 8 | Issue 5
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The probability that a single focal probe will be situated in the territory of severe CVS and infarction varies over a wide range.

Focal ptiO2 or MD measurements are useful for MCA and ICA aneurysms, but may have a high (50%) failure rate in patients

with VBA and ACA aneurysms. More reliable CVS or infarction detection was observed in MCA and ICA.



Relatore
Note di presentazione
PbtO2  monitoring is a local measure of interstitial and capillary O2  averaged over a probe area of 13 mm2 .

The probability that a single focal probe will be situated in the territory of severe CVS and infarction varies over a wide range. More reliable CVS or infarction detection was observed in MCA and ICA. 

In our opinion, focal ptiO2 or CBF or microdialysis measurements are useful for MCA and ICA aneurysms, but may have a high (25– 50%) failure rate in patients with VBA and ACA aneurysms.
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Brain Tissue Oxygen Monitoring: Physiologic
Principles and Clinical Application

Operative Techniques in Neurosurgery, Vol 7, No 1 (March), 2004: pp 2-9
Venu M. Nemani, MD, and Geoffrey T. Manley, MD, PhD
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Fig 2. Characteristic effects of hyperventilation and hypoventilation on PbrO,, end-tidal CO, (ETCO,), and mean arterial
pressure (MAP) from a representative experiment. (A) Hyperventilation for 10 minutes simultaneous decreased PbrO, and
ETCO,. A notable decrease in MAP was also observed. (B) Hypoventilation for 10 minutes increased PbrO, and ETCO, with
no significant change in MAP. All values are in mmHg.



Relatore
Note di presentazione
Arriviamo all’utilità della Ptio2….ma bisogna tener ben presente che non sempre la PbtO2 si muove nello stesso senso del CBF 


PhtO, VARIATIONS. FRELIMINARY FINDINGS.
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{ MATHEMATICAL MODEL FATLS TO PREDICT HYPEROXIA INDU(Iﬂ)

Material and methods: . Pa02-Pbt02
Iie.lmll:ls|:|nlflaﬂllllhlllflxilmdelu\t'lilllﬁl2
response to hyperoxia plotting Pad; as ao 50,0
independent variable (x). Pbt(, as a dependent
variable (y), and haemoplobin concentration, CBF e
and cerebral metabolic mate of oxypen (CMROS) as
parametric vanables (Fig.1). Four patients suffering - e
severe head imjury or subarachooid hemormhage =
CclllSu]zt:ﬂImuannﬁu o

smdy. Each patient received Pit0,, ICP. MAP and S

gl (Pt p reactivity mdex) 00
and PRx (pressure reactivity index) cabculated
A byperseic stimuliisn teat sile W pravide FEARSER AR OE RS R
comparable data with the predictive vale of the P02
(Fi0y) was gradually increased by 0% every five Fig. 1. Theorstical prototyps creassd by assigning virmal vahss to the paramsserizal
mimites from a baseline value of 40% to 3 mazionm varighles: CBF=H) ml100 g'min; Hb=14 g'dl; CMEO?2= 2 ml10{ g/min.
of 100%. At the forth mimate after the new Fi0, set - ~
up an arterial blood sample was taken. o

1 I 1 [ ]
w0 — Ly AGTeed0rs L[ [

ik

_\
>

AGREEMENT b
-

‘ * Al o o
m’.ﬁ% e DETININCD ! 0 0 0, 300 i it i
F‘.! Fhlm;lfm,wh'ﬂhmmthy:—-;nf
jom Jine shows a linsar pattarn,
mean /‘ ﬂﬁ-ﬂyi-n-l-t-pn-dhghm_u

Fig. 3. Graphical rupresestation of Bland & Altman test ing Pl and medal rlhs.ﬁ_d:lﬂhnllq_i-

(difference
HhowBEELHSERERT T
-
-

et
&
]
]
E

‘uppar to krwar, uppar limit of comcordamcs betansan the fors comparsd valnss, the bias, and tha lower limest of Ax the mean i
difernce batansen the numnhers obtyined threngh the mvo matheds increasss too.

Dr. Frank Rasulo
ANESTHESIA, INTENSIVE CARE, PERIOPERATIVE CARE MEDICINE
Spedali Civili, University Hospital of Brescia, Italy

iy



w2 PbtO, FiO2, CBF B

( MATHEMATICAL MODEL FATLS TO PREDICT HYPEROXTIA INDUCED
PhtO, VARIATIONS. FRELIMINARY FINDINGS.

Bita Borfuefid’, Fronk Resls!, dndres Lavinic 3 dlan Girardind, Pacla Goerald!, Nicoly Latromioo’
YWawmm Critical Carn Unis, Institute of Anssthesia and Inlansive Cang, §

TWazmo Critical Cema Unis, Instituts of A=asstheaiz, Addanbeoeks’s Uni /_ —\

60,0 -

Material and methods: o f
ﬂte authors created a mathematical model of lilllﬂt

Tesponse to h]’pm:l.l plotting Pad; as ao 50,0 50!0 n

40,0 -

CPP cmﬁnm monitoring. For masm of
antoregulation ORx (Pht0, pressure reactivity index) o0 4— 300 —
calculated. 3

comgarable data with the predictive value of fhe | | ~l
(30 v pasaly i by o ey e | Pyimms | O
e o basei vut o 307 10 o masim | i CBF = 20,0 -
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ol R
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~ Conclusions:
Telationship besween Pal, and PheD, resulted to be significantly strong, and therefore proving the mathemarical moded to be wrong (Fig.
2). During hyperowia Pht0, showed to be directly dependent on PaCh, rather than oxygen delivery. so the corelation berween Pbe(), and

'CBF previously proved in literatare is not to be such under conditions of hyperoxygenation, the result being an overestimation of the CBF
eumhiﬁmmimznkﬂc—ﬁn

variables: CBF=40 ml/100 g/min: Hb=14 g/dl; CMRO2= 2 ml/100 g/min.

Dr. Frank Rasulo
ANESTHESIA, INTENSIVE CARE, PERIOPERATIVE CARE MEDICINE
Spedali Civili, University Hospital of Brescia, Italy
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Fig. 2. Plotting of PaO, values with the corresponding PbtO, measured by means of

hyperoxic stimulation tests. The calculated regression line shows a linear pattern,
differently from what expected by the mathematical model.

Dr. Frank Rasulo
ANESTHESIA, INTENSIVE CARE, PERIOPERATIVE CARE MEDICINE
Spedali Civili, University Hospital of Brescia, Italy
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1o investigate relationships between cerebral tissue oxygen tension (Pbt0;) and anenal oxygen partial pressure (Pay) duning cerebral
bloed flow (CEF) and membolism steady state, also o understand whether cerebmal oxyzen tension depends en oxygen delivery or

Objective:

>

/ Material and methods: \
the muthors created a mathematical model of PheO,

response to hyperoxia plotting Pad; as ao
independent variable (x). Pbt(, as a dependent
vanable (y), and haemoglobin concentration, CBF
and cerebral metabolic mate of oxypen (CMROS) as
severe head imjury or
(Glasgow Coma Scale = B) were enrolled in this.
stdy. Each patient received Pbt0,, ICP, MAP and
m:mm For assessment of
1 OR:x (Pbt0, pr Teactivity mdex)

A hyperozic stimulation fest able to p{w}d&
comparable data with the predictive vale of the
model was elaborated:  inspiratory oxygen fraction
(FLBﬂll;gmlul]l]mmisedlrme five
mimstes from a baseline value of 407 to 3 maximum

of 100%. At the forth mimate after the new Fi0, set
anﬂillhhndsmﬂewls taken.

- Results:

hyperowic stimulation tests were performed  For each
test, the relationship between PO, and Pot0l; showed
1o be positive and swong: mean linear comelation
coefficient B =0.958 (+0.058) and mean
R3=0.923(=0,107).
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Fig_ 1. Theorstical prototyps created by zssiguing virmal values to the paransserical
varighles: CHF=H] ml100 g'min; Hb=14 g/dl; CMEOI= 2 ml100 g/min.
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Conclusions:
relationship between PaO, and PbtO, resulted to be significantly strong, and therefore proving the mathematical model to be wrong (Fig.
2). During hyperoxia PbtO, showed to be directly dependent on PaO, rather than oxygen delivery. so the correlation between PbtO, and

CBF previously proved in literature 1s not to be such under conditions of hyperoxygenation, the result being an overestimation of the CBF
Q!.rhich may limit the prognostic influence of PbtO, under such conditions.
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mit 2 PbtQ2 asa THERAPY GUIDE oMeeting.
= - . &
The physiology behind direct brain oxygen monitors
and practical aspects of their use
Childs Nerv Syst (2010) 26:419-430
Eileen Maloney-Wilensky - Peter Le Roux
Table 1 Interventions that can be used to correct PbtO, values
PuO, Low (<20mmHG) |
4' IcP Treat ICP - diuretics, CSF drainage, sedation
( barbiturates, Propofol), craniotomy
Pain Give pain medication
Increased Demand Shivering Stop shivering- Demerol, Thorazine, paralytic
Agitation Give sedation
Seizures Give Benzodiazapine & adjunct anticonvulsant
Fever Treat fever- Tylenol, NSAID. cooling devices
Hypotension 8 (CPP) Isotonic fluids (NS or hypertonic saline),
Vasopressors
: Isotonic fluids (NS or hypertonic saline), blood
Decreased Delivery Hypovolemia replacement P
Anemia Blood replacement
Hypoxia Increase FI02, PEEP. pulmonary toilet
P,;0, high ( >550mmHG)
Increased delivery Hyperdynamic Hyperventilation?
(hyperemic)
Hypothermia Normothermia
Decreased demand ;eeiiﬁgifa Decrease sedation, anesthesia, or paralysis as
. needed but freatment may not be necessary
Paralysis
unif,
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PbtO:

as a THERAPY GUIDE

The physiology behind direct brain oxygen monitors

and practical aspects of their use

Childs Nerv Syst (2010) 26:419-430
Eileen Maloney-Wilensky - Peter Le Roux

Table 2 Therapies used in our ICU to treat compromised brain oxygen

Frequently used therapy

Less frequently used therapy

Adjust ventilator parameters to
increase PaO,
Increase FiO, (e.g. 50 to 60%)

Increase PEEP

Transient Normobaric
Hyperoxia
100% Fi0,

Augment CPP
Colloid bolus
Neosynephrine, dopamine

Pharmacologic analgesia
and sedation
Propofol, versed, ativan

Fentanyl, morphine

Head position or avoid turning,
certain positions

ICP control

Sedation, mannitol, IV
lidocaine, HTS

Insure temperature <38°C

DC (or other cranial surgery)

‘Ventriculostomy

Continuous or intermittent CSF
drainage
Blood transfusion

Neuromuscular paralysis

Pancuronium, vecuronium

Adjust ventilator rate

Increase to lower PaCO;, (ICP)
Decrease to increase EtCO,, paCO,

Pulmonary toillette and suction

Penthothal (barbiturate burst
suppression)

Labetalol
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Ma cosa succede se giro la manopolina?
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Benefits of increased Pa0O2 to the brain

An increase in PbtO2 is associated with improved brain metabolism, measured with

cerebral microdialysis
Normobaric hyperoxia-induced improvement in cerebral metabolism and reduction in
intracranial pressure inpatients with severe head injury: a prospective historical
cohortmatched study. Tolias CM et al. J Neurosurg (2004) 101:435-444

high-flow oxygen therapy reduces infarct volumes in animal stroke models, and improves clinical

deficits in patients with acute stroke
Singhal Ab et al. Normobaric hyperoxia reduces MRI diffusion abnormalities
and infarct size in experimental stroke. Neurology (2002) 58:945-952

Singhal AB, et al A pilot study of normobaric oxygen therapy in acute ischemic
stroke. Stroke (2005)36:797-802

Increasing FiO2 in patients with brain injury increased 02 delivery to the brain and

decreased the level of lactate levels as measured by microdialysis .
Bergsneider M, Hovda DA, Shalmon E, et al: Cerebral hyperglycolysis
following severe traumatic brain injury in humans: A positron
emission tomography study. ) Neurosurg 86:241-251, 1997

Increased inspired oxygen concentration as a factor in improved brain tissue

Oxygenation and tissue lactate levels after severe human head injury.
Menzel M et al: J Neurosurg 91:1-10, 1999
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AND NINO STOCCHETTI, M.D.

Lack of improvement in cerebral metabolism after hyperoxia

in severe head injury: a microdialysis study
J Neurosurg 98:952-958, 2003

SANDRA MAGNONI, M.D., LAURA GHISONI, M.D., MARCO LOCATELLI, M.D.,
MARIANGELA Camvii, M.D., ANGELO CoLOMBO, M.D., VALERIO VALERIANI, M.D.,

% of baseline

Conclusions

In this study we confirm that increasing FiO, to 100%
causes lactate in brain tissue after TBI to decrease slightly.
Lactate falls similarly in adipose tissue, indicating a sys-
temic effect of hyperoxia. We found no improvement in the
lactate/pyruvate ratio, however, and a nonsignificant reduc-
tion of cerebral O, extraction. These data indicate an over-
all depression of cerebral glucose metabolism rather than
improved oxidative function. In the absence of more con-
vincing data on its benefits, and considering the potential
harmful effects on the respiratory apparatus of hyperoxia,
we conclude that it cannot be recommended for improving
brain metabolism after TBIL.

TABLE 5

Comparison of the main features of hyperoxia testing
in our study and in Menzel, et al. *

Study Feature Menzel, et al. Present Study
methods
infusion rate 2 pl/min 0.3 pl/min
glucose recovery 35% 80%:
lactate recovery 42% 80%%
dialysate sampling int 30 mins 30 mins
clinical data
no. of patients 12 8
age (yrs)§ 355 £ 16.8 41.1 = 21.2
baseline gluc (mmol/L)§ 0.56 = 0.39 228 £ 1.35
baseline lact (mmol/L)§ 1.3 09 32+28
hyperoxia
int btwn TBI & test (hrs)§ 1227 44 = 18
no. of tests 12 18
duration of test 6 hrs (3 hrs 3 hrs FiO,
FiO, 60% + 100%

3 hrs FiO, 100%)

Dr. Frank Rasulo

ANESTHESIA, INTENSIVE CARE, PERIOPERATIVE CARE MEDICINE

Spedali Civili, University Hospital of Brescia, Italy
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Other groups have expressed concern about the findings that normobaric hyperoxia alone can improve cerebral oxygenation. Blood hemoglobin, which is almost completely responsible for O2 delivery to tissues, is almost fully saturated at room air. In contrast, the amount of O2 dissolved in blood is negligible. Therefore, increasing FiO2 does not significantly increase the O2 content carried by blood to hypoxic tissue. Although PbrO2 increases with an increase in FiO2, the increase does not necessarily correlate with an increase in the supply of O2 to tissue.

