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HEITPEPBIBHAS BJWKHAA UHOPAKPACHASA CIIEKTPOCKOIINA
HE CBSI3AHA C HAIIPSIDKEHUEM KUCJIOPOJA B MO3I'OBOM TKAHU

AKTyanbHOCTB. BikHss nHQpakpacHas ClIEKTPOCKOIHS UCTIONIb3YETCS IS Lie-
peOpaabHOTO MOHUTOPUHIA, OCOOEHHO NPU KAPIUOXUPYPIUUECKUX BMEIIATEIb-
crBax. OHa nojy4yuiia Npu3HaHUe B KauecTBe 1iepeOpaIbHOr0O MOHUTOPUHTA, XOTS
€CTb JaHHbIE, [T0OKA3BIBAIOIIUE €€ HEITOJIHYI0 0OOCHOBAHHOCTb.

Llenn Haero uccie0BaHus — ONPEAETUTb KOPPEISLUI0 HHBA3UBHOIO OIIpe-
JIeNIeHUsI KUCIopoia B Mo3roBoit Tkauu (PtiO,) ¢ COOTBETCTBYIONIMMHU 3HAYCHUSIMHU
OmmkHel HHQpaKpacHOH CIEKTPOCKONUU (caTypauus Kuciopoaa kposu, 1SO,).
Taxoke uccaeoBanach CrloCOOHOCTD OJIMKHEH NHPPAKPACHON CIIEKTPOCKOITUH OIl-
penensaTh umeMudeckue mpoieccer npu PtiO,<15 mmHg.

Martepuaisr 1 MeToabl. B riccienoBanny npuHsin yuactue 11 manueHTos ¢ HH-
BA3MBHBIM MOHUTOPUHIOM YPOBHS KHCIIOPO/A B MO3TOBOM TKaHM, KOTOPBIM IPO-
BOAMIIACH OJIMKHSS MHPpaKpacHas CIeKTPOCKONHs. BbUTo onpeeseHo oTcyTcTBue
KOPPEJSALIH TOKa3aTelsi HHBA3UBHOT'O YPOBHS KUCIIOPOa B MO3TOBOM TKAHM C CO-
OTBETCTBYIOLIMMHM 3HAUCHUSIMU OinkHel nHppakpacHoil criekTpockonuu. M3me-
peHue caTypaunuu KUCIOpoAa KPOBH COMIOCTABIUMO C «ITOAOPACHIBAHIEM MOHETHI»
B OIpEJICNICHUN UILIEMHUU TOJIOBHOT'O MO3T'a, KOT/1a YK€ HICHTU(UIIMPOBaHbI 0011ie-
MIPUHSATBIE TPU3HAKHM MIIEMUHU TOJIOBHOI'O MO3ra: YPOBEHb KHCIOPO/1a B MO3TOBOM
TKaHU, OTIPE/IeIIEHHBII NHBA3UBHBIM MeTOIOM, ObLT <15 mmHg.

Pesyabrarsl. biaokHsas nHQpakpacHas CIeKTPOCKOIHUS SBJISIETCS METOIOM, He-
MIPUTOAHBIM Il MICHTU(DUKALIUMH MO3TOBOM MILIEMUH, OMPEICICHHOW HHBA3UBHBIM
HU3MEpEeHNeM KUCIopoa B Mo3roBoii Tkanu <15 mmHg. McnnenoBanue nokasano
OTCYTCTBHE KOPPEISLUU MEX/Iy caTypalyeil KUCIopoa KPOBU U YPOBHEM KHUCIIO-
pozia B MO3rOBOM TKaHHU.

