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Abstract

We present an overview of the wide range of potential applications of optical methods for monitoring traumatic brain

injury. The MEDLINE database was electronically searched with the following search terms: ‘‘traumatic brain injury,’’

‘‘head injury,’’ or ‘‘head trauma,’’ and ‘‘optical methods,’’ ‘‘NIRS,’’ ‘‘near-infrared spectroscopy,’’ ‘‘cerebral oxygenation,’’ or

‘‘cerebral oximetry.’’ Original reports concerning human subjects published from January 1980 to June 2015 in English

were analyzed. Fifty-four studies met our inclusion criteria. Optical methods have been tested for detection of intra-

cranial lesions, monitoring brain oxygenation, assessment of brain perfusion, and evaluation of cerebral autoregulation or

intracellular metabolic processes in the brain. Some studies have also examined the applicability of optical methods

during the recovery phase of traumatic brain injury . The limitations of currently available optical methods and promising

directions of future development are described in this review. Considering the outstanding technical challenges, the

limited number of patients studied, and the mixed results and opinions gathered from other reviews on this subject, we

believe that optical methods must remain primarily research tools for the present. More studies are needed to gain

confidence in the use of these techniques for neuromonitoring of traumatic brain injury patients.
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Introduction

Traumatic brain injury (TBI) is characterized by a
diversity of pathophysiological changes occurring sim-
ultaneously following trauma. Secondary insult can
lead to irreversible changes in the brain that result in
permanent disability or death. Processes underlying the
second phase of injury include intracranial bleeding,
inadequate cerebral oxygenation, changes in cerebral
blood flow (CBF) (hypo- and hyperperfusion), impair-
ment of cerebrovascular autoregulation, and cerebral
metabolic dysfunction.1 Considering the complexity
and dynamics of these changes, rapid diagnosis
and vigilant neuromonitoring are mainstays of TBI
management.

At present, only a few techniques are available for
continuous bedside monitoring of brain tissue viability
during the first hours and days after TBI. They aim at
identifying potential episodes of neuronal hypoxia and

cerebral ischemia. Intracranial pressure (ICP) is the
most fundamental of these.2 Together with mean arter-
ial pressure (MAP), ICP provides a measurement of
cerebral perfusion pressure (CPP) and a rough estimate
of CBF. However, estimation of CBF from these
variables is much dependent on the status of cerebral
autoregulation. Therefore, the latest strategies are rec-
ommending the monitoring of cerebral autoregulation
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as part of neuromonitoring, which can, in turn, con-
tribute to realizing the optimal CPP target for a given
patient.3,4 Assessment of cerebral perfusion can be sup-
plemented by invasive, local CBF measurements such
as thermal diffusion flowmetry. More commonly, non-
invasive transcranial Doppler (TCD) ultrasonography
is used, which is able to identify hypo- and hyperperfu-
sion in larger regions of the brain.5 However, neither
these direct perfusion techniques nor the previously
mentioned ICP and CPP approaches directly answer
questions of oxygen delivery and consumption, or of
cerebral metabolic rate. To assess the adequacy of
brain tissue oxygenation, two invasive methods are cur-
rently available: brain-tissue oxygen tension (PbtO2),
and jugular venous-oxygen saturation (SjO2). It has
been suggested that both methods can guide TBI ther-
apy and even influence patient outcomes.6

Cerebral metabolic rate can be assessed using cere-
bral microdialysis, which measures the concentrations
of markers of energy metabolism directly in the brain.
Monitoring these biomarkers during the course of
treatment can help clinical management.7

Although all the above-mentioned techniques can
provide clear benefits, all carry some disadvantages;
most of them are invasive, they are expensive, and
they are not universally accessible.

Ideal neuromonitoring would be continuous, afford-
able, and noninvasive and could be readily applied at
the bedside or in the field. Such neuromonitoring
should also allow monitoring over multiple regions of
interest simultaneously, particularly in conditions like
TBI wherein there is substantial regional heterogeneity
in pathophysiology. Optical methods that allow detec-
tion of intracranial bleeding, assessment of brain tissue
oxygenation and cerebral perfusion, and evaluation of
cerebral autoregulation or the intracellular metabolic
state during this early post-traumatic period could
potentially address these requirements and complement
or even replace existing modalities. Furthermore, they
can be applied not only in the acute phase of TBI, but
also during neurorehabilitation.