To show an improvement in cerebral metabolism
in response to increased FiO2, studies must show that ATP
generation and the cerebral metabolic rate of O2 (CMRO2)
consumption increases after this type of therapy as measured by
microdialysis. Until these studies and additional clinical outcome
studies are performed, hyperoxia should not be used for
the routine treatment of TBI patients.

Although PbtO2 is influenced by factors
that regulate CBF, and in particular CO2 and MAP [75], a
PbtO2 monitor is not simply an ischemia monitor [78, 79].
Instead, it likely is a marker of the balance between
regional oxygen supply and cellular oxygen consumption.
It also is influenced by changes in diffusion distance
between capillaries and cells and the proportion of arterioles
and venules where the probe is placed [7, 32, 77]; that
is, PbtO2 may reflect oxygen diffusion rather than total
oxygen delivery or cerebral oxygen metabolism. Other factors
known to influence PbtO2 include FiO2, arterial partial
pressure of oxygen (PaO2), MAP, CPP, CBF, and Hgb
concentration, to name a few, and it may be inversely
correlated with oxygen extraction fraction on PET [80].
Importantly, a PbtO2 monitor is different from a jugular bulb
catheter that reflects the venous oxygen content in blood
exiting the brain and so indicates the balance between oxygen
delivery and oxygen utilization. By contrast, PbtO2 is more a
measurement of the oxygen that accumulates in brain tissue.
Recently, Rosenthal et al. [76] challenged 14 severe TBI
with an increase in FiO2 to 1.0 (oxygen reactivity), a
10 mmHg increase in mean arterial blood pressure (cerebral
autoregulation), and a 10 mmHg decrease in PaCO2 (CO2
cerebral vascular reactivity). They made the following
important observations: (1) PaO2 and PbtO2 both increased
with an oxygen challenge. However, there was not a
substantial change in oxygen delivery, and regional
CMRO2 remained unchanged. (2) During a MAP challenge,
there was a small increase in CBF, and the mean
PbtO2 increased. A significant change in CMRO2 was not
observed. (3) Hyperventilation reduced CBF, and this
increased AVDO2. Although there were several study
limitations, their data further suggest that PbtO2 reflects
the product of CBF and the arteriovenous difference in
oxygen tension, PbtO2=CBFÅ~AVTO2; that is, the interaction
between plasma oxygen tension and CBF is an
important determinant of PbtO2. This finding is consistent
with experimental studies, which indicate that PbtO2 does
not simply reflect CBF [79], PET studies in human TBI that
show that diffusion abnormalities can contribute to cerebral
hypoxia [7], and microdialysis studies that indicate that
increases in markers of anaerobic metabolism can occur
independently from CPP [81]. In other words a PbtO2
422 Childs Nerv Syst (2010) 26:419–430
monitor can provide some insight into both ischemic and
non-ischemic derangements of brain physiology after TBI.
Rosenthal et al. [76] also compared the mean ratio of tissue
to arterial oxygen concentration and the ratio of tissue to
venous oxygen concentration. These values were was less
than 2–2.5% consistent with Kety and Schmidt’s original
hypothesis that the concentration of oxygen in brain tissue
is very small relative to the oxygen content of arterial and
venous blood [23, 82].
Despite  these  promising  studies, there  remains  debate  about  the physiological efficacy of normobaric 
hyperoxia with some PET and microdialysis studies, suggesting that it does not improve brain metabolism.
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Effect of normobaric hyperoxia on cerebral oxygenation, metabolism and
oxidative stress in patients with subarachnoid hemorrhage caused
by intracranial aneurysm rupture.
Solodov AA, et al. Anesteziol Reanimatol. 2013 Jul-Aug;(4):66-71

Conclusions:

B cTaThe OMUCHIBAIOTCA 0COOEHHOCTH KOMOMHUPOBAaHHOTO METOAA IUIACTHKH iedeKTa OCHOBAHMSA Yepena
y 6OJIBHBIX Ha3aIbHOM IMKBOPeeH ¢ IOKaTU3alyel B KIMHOBHAHOM asyxe. Beero Takum crioco6om 65110 1po-
ONepHpOBaHO 15 MaIyUeHToB ¢ JIOKA/IM3aIMel IMKBOPHOM QUCTYIIB B KIMHOBUAHOM ITa3yxe, ¥ 8 U3 KOTOPHIX
BepUQHUIMPOBaHO MeHHHTOLe/e. OCHOBHEIMH IIPEUMYILECTBAMH CII0c00a ABAIOTCA: XOPOIIas BU3yaTu3aLys
BCEX OTZEN0B KIMHOBHUAHOM Ia3yXH, Ha/ieKHas IUIaCTHKA JUKBOPHOH QUCTYIE!, QYHKIMOHATIBHOCTE, COXPa-
HEHWE aHaTOMUYECKOM LIeJIOCTHOCTH II0JIOCTH HOCa ¥ KIMHOBUAHOM [1a3yXu.

KiroueBble ¢J10Ba: Ha3albHAA IMKBOPEs, MECTHEIE TUTaeMbIe JIOCKYTH, IeheKT OCHOBAHHSA Yepena, KJIu-
HOBH/IHaA [1asyxa.

Bubmuorpadus: 8 MCTOYHHKOB.

Increase of FiO2 from 0.3 to 0.5 and 1.0 was accompanied with brain oxygen tension
(PbrO2) increase and cerebral extraction ratio for oxygen (O2ER) decrease. Application
of normobaric hyperoxia had no effect on ICP, cerebral perfusion pressure, arterial
blood pressure and cerebral metabolism.
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The development of cerebral vasospasm in subarachnoid hemorrhage (SAH) due to cerebral aneurysms rupture results in cerebral circulation disturbances. Application of normobaric hyperoxia can be an effective way for improving of oxygen delivery to injured brain tissues. The purpose of this study was to assess of normobaric hyperoxia influence on intracranial pressure (ICP), cerebral oxygenation and metabolism, oxidative stress and endogenous factors of vascular regulation in II critically ill patients with nontraumatic SAH due to cerebral aneurysms rupture. Increase of FiO2 from 0.3 to 0.5 and 1.0 was accompanied with brain oxygen tension (PbrO2) increase and cerebral extraction ratio for oxygen (O2ER) decrease. Application of normobaric hyperoxia had no effect on ICP, cerebral perfusion pressure, arterial blood pressure and cerebral metabolism. 
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Effect of hyperbaric oxygen therapy on cerebral vasospasm: a vascular

morphometric study in subarachnoid hemorrhage
Ozgiir Celika et al. International Journal of Neuroscience Volume 2014: 124(8)
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Note di presentazione
This study was undertaken to investigate the preventive or therapeutic effect of hyperbaric oxygen therapy (HBOT) on cerebral vasospasm following experimental subarachnoid hemorrhage (SAH). Twenty rabbits were assigned randomly to one of four groups. Animals in Group I were not subjected to SAH or sham operation (control group, n = 5). Animals in Group II were subjected to sham operation and received no treatment after the procedure (sham group, n = 5). Animals in Group III were subjected to SAH and received no treatment after SAH induction (SAH group, n = 5). Animals in Group IV were subjected to SAH and received five sessions of HBOT at 2.4 atmospheres absolute (ATA) for 2 h (treatment group, n = 5). Animals were euthanized by perfusion and fixation 72 h after procedures. Basilar artery vasospasm indices, arterial wall thicknesses, and cross-sectional luminal areas were evaluated. Statistical comparisons were performed using Kruskal–Wallis and Mann–Whitney U tests. Mean basilar artery vasospasm index in the treatment group was significantly smaller than in the SAH group. Mean basilar artery wall thickness in the treatment group was significantly smaller than in the SAH group. Mean basilar artery cross-sectional luminal area in the treatment group showed an increase relative to the SAH group, but this difference remained statistically insignificant. Our results demonstrated that repeated application of HBOT at 2.4 ATA for 2 h attenuated vasospastic changes such as increased vasospasm index and arterial wall thickness. HBOT is thus a promising candidate for SAH-induced vasospasm. Further studies are needed to evaluate maximal effect and optimal application regimen.
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Tutti sappiamo che con l’ossigeno,”non si scherza col fuoco”…..va monitorizzato


wW5e INTRA-OPERATIVE PbtO> Geworen X

Intraoperative brain oxygenation monitoring and vasospasm in
aneurysmal subarachnoid hemorrhage.
Cerejo A et al. Neurol Res 2012; 34(2): 181-6.

28 aSAH patients

Post-operative TCD vasospasm developed in 13 patients, all of them with basal values
inferior to 10 mmHg.

PbtO(2) basal value was significantly lower in cases that developed TCD vasospasm.

The finding of low intraoperative basal PbtO(2) values may be an indicator for a high risk
of occurrence of post-operative TCD vasospasm in cases of aneurysmatic SAH.
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Abstract
BACKGROUND: 
Vasospasm is a frequent complication of subarachnoid hemorrhage (SAH), implicated in poor outcome, and prediction of its occurrence might be important on the therapeutic approach of this condition. Brain oxygenation in aneurysmal SAH was prospectively monitored during surgery in 28 patients, using brain tissue oxygen pressure (PbtO(2)), studying its association with the occurrence of post-operative vasospasm, detected by transcranial Doppler.
METHODS: 
PbtO(2) monitoring was performed during surgery of 28 patients with aneurysmal SAH, using a polarographic microcatheter (Licox; GMS, Kiel, Germany), inserted into the cerebral tissue. The aneurysms were localized in the anterior communicating artery (AcoA) complex (eight cases), in the posterior communicating artery (Pcom) origin (seven cases), and in the middle cerebral artery (MCA) bifurcation (13 cases). Basal PbtO(2) values, obtained immediately before application of temporary or definitive clips, were studied according to age, clinical status and CT findings. The association between the basal values and the occurrence of increased blood flow velocity in the post-operative transcranial Doppler (TCD vasospasm) was investigated.
RESULTS: 
Post-operative TCD vasospasm developed in 13 patients, all of them with basal values inferior to 10 mmHg. PbtO(2) basal value was significantly lower in cases that developed TCD vasospasm. This association was independent of age, clinical status, or CT findings.
CONCLUSION: 
The finding of low intraoperative basal PbtO(2) values may be an indicator for a high risk of occurrence of post-operative TCD vasospasm in cases of aneurysmatic SAH.
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Brain Tissue Oxygen Monitoring to Assess
Reperfusion after Intra-Arterial Treatment of
Aneurysmal Subarachnoid Hemorrhage —Induced
Cerebral Vasospasm: A Retrospective Study

AJNR Am J Neuroradiol 33:1411-15 | August 2012 |

Mild-to-moderate and moderate-to-severe group physiologic parameters before and after spasmolytic therapy along with percentage
improvement in Ph0, after spasmolytic therapy

Vasospasm Pbo,? CPP® ICP® Sa0,” Fio,” % PbO,

Severity Timing (mm Hg = SE) (mm Hg + SE) (mm Hg = SE) (mm Hg + SE) (mm Hg = SE) Improvement

Mild-mod Prespasmolysis 352 = 3.1 1109 = 35 b4 +22 996+ 03 557 £ 35 14
Postspasmolysis 403 + 3.1 1079+ 40 46 £1.0 995+ 03 555+ 4.1

Mod-sev Prespasmolysis 27.3 + 3.1 116.7 = 38 b8+ 13 998 + 02 575+ 6.1 40
Postspasmolysis 38432 1139+ 44 7819 99.2 =05 570 £6.1
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100% of instances the mean PbO2 increased after spasmolysis and correlated with improvement in angiographic VS.

CPP, ICP, Sa02, and FIO2, did not show any statistically significant difference before and after spasmolysis.
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BACKGROUND AND PURPOSE: Cerebral vasospasm resistant to medical management frequently requires
intra-arterial spasmolysis. Angiographic resolution of vasospasm does not provide physiologic
data on the adequacy of reperfusion. We recorded pre- and postspasmolysis PbO2 data in the
endovascular suite to determine whether this physiologic parameter could be used to determine when
successful reperfusion was established.
MATERIALS AND METHODS: Eight patients with 10 Licox monitors and cerebral vasospasm underwent
intra-arterial spasmolysis. Pre- and postspasmolytic PbO2 was recorded for comparison. Other physiologic
parameters, such as CPP, ICP, SaO2, and FIO2, were also recorded.
RESULTS: Mean prespasmolysis PbO2 recordings were 35.2 and 27.3 for the mild-to-moderate and
moderate-to-severe vasospasm group, respectively. Mean postspasmolysis PbO2 increased to 40.3
and 38.4, respectively, which was statistically significant (P  .05) for both groups. In 100% of
instances in the moderate-to-severe group and 83% of instances in mild-to-moderate group, the mean
PbO2 increased after spasmolysis and correlated with improvement in angiographic vasospasm. Other
physiologic parameters, such as CPP, ICP, SaO2, and FIO2, did not show any statistically significant
difference before and after spasmolysis.
CONCLUSIONS: PbO2 monitoring provides the interventionalist with an objective physiologic parameter
to determine adequate spasmolysis. Further investigation is needed to establish target PbO2 rates
indicative of adequate reperfusion, which can be used in the endovascular suite.
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The utility of pbtO2 for optimizing Triple-H therapy in SAH patients

Relative importance of hypertension compared with hypervolemia for increasing cerebral
oxygenation in patients with cerebral vasospasm after subarachnoid hemorrhage.
Raabe A et al. J Neurosurg 2005;

» 55 periods of moderate hypertension - pbtO2 increases 50 cases (90%),
Complications in 3 patients (8%).