BoiBoabl. biokHAsS nHppakpacHast CHEKTPOCKOIHS HE MOKET UCIIOIb30BaThCS
B Ka4eCcTBE MHANKATOPA LepeOpaIbHON UIIEMUH.
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KuaroueBsbie ciioBa: OkHSST MHPpaKpacHas CIEKTPOCKOIHS, YPOBEHb KUCIIO-
poJia B MO3roBOil TKaHH, LiepebpaibHas TpaBMa, cCyO0apaxHOUIaIbHOE KPOBOM3IIHUS-
HUE, CMePTh MO3ra.
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Actuality. Near-infrared spectroscopy (NIRS) has gained acceptance for cereb-
ral monitoring, especially during cardiac surgery, though there are few data show-
ing its validity.

Aim. We therefore aimed to correlate invasive brain tissue oxygenmeasurements
(PtiO,) with the corresponding NIRS-values (regional oxygen saturation, rSO,). We
also studied whether NIRS was able to detect ischemic events, defined as a PtiO,-
value of <15 mmHg.

Materials and methods. Eleven patients were studied with invasive brain tissue
oxygen monitoring and continuous-wave NIRS. PtiO,-correlation with correspond-
ing NIRS-values was calculated. We found no correlation between PtiO, — and
NIRS-readings. Measurement of rSO, was no better than flipping a coin in the de-
tection of cerebral ischemia when a commonly agreed ischemic PtiO, cut-off value
of <15 mmHg was chosen.

Results. Continuous-wave-NIRS (CW-NIRS) was unable to reliably detect
ischemic cerebral episodes, defined as a PtiO, value <15 mmHg. Displayed NIRS-
values did not correlate with invasively measured Pti,-values.

Conclusion. CW-NIRS should not be used for the detection of cerebral ischemia.

Key words: near-infrared spectroscopy, brain oxygen tension, brain trauma, sub-
arachnoid haemorrhage, brain death.

1. Purpose

Cerebral monitoring is commonly used in unconscious patients with brain patholo-
gy, to warn of otherwise undetectable adverse events. Even though intracranial pressure
(ICP) monitoring in the patient with traumatic brain injury (TBI) is considered by many
to be standard of care, the actual guidelines from the Brain Trauma Foundation only
make a level 2 recommendation [1]. The same guidelines rate brain tissue oxygen moni-
toring (PtiO,) as a level 3 recommendation. While there are no randomized studies on
the effect of PtiO,-targeted therapy in patients with TBI or subarachnoid haemorrhage
(SAH), a recent Phase 2 study [2] and several retrospective studies have demonstrated
that PtiO,-monitoring can reduce mortality and improve 6-months outcome after TBI
[3]. It would be ideal to be able to monitor brain oxygenation noninvasively, and some
have recommended near-infrared spectroscopy (NIRS, or rSO,, the regional oxygen sat-
uration) for this purpose. There is considerable debate about the reliability of this tech-
nique, however, as some researchers have reported a positive correlation between the two
methods [4; 5] whereas others have found NIRS useless in the detection of vasospasm [6]
or generally uninterpretable because of significant extracerebral influences on the cere-
bral signal [7]. To complicate things further, different types of NIRS systems exist on the
market and their data cannot be used interchangeably [8].

We therefore aimed to correlate invasive brain tissue oxygen measurements, which
can be considered reasonably reliable, with the corresponding rSO,-values, in a series of
critically ill neurointensive care patients, to determine the clinical usefulness of the NIRS
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technique in these patients. More specifically, we studied whether NIRS was able to reli-
ably detect ischemic events, defined as a PtiO,-value of <15 mmHg [1].

2. Methods

The primary endpoint of this prospective, unblinded study was the correlation of PtiO,-
values with rSO,-readings. We studied 11 adult patients, aged (54.4£14.9) years (range
29-79), admitted to our neurosurgical intensive care unit between January 2010 to De-
cember 2012. There were 7 females and 4 male patients, of whom one patient suffered
from TBI and 10 patients from subarachnoid haemorrhage (SAH). Further patient char-
acteristics are presented in Table 1.