Clinical data on the usefulness of optical techniques
in patients with TBI are still limited with mixed results.
We searched the MEDLINE database to review studies
relevant to the application of optical methods in TBI
patients. The following search terms were used: ‘‘trau-
matic brain injury’’ or ‘‘head injury’’ or ‘‘head trauma’’
and ‘‘optical methods’’ or ‘‘NIRS’’ or ‘‘near-infrared
spectroscopy’’ or ‘‘cerebral oxygenation’’ or ‘‘cerebral
oximetry.’’ Original reports published in English and
concerning human studies from 1980 to June 2015
were analyzed (last search 30 June 2015). References
were also made to the papers in PubMed. The following
criteria were necessary for inclusion: (1) diagnosis
included TBI and (2) optical method was used for

neuromonitoring. We eliminated theoretical articles,
animal studies, and conference proceedings. All reviews
were analyzed to determine their relevance to our
review. Of 195 studies, initial title selection and abstract
screening using the above-mentioned inclusion and
exclusion criteria yielded a total of 54 relevant studies:
12 on hematoma detection, 21 on brain oxygenation,
5 on cerebral perfusion, 6 on cerebral autoregulation,
3 on cerebral metabolism, and 7 on neurorehabilitation.

Physical and technical background

The optical methods used for neuromonitoring are
based on emission of near-infrared light (NIR) at the
surface of the head and detection of remitted light at a
distance of a several centimeters. The emitted light
undergoes two main processes: scattering and absorp-
tion. Scattering depends on the cellular structure of the
tissue and leads to stochastic movement of photons in
the medium, as described by diffusion theory. The
strong scattering and good transparency of tissue
layers of the head for NIR light result in sufficient ree-
mission of photons back to the surface to allow for
detection of photons that penetrated the brain
cortex.8 The absorption is mainly associated with the
interaction of photons with chromophores in the tissue,
including hemoglobin, water, lipids, and a variety of
proteins (such as cytochrome c).9

The most basic optical method is based on single-
wavelength diffuse reflectance. The attenuation of light
increases when an absorber (e.g., hematoma) is encoun-
tered between the source and detector (see Detection of
intracranial hematoma section). The more advanced
and frequently used technique is NIRS in which light
attenuation is monitored at several (at least two) wave-
lengths. According to Lambert-Beer’s law, changes in
the attenuation of light due to absorption are directly
proportional to the concentration of chromophores.
The spectra of the hemoglobin and the cytochrome c
oxidase (CCO) vary depending on their oxygenation
and oxidation states, respectively. Thus, it is possible
to obtain information about changes in the oxygena-
tion-deoxygenation states of hemoglobin (�cHbO2 and
�cHb) and the oxidation–reduction state of CCO.

The continuous wave (CW) NIRS technique is the
most basic, inexpensive, and wildly used solution.
However, because only the intensity of the remitted
light is measured, the two optical properties (absorp-
tion and scattering coefficient) cannot be independently
determined. CW measurement is very sensitive to
changes in oxygenation of the extracerebral tissues.9

Thus, the technique does not provide depth sensitivity
because layers beneath the probe cannot be differen-
tiated. To calculate changes in concentrations of hemo-
globin, the pathlength of the photons penetrating
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through the tissue should be known.10 Typically, this
pathlength is estimated based on the source–detector
separation used and so-called differential pathlength
factor (DPF), which is obtained using the more sophis-
ticated optical methods described below. However, this
estimation is based on the assumption that the tissue
under investigation can be modeled by semi-infinite
homogeneous medium, which is far from reality.9

With the latter assumption, it is also possible to esti-
mate the absorption and scattering coefficient of the
tissue using multiple source–detector separations (spa-
tially resolved spectroscopy – SRS). Furthermore, this
technique allows the derivation of absolute concentra-
tions of Hb and HbO2, total hemoglobin concentration
(cHbT¼ cHbþ cHbO2), and regional cerebral tissue
oxygen saturation (rSO2¼ cHbO2/cHbT).9 Most of
the commonly available NIRS oximeters currently use
SRS (technical differences between devices are dis-
cussed elsewhere10,11). The absolute values of optical
coefficients can be also obtained using more advanced
methods: frequency domain (FD) or time domain (TD).
In FD technique, the light emitted into the tissue is
intensity-modulated and the change in amplitude and
change in phase of the waveform as the light propa-
gates through the medium are measured.12 In the TD
technique (sometimes called time-resolved, tr-NIRS),
ultrashort light pulses are emitted into the tissue.13

These pulses are broadened and attenuated as they
pass through the tissue and the shape of the distribution
of times of flight of photons remitted from the tissue
contains information about changes in absorption of
the tissue at different depths.