» 25 periods of hypervolemia, pbtO2 increases during three intervals (12%),
Complications in 9 patients (53%).

» 10 periods of hypervolemic hypertension, pbtO2 increases during 6 of the intervals (60%),
Complications in 5 patients (50%).

In poor-grade aSAH patients, moderate hypertension in a normovolemic, hemodiluted patient is an effective method
of improving cerebral oxygenation and is associated with a lower complication rate compared wit hypervolemia

niz
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PbtO2 technology has been used to investigate the utility of hypervolemia and hypertension therapy for prophylaxis and treatment of symptomatic cerebral vasospasm in SAH [278]. The authors, most interestingly, report that during 55 periods of moderate hypertension pbtO2 increases were found in 50 cases (90%), with complications occurring in three patients (8%). 

During 25 periods of hypervolemia, pbtO2 increases occurred during three intervals (12%), with complications occurring in nine patients (53%). 

During the 10 periods of aggressive hypervolemic hypertension, pbtO2 increases were found during six of the intervals (60%), with complications in five patients (50%). 

They concluded that “in poor-grade patients, moderate hypertension (CPP 80-120 mm Hg) in a normovolemic, hemodiluted patient is an effective method of improving cerebral oxygenation and is associated with a lower complication rate compared with hypervolemia or aggressive hypertension therapy”. A similar conclusion has been reported from another group [55]. Both reports support the utility of pbtO2 for optimizing Triple-H therapy in SAH patients.
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The utility of pbtO2 for optimizing Triple-H therapy in SAH patients

Effects of hypervolemia and hypertension on regional cerebral blood flow, intracranial

pressure, and brain tissue oxygenation after subarachnoid hemorrhage.
Muench E, Horn P, Bauhuf C, et al. Crit Care Med 2007; 35(8): 1844-51
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Vasopressor-induced elevation
of MAP caused an increase of
CPP and Pti02 in SAH patients.
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While volume expansion results in an increase CBF, hypervolemia
reverses the hypertension-induced benefit on PtiO2.
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Furthermore…
Experimental Part
effectof the threecomponents of triple-H therapy under physiologic conditions in an experimental pig model. 

Clinical Part
In the next step we applied the same study protocol to patients following aneurysmal subarachnoid hemorrhage.

Conclusions: Vasopressor-induced elevation of mean arterial pressure caused a significant increase of regional cerebral blood flow and brain tissue oxygenation in all patients with subarachnoid
hemorrhage. Volume expansion resulted in a slight effect on regional cerebral blood flow only but reversed the effect on brain tissue oxygenation. In view of the questionable benefit of hypervolemia
on regional cerebral blood flow and the negative consequences on brain tissue oxygenation together with the increased risk of complications, hypervolemic therapy as a part of triple-H therapy should be applied with utmost caution. 


A recent animal research and clinical intervention study investigated the effect of the three components of the triple-H therapy.13 This study showed that vasopressor-induced hypertension caused a significant increase in regional cerebral blood flow and brain tissue oxygenation (PBrO2) in ten patients with subarachnoid hemorrhage. Interestingly, this study also showed that, while volume expansion resulted in an increase in cerebral perfusion, hypervolemia reversed the hypertension-induced increase on PBrO2. 
A recent systematic review showed that, despite the widespread use of triple-H therapy to prevent vasospasm after SAH, there is insufficient evidence-based data to make recommendations for its use as a prophylactic treatment for vasospasm.14
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Fluid Responsiveness and Brain Tissue Oxygen Augmentation
After Subarachnoid Hemorrhage Neurocrit Care (2014) 20:247-254
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| cerebral oxygenation after SAH.
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High dose erythropoietin increases brain tissue oxygen tension in
severe vasospasm after subarachnoid hemorrhage.
Helbok R et al. BMC Neurol 2012; 12: 32.
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EPO increases PbtO2 in poor grade SAH patients with severe cerebral vasospasm.
No clear effect on metabolism or outcome.
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 Background: Vasospasm-related delayed cerebral ischemia (DCI) significantly impacts on outcome after aneurysmal
subarachnoid hemorrhage (SAH). Erythropoietin (EPO) may reduce the severity of cerebral vasospasm and improve
outcome, however, underlying mechanisms are incompletely understood. In this study, the authors aimed to
investigate the effect of EPO on cerebral metabolism and brain tissue oxygen tension (PbtO2).
 Methods: Seven consecutive poor grade SAH patients with multimodal neuromonitoring (MM) received systemic
EPO therapy (30.000 IU per day for 3 consecutive days) for severe cerebral vasospasm. Cerebral perfusion pressure
(CPP), mean arterial blood pressure (MAP), intracranial pressure (ICP), PbtO2 and brain metabolic changes were
analyzed during the next 24 hours after each dose given. Statistical analysis was performed with a mixed effects
model.
 Results: A total of 22 interventions were analyzed. Median age was 47 years (32–68) and 86% were female. Three
patients (38%) developed DCI. MAP decreased 2 hours after intervention (P<0.04) without significantly affecting
CPP and ICP. PbtO2 significantly increased over time (P<0.05) to a maximum of 7 ± 4 mmHg increase 16 hours
after infusion. Brain metabolic parameters did not change over time.
 Conclusions: EPO increases PbtO2 in poor grade SAH patients with severe cerebral vasospasm. The effect on
outcome needs further investigation.
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The Effect of Packed Red Blood Cell Transfusion on Cerebral
Oxygenation and Metabolism After Subarachnoid Hemorrhage
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Time — Pre and Post PRBC Transfusion

Fig. 1 Evolution of PbtO, and LPR, at baseline and for 12 h post-transfusion.

mean (SEM); *P < 0.05

Table 1 Physiological parameters

Time — Pre and Post PRBC Transfusion

The data are presented as the mean =+ the standard error of the

Variable Baseline Post-transfusion
Hemoglobin (g/dL) 8.1 (1.1) 10.3 (0.9)
Cerebral perfusion pressure (mmHg) 85.9 (17.3) 98.4 (19.6)
Systemic glucose (mg/dL) 131.2 (40.4) 145.8 (32.8)
End-tidal CO, (mmHg) 30.6 (5.6) 30.2 (4.9)
Oxygen saturation (%) 992 (1.2) 994 (1.2)
PbtO, (mmHg) 20.1 (13.7) 249 (15.2)
LPR 36.6 (15.9) 35.5 (16.4)
Lactate (mmol/L) 38 (1.9) 4.1 (2.2)
Pyruvate (mmol/L) 119.0 (65.9) 123.8 (56.0)
Glucose (mmol/L) 1.3 (1.3) 1.2 (0.7)
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 Abstract
Background Anemia adversely affects cerebral oxygenation
and metabolism after subarachnoid hemorrhage
(SAH) and is also associated with poor outcome. There is
limited evidence to support the use of packed red blood cell
(PRBC) transfusion to optimize brain homeostasis after
SAH. The aim of this study was to investigate the effect of
transfusion on cerebral oxygenation and metabolism in
patients with SAH.
Methods This was a prospective observational study in a
neurological intensive care unit of a university hospital.
Nineteen transfusions were studied in 15 consecutive
patients with SAH that underwent multimodality monitoring
(intracranial pressure, brain tissue oxygen, and cerebral
microdialysis). Data were collected at baseline and for 12 h
after transfusion. The relationship between hemoglobin
(Hb) change and lactate/pyruvate ratio (LPR) orbrain tissue
oxygen (PbtO2) was tested using univariate and multivariable
analyses.
Results PRBC transfusion was administered on the
median post-bleed day 8. The average Hb concentration at
Electronic supplementary material The online version of this baseline was 8.1 g/dL and increased by 2.2 g/dL after  transfusion. PbtO2  increased between hours 2 and 4 posttransfusion
and this increase was maintained until hour 10.
LPR did not change significantly during the 12-h monitoring
period. After adjusting for SpO2 , cerebral perfusion
pressure, and LPR, the change in Hb concentration was
independently and positively associated with a change in
PbtO2  (adjusted b estimate =  1.39 [95 % confidence
interval 0.09–2.69]; P =  0.04). No relationship between
the change in Hb concentration and LPR was found.
Conclusions  PRBC transfusion resulted in PbtO2
 improvement without a clear effect on cerebral metabolism
prior to SAH.
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Continuous Monitoring of Cerebrovascular Autoregulation
After Subarachnoid Hemorrhage by Brain Tissue Oxygen
Pressure Reactivity and Its Relation to Delayed

Cerebral Infarction
(Stroke. 2007; 38:981-986.)
Matthias Jaeger, MD; Martin U. Schuhmann, MD. PhD: Martin Soehle, MD:
Christoph Nagel, MD: Jiirgen Meixensberger, MD. PhD

Index of PtiO2 Pressure Reactivity Nﬂné"fafcﬁon 'ﬂg"ctiﬂn
. o . roup roup
For Determining Autoregulation Variable (n=47) (n=20) P
The |ndex Of Pt|02 pressure CPP, mm Hg 81.1+1241 828+114 0.43
. ICP, mm Hg 122+39 14.4+52 0.10
reactivity (QRX) . was Calcmate’d Pti0,, mm Hg 23.9+58 20.8+5.0 0.06
as the moving linear (Pearson’s) ORx 0.23+0.14 0.43+0.09 0.0000002
correlation coefficient between
. TABLE 3. Likelihood of Delayed Infarction Among Suggested
values of CPP and PtiO2 from the Thresholds of ORx From Days 5 and 6
previous 60 minutes of monitoring. Noninfarcton  Infarction ~ Percentage With
Group Group Delayed
Variable (n=42) n=19) Infarction
ORx =20.25 21 2 9
0.25 <0Rx <0.40 14 B 30
[n summary, continuous monitoring of ORx allows detec- ORx =0.40 7 M B

tion of impaired autoregulation after SAH. Persistent auto-
regulatory failure is independently associated with the
occurrence of delayed cerebral infarction and seems to be
an important cofactor in addition to vasospasm itself.
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ORx indicates impaired autoregulation in patients who develop delayed infarction after SAH. Furthermore, 
this index may distinguish between patients who finally develop delayed infarction and those who do not.
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High cerebral perfusion pressure improves low values of local
brain tissue 02 tension (PtiO2) in focal lesions.
Stocchetti et al. Acta Neurochir Suppl. 1998; 71:162-5

In ischemic areas PtiO2 is dependent on CPP suggesting both a derangement of
pressure autoregulation and high regional cerebrovascular resistences (CVRs).

Low PtiO2 was associated with normal CPP, thus indicating that CPP could be an
inadequate estimate of rCBF in focal ischemic areas.

Arterial hypertension, capable of increasing CPP above normal values, appeared
useful in normalizing tissue oxygenation in ischemic areas.

g


Relatore
Note di presentazione
ORx
Arterial hypertension is widely applied to improve regional cerebral blood flow (rCBF). We measured local brain tissue O2 pressure (PtiO2) in low density lesions at computerized tomography (CT) of the head before and after manipulation of mean arterial pressure (MAP) in order to increase cerebral perfusion pressure (CPP). Nine patients, 7 subarachnoid hemorrhage (SAH), 1 severe head injury, 1 meningeoma, were included in our study. A flexible polarographic microcatheter for PtiO2 measurement was placed at the border of the low density area found at CT. PtiO2 was continuously measured for 615 hours. Hypoperfusion in low density areas was detected by perfusional single photon emission computed tomography (SPECT). We recorded 22 episodes of induced or spontaneous increase of MAP. Initial PtiO2 regularly improved after the CPP increase (r2 0.74 in induced episodes). Low PtiO2 showed a greater percent increase for unitary changes of CPP than normal-high PtiO2. Baseline PtiO2 below 20 mm Hg was associated with normal CPPs; 5 readings of PtiO2 below 20 mm Hg normalized when a higher CPP was obtained. Our results show that in ischemic areas PtiO2 is dependent on CPP suggesting both a derangement of pressure autoregulation and high regional cerebrovascular resistences (CVRs). Low PtiO2 was associated with normal CPP, thus indicating that CPP could be an inadequate estimate of rCBF in focal ischemic areas. Arterial hypertension, capable of increasing CPP above normal values, appeared useful in normalizing tissue oxygenation in ischemic areas.
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Multimodal Monitoring in Subarachnoid Hemorrhage
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Table. Cerebral Physiological Monitors Used for SAH
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Dr. Frank Rasulo
ANESTHESIA, INTENSIVE CARE, PERIOPERATIVE CARE MEDICINE
Spedali Civili, University Hospital of Brescia, Italy
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The goal of the current study was to study pathophysiological events involved in the development of EBI in poor-grade aSAH patients by investigating brain hemodynamics— ICP, cerebral perfusion pressure (CPP), and Pbt O2— and brain metabolic changes in combination with the local inflammatory response by cerebral microdialysis (CMD)-IL-6 and the function of the BBB by CMD-MMP-9 in the brain extracellular fluid. We intended to focus on the early phase after aSAH and relate these findings to clinical course and outcome.

 Monitoring of such events in the very early phase in humans is challenging; however, invasive multimodal neuromonitoring devices  allow continuous data acquisition for intracranial pressure (ICP), brain tissue oxygen tension (Pbt O2 ), cerebral blood flow, and at least hourly information on brain metabolism already within the first 24 hours after aneurysm bleeding [6]
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Detection of Cerebral Compromise With
Multimodality Monitoring in Patients With

Subarachnoid Hemorrhage

Chen HI, Stiefel MF, Oddo M, et al. Neurosurgery. 2011;69:53-63.

FIGURE 1. Dim-r‘htﬁuaf‘ Fryeie 'o‘ " ﬁr b { and normal
intracran ial pressure ace). mﬁqn:nq ﬂfﬂhl’mﬂl‘ cerebral pzrﬁm'wn
presure (CPP) (A, brain riswe oxygen (PeToy) (B), and lactaze{pyruvate rasio
(LPR) (C) when ICP i i d and normal is depiceed. NIA, samples for which
complete data are not available.