Patients were included if they were intubated and ventilated after a neurological injury,
and invasive neuromonitoring had been inserted according to the clinical judgement of the
neurointensivist. All patients had PtiO, measured by Licox probes through an Integra™Li-
cox double lumen bolt (Integra LifeSciences, Ratingen, Germany) with simultaneous intrac-
ranial pressure (ICP) measurements by a Neurovent-P probe (Raumedic, Muenchberg, Ger-
many). The catheter was connected to an electronic patient data management system (PDMS)
using a Licox® PMO Box [9]. All probes were inserted frontally on either the right or left
side (see Table 1). In patients with SAH, probes were inserted into the side mostly affected by
vasospasm as seen in CT-angiography or in digital subtraction angiography. In the patient
with TBI and brain swelling, the right side was chosen. In order to achieve reliable readings,
a stability period of 2 h was allowed before PtiO,-readings were recorded. Data were stored
in the PDMS and later downloaded into an Excel data sheet for analysis.

rSO,-values were recorded using a two-channel NONIN Equanox™ Model 7600 oxi-
meter [10] and later downloaded into an Excel sheet through eVISION Data Manage-
ment Software (NONIN Medical Inc). One EQUANOXT™ Classic Plus Sensor was ap-

Table 1
Patient characteristics

CaseNo. [ 8 0 gy monitorside|  intervention ~[PIND[Brain death
1 55, F SAH Right EVD,coiling No No
2 40, M TBI Right None — Yes
3 50, F SAH Right EVD, coiling No No
4 79, F SAH Right EVD, clipping | Yes No
5 43, F SAH Left EVD, clipping | Yes No
6 73, F SAH Right EVD, clipping | Yes No
7 67, M SAH Right EVD, coiling Yes No
8 29, F SAH Right EVD, clipping | Yes No
9 55, M SAH Left Coiling+clipping| Yes No
10 53, M SAH Left EVD, clipping | Yes Yes
11 51, F SAH Right EVD, coiling Yes Yes

Note. DIND delayed ischemic neurological deficit (as defined by [1]).
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plied to each side of the forehead and data stored as rSO,left or rSO,right according to
the side. The internal clocks of the PDMS and the oximeter were synchronized in order
to allow analysis at identical time points. Correct time synchronization was checked eve-
ry 24 h throughout the study period. rSO,- and PtiO,-values were recorded every minute.

2.1 Statistics

Normality of all data was evaluated using a Kolmogorov-Smirnov test with Lillie-
fors p values.

Cohen’s kappa coefficient (k) was calculated for PtiO, and rSO,. Spearman’s rank
correlation coefficient (r) was calculated for every individual patient. Receiver-operator-
curves (ROC) were calculated for all PtiO,—rSO,-data with a PtiO,-cut-off of <15 mmHg.
All calculations were performed using SPSS 22 (IBM Corp., Ehningen, Germany).

3 Results

While there were no technical problems with PtiO, readings, only 73.7% of all rSO,right
readings were considered to be valid (any numerical value >0), and only 83.6% of all
rSO,left (Fig. 1).

Overall, there were 14,906 time points in the 10 patients where both PtiO, and either
rSO,right or rSO,left were recorded. In patient No. 10, no paired data for PtiO, and
SO, were available. Correlation coefficients for PtiO, and rSO, are displayed in Table 2
where all PtiO, values are referred to ipsilateral rSO, values.

Correlations calculated for ipsilateral sides except in pat. 6 (calculated for contralat-
eral side due to insufficient number of ipsilateral data)

In patient No. 6 the contralateral side only was analyzed, as there were insufficient
data for the ipsilateral side. In patient No. 2 (who progressed to brain death) only PtiO,

40 000
35000
30 000
25 000
20 000
15 000
10 000
5000 +

0

— TN
[\

\|

%

I Al —m

3 4 5 6 7 8 9o 10 | 11
A Total E rSO,_Reft. 0 rSO,_Left.