Besides the TD technique, the methods of data
acquisition described above were implemented for a
variety of the commercially available instruments. The
TD requires complex and expensive instrumentation
and tends to be confined to optical laboratories; it has
been validated only in few clinical studies. However,
recent advancements in the development of this tech-
nique have led to the commercial availability of two
TD instruments (TRS-20, Hamamatsu Ltd, Japan
and PicoXea TCSPC Analyzer, Aurea Technologies,
France).

Two major limitations of the NIRS measurements
should be noted. The first is related to the difficulty in
obtaining absolute values of concentrations of chromo-
phores. The second is related to the influence of oxy-
genation of the extracerebral tissues on measured
signals originating from the brain. The advanced data
acquisition techniques and signal processing algorithms
allow improved tissue oxygenation estimates and, to a
certain degree, eliminate the influence of the scalp on
the NIRS signal. The available techniques and
physiologically useful variables that can be derived
are summarized in Figure 1. Additional technical

considerations related to specific application of optical
methods are presented in the following sections.

Another optical method being intensively developed
for neuromonitoring is diffuse correlation spectroscopy
(DCS). This technique offers a possibility of noninva-
sive assessment of CBF changes that is complementary
to information from the NIRS modalities. In DCS,
single-wavelength coherent light is introduced into the
tissue. After multiple scattering events at the tissue
particles, fluctuations in the light are observed by a
single-photon detector placed at a distance of several
centimeters from the source. In classic DCS, a single-
mode optic fiber is mounted in an optode attached to
the surface of the head, which delivers light that is dif-
fusely reflected from the tissue to the photodetector.
The temporal autocorrelation function of the fluctu-
ations is analyzed in real time by electronic autocorre-
lators. Fast decays of the autocorrelation function are
caused by higher particle velocities inside the medium,
which are mainly red blood cells in the case of living
tissue. Slow decays indicate low blood flow or absence
of blood flow.14 New generations of single-photon-
sensitive semiconductors arranged in large arrays can
advantageously be used for the DCS detectors. This
enables observation of fluctuations of the optical
signal from larger areas of tissue.15 In recent clinical
studies, both optical techniques, trNIRS and DCS,
have been combined to monitor CBF and oxygenation
of brain tissue simultaneously. This multimodal
approach allows regional evaluation of the cerebral
metabolism ratio of oxygen (CMRO2), which is a
physiological parameter useful in the diagnosis of
brain disorders.16

Detection of intracranial hematoma

Detection of intracranial hematoma by NIRS is based
on the assessment of optical density (OD), which is a
measure of light absorption by the tissues. Extravasated
blood exhibits high absorption, and a difference in OD
between two symmetrical points on the head measured
over hemispheres is highly specific for intracranial
hematoma.17–19 OD differences are high in patients
with extracerebral hematomas and are related to their
size.20 By contrast, these differences are not significant
in cases of deep lesions, small hematomas, or bilateral
abnormalities.21 Unilateral abnormalities other than
hematoma, such as contusion or infarction, can also
be detected by side-to-side differences in OD, but with
less reliability.20,21 These findings reveal one of the
major drawbacks of all optical methods, namely a lim-
ited depth of intracranial light penetration, no greater
than 2.5 cm for a typical interoptode separation of
3–5 cm. The depth of penetration can be increased by
increasing the source-to-detector distance, but this
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requires higher energy light, which can increase the risk
of thermal damage to the skin.22 Attempts to maximize
the interoptode distance to 9 cm have only been made
in experimental settings.23