TABLE 2. Comparison of Physiological Parameters for Abnormal
and Normal Intracranial Pressure”

ICP =20 mm Hg  ICP <20 mm Hg P Value

MNo. 235 15948

CPE mm Hg 74 = 27 96 * 26 =00
P02, mm Hg 22 * 12 2+ 12 =001
LPR 3518 37 = 38 30

TABLE 3. Comparison of Physiological Parameters for Abnormal
and Normal Cerebral Perfusion Pressure”

CPP <60 mm Hg CPP =60 mm Hg P Value

MNo. 133 2046

ICE, mm Hg 30 =x23 mnw=7z =00
P02, mm Hg 17 *+ 13 29 * 12 =001
LPR 56 = 47 35 * 32 =00

Cerebral hypoxia (PtiO2 < 20 mm Hg) and cerebral energy dysfunction (LPR > 40)
may occur despite normal levels of ICP and CPP in the poorgrade SAH population

Dr. Frank Rasulo

ANESTHESIA, INTENSIVE CARE, PERIOPERATIVE CARE MEDICINE

Spedali Civili, University Hospital of Brescia, Italy
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E tutto questo può avvenire in assenza di alterazioni della ICP o CPP
npn basta la ICP e CPP
Per cui monitorando solo questi parametri non sarebbe stato sufficiente a captare la sofferenza cerebrale
ICP and cerebral perfusion pressure (CPP) monitoring have been the cornerstone parameters in the management
of comatose 
Chen et al. in a cohort of 19 patients with poor grade SAH, demonstrated that ICP and CPP monitoring may not be sufficient to detect episodes of cerebral compromise, such as severe brain hypoxia detected by PtiO2
catheter (PtiO2 of not more than 10 mm Hg) or brain energy dysfunction detected by CMD (LPR of at least 40).

The sensitivities of abnormal ICP or CPP levels for elevated LPR and reduced PtiO2 were 21.2 %, and critical levels of LPR or PtiO2 were found on many occasions when ICP or CPP was normal. 

patients with acute brain injury. 

Chen et al. in a cohort of 19 patients with poor grade SAH, demonstrated that ICP and CPP monitoring may not be sufficient to detect episodes of cerebral compromise, such as severe brain hypoxia detected by PtiO2
catheter (PtiO2 of not more than 10 mm Hg) or brain energy dysfunction detected by CMD (LPR of at least 40).

The sensitivities of abnormal ICP or CPP levels for elevated LPR and reduced PtiO2 were 21.2 %, and critical levels of LPR or PtiO2 were found on many occasions when ICP or CPP was normal. 

ICP and CPP monitoring may not be sufficient to detect episodes of cerebral compromise, such as severe brain hypoxia detected by PtiO2
catheter (PtiO2 of not more than 10 mm Hg) or brain energy dysfunction detected by CMD (LPR of at least 40).



Brain oxygen tension and outcome in patients with

aneurysmal subarachnoid hemorrhage
J. Neurosurg. / Volume 109 / December 2008

Rouan Ramakrisasa, ML MicHAEL STIEFEL, MLD.! Joskua UpoTeuk, B.S.,!
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Brain oxygen tension in SAH
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TABLE 4
Brain oxygen tension values siratified according to mean CPP*
Mean PbtO, Mean Min PbtO,
Mean CPP (mm Hg) Survivors Nonsurvivors Survivors Nonsurvivors
<70 (0 survivors & 5 nonsurvivors) NA 13.17 = 6.60 NA 395 + 340
T0-80 (4 survivors & 4 nonsurvivors) 3312 £ 12.28 30,03 = 8.00 18.57 = 7.83 19.22 =793
8090 (6 survivors & 7 nonsurvivors) 36.05 £ 4.80 33172379 25.04 £ 3.52 21,12 £ 3,76
=90 (11 survivors & 9 nonsurvivors) 33.09 = 239 3172+ 223 19.56 = 1.46 18.72 = 1.90

Patients who die after aneurysmal SAH tend to have lower mean PbtO2 levels and a greater duration of compromised PbtO2 during their hospital course than survivors of SAH.

Dr. Frank Rasulo f/\)\
ANESTHESIA, INTENSIVE CARE, PERIOPERATIVE CARE MEDICINE ““'B*S
Spedali Civili, University Hospital of Brescia, Italy
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Object. Poor outcome is common after aneurysmal subarachnoid hemorrhage (SAH). Clinical studies suggest that cerebral hypoxia after traumatic brain injury is associated with poor outcome. In this study we examined the
relationship between brain oxygen tension (PbtO2) and death after aneurysmal SAH.
Methods. Forty-six patients, including 34 women and 12 men (Glasgow Coma Scale Score ≤ 8 and median age 58.5 years) who underwent PbtO2 monitoring were studied prospectively during a 2-year period in a neurosurgical
intensive care unit at a University Level I Trauma Center. Brain oxygen tension, intracranial pressure (ICP), mean arterial pressure, cerebral perfusion pressure (CPP), and brain temperature were continuously monitored, and treatment was directed toward ICP, CPP, and PbtO2 targets. The relationship between PbtO2 and 1-month survival was examined.
Results. Data were available from 5424 hours of PbtO2 monitoring. For the entire cohort the mean ICP, CPP, and PbtO2 were 13.85 ± 2.40, 84.05 ± 3.41, and 30.79 ± 1.91 mm Hg, respectively. Twenty-five patients died (54%).
The mean daily PbtO2 was higher in survivors than nonsurvivors (33.94 ± 2.74 vs 28.14 ± 2.59 mm Hg; p = 0.05). In addition, survivors had significantly shorter episodes of compromised PbtO2 (defined as 15–25 mm Hg) than nonsurvivors (125.85 ± 15.44 vs 271.14 ± 55.23 minutes; p < 0.01). Intracranial pressure was similar in survivors and nonsurvivors. In contrast, the average CPP was significantly lower in nonsurvivors than survivors (76.96 ± 5.50 vs 92.49 ± 2.75 mm Hg; p = 0.01). When PbtO2 was stratified according to CPP level, survivors had higher PbtO2 levels. Following logistic regression, the number of episodes of compromised PbtO2 (odds ratio 1.1, 95% confidence
interval 1.003–1.2) and number of episodes of cerebral hypoxia (< 15 mm Hg; odds ratio 1.3, 95% confidence interval
1.0–1.7) were more frequent in those who died.
Conclusions. Patient deaths after SAH may be associated with a lower mean PbtO2 and longer periods of compromised cerebral oxygenation than in survivors. This knowledge may be used to help direct therapy.
(DOI: 10.3171.JNS.2008.109.12.1075)
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Regional Brain Monitoring in the Neurocritical Care Unit
Neurocrit Care (2015) 22:348-359
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Medical Interventions for Brain
Hypoxia (use/response rate)
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Bohman et al.

Medical interventions other than those to treat ICP and CPP can
improve PbtO2.

Successful medical treatment of brain hypoxia was associated
with decreased mortality.

Dr. Frank Rasulo
ANESTHESIA, INTENSIVE CARE, PERIOPERATIVE CARE MEDICINE
Spedali Civili, University Hospital of Brescia, Italy
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Abstract
Background Brain oxygen (PbtO2) monitoring can help guide care of poor-grade aneurysmal subarachnoid hemorrhage (aSAH) patients. The relationship between PbtO2- directed therapy and long-term outcome is unclear. We
hypothesized that responsiveness to PbtO2-directed interventions is associated with outcome. 
Methods Seventy-six aSAH patients who underwent PbtO2 monitoring were included. Long-term outcome [Glasgow Outcome Score-Extended (GOS-E) and modified Rankin Scale (mRS)] was ascertained using the social security death database and structured telephone interviews. Univariate and multivariate regression were used to identify variables that correlated with outcome.
Results Data from 64 patients were analyzed (12 were lost to follow-up). There were 530 episodes of compromised PbtO2 (<20 mmHg) during a total of 7,174 h of monitor time treated with 1,052 interventions. Forty-two patients (66 %) survived to discharge. Median follow-up was 8.5 months (range 0.1–87). At most recent follow-up 35 (55 %) patients were alive, and 28 (44 %) had a favorable outcome (mRS B3). In multivariate ordinal regression analysis, only age and response to PbtO2-directed intervention correlated significantly with outcome.  Increased age was associated with worse outcome (coeff. 0.8, 95 % CI 0.3–1.3, p = 0.003), and response to PbtO2- directed intervention was associated with improved outcome (coeff. -2.12, 95 % CI -4.0 to -0.26, p = 0.03). Patients with favorable outcomes had a 70 % mean rate of response to PbtO2-directed interventions whereas patients
with poor outcomes had a 45 % response rate (p = 0.005).
Conclusions Response to PbtO2-directed intervention is associated with improved long-term functional outcome in aSAH patients.

Abstract
Background Brain tissue oxygen (PbtO2) monitoring is
used in severe traumatic brain injury (TBI) patients. How
brain reduced PbtO2 should be treated and its response to
treatment is not clearly defined. We examined which
medical therapies restore normal PbtO2 in TBI patients.
Methods Forty-nine (mean age 40 ± 19 years) patients
with severe TBI (Glasgow Coma Scale [GCS] B 8)
admitted to a University-affiliated, Level I trauma center
who had at least one episode of compromised brain oxygen
(PbtO2 <25 mmHg for >10 min), were retrospectively
identified from a prospective observational cohort study.
Intracranial pressure (ICP), cerebral perfusion pressure
(CPP), and PbtO2 were monitored continuously. Episodes
of compromised PbtO2 and brain hypoxia (PbtO2
<15 mmHg for >10 min) and the medical interventions
that improved PbtO2 were identified.
Results Five hundred and sixty-four episodes of compromised
PbtO2 were identified from 260 days of PbtO2
monitoring. Medical management used in a ‘‘cause-directed’’
manner successfully reversed 72% of the episodes of
compromised PbtO2, defined as restoration of a ‘‘normal’’
PbtO2 (i.e. C25 mmHg). Ventilator manipulation, CPP
augmentation, and sedation were the most frequent interventions.
Increasing FiO2 restored PbtO2 80% of the time.
CPP augmentation and sedation were effective in 73 and
66% of episodes of compromised brain oxygen, respectively.
ICP reduction using mannitol was effective in 73%
of treated episodes, though was used only when PbtO2 was
compromised in the setting of elevated ICP. Successful
medical treatment of brain hypoxia was associated with
decreased mortality. Survivors (n = 38) had a 71% rate of
response to treatment and non-survivors (n = 11) had a
44% rate of response (P = 0.01).
Conclusion Reduced PbtO2 may occur in TBI patients
despite efforts to maintain CPP. Medical interventions
other than those to treat ICP and CPP can improve PbtO2.
This may increase the number of therapies for severe TBI
in the ICU.
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Brain Lactate Metabolism in Humans With
Subarachnoid Hemorrhage
Mauro Oddo, MD etal.
(Stroke. 2012:43:1418-1421.)
A % samples with CMD lactate > 4 mmol/L and brain hypoxia Dﬂﬂs Cﬂ"ﬂﬂﬂnﬂe
80% -
i et i Elevated Brain Lactate Pattem Ratio Interval P
% 1 L__ Elevated CMDactate =4 mmol/L, 1.49 1.08-2.05 0.016
::;/: . -.."'-.__l- -l _l -__-l hyperglycolytic
30% - LT - . Elevated CMDactate =4 mmol/L, hypoxic  0.78 0.59-1.03 0.08
20% - = *
e \L I ] ﬁl, CMD indicates cerebral microdialysis.
0% -+ - IR — — .
1 2 3 4 5
Patients (n) 31 31 29 28 25
Mean samples per patient (n) 24 24 24 24 23
B % samples with CMD lactate > 4 mmol/L and cerebral hyperglycolysis Table 1. Associations of Brain Lactate Metaholism With Outcome
100% - Mortality 6-Mo Outcome Among Survivors
N Survivors Nonsurvivors Good Outcome Poor Outcome
bl - Variable N=19/31(61%) N=12/31(38%)  PValue N=1219(63%) N=7A9(37%)  PValue
0% 1 * ¥ l CMDactate 4 mmol/L 29 (8%—60%) 68 (59%—100%) 0.02 29 (11%- 65%) 24 (2%—66%) 0.45
_ - Hypoxic 9 (3%—17%) 28 (9%—95%) 0.002 11 (4%—17%) 4 (1%—53%) 0.46
40% - % 'L - - = L - Hyperglycolytic 88 (27%—99%) 13 (1%—87%) 0.07 97 (87%—100%) 30 (10%—74%) 0.007
- N of valid samples 158 (100-166) 100 (54-137) 0.06 155 (87-165) 153 (48-188) 0.89
0% 1 l. - =O=Good recovery =& Poor recovery Duration of brain monitoring, d 7(7-7) 5 (4-7) 013 7(7-7) 7(6-7) 0.77

0

Hypoxic lactate production was higher among non-survivors than survivors (figure A)
Hyperglycolytic lactate was associated with better long-term recovery (figure B)
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The pathophysiological basis of outcome prediction using neurochemical biomarkers should take into account the findings of Oddo et al.3  that describe two sources of elevated lactate. Each lactate source is diff erently correlated with long-term outcome. These authors defi ned metabolic events associated with 
“ hypoxic lactate”  corresponding with lactate values >4 mmol/L in association with PbtO2  < 20 mmHg. Here, hypoxic lactate measures were correlated with poor outcome. Alternately, 
“hyperglycolytic lactate”  was defi ned by lactate values >4 mmol/L in association with pyruvate values >119 μ mol/L. Here, high lactate values were correlated with a positive outcome. Lactate elevation per se may not be an unfavorable sign. We found that a pattern of hyperglycolytic lactate elevation was associated with good outcome, whereas hypoxic lactate elevations were associated with mortality and reduced likelihood of good recovery. Our findings are consistent with the existence of 2 sources of brain lactate: (1) increased glycolytic lactate secondary to aerobic metabolism, corresponding to satisfied energy needs and neuronal survival, ie, “good” lactate and (2) increased hypoxic lactate secondary to anaerobic metabolism, resulting from cell energy failure and neuronal loss, ie, “bad” lactate. These distinct brain metabolic patterns were associated with different patient outcomes. The association of cerebral hyperglycolysis with outcome suggests this may be a compensatory response to avert energy failure.13 Recent animal experiments from our group show that administration of exogenous lactate exerts significant.
Increased lactate levels alone, however, are not entirely specific as a marker for tissue hypoxia and can increase in critically ill patients with adequate delivery of O2 to brain tissue because of a condition known as hyperglycolysis, in which glucose supply outstrips O2 delivery.
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Poor-grade aneurysmal subarachnoid hemorrhage:
relationship of cerebral metabolism to outcome

ASITA SARRAFZADEH, M .D., DANIEL HAUX, M.D., INGEBORG KUCHLER, PH.D |
WOLFGANG R. LANKSCH, M.D., PH.D., AND ANDREAS W. UNTERBERG, M. D., PHD.