Fig. 1. Total rSO, time points and effective readings in 11 patients: Total — Total
number of time points that were stored in the Oximetermemory; rSO,_R eff./rSO,_L eff.
— 1S0,-readings with any numerical value >0. Pat. No. 6 did not show right frontal
readings. Pat. No. 10 had no paired PtiO,-rSO, readings and is not displayed
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Table 2

Correlation coefficients of

PtiO, and rSO,

No. of Spear- Cohen's
Pat | measure-| man'sr kappa

ments (p value) | (p value)
1 166 0.07 (.08) 0(.0)
2 85 0.60 (.06) 0(.0)
3 5 0.95(.04) | -0.9 (.08)
4 125 -0.26 (.07) 0(.0)
5 120 0.86 (.02) 0(.0)
6 87 -0.12 (.13) 0(.0)
7 7275 0.22 (.01) 0(.0)
8 5546 0.44 (.01) 0(.0)
9 189 0.05 (.08) 0(.0)
11 1131 0.33(.03) 0(.0)

Note. Correlations calculated for ipsilateral
sides except in pat. 6 (calculated for contra-
lateral side due to insufficient number of ipsi-
lateral data).
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Fig. 2. PtiO,, 1SO,_R and rSO,_L in pa-
tient No. 2, evolving to braindeath. 85 com-
mon time points are displayed on the X-axis.
Y-axisrepresents mmHg (PtiO,) or percent
of saturation (rSO,right andrSO,left). Line
interruptions due to missing common time
points.Overall time represented 59 h. Intrac-
erebral circulatory arrest confirmed with CT-
angiography (Fig. 3)

displayed values indicative of brain tissue
ischemia (Fig. 2).

The absence of intracranial blood flow
was con-firmed by CT-angiography in this
patient (Fig. 3).

Patient No. 10 also progressed to brain
death, but there were no paired time points
for PtiO, and rSO,. Patient No. 11 became
brain dead only 5 days after removal of
the PtiO, probe, so only the data obtained
before this time point were analyzed. Fig-
ures 4 and 5 show PtiO,-rSO, scatter plots
for all data with PtiO, <21 mmHg versus
rSO,right or rSO,-left, illustrating graph-
ically the lack of correlation between
ischemic values of PtiO, (<15 mmHg) and
rSO,-readings. Figure 6 shows the receiv-
er-operating curves for rSO, detecting
ischemia (a PtiO, <15 mmHg).

4. Discussion

PtiO, monitoring has been adopted
widely, but has only recently been studied
in a Phase 2-trial [11]. A treatment proto-
col guided by both ICP and PtiO, reduced
the duration of brain tissue hypoxia, but
there were no statistically significant differ-
ences in mortality or clinical outcomes. A
phase 3 study has been planned by the same
researchers [2]. Some clinicians consider
PtiO, measurements to represent the prod-
uct of CBF and the cerebral arteriovenous
oxygen content difference, thereby being
more indicative of brain tissue oxygen dif-
fusion than of oxygen delivery [12].

Several studies have suggested that cer-
ebral oxygenation could also be monitored
with bifrontal NIRS which would avoid the
need for an intracranial probe. NIRS meas-
ures the proportion of light that is returned
over a wide range of optical wavelengths.
The return signal is then plotted as a graph
of absorbance at different wave-lengths
called a spectrum. Manufacturers of NIRS
machines claim cerebral tissue accuracy of
45-95% [13] without defining against what
standard this accuracy has been tested.
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Fig. 3. CT-Angiography in patient No. 2. CT-angiography a taken 20 h before start
of time period as shown in Fig. 2, showing preserved cerebral circulation and b 40 min
after last time point in Fig. 2, displaying intracerebral circulatory arrest. Arrows mark
contrast media signal in the superficial temporal arteries, proofing correct injection of
contrast media

NIRS is supposed to monitor hemoglobin oxygen saturation within the microvascula-
ture [14].