Despite these limitations, the usefulness of optical
methods in detecting intracranial hematomas has been
well documented. Simple hand-held devices are used in
emergency departments, intensive care units, and in the
field (Table 1).17,20,21,24–29 Most studies have confirmed
the utility of this method. However, OD is not as sen-
sitive as conventional neuroimaging techniques (i.e.,
CT or MRI), and replacement of these techniques in
well-equipped medical centers is not likely; optical
methods could be rather recommended in certain con-
ditions or for fast bedside diagnosis. Some studies also
suggest that NIRS could be an alternative to CT for the
evaluation of minor head injury, which would allow
patients to avoid unnecessary radiation exposure and
reduce treatment costs.30

Assessment of brain oxygenation

Regional cerebral tissue oxygen saturation (rSO2),
derived by NIRS, is a complex variable that reflects
the balance between the cerebral oxygen delivery and
utilization. Not all the oxygen that reaches the brain is

consumed; therefore, knowing the arterial and venous
saturation of hemoglobin, as well as the blood flow,
makes it possible to obtain the cerebral oxygen extrac-
tion fraction (OEF). Usually, low rSO2 is indicative of
increased OEF due to decreased CBF (hypoperfusion),
and high rSO2 is indicative of decreased OEF due to
luxury perfusion. Based on this basic physiological
information, Gersten et al. made an interesting calcu-
lation of what should be the value of cerebral rSO2

derived by NIRS.31 With several assumptions, i.e.,
that arterial and venous oxygen saturations are 95%
and 56%, respectively, and assuming a ratio of 25%
vs. 75% of the arterial to venous contribution to the
NIRS measurements (which is a common assumption
based on PET studies), rSO2 should be approximately
66%. However, in vivo studies have been unable to
determine reference ranges for rSO2 in healthy volun-
teers or ischemic thresholds in study patients.32

Moreover, normal brain oxygenation values have been
reported in the setting of confirmed cessation of CBF.33

This could be explained because cerebral oximetry
depends on two different processes: CBF and cerebral
metabolism. In case of brain death, when there is a ces-
sation of CBF, metabolism will also be decreased to
zero. If there is a steal effect of blood from extracerebral
tissues to the cortex, the venous compartment will be
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Figure 1. NIRS data acquisition modes and obtained physiologically useful parameters.

�cHb: changes in concentrations of deoxyhemoglobin; �cHbO2: changes in concentrations of oxyhemoglobin; �cHbT: changes

in concentrations of total hemoglobin; cHb: absolute concentrations of deoxyhemoglobin; cHbO2: absolute concentrations of

oxyhemoglobin; cHbT: absolute concentrations of total hemoglobin; rSO2: regional cerebral tissue oxygen saturation.
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Table 1. Studies of near-infrared spectroscopy (NIRS) for detection of intracranial hematoma.

Study

Instrument name,

manufacturer, and

light wavelength

No. of

patients

Parameters/no.

of measurement

points on

the head

Reference

neuroimaging

method Main observation/conclusions

Gopinat et al.24 RunMan, NIM Inc.,

760 and 850 nm

46 �OD/10 CT NIRS is useful in the initial

examination, as an adjunct to

CT, and postoperatively in the

intensive care unit.

Gopinat et al. and

Robertson

et al.25,26

RunMan, NIM Inc.,

760 and 850 nm

167 �OD/10 CT Early diagnosis using NIRS may

allow for early treatment and

reduce secondary injury

caused by delayed hematoma.

Robertson et al.20 RunMan, NIM Inc.,

760 and 850 nm

305 �OD/8 CT Early diagnosis using NIRS may

allow for early treatment and

reduce secondary injury

caused by delayed hematoma.

Francis et al.21 Prototype NIR system,

760 nm

71 �OD/10 CT NIRS is useful as a portable,

simple, noninvasive screening

tool to identify large, superfi-

cially located unilateral intra-

cranial pathology.

Kahraman et al.18 Crainscan, Optical

Diagnostic

Systems LLC,

785 nm

30 �OD/6 CT or MRI NIRS can predict subdural and

epidural hematomas in the

field and in emergency units,

but it was not reliable for

detection of intracranial

hematomas after craniotomy.

Kessel et al.17 Crainscan, Optical

Diagnostic

Systems LLC,

785 nm

110 �OD/6 CT NIRS allows for early recognition

of epidural and subdural

hematomas in trauma cases,

but sensitivity for intracranial

hemorrhages other than epi-

dural or subdural hematoma

is limited.