J Neurosurg 100:400-406, 2004

Ischemic neurochemical patterns:
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Note di presentazione
E questi patterns sono presenti PRIMA della comparsa si DCI

From those studies based on local monitoring (i.e., clinical microdialysis and PbtO2  levels), neurochemical profi les were correlated with the occurrence of delayed cerebral ischemia and functional outcome. For example, ischemic neurochemical patterns characterized by elevation of lactate/pyruvate ratios (>40), low cerebral glucose levels (<1 mmol/L), increased  cerebral lactate concentrations (>4 mmol/L), and decreased PbtO2  (<20 mmHg) were associated with delayed cerebral ischemia and an unfavorable outcome.1,2  Importantly, because these neurochemical alterations are detected before the occurrence of delayed cerebral ischemia, they can be used to inform rapid changes in patient treatment to avoid irreversible cerebral damage, such as a cerebral infarct.
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Monitoring brain tissue oxymetry: Will it change management

of critically ill neurologic patients?
Journal of the Neurological Sciences 261 (2007) 1-9
Anna Teresa Mazzeo ™™, Ross Bullock "

Table 2
Proposed clinical indications of brain tissue oxygen monitoring

. Understanding pathophysiology of neuro-injury

. Recognition of impending ischemia

. Guiding management and providing feedback to intervention
. Targeting therapy towards improved cerebral oxygenation

. Autoregulation assessment

. Predicting prognosis

o W [0 —
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Table 1
Brain oxygen pressure and outcome versus other monitored parameters

Good outcome Moderate/ Death/vegetative
severe disability

PtiO>>35 mmHg PtiO>=26-35 PtiO>=25 mmHg

mmHg

Brain pO, 39+4 31+5 19+8
(mmHg)

Brain pCO» 50+8 47+2 6421
(mmHg)

Brain pH 7.14+0.12 7.11+0.12 6.85+0.41

Dialysate glucose  986+321 891+350 639+223
(pmol/1)

Dialysate lactate  1031+417 1180+524 1642+0682
(umol/1)

CBF 345+14 22+4 16+8

(ml/100 g/min)

Perfusion rate for microdialysis was 2 pl/min (modified from Zauner et al. [17]).

Dr. Frank Rasulo

ANESTHESIA, INTENSIVE CARE, PERIOPERATIVE CARE MEDICINE “',“é"
Spedali Civili, University Hospital of Brescia, Italy :
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Note di presentazione
In a cornerstone paper reporting the simultaneous continuous measurement of main parameters of brain metabolism (O2, CO2, brain extracellular glucose and lactate), Zauner et al. demonstrated that brain tissue pO2 was the strongest predictor for outcome in a population of 24 severely head injured patients [17]. The diagnostic sensitivity was 92% and the diagnostic specificity was 84%. It was also demonstrated that the mean brain pO2 was significantly correlated with GCS on admission, cerebral perfusion pressure (CPP) and brain extracellular glucose. The patients with a brain pO2 below 19±8 mmHg all had a poor outcome (death or vegetative on the Glasgow outcome scale). In Table 1 the brain oxygen pressure and outcome versus other monitored parameters, in the 24 studied patients are reported
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Hgb < 9mg/dL

Blood transfusion

de Oliveira Manoel et al. Critical Care (2016)

Dr. Frank Rasulo
ANESTHESIA, INTENSIVE CARE, PERIOPERATIVE CARE MEDICINE
Spedali Civili, University Hospital of Brescia, Italy
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Note di presentazione
Fig. 4 Approach to low brain tissue oxygen. Consider the combined used of PtiO2 and microdialysis catheter to detect non-hypoxic patterns of
cellular dysfunction [97]. According to the manufacturer, an equilibrium time as long as 2 hours may be necessary before PtiO2 readings are
stable, because of the presence of the tip surrounding microhaemorrhages. Sensor damage may also occur during insertion. Increase inspired
fraction of oxygen (FiO2) to 100 %. If PtiO2 increases, it confirms good catheter function. Oxygen challenge to assess tissue oxygen reactivity. FiO2
is increased from baseline to 100 % for 5 minutes to evaluate the function and responsiveness of the brain tissue oxygen probe. A positive
response happens when PtiO2 levels increase in response to higher FiO2. A negative response (lack of PtiO2 response to higher FiO2) suggests
probe or system malfunction. Another possibility if there is a negative response is that the probe placement is in a contused or infarcted area.
Follow-up computed tomography might be necessary in this situation to ensure appropriate probe position. Mean arterial pressure (MAP)
challenge to assess cerebral autoregulation. MAP is increased by 10 mm Hg. Patients with impaired autoregulation demonstrated an elevation in
ICP with increased MAP. When the autoregulation is intact, no change or a drop in ICP levels follows the elevation in blood pressure. Another
way to assess cerebral autoregulation is the evaluation of the index of PtiO2 pressure reactivity. When autoregulation is intact, PtiO2 is relatively
unaffected by changes in CPP, so the index of PtiO2 pressure reactivity is near zero [170]. The threshold haemoglobin (Hgb) of 9 mg/dl to indicate
blood transfusion was based on a previously published PtiO2 study [171]. CPP cerebral perfusion pressure, CSF cerebrospinal fluid, CT computed
tomography, ICP intracranial pressure, PaCO2 arterial partial pressure of carbon dioxide, PaO2 partial pressure of oxygen in arterial blood, PtiO2 brain
tissue oxygen pressure, RASS Richmond Agitation-Sedation Scale, SAH subarachnoid haemorrhage, SBP systolic blood pressure
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N I RS Near-InfraRed Spetroscopy

Non-invasive monitor of cerebral and myocardial oxygen
sufficiency and circulatory parameters.
Jobsis FF. Science ;1977, 198:1264-7.

Regional cerebrovascular oxygen saturation measured by optical spectroscopy
in humans. McCormick PW. Stroke; 1991, 22:596-602.

\
Detector A

It is @ noninvasive technology using near-infrared spectroscopy (NIRS) to monitor
regional cerebral tissue oxygen saturation (rSO2).

J

A\

IS


Relatore
Note di presentazione
Ability of light waves of near-infrared wavelength (i. e. 700–1,000 nm) to penetrate scalp, skull and brain to a depth of a few centimetres. These light waves are differentially absorbed by oxygenated haemoglobin (HbO2), deoxygenated haemoglobin (Hb) and cytochrome aa3 (CytOx). Quantification of this optical attenuation is achieved by using reflectance spectroscopy based upon the modified Beer–Lambert law. Measurements are obtained by optodes placed 4–6 cm apart on the forehead, thereby estimating oxygen content of all vascular compartments (arterial, capillary and venous) within a “banana”-shaped region of the brain. The measurements reflect relative concentrations of HbO2, Hb and CytOx Cerebral oximetry estimates regional tissue oxygenation by transcutaneous measurement of the cerebral cortex, an area of the brain that is most susceptible to changes in oxygen supply and demand and has limited oxygen reserve.  Measurement is based on the ability of light to penetrate the skull and determine hemoglobin oxygenation according to the amount of light absorbed by hemoglobin (near-infrared spectroscopy, NIRS)4 (Fig. 1) Unlike pulse oximetry, NIRS cerebral oximetry uses 2 photo-detectors with each light source, which allows selective sampling of tissue beyond a specified depth beneath the skin. Near-field photo-detection can then be subtracted from
far-field photo-detection to provide selective tissue oxygenation measurement. Adhesive pads are applied over the frontal lobes that both emit and capture reflected near-infrared light passing through the cranial bone to and from the underlying cerebral tissue.

http://www.google.it/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwj1hdLLgoHLAhWBRBoKHaVFBnsQjRwIBw&url=http://www.labtimes.org/labtimes/method/methods/2007_03.lasso&psig=AFQjCNFh2OYsnrknRck_ZapPjcdzCKHEnQ&ust=1455874820700779�
http://www.google.it/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwiAoNHdgoHLAhUIlxoKHYICCfwQjRwIBw&url=http://user.engineering.uiowa.edu/~jcb/research.html&psig=AFQjCNFh2OYsnrknRck_ZapPjcdzCKHEnQ&ust=1455874820700779�
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Currently five FDA cleared devices:

> Somanetics—INVOS

» CASMED-Fore-sight

> Ornim—Cerox

» Nonin-Equanox
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Transcranial Cerebral Oximetry Related to Transcranial Doppler
After Aneurysmal Subarachnoid Haemorrhage

Acta Neurochir 1998

A. Ekelund, P. Kongstad, H. Saveland, B. Romner, P. Reinstrup, K.-A. Kristiansson, and L. Brandt
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Fig. 1. The correlation between maximum TCD mFV and mim-

mum TCCO saturation in all series, r = —0.62, p < 0.01
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Fig. 2. Changes in TCCO correlated with changes in TCD mFV
in the MCA in patients with saturation 63% or less, r = —0.52,

p=003

TCCO and TCD together may develop into meth-
ods for detecting reduced cerebral circulation in clini-
cal practice. The clinical benefits of noninvasive meth-

ods are obvious, especially the possibility for repeated
measurements, prompt access and for the patient,

a comfortable bedside examination. However, the
clinical neurological bedside examination 1s sull the
gold standard for correct diagnosis of sympromatic
VASOSpASM.
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Bedside assessment of cerebral vasospasms after subarachnoid
hemorrhage by near infrared time-resolved spectroscopy.
Yokose N. Adv Exp Med Biol. 2010;662:505-11

7 - aSAH patients (WFNS grade V).
SO(2) and TCD performed repeatedly .

In 3 patients, rSO(2) abruptly decreased 5 and
9 after SAH. DCA revealed severe vasospasms in
these patients.

TCD detected vasospasm in 2 of 3 cases and
failed to do so in one.

TRS-rSO(2) could detect vasospasms after SAH by
evaluating the cortical blood oxygenation.



Relatore
Note di presentazione

AbstractWe examined the usefulness of near infrared time-resolved spectroscopy (TRS) for detection of vasospasm in subarachnoid hemorrhage (SAH). We investigated seven aneurysmal SAH patients with poor clinical conditions (WFNS grade V) who underwent endovascular coil embolization. Employing TRS, we measured the oxygen saturation (SO(2)) and baseline hemoglobin concentrations in the cortices. Measurements of TRS and transcranial Doppler sonography (TCD) were performed repeatedly for 14 days after SAH. In four of the seven patients, the SO(2) and hemoglobin concentrations measured in the brain tissue of the middle cerebral artery territory remained stable after SAH. However, in three patients, TRS revealed abrupt decreases in SO(2) and total hemoglobin between 5 and 9 days after SAH. Cerebral angiography performed on the same day revealed severe vasospasms in these patients. Although TCD detected the vasospasm in two of three cases, it failed to do so in one case. TRS could detect vasospasms after SAH by evaluating the cortical blood oxygenation.
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Continuous Measurement of Cerebral
Oxygenation with Near-Infrared Spectroscopy after
Spontaneous Subarachnoid Hemorrhage

i International Scholarly Research Network
Homajoun Maslehaty, iy

Volume 2012, Article ID 907187, 7 pages

Case 2. A 42-year-old male patient presented with SAH H&H grade 2 and Fisher grade 3 due to a ruptured aneurysm
of the ACoA (Figure 4(a)).

Following embolization the patient suffered from headaches,
but he was alert without neurological deficits at all times.

NIRS showed normal and stable rSO2 values (Figure 5).

TCD showed elevated blood flow velocities of the left ACA and
MCA up to 220 cm/second.

MRA showed left ICA and ACA spasm (Figure 4(b)), the clinical
condition of the patient remained stable without deterioration.

The patient was discharged without neurological deficits.
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Note di presentazione
Case 1. A 70-year-old female patient presented with SAH
H&H grade 5, Fisher grade 4 due to a ruptured leftsided
PCA aneurysm with intracerebral and intraventricular
hemorrhage. The aneurysm was treated surgically, and the
patient remained sedated and intubated, receiving mechanical
ventilation postoperatively. In the continuing course,
TCD showed elevated blood flow velocities of both MCA
and ACA arteries of up to 200 cm/second. Despite triple H
therapy and nifedipine application, NIRS showed left-sided
decrease of rSO2 below 40% on day 5 after onset (Figure 2).
Intrinsic and extrinsic factors were normal at that time (MAP
127mmHg, SaO2 99%, FiO2 60%, t 38.3◦C, pCO2 35%, and
Hb 11.3 g/dL). Left frontal applied ICP probe showed no
significant changes at the same time (ICP 11mmHg, CPP
118 mmHg). Subsequently performed native CT and PW-CT
scans showed neither perfusion deficits nor ischemic stroke
(Figures 3(a) and 3(b)).
Left-sided rSO2 values remained on a low level with
further decrease. Two days later, ICP increased slowly and
reached the maximumof 39mmHgon day twelve after onset.
In parallel to this right-sided rSO2, values decreased as well.
Newly performed CT scan showed a marked left hemispheric
ischemic stroke with shift of the midline strictures and signs
of brain herniation (Figure 3(c)). In consideration of the
poor clinical condition, the age, and occurrence of distinct
ischemic stroke, we decided to limit the therapy. The patient
died on day twelve after onset.


Dr. Frank Rasulo
ANESTHESIA, INTENSIVE CARE, PERIOPERATIVE CARE MEDICINE
Spedali Civili, University Hospital of Brescia, Italy
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Continuous Cardiac Qutput and Near-Infrared Spectroscopy
Monitoring to Assist in Management of Symptomatic Cerebral
Vasospasm After Subarachnoid Hemorrhage

Tatsushi Mutoh - Tatsuya Ishikawa - (- Eglfgncriﬁcd Neurocrit Care (2010) 13:331-338
Akifumi Suzuki - Nobuyuki Yasui i | soclety  DOI 10.1007/s12028-010-9383-9

Artery-based pulse contour cardiac output (APCO)
NIRS rSO2 monitoring for reversing vasospasm
with Dobutamine-induced hyperdynamic therapy.