In clinical practice, both modalities are used for monitoring of cerebral oxygenation.
Although the vast majority of NIRS studies claim to measure cerebral oxygenation, a
Pubmed database search including the keywords “near infrared spectroscopy’, “brain
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tissue oxygenation” and “adult” yielded 184 references with only 4 reporting of simultane-
ous measurements of PtiO, and NIRS values. One study concluded that there was no corre-
lation between the parameters [15] while a second study found only a weak correlation and
did not account for patients in the hypoxic-ischemic range [16]. Brawansky et al. [4] described
a significant correlation between both PtiO, and NIRS, but patients in the hypoxic range of
PtiO, were also excluded in their study. Leal-Noval et al. [5] found that rSO, could detect
moderate intracerebral hypoxia (PtiO, <16 mmHg) with only low accuracy and severe hy-
poxemia (PtiO, <12 mmHg) with moderate accuracy, with a positive likelihood ratio of 5.3
and an area under curve of 0.82. There was a high rate of false-negative NIRS readings for
severe hypoxemia (27%), and they concluded that NIRS should not be considered an accept-
able substitute for PtiO, as it did not reflect invasive cerebral oxygenation.

All other 229 studies fail to report direct measurements of cerebral oxygenation and
did not appear to account for possible extracranial influences. In a number of studies a
surrogate endpoint was chosen (such as cardiovascular interventions), and better out-
come in the group with NIRS-guided management was attributed to better cerebral oxy-
genation. Other studies compare indices of global oxygenation against rSO2-data [17-
19]. Better outcomes could be related to better systemic oxygenation, however, and not
to changes in cerebral oxygen supply.

ot
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8 8
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ptiO,
Fig. 4. Scatterplot for all data PtiO,<21 mmHg-rSO, right
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Our study was performed to clarify these issues. Our data demonstrate that there is
no correlation between intracerebral oxygen tension measured invasively and a NIRS-
derived assessment of oxygenation. Although we found acceptable values for Spearman’s
correlation in patients 2, 3, and 5, this was only significant in patient 3 where only 5
shared time points could be analyzed. Cohen’s kappa coefficient, which is a more con-
servative measure of inter-rater variability, was zero or even negative in our patients,
demonstrating no agreement between the two measurement modalities. Our data also
demonstrate that rSO, was no better than flipping a coin for the detection of cerebral
ischemia when a commonly agreed ischemic PtiO,-cut-off value of <15 mmHg was ap-
plied, as the ROC area under the curve was 0.539 for rSO,right and 0.584 for rSO,left
(Fig. 5).

There are few other studies describing correlations between cerebral oxygenation meas-
ured by NIRS and other methods, and these do not provide evidence that NIRS reflects
intracerebral oxygenation. Rosenthal et al. [20] used ultrasound-tagged NIRS and found
a correlation between NIRS-measurements and jugular bulb venous oxygen saturation,
but not between PtiO, and NIRS. As it is known that extracranial contamination ac-
counts for up to 6.6% of blood in jugular bulb measurements [21], we would argue that
there was significant extracranial contamination in their study, all the more so as con-
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Fig. 5. Scatterplot for all data PtiO,<21 mmHg-rSO,left
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tamination can only be avoided by catheter placement less than 2 cm out of the jugular
bulb as well as by withdrawal rates of less than 2 ml/min [22]. Both of these factors were
not reported in their paper but could contribute to invalid measurements. Furthermore,
a prior study has shown that jugular bulb saturations (SvjO,) do not correlate with PtiO,
readings and are therefore not adequate for cerebral monitoring [23]. Other researchers
have also reported NIRS and SvjO, to be only weakly correlated [24]. The study by
Taussky et al. [25] reported a significant correlation between NIRS readings and CT-
perfusion based cerebral blood flow (CBF), but does not provide a correlation coeffi-
cient and included only single-time measurements in a small number of patients with nor-
mal CBF. No further conclusions can therefore be drawn regarding the value of NIRS
monitoring in critically ill patients.