Ghalenoui et al.27 Non-specified

portable device

148 �OD/10 CT Use of NIRS as a screening tool

before head CT is most useful

in ambulances and in settings

where the distance to a

trauma center equipped with

CT is far.

Robertson et al.28 Infrascanner,

InfraScan

Inc., 760 nm

365 �OD/8 CT NIRS might be useful to supple-

ment clinical information used

to triage TBI patients and in

situations in which CT scan-

ning is not readily available.

Leon-Carrion

et al.29
Infrascanner,

InfraScan

Inc., 808 nm

35 �OD/8 CT NIRS is useful in the initial

examination and screening of

patients with head injury,

either as an adjunct to CT or

when CT is not available.

Salonia et al.19 Infrascanner,

InfraScan

Inc., 760 nm

28 �OD/8 CT NIRS may be an adjunct in the

rapid evaluation of an infant or

child with suspected TBI when

CT imaging is not available or

(continued)
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filled with oxygenated blood. Therefore, the NIRS
values could be within normal range.

NIRS and other indices of cerebral oxygenation

Even with these initial uncertainties concerning NIRS
values, several studies compared rSO2 against other
invasive methods measuring cerebral oxygenation in
TBI patients (Table 2). A few studies found good stat-
istical correlation between brain tissue oxygen tension
(PbtO2) and rSO2.34–37 One study compared rSO2 to
PbtO2 as well as jugular venous oxygen saturation
(SjO2). It focused mainly on changes in these variables
during normobaric hyperoxygenation, and it demon-
strated that all three parameters follow similar patterns.
However, the authors could not confirm that higher
values reflected improved cerebral oxygen delivery.
The results suggested that rSO2 and SjO2 were more
reliable than PbtO2 for detecting changes in cerebral
oxygen extraction during hyperoxia and that changes
in PbtO2 mainly followed changes in the inspired
oxygen fraction (FiO2).

38 Good correlation between
trends of NIRS values and SjO2 has also been sup-
ported by other studies.39–41 However, not all studies
comparing noninvasive measures of cerebral oxygen-
ation and its invasive equivalents were promising. In
one experiment, NIRS, but not PbtO2, failed to detect
clinically significant episodes of cerebral hypoxia, and
the authors concluded that noninvasive cerebral oxim-
etry cannot be a substitute for invasive monitoring.42 In
another study that found a poor correlation between
rSO2 and PbtO2, poor sensor-skin contact, scalp hema-
toma, and subdural air after craniotomy were identified
as the main reasons for failure of noninvasive measure-
ments.43 Other authors have mentioned that blood con-
tamination in the cerebrospinal fluid is a factor in
decreased sensitivity of cerebral NIRS.44 Finally, in
two studies, rSO2 did not adequately reflect changes
in SjO2 in patients with TBI.45,46 Discrepancies between

rSO2, PbtO2, and SjO2 could be explained by the prob-
ing area typical for these techniques. SjO2 measures
global brain oxygenation, and local ischemia can be
easily missed. NIRS provides regional information,
which is typically limited to an area of approximately
1 cm between the source and detector. Additionally, as
mentioned, NIRS interrogates a multi-compartmental
system of arterioles, capillaries, and veinules in propor-
tions 1:3 and mainly, but not exclusively, measures
venous oxygen saturation. This proportion can be chal-
lenged in TBI by hypocapnoea, cerebral edema, or
arteriovenous shunting and might significantly affect
measurements. PbtO2 is a focal measurement and
results depend strongly on probe positioning.

NIRS and perfusion measurements

As mentioned above, rSO2 is related to both CBF and
metabolism. Considering that metabolism is relatively
constant (which is not always true in TBI), it could be
assumed that rSO2 is a surrogate of CBF. Therefore,
many studies have attempted to compare rSO2 with
other perfusion indices (Table 2). One of the most fre-
quently monitored parameters in TBI patients is CPP,
which has shown good correlation with rSO2.
Specifically, rSO2 values of >75% correlated well
with CPP values of >70mmHg, while rSO2 values
of< 55% were associated with CPP values of
<70mmHg and were useful indicators of the need for
invasive ICP monitoring.47

By contrast, other authors noted that cerebral hyp-
oxia was relatively common in cases where CPP was
>70mmHg. These observations suggest that CPP
monitoring and cerebral oximetry provide slightly dif-
ferent data and that both can be important.48 Several
other trials explored NIRS data in comparison to CT
perfusion measurements. Some found good correl-
ations between these variables,49 other have not con-
firmed these results.50,51

Table 1. Continued

Study

Instrument name,

manufacturer, and

light wavelength

No. of

patients

Parameters/no.

of measurement

points on

the head

Reference

neuroimaging

method Main observation/conclusions

as a screening tool to guide

further clinical management.