Integrative monitoring with APCO and NIRS may
provide continuous, realtime, and clinically relevant
information useful for evaluating the effectiveness of
medical treatment of vasospasm with DOB.
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Note di presentazione
 Background Hemodynamic augmentation by increasing
cardiac output with dobutamine (DOB) is believed to be a
useful method of elevating decreased cerebral blood flow
in the territory affected by vasospasm following aneurysmal
subarachnoid hemorrhage (SAH). We described the
clinical utility of uncalibrated radial artery-based pulse
contour cardiac output (APCO) and near-infrared spectroscopy
regional cerebral oxygen saturation (rSO2)
monitoring for reversing vasospasm symptoms with
DOB-induced hyperdynamic therapy.
 Methods Seven consecutive patients who underwent
surgical clipping within 24 h of SAH onset and subsequently
developed delayed ischemic neurological deficits
attributable to vasospasm were investigated. They were
treated with DOB administered at a dose of 3 lg/kg/min
and then increased in 3 lg/kg/min increments until resolution
of the symptoms. Continuous APCO and rSO2
measurements in conjunction with the assessment of clinical
courses and outcomes were performed.
 Results In spasm-affected territories, decreased and/or
fluctuating rSO2 was detected at baseline compared with
recordings in other brain regions. Patients who exhibited
rapid elevation of APCO in response to an incremental
dose of DOB had subsequent uptake and stabilization of
rSO2 followed by improvement of vasospasm-related
clinical symptoms with a maximal dose of DOB, resulted
in favorable functional outcomes thereafter. A fairly strong
relationship was found between peak APCO slope and
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Controlled Hypercapnia Enhances Cerebral Blood Flow
and Brain Tissue Oxygenation After Aneurysmal Subarachnoid

Hemorrhage: Results of a Phase 1 Study

Thomas Westermaier' - Christian Stetter' - Ekkehard Kunze' -
Nadine Willner' - Judith Holzmeier' - Judith Weiland"' -

Stefan Koehler' - Christopher Lotz” - Christian Kilgenstein? -
Ralf-Ingo Ernestus' - Norbert Roewer? - Ralf Michael Muellenbach?
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society 17 February 2016
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Note di presentazione
Abstract
Background This study investigated if cerebral blood
flow (CBF) regulation by changes of the arterial partial
pressure of carbon dioxide (PaCO2) can be used therapeutically
to increase CBF and improve neurological
outcome after subarachnoid hemorrhage (SAH).
Methods In 12 mechanically ventilated poor-grade SAHpatients,
a daily trial intervention was performed between
day 4 and 14. During this intervention, PaCO2 was
decreased to 30 mmHg and then gradually increased to 40,
50, and 60 mmHg in 15-min intervals by modifications of
the respiratory minute volume. CBF and brain tissue oxygen
saturation (StiO2) were the primary and secondary
endpoints. Intracranial pressure was controlled by an
external ventricular drainage.
Results CBF reproducibly decreased during hyperventilation
and increased to a maximum of 141 ± 53 % of
baseline during hypercapnia (PaCO2 60 mmHg) on all days
between day 4 and 14 after SAH. Similarly, StiO2
increased during hypercapnia. CBF remained elevated
within the first hour after resetting ventilation to baseline
parameters and no rebound effect was observed within this
time-span. PaCO2-reactivities of CBF and StiO2 were
highest between 30 and 50 mmHg and slightly decreased at
higher levels.
Conclusion CBF and StiO2 reproducibly increased by
controlled hypercapnia of up to 60 mmHg even during the
period of the maximum expected vasospasm. The absence
of a rebound effect within the first hour after hypercapnia
indicates that an improvement of the protocol is possible.
The intervention may yield a therapeutic potential to prevent
ischemic deficits after aneurysmal SAH.
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A Prospective Observational Study

Karol P. Budohoski
Stroke. 2012;43

Impairment of Cerebral Autoregulation Predicts Delayed
Cerebral Ischemia After Subarachnoid Hemorrhage

Monitoring day 4
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Assessment of autoregulation using TCD or NIRS can be used to gage the risk of DCI.

Conclusions—Disturbed autoregulation in the first 5 days after SAH significantly
increases the risk of DCI. Autoregulatory disturbances can be detected using near-

infrared spectroscopy and transcranial Doppler technologies.
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Note di presentazione
 Background and Purpose—Delayed cerebral ischemia (DCI) is a recognized contributor to unfavorable outcome after
subarachnoid hemorrhage (SAH). Recent data challenge the concept of vasospasm as the sole cause of ischemia and
suggest a multifactorial process with dysfunctional cerebral autoregulation as a component. We tested the hypothesis
that early autoregulatory failure, detected using near-infrared spectroscopy–based index, TOxa and transcranial Doppler–
based index, Sxa, can predict DCI.
 Methods—In this prospective observational study we enrolled consecutive patients with aneurysmal SAH that occurred <5
days from admission. The primary end point was the occurrence of DCI within 21 days of ictus. The predictive value of
autoregulatory disturbances detected in the first 5 days was assessed using univarate proportional hazards model and a
multivariate model.
 Results—Ninety-eight patients were included. Univariate analysis demonstrated increased odds of developing DCI when
early autoregulation failure was detected (odds ratio [OR], 7.46; 95% confidence interval [CI], 3.03–18.40 and OR,
4.52; 95% CI, 1.84–11.07 for Sxa and TOxa, respectively) but not TCD-vasospasm (OR, 1.36; 95% CI, 0.56–3.33). In
a multivariate model Sxa and TOxa remained independent predictors of DCI (OR, 12.66; 95% CI, 2.97–54.07 and OR,
5.34; 95% CI, 1.25–22.84 for Sxa and TOxa, respectively).
 Conclusions—Disturbed autoregulation in the first 5 days after SAH significantly increases the risk of DCI. Autoregulatory
disturbances can be detected using near-infrared spectroscopy and transcranial Doppler technologies. ( Stroke.
2012;43:3230-3237.)
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Brain tissue oxygen evaluation by wireless =~
near-infrared spectroscopy Che-Chuan Wang, MD .
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Dr. Frank Rasulo
ANESTHESIA, INTENSIVE CARE, PERIOPERATIVE CARE MEDICINE
Spedali Civili, University Hospital of Brescia, Italy
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Cerebral Near-Infrared Spectroscopy (NIRS) Monitoring and
Neurologic Outcomes in Adult Cardiac Surgery Patients and

Neurologic Outcomes: A Systematic Review

Anesth Analg. 2013 March ; 116(3)

Fei Zheng, MD", Rosanne Sheinberg, MD*, May Sann Yee, MD’, Masa Ono, MD, PhDT,
Yueyging Zheng, MD¥, and Charles W. Hogue, MD"

Conclusions—Eeductions in rScQ; during cardiac surgery may identify CPB cannula
malposition, particularly duning aortic surgery. Only low-level evidence links low 1ScO> during
cardiac surgery to postoperative neurologic complications, and data are insufficient to conclude
that interventions to improve r5¢0, desaturation prevent stroke or POCD.

Should Cerebral Near-infrared
Spectroscopy be Standard of Care in Adult

Cardiac Surgery?

Priscilla J.W. Bevan, MBChB = Heart, Lung and Circulation 2015) 24, 544-550

CrossMark

Studies into the clinical efficacy of NIRS monitoring have thus far failed to definitively
show that interventions to correct cerebral desaturations improve neurological outcomes.
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Note di presentazione
Jobsis first described the technique of using NIRS to measure cerebral tissue oxygenation in 1977 [20]. Light in the near-infrared wavelengths range penetrates skin and skull more readily than light at other frequencies. Near-infrared light is largely absorbed by pigmented compounds called chromophores. These chromophores include oxyhaemoglobin and deoxyhaemoglobin, along with bilirubin, lipids, melanin, and cytochrome c oxidase. Changes in light attenuation reflect changes in chromophore concentration. As the concentrations of bilirubin, lipids and melanin remain constant in an indi- vidual patient over the monitoring period, changes in light absorption are related to changes in haemoglobin, deoxyhae- moglobin and cytochrome c oxidase - the concentrations of which depend on tissue oxygenation and metabolism. The Beer-Lambert Law describes the idealised situation where the attenuation of light between its source and a detector is due solely to absorption by chromophores. This law states that attenuation is directly proportional to three variables: chromophore concentration, the distance travelled by the light between the source and detector, and the extinc-tion coefficient of the chromophore (which describes the absorptive properties of a chromophore at a given wave-length) [21]. By measuring the change in attenuation at two wavelengths and using the known extinction coefficients of oxyhaemoglobin and deoxyhaemoglobin at those wave-lengths, the concentration change of oxyhaemoglobin and deoxyhaemoglobin can be determined [22]. In vivo, this situation is complicated by scattering of light. Some light is scattered away from the detectors and is lost, other light scatters multiple times before reaching the detector and so has a much greater path length. Light scattering is dependent on cell density and is therefore expected to remain constant over the monitoring period [22]. The Beer-Lambert law must be modified to include a multiplier to account for the increase in path length due to scattering (called the differential path length factor, calculated to be six in brain tissue) and an additive factor to account for the losses due to scattering (this amount is unknown)[22]. NIRS devices employ different tech- niques to overcome the difficulty due to scattering, including spatially resolved spectroscopy, frequency resolved spectros- copy, and time-resolved spectroscopy [21]. To try to eliminate light attenuation from the extracranial tissues, two detectors can be used. The signal from the closer detector (assumed to be largely extracranial attenuation) is subtracted from the detector placed further away. All NIRS devices require an algorithm to turn the mea-sured changes in light attenuation into a physiologic variable. Algorithms are of central importance. Studies showing the application of different algorithms to the same data yields different chromophore concentrations [23]. Comparison between devices is therefore problematic. The vascular compartment in brain tissue is predomi-nantly venous (70-80%), versus arterial (20-30%) [22]. Com-mercial cerebral oximeters assume a fixed ratio of either 70:30 or 75:25 for venous to arterial blood volume [21]. If the oxygen saturation of cerebral venous blood is about 60%, and the saturation of arterial blood is 98-100%, the average regional oxygen saturation will be 60-70%. This represents the equilibrium between the cerebral blood flow and the cerebral metabolism of oxygen [22]. Cerebral oximetry there-fore gives real-time information on the balance between oxygen supply and demand [21]. Review of cerebral oximetry 545
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Assessment of cerebral oxygenation
in neurocritical care patients:
comparison of a new four wavelengths
forehead regional saturation in oxygen sensor
(EQUANOX®) with brain tissue oxygenation.
A prospective observational study

P ESNAULT Y, H. BORET !, A, MONTCRIOL ', E. CARRE?, B. PRUNET 1, . BORDES!
I SIMON1, C. JOUBERT 3, A. DAGAIN 3, E. KAISER 1, E. MEAUDRE !

(Minerva Anestesiol 2015;81:876-84)
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Figure 3—ROC curve constructed with 5 rSO; thresholds (50%, 55%, 60%, 65% and 70%) to detect moderate cerebral hypoxia
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Figure 1.—Graphic showing the absence of correlation between PbtO, and rSO, (pooled values).

Conclusions

7 these results emphasize
the low ability of rfSO, to detect cerebral hypoxia
compared to PbtO,. Even using a third genera-
tion NIRS monirtoring, rSO, cannot be used a
substitute for PbtO, after brain injury.

Dr. Frank Rasulo 3
ANESTHESIA, INTENSIVE CARE, PERIOPERATIVE CARE MEDICINE "["84
Spedali Civili, University Hospital of Brescia, Italy :
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Continuous-wave near-infrared spectroscopy is not related

to brain tissue oxvgen tension

J Clin Monit Comput 20 August 2015
Thomas Kerz' - Christian Beyer' + Alexandra Huthmann® - Darius Kalasauskas' -
Amr Nimer Amr' - Stephan Boor” - Stefan Welschehold”

s Measurement of rSO2 was no
Jh better than flipping a coin in the
detection of cerebral ischemia.
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There was no correlation between rSO2 mea
NIRS, and invasively measured PtiO2 values
of 11 critically ill neurological patients. C
unable to detect ischemic cerebral episodes
PtiO2 value <15 mmHg. CW-NIRS should r
the detection of cerebral ischemia.
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1 TBI and 10 SAH. 
Abstract Near-infrared spectroscopy (NIRS) has gained acceptance for cerebral monitoring, especially during cardiac surgery, though there are few data showing its validity. 
We therefore aimed to correlate invasive brain tissue oxygen measurements (PtiO2) with the corresponding NIRS-values (regional oxygen saturation, rSO2). We also studied whether NIRS was able to detect ischemic events, defined as a PtiO2-value of \15 mmHg. Eleven patients were studied with invasive brain tissue oxygen monitoring and continuous-wave NIRS. PtiO2-correlation with corresponding NIRS-values was calculated. We found no correlation between PtiO2- and NIRS-readings. Measurement of rSO2 was no better than flipping a coin in the detection of cerebral ischemia when a commonly agreed ischemic PtiO2 cut-off value of\15 mmHg was chosen. Continuous- wave-NIRS was unable to reliably detect ischemic cerebral episodes, defined as a PtiO2 value \15 mmHg. Displayed NIRS-values did not correlate with invasively measured PtiO2-values. CW-NIRS should not be used for the detection of cerebral ischemia.
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O Significant differences between devices

[ There is no established norm as to baseline cerebral saturations

O There is little evidence that the absence of desaturation indicates adequate cerebral
blood flow

O NIRS is nonspecific in nature

[ extracranial tissues affect NIRS Any false negatives 7?77

L too many false-positive readings
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While all NIRS devices use the same general principles, there are significant differences between devices. They use different sources of light, different numbers of wavelengths of light emitted, and different distances between light-emitting optodes and sensors. As mentioned previously, devices also use a variety of algorithms to transform the raw data into a cerebral saturation reading. The combination of these differences makes comparisons between the devices difficult, hindering comparisons and meta-analysis of studies. It also complicates attempts to establish normal values and a threshold for desaturation 

There is no established norm as to baseline cerebral saturations. Factors such as low cardiac output, pulmonary disease, cerebral vascular disease, and anaemia, can reduce cerebral arterial oxygen supply and cause low baseline saturations. Such factors are likely to be in part responsible for the wide intra and inter-individual variations in baseline values. However, there is significant variation in baseline saturations reported even in normal adult subjects [43]. 