Several studies have however already shown that NIRS readings do not reflect in-
tracerebral oxygen status. Ogoh et al. [26] found that a decrease in rSO, after phenyl-
ephrine infusion was due to vasoconstriction in the extracranial vasculature rather than
a decrease in cerebral oxygenation. Davie et al. [27] found that induction of extracranial
hypoxia-ischemia by inflating a circumferential pneumatic head cuff resulted in a signifi-
cant reduction in regional cerebral oxygen saturation measurements in all three NIRS
devices studied.

The oxygen dissociation curve relates hemoglobin percentage saturation to the par-
tial pressure of oxygen. The partial pressure of oxygen at which hemoglobin is 50% satu-
rated, the p50, is 26.6 mmHg, and the cerebral ischemic oxygen partial pressure thresh-
old is commonly agreed to be <15 mmHg [1]. The absolute value of PtiO, is lower than
local venous oxygen tension, reflecting oxygen consumption by the tissues as oxygen dif-
fuses. NIRS devices do not generate absolute oxygenation values, but reductions of more
than 20 % from baseline have been hypothesized to represent ischemia. A correlation
between both monitoring modalities can

?G(I)ISItIVIty _ not be found, however.
' S Furthermore, in our study NIRS failed
§ // to identify an absence of intracranial
0.8 Zﬁ/' v blood flow in a brain-dead patient, which
is extremely concerning given the market-
A ing of these devices and the therapeutic de-
064 o A 3 cisions clinicians might infer from NIRS
//’ readings. In our patient, PtiO, oscillated
S between 0 and 1 mmHg, indicating an ab-
0.4+ ,/’ sence of perfusion which was confirmed by
i absent perfusion in the CT-angiography
02- ,/ study. Other studies have also found PtiO,
' ry to indicate brain death reliably with a
reading of 0 mmHg [28] while NIRS could
0.0 : : not detect absent cerebral perfusion [29].

0.0 0.2 0.4 0.|6 Of8 1.0 In our study, we deliberately did not use
1 — Specificity  a standardized challenge (such as hyperven-

Fig. 6. Receiver-operating curve for tilation, hyperoxia, or modifying cerebral
PtiO, cut-off<15 mmHg. Area under the blood pressure) to test for a potential agree-
curve 0.539 (rSO,right) and 0.584 (rSO,left). ~ ment between PtiO, and NIRS. Our hy-
p<0.000: I — rSO,right; 2 — rSO,left; pothesis was that, if there was a true cor-
3 — reference line relation between the 2 modalities, it should
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be apparent in the clinical data without any provocation test, and especially so when the
ischemic threshold has been passed. Physiological conditions were similar as both mo-
dalities were applied simultaneously, so we did not report on these data. The NIRS method
used in our study was based on a continuous-wave NIRS-method (CW-NIRS) which is
the simplest method of NIRS, based only on intensity alterations of the emitted light.
How other, more sophisticated methods of NIRS such as frequency — (FD) or time-
domain based measurements would perform, is open to speculation. A study comparing
FD-NIRS in healthy volunteers and cadavers found a significant decrease of oxyhemo-
globin in the cadaver group [30]. No data on the use of FD-NIRS have been reported in
adult critical care, whereas the FD-NIRS technique may hold promise in the pediatric
population [31]. NIRS may also be more reliable in the pediatric population for anatom-
ical reasons, and circulatory arrest can be detected with a high sensitivity albeit low spe-
cificity in this age group [32]. Recent developments, such as diffuse correlation spectros-
copy have been shown to be related to cerebral blood flow and may hold future promise
[33]. Our study was conducted using the Equanox™ Model 7600 oximeter and it is pos-
sible that our results would have been different using another manufacturer’s device, but
since the underlying principles behind all CW-NIRS devices are the same, we consider
this to be unlikely.

5. Conclusion

There was no correlation between rSO, measured by CW-NIRS, and invasively meas-
ured PtiO, values, in our cohort of 11 critically ill neurological patients. CW-NIRS was
unable to detect ischemic cerebral episodes, defined as a PtiO, value <15 mmHg. CW-
NIRS should not be used for the detection of cerebral ischemia.
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