3)that the absence of desaturation indicates adequate cerebral blood flow [2]. It is possible that if the sensor is applied over an abnormality such as an area of previous stroke, scar formation from head injury, or congenital brain abnormality, that saturations may be falsely reassuring [7]. This may be of particular significance for the use of NIRS in aortic surgery. 

4) NIRS is nonspecific in nature. A decrease in cerebral saturations may reflect a derangement of systemic perfu- sion, regional cerebral hypoperfusion, relative hypoxaemia, increased cerebral metabolic rate, or some other such com- bination of factors [47]. In the randomised trial carried out by Murkin et al. [33], interventions were successful in correct- ing desaturations in only 80% of cases. In the trial by Slater et al. [25], there was no significant difference in the rates of desaturation between the intervention and the control group. 
[48]. 

5) The extent to which extracranial tissues affect NIRS readings is debated. Many NIRS monitors use a subtraction algorithm, where the light absorption from superficial tissues is subtracted from deeper tissues (using the placement of sensors at different distances from the light source). This approach was validated in a study of 14 patients where the near-infrared chromophore indocyanine green was injected into the carotid artery during cerebral angiography [49]. When dye was injected into the internal carotid artery, the attenuation of light increased as the distance from the light source increased. This was not the case when the dye was injected into the external carotid. In a study of 60 patients undergoing carotid endarterectomy, investigators found a significant reduction in the NIRS cerebral oxygenation when the internal carotid artery was clamped, but not when the external carotid was clamped [50]. While these studies support the assertion that NIRS is relatively unaffected by extracranial oxygenation, other investigators have challenged this. In a study of patients undergoing spine surgery, inflation of a tourniquet resulting in scalp ischaemia altered NIRS readings by up to 17% (particularly in older generation devices) suggesting light attenuation from extracranial tissues was not reliably removed by the subtraction algorithm [51]. Monitors differ in their approach to dealing with possible contamination by extracranial tissue, and this is another reason it is uncertain whether data 

6) Some have claimed that NIRS has too many false-positive readings [6]. This criticism is supported by case reports in the literature that describe patients who have woken with no neurological deficits after prolonged periods of profound desaturation 
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Cerebral oximetry in dead subjects
Schwarz GJ. Neurosurg Anesthesiol. 1996

18 dead subjects 15 healthy

mean rSo2 in the dead subjects was 51.0 %

mean rSo, in the control group was 68.4 %

After removal of the brain at autopsy in five
of the dead subjects, the rSo2 was 73.4%

Six of thel8 dead had values above the lowest
values found in the healthy adults (>=60%).
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Summary: Near-infrared spectroscopy is a technique used to monitor cerebral oxygenation. To validate the method, we measured regional oxygen saturation (rSo2) in the brains of 18 dead subjects (mean age, 74.4 +/- 14.6 years) 19.8 +/- 18.2 h (range, 1-73) after cessation of systemic circulation, and in 15 healthy probands (mean age, 34.2 +/- 8.7 years) with an INVOS 3100 cerebral oximeter. The mean (+/-SD) rSo2 in the dead subjects was 51.0 +/- 26.8% [range, 6-88%; left, 48.4 +/- 28.0% (n = 21); right, 54.4 +/- 25.7% (n = 16)]. The mean rSo, in the control group was 68.4 +/- 5.2% (range, 60-76%; left, 68.1 +/- 5.0%; right, 68.7 +/- 5.6%). After removal of the brain at autopsy in five of the dead subjects, the rSo2 was 73.4 +/- 13.3% (15 measurements). Six of 18 of the dead subjects had values above the lowest values found in the healthy adults (>=60%). These findings raise concerns about the validity of cerebral rSo2 data in adults obtained by the INVOS 3100 system.
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Near-Infrared Spectroscopy (NIRS): Validation and
Technical Aspects in Documentation of Brain Death

G Litscher Internet Journal of Neuromonitoring. 2002 Volume 3 Number 1

Forensic
Science
International

Evaluation of post-mortem oxymetry with reference
to the causes of death'

Forensic Seience Interuational
87 (1997) 201-210

Hitoshi Maeda™, Kazunori Fukita, Shigeki Oritani, Kaori Ishida, Bao-

Li Zhu

Supratrochlear Artery Middle Cerebral Artery Posterior Cerebral Artery
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rSO2 saturation during 214 autopsies,
values ranged from 0.3% to 95%

Cause of death t-Hb 0,-Hb Grouping according to O,-Hb levels

*average (%) <10% 10-30% =50%
(g/dl) n=T6/45) (M=35/35) (m=10/13)
Blunt injuries (n=45/63) 16-299 #*119  00-977 4125 18/29 3/9
Stab/incised wounds (n=12/10) 66-229 *136  00-89.1 4/5 6/3 2/2
“""";'(':"""" ",',T Gun shot head mjuries (n=3/0) 70-202 *138 50-456 1/0 2/0
Asphyxiation (n1=22/6) 62-240 *17.3  00-505 18/5 371 1/0
Drowning (n=12/1) 38-27.1 *143  00-190 10/1 2/0
Poisoning/drug shock (n=8/2) 88254 %212 04-352 7/1 1/1
Cold exposure (n=5/1) 60-229 *148 325-808 1/0 4/1
Other traumas” (n=3/1) 126-242 #1935 28-52 31
Natural diseases (n=11/9) 14-237 *125  0.1-935 917 2/1 0/1




Cerebral O2 Monitoring in SAH

CAN WE TAKE ANYTHING HOME ???

TCD - Transcranial Doppler
CTA - Angio CT

gIS-PA PD(T;:: EE kic-lr-action Angiography PAZ' E NTE
SVEGLIO

PAZIENTE
NON SVEGLIO

Dr. Frank Rasulo
ANESTHESIA, INTENSIVE CARE, PERIOPERATIVE CARE MEDICINE
Spedali Civili, University Hospital of Brescia, Italy
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Original Investigation  JAMA Neurology May2016 Volume 73, Number 5

Pathophysiologic Mechanisms of Cerebral Ischemia
and Diffusion Hypoxia in Traumatic Brain Injury

Tonny V. Veenith, FRCA; Eleanor L. Carter, FRCA; Thomas Geeraerts, PhD; Julia Grossac, MD;
Virginia F. J. Newcombe, PhD; Joanne Quttrim, MSc; Gloria S. Gee, AS; Victoria Lupson, BSc; Rob Smith, PhD;
Franklin . Aigbirhio, PhD; Tim D. Fryer, PhD: Young T. Hong, PhD:; David K. Menon, PhD; Jonathan P. Coles, PhD

Figure 1. Evidence of Cerebral Ischemia Using Oxygen 15-Labeled Positron Emission Tomography After Head Injury Figure 3. Evidence of Tissue Hypoxia Using Fluorine 18-Labeled i [°FIFMISO) Positron Emission
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fluoromisonidazole ([18F]FMISO)  cONCLUSIONS AND RELEVANCE Tissue hypoxia is not confined

oxygen 15-labeled PET to regions with structural abnormality and can occur in the
absence of conventional macrovascular ischemia.
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Note di presentazione

Fluorine 18–labeled fluoromisonidazole ([18F]FMISO) is a hypoxia PET tracer that undergoes irreversible selective bioreductionwithin hypoxic but viable cells18 and has been used after stroke19-21 and subarachnoid hemorrhage.22

oxygen 15–labeled positron emission tomography (15O PET)

Hypoxia may be unrelated to CBF and may be related to other mechanisms, such as a diffusion barrier to oxygen into edematous tissue,4,12

Hypoxia and ischemia both appear in the post-TBI brain, but regions of the brain can be hypoxic but not ischemic, and vice versa. This suggests that hypoxia may be unrelated to CBF and may be related to other mechanisms, such as a diffusion barrier to oxygen into edematous tissue,4,12

IMPORTANCE Combined oxygen 15–labeled positron emission tomography (15O PET) and brain tissue oximetry have demonstrated increased oxygen diffusion gradients in hypoxic regions after traumatic brain injury (TBI). These data are consistent with microvascular ischemia and are supported by pathologic studies showing widespread microvascular
collapse, perivascular edema, and microthrombosis associated with selective neuronal loss.
Fluorine 18–labeled fluoromisonidazole ([18F]FMISO), a PET tracer that undergoes irreversible
selective bioreduction within hypoxic cells, could confirm these findings.
OBJECTIVE To combine [18F]FMISO and 15O PET to demonstrate the relative burden,
distribution, and physiologic signatures of conventional macrovascular and microvascular
ischemia in early TBI.
DESIGN, SETTING, AND PARTICIPANTS This case-control study included 10 patients who
underwent [18F]FMISO and 15O PET within 1 to 8 days of severe or moderate TBI. Two cohorts
of 10 healthy volunteers underwent [18F]FMISO or 15O PET. The study was performed at the
Wolfson Brain Imaging Centre of Addenbrooke’s Hospital. Cerebral blood flow, cerebral blood
volume, cerebral oxygen metabolism (CMRO2), oxygen extraction fraction, and brain tissue
oximetry were measured in patients during [18F]FMISO and 15O PET imaging. Similar data
were obtained from control cohorts. Data were collected from November 23, 2007, to May
22, 2012, and analyzed from December 3, 2012, to January 6, 2016.
MAIN OUTCOMES AND MEASURES Estimated ischemic brain volume (IBV) and hypoxic brain
volume (HBV) and a comparison of their spatial distribution and physiologic signatures.
RESULTS The 10 patients with TBI (9 men and 1 woman) had a median age of 59 (range,
30-68) years; the 2 control cohorts (8 men and 2 women each) had median ages of 53 (range,
41-76) and 45 (range, 29-59) years. Compared with controls, patients with TBI had a higher
median IBV (56 [range, 9-281] vs 1 [range, 0-11] mL; P < .001) and a higher median HBV (29
[range, 0-106] vs 9 [range, 1-24] mL; P = .02). Although both pathophysiologic tissue classes
were present within injured and normal appearing brains, their spatial distributions were
poorly matched. When compared with tissue within the IBV compartment, the HBV
compartment showed similar median cerebral blood flow (17 [range, 11-40] vs 14 [range,
6-22] mL/100 mL/min), cerebral blood volume (2.4 [range, 1.6- 4.2] vs 3.9 [range, 3.4-4.8]
mL/100 mL), and CMRO2 (44 [range, 27-67] vs 71 [range, 34-88] μmol/100 mL/min) but a
lower oxygen extraction fraction (38%[range, 29%-50%] vs 89%[range, 75%-100%];
P < .001), and more frequently showed CMRO2 values consistent with irreversible injury.
Comparison with brain tissue oximetry monitoring suggested that the threshold for increased
[18F]FMISO trapping is probably 15mmHg or lower.
CONCLUSIONS AND RELEVANCE Tissue hypoxia after TBI is not confined to regions with
structural abnormality and can occur in the absence of conventional macrovascular ischemia.
This physiologic signature is consistent with microvascular ischemia and is a target for novel
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Continuous Measurement of Cerebral
Oxygenation with Near-Infrared Spectroscopy after

Spontaneous Subarachnoid Hemorrhage

i International Scholarly Research Network
Homajoun Maslehaty, 5y, " "

Volume 2012, Article ID 907187, 7 pages
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Case 1. A 70-year-old female presented with SAH H&H grade 5, %0
Fisher grade 4 due to a ruptured left sided PCA aneurysm.

TCD showed elevated blood flow velocities (200 cm/sec) of both
MCA and ACA arteries despite triple H therapy and nifedipine.

NIRS showed left-sided decrease of rSO2 below 40% on day 5 after onset
(Figure 2).

Left frontal applied ICP probe showed no significant changes at the same
time (ICP 11mmHg, CPP 118 mmHg).

Subsequently performed native CT and PW-CT scans showed neither
perfusion deficits nor ischemic stroke (Figures 3(a) and 3(b)).

Two days later, ICP increased slowly and reached the maximum of 39mmHg on day
twelve after onset.

In parallel to this right-sided rSO2, values decreased as well.

(c)

Newly performed CT scan showed a marked left hemispheric ischemic stroke with
shift of the midline strictures and signs of brain herniation (Figure 3(c)).

In consideration of the poor clinical condition, the age, and occurrence of distinct ischemic stroke, we decided to limit the therapy.
The patient died on day twelve after onset.
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Note di presentazione
Case 1. A 70-year-old female patient presented with SAH
H&H grade 5, Fisher grade 4 due to a ruptured leftsided
PCA aneurysm with intracerebral and intraventricular
hemorrhage. The aneurysm was treated surgically, and the
patient remained sedated and intubated, receiving mechanical
ventilation postoperatively. In the continuing course,
TCD showed elevated blood flow velocities of both MCA
and ACA arteries of up to 200 cm/second. Despite triple H
therapy and nifedipine application, NIRS showed left-sided
decrease of rSO2 below 40% on day 5 after onset (Figure 2).
Intrinsic and extrinsic factors were normal at that time (MAP
127mmHg, SaO2 99%, FiO2 60%, t 38.3◦C, pCO2 35%, and
Hb 11.3 g/dL). Left frontal applied ICP probe showed no
significant changes at the same time (ICP 11mmHg, CPP
118 mmHg). Subsequently performed native CT and PW-CT
scans showed neither perfusion deficits nor ischemic stroke
(Figures 3(a) and 3(b)).
Left-sided rSO2 values remained on a low level with
further decrease. Two days later, ICP increased slowly and
reached the maximumof 39mmHgon day twelve after onset.
In parallel to this right-sided rSO2, values decreased as well.
Newly performed CT scan showed a marked left hemispheric
ischemic stroke with shift of the midline strictures and signs
of brain herniation (Figure 3(c)). In consideration of the
poor clinical condition, the age, and occurrence of distinct
ischemic stroke, we decided to limit the therapy. The patient
died on day twelve after onset.
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Basic mechanisms of diffusive and diffusion-related oxygen

transport in biological systems: a review.
Groebe K, Thews G (1992) Adv Exp Med Biol 317:21-33

There is “acellular blood flow” in the brain.

Studies in the rat cortex show that up to 20% of capillaries may not contain erythrocytes.

Therefore non-Hgb 02 transport may be important, and since the driving force for 02 delivery to
the cells (mitochondria) is the 02 tension gradient, it provides a rationale for a clinical use of
therapy designed to improve brain oxygenation.
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Note di presentazione
Once arterioles increase the blood flow, the capillaries are hyperperfused. One popular hypothesis was that a large number of capillaries are 'unused' and thus available to accept this increased flow, leading to an increased blood volume within the capillaries (capillary recruitment hypothesis). Recent studies have however failed to demonstrate such mechanism. Instead, individual capillaries tend to distend, i.e. to reduce their resistance, leading to an increased blood flow. This distension would, in the same time, increase the total surface of the local capillary bed, which could increase the transfer of oxygen and glucose to active neurons. Thus, the response of the capillary bed to increased blood flow from the arterioles is to increase the blood flow velocity with an unknown contribution to the decreased resistance. However, such increase in the velocity corresponds to an increased transit time which in turn decrease the likelihood for a Hd molecule to exchange its oxygen.
A close relationship exists between the local capillary density in different brain structures and their local blood flow and metabolism. Capillary density appears to have developed depending on local functional demands. Investigation of single capillary perfusion has shown that all capillaries are perfused with plasma in the brain at any time point. Theories of capillary cycling and capillary recruitment have been based on experimental artifacts. Indirect evidence exists for a heterogeneity of perfusion under normal conditions, especially with respect to erythrocyte flow. The capillary diffusion capacity depends on, among other things, the available capillary surface area, which would increase with recruitment of capillaries. In the case of capillary perfusion heterogeneity, the capillary diffusion capacity may also be increased by homogenization of the perfusion rate (slowly perfused capillaries becoming faster perfused). This could give a physiological impression of an "apparent" increase in the capillary surface area. It is recommended that the terms "capillary cycling" and "recruitment" should be used in conjunction with more specific explanations, like "recruitment of erythrocytes" and "recruitment of previously nonperfused capillaries".
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Occurrence of Vasospasm and Infarction in Relation to
a Focal Monitoring Sensor in Patients after SAH: Placing
a Bet when Placing a Probe? PLOS ONE May 2013 | Volume 8 | Issue 5

Christian T. Ulrich'*, Christian Fung', Hartmut Vatter’, Matthias Setzer?, Erdem Gueresir?,
Volker Seifert?, Juergen Beck', Andreas Raabe’

Table 2. Number of patients according to aneurysm type, location of the probe and occurrence of infarction.

CVS outside probe Infarct inside Infarct outside

Aneurysm location Total aneurysms CVS in probe area area probe territory probe territory MNo infarct
MCA right 6 6 0 3 0 3

MCA left 8 7 1 5 1 2

ICA right 15 12 3 10 1 4

ICA left 15 14 1 8 0 7

ATCA right 3 1 2 1 2 0

ATCA left 1 1 ] 1 0 0

AcoA, A2CA 33 25 8 14 4 15

VBA 19 8 11 3 10 6

The probability that a single focal probe will be situated in the territory of severe CVS and infarction
varies over a wide range. More reliable CVS or infarction detection was observed in MCA and ICA.

In our opinion, focal ptiO2 or CBF or microdialysis measurements are useful for MCA and ICA
aneurysms, but may have a high (25— 50%) failure rate in patients with VBA and ACA aneurysmes.
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Neurocrit Care (2015) 22:348-359

Jennifer Frontera' - Wendy Ziai® - Kristine _O’P'hel.‘:m‘3 - Peter D. Leroux” -
Peter J. l(irkpatrick5 * Michael N. Diringerﬁ - Jose L Suarez’ - the Second Neurocritical
Care Research Conference Investigators

Table 2 Local and systemic factors that influence brain oxygenation

Local factors Medical Interventions for Brain
0, consumption by neurons and glia Hypoxia (use/response rate)
O, diffusion conditions/gradients in tissue
Number of perfused capillaries per tissue volume
Length and diameter of perfused capillaries
Capillary perfusion rate and microflow pattern
Hemoglobin oxygen release in microcirculation

Systemic factors
Arterial blood pressure
ICp
PaO,

PaCO,
pH
Temperature

Increasing Fressors  Sedaion  Mannitol pREC
Blood hemoglobin content RO2 transfusion

Viscosity

Fig. 1 Medical Interventions for Brain Hypoxia. Figure 2 of Bohman
Hematocrit et al. [38]

Dr. Frank Rasulo B
ANESTHESIA, INTENSIVE CARE, PERIOPERATIVE CARE MEDICINE U!HB‘S
Spedali Civili, University Hospital of Brescia, Italy :
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 Abstract
Background Brain tissue oxygen (PbtO2) monitoring is
used in severe traumatic brain injury (TBI) patients. How
brain reduced PbtO2 should be treated and its response to
treatment is not clearly defined. We examined which
medical therapies restore normal PbtO2 in TBI patients.
Methods Forty-nine (mean age 40 ± 19 years) patients
with severe TBI (Glasgow Coma Scale [GCS] B 8)
admitted to a University-affiliated, Level I trauma center
who had at least one episode of compromised brain oxygen
(PbtO2 <25 mmHg for >10 min), were retrospectively
identified from a prospective observational cohort study.
Intracranial pressure (ICP), cerebral perfusion pressure
(CPP), and PbtO2 were monitored continuously. Episodes
of compromised PbtO2 and brain hypoxia (PbtO2
<15 mmHg for >10 min) and the medical interventions
that improved PbtO2 were identified.
Results Five hundred and sixty-four episodes of compromised
PbtO2 were identified from 260 days of PbtO2
monitoring. Medical management used in a ‘‘cause-directed’’
manner successfully reversed 72% of the episodes of
compromised PbtO2, defined as restoration of a ‘‘normal’’
PbtO2 (i.e. C25 mmHg). Ventilator manipulation, CPP
augmentation, and sedation were the most frequent interventions.
Increasing FiO2 restored PbtO2 80% of the time.
CPP augmentation and sedation were effective in 73 and
66% of episodes of compromised brain oxygen, respectively.
ICP reduction using mannitol was effective in 73%
of treated episodes, though was used only when PbtO2 was
compromised in the setting of elevated ICP. Successful
medical treatment of brain hypoxia was associated with
decreased mortality. Survivors (n = 38) had a 71% rate of
response to treatment and non-survivors (n = 11) had a
44% rate of response (P = 0.01).
Conclusion Reduced PbtO2 may occur in TBI patients
despite efforts to maintain CPP. Medical interventions
other than those to treat ICP and CPP can improve PbtO2.
This may increase the number of therapies for severe TBI
in the ICU.


Bedside Monitoring of Cerebral Blood Oxygenation and Hemodynamics after
Aneurysmal Subarachnoid Hemorrhage by Quantitative Time-Resolved
Near-Infrared Spectroscopy WORLD NEUROSURGERY, DOK10.1016/.wNEw.2010.02.061

Noriaki Yokose', Kaoru Sakatani’2>, Yoshihiro Murata, Takayuki Awano’, Takahiro Igarashi’, Sin Nakamura',
Tatsuya Hoshina", Yoichi Katayama™®

CONCLUSION: TR-NIRS detected vasospasm by evaluating the CBO in the
cortex and may be more sensitive than TCD, which assesses the blood flow
velocity in the M1 portion. The cerebral oxygen metabolism in SAH might be
reduced by brain damage due to aneurysmal rupture.

Dr. Frank Rasulo
ANESTHESIA, INTENSIVE CARE, PERIOPERATIVE CARE MEDICINE
Spedali Civili, University Hospital of Brescia, Italy
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NIRS & WiFi

Brain tissue oxygen evaluation by wireless =

.
near-infrared spectroscopy Che-Chuan Wang, MD .
JOURNAL OF SURCICAL RESEARCH 200 (2016) 669—675 o
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) _l; . : between changes in PbtO2 and HbO2 (correlation . 0.76)
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g + o proposed wireless NIRS system can be used to noninvasively
g . estimate cerebral hypoxia. As such, the relative concentration
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Fig. 4 — Correlations between changes in partial pressure
of oxygen in brain tissue (APbt0,) and (A) oxyhemoglobin
(AHbO;) and (B) deoxyhemoglobin after traumatic brain
injury (TBI). (Color version of figure is available online.)

mEg



=) : : : T e Y ;,{ ‘}
it~ | Cerebral O2 Monitoring in SAH Peura ‘;-



https://www.google.it/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwj6guSYts_MAhWG2hoKHbVhDHkQjRwIBw&url=https://en.wikipedia.org/wiki/Blocking_the_plate&bvm=bv.121421273,d.d24&psig=AFQjCNH4Ny0tbP3FhSnn_fsqmqzwZ18NGQ&ust=1462966794116823�

e
BS

PbtO. & FiO2 e

Effect of hyperoxia on cerebral metabolic rate for oxygen
measured using positron emission tomography in patients
with acute severe head iniurv

J Neurosurg 106:526-529, 2007

MiCHAEL N. DIRINGER, M.D., F.C.C.M.,! VENKATESH AIYAGARI, ML.B.B.S., D.M.,!
ALLYSON R. ZAZULIA, M.D.,? ToMm O. VIDEEN, PH.D.,"? AND WILLIAM J. POWERS, M.D.!-?

TABLE 1

Physiological data in five patients with acute TBI
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Although the number of patients we studied was very
small, there was not even a hint of a consistent improve-
ment 1n brain oxygen metabolism. Of course, we cannot
rule out the existence of an individual patient who may re-
spond differently; this is an issue that could be addressed
with larger studies. Nevertheless, these results do not sup-
port the use of 100% oxygen 1n patients with TBI based on
the rationale that 1t generally improves brain oxygen me-

pl

» tabolism.

Py warn ey o — e o = aorer
Swlf)1 (%) 743 = 8.2 824 + 7.1
Cw:)1 (vol %) 10.85 = 2.9 11.43 = 3.1

BI
ue*

74
3
39
38

w2


Relatore
Note di presentazione
Other groups have expressed concern about the findings that normobaric hyperoxia alone can improve cerebral oxygenation. Blood hemoglobin, which is almost completely responsible for O2 delivery to tissues, is almost fully saturated at room air. In contrast, the amount of O2 dissolved in blood is negligible. Therefore, increasing FiO2 does not significantly increase the O2 content carried by blood to hypoxic tissue. Although PbrO2 increases with an increase in FiO2, the increase does not necessarily correlate with an increase in the supply of O2 to tissue.

To show an improvement in cerebral metabolism
in response to increased FiO2, studies must show that ATP
generation and the cerebral metabolic rate of O2 (CMRO2)
consumption increases after this type of therapy as measured by
microdialysis. Until these studies and additional clinical outcome
studies are performed, hyperoxia should not be used for
the routine treatment of TBI patients.

Although PbtO2 is influenced by factors
that regulate CBF, and in particular CO2 and MAP [75], a
PbtO2 monitor is not simply an ischemia monitor [78, 79].
Instead, it likely is a marker of the balance between
regional oxygen supply and cellular oxygen consumption.
It also is influenced by changes in diffusion distance
between capillaries and cells and the proportion of arterioles
and venules where the probe is placed [7, 32, 77]; that
is, PbtO2 may reflect oxygen diffusion rather than total
oxygen delivery or cerebral oxygen metabolism. Other factors
known to influence PbtO2 include FiO2, arterial partial
pressure of oxygen (PaO2), MAP, CPP, CBF, and Hgb
concentration, to name a few, and it may be inversely
correlated with oxygen extraction fraction on PET [80].
Importantly, a PbtO2 monitor is different from a jugular bulb
catheter that reflects the venous oxygen content in blood
exiting the brain and so indicates the balance between oxygen
delivery and oxygen utilization. By contrast, PbtO2 is more a
measurement of the oxygen that accumulates in brain tissue.
Recently, Rosenthal et al. [76] challenged 14 severe TBI
with an increase in FiO2 to 1.0 (oxygen reactivity), a
10 mmHg increase in mean arterial blood pressure (cerebral
autoregulation), and a 10 mmHg decrease in PaCO2 (CO2
cerebral vascular reactivity). They made the following
important observations: (1) PaO2 and PbtO2 both increased
with an oxygen challenge. However, there was not a
substantial change in oxygen delivery, and regional
CMRO2 remained unchanged. (2) During a MAP challenge,
there was a small increase in CBF, and the mean
PbtO2 increased. A significant change in CMRO2 was not
observed. (3) Hyperventilation reduced CBF, and this
increased AVDO2. Although there were several study
limitations, their data further suggest that PbtO2 reflects
the product of CBF and the arteriovenous difference in
oxygen tension, PbtO2=CBFÅ~AVTO2; that is, the interaction
between plasma oxygen tension and CBF is an
important determinant of PbtO2. This finding is consistent
with experimental studies, which indicate that PbtO2 does
not simply reflect CBF [79], PET studies in human TBI that
show that diffusion abnormalities can contribute to cerebral
hypoxia [7], and microdialysis studies that indicate that
increases in markers of anaerobic metabolism can occur
independently from CPP [81]. In other words a PbtO2
422 Childs Nerv Syst (2010) 26:419–430
monitor can provide some insight into both ischemic and
non-ischemic derangements of brain physiology after TBI.
Rosenthal et al. [76] also compared the mean ratio of tissue
to arterial oxygen concentration and the ratio of tissue to
venous oxygen concentration. These values were was less
than 2–2.5% consistent with Kety and Schmidt’s original
hypothesis that the concentration of oxygen in brain tissue
is very small relative to the oxygen content of arterial and
venous blood [23, 82].
Despite  these  promising  studies, there  remains  debate  about  the physiological efficacy of normobaric 
hyperoxia with some PET and microdialysis studies, suggesting that it does not improve brain metabolism.
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