Bressan et al.30 Infrascanner,

InfraScan

Inc., 808 nm

18 �OD/4 CT Screening for TBI by NIRS may

allow a reduction in the

number of CT scans ordered

for children with minor head

injuries.

�OD: difference in optical density between left and right hemispheres.
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Table 2. Brain oxygenation studies.

Study

Instrument name,

manufacturer,

light wavelength

No. of

patients Parameters

Reference

neuromonitoring/

neuroimaging

method Main observation/conclusions

Kirkpatrick et al.39 NIRO 1000 and

NIRO 500,

Hamamatsu

14 �cHb,

�cHbO2,

�cHbT

ICP-CPP, SjO2,

laser Doppler

flowmetry, TCD

The specificity for detecting

hypoxic events with NIRS was

high (97%) compared to that

with SjO2 (53%). NIRS

showed promise as a monitor

that warns of cerebral hypoxia

with high sensitivity.

Tateishi et al.41 NIRO 500,

Hamamatsu,

775, 825, 850,

and 904 nm

4 �cHb,

�cHbO2

SjO2 Good correlation between

changes in SjO2 and �HbO2

during carbon dioxide-

induced changes

Lewis et al.45 INVOS, Somanetics

Corporation,

730 and 810 nm

10 rSO2 ICP-CPP, SjO2, CT Significant correlation between

rSO2 and SjO2. Sensitivity of

NIRS was poor. Use of rSO2

to detect low SjO2 was

questionable.

Holzschuh et al.34 n.a. 10 �cHbO2 PbtO2 Good correlation between

change in PbtO2 and �HbO2

observed in seven patients

and poor in three patients.

Kampfl et al.115 INVOS

3100A, Somanetics

Corporation,

730 and 810 nm

8 rSO2 ICP-CPP, TCD, CT rSO2 values were lower in the

high ICP group than in the low

ICP group. rSO2 may be an

additional diagnostic tool in

the evaluation of impaired

cerebral microcirculation in

patients with increased ICP.

Adelson et al.100 NIRO 500, Hamamatsu,

775, 825, 850,

and 904 nm

10 �cHb,

�cHbO2,

�cHbT, rSO2

ICP-CPP, EEG, CT NIRS reliably detects changes in

cerebral hemodynamics in

children

Ter Minassian

et al.46
INVOS

3100, Somanetics

Corporation,

730 and 810 nm

9 rSO2 SjO2, TCD rSO2 does not adequately reflect

changes in SjO2. Changes in

arteriovenous partitioning,

NIRS contamination by extra-

cerebral layers, algorithm

errors, and dissimilar tissue

sampling may explain these

findings.

Buchner et al.43 INVOS

3100, Somanetics

Corporation,

730 and 810 nm and

Critikon 2000,

Critikon, Germany

31 rSO2 PbtO2 Poor correlation between rSO2

and PbtO2. NIRS is not suit-

able as a stand-alone monitor.

Additional measures as SjO2

or PbtO2 are necessary.

Brawanski et al.35 INVOS

3100, Somanetics

Corporation,

730 and 810 nm

12 rSO2 PbtO2, CT Significant correlation between

rSO2 and PbtO2. No clinical

considerations were taken

into account.

(continued)
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Table 2. Continued

Study

Instrument name,

manufacturer,

light wavelength

No. of

patients Parameters

Reference

neuromonitoring/

neuroimaging

method Main observation/conclusions

Dunham et al.47 INVOS

4100, Somanetics

Corporation,

730 and 810 nm

4 rSO2 ICP-CPP rSO2 correlated with CPP. rSO2

may be useful as a noninvasive

measurement of CPP in

patients with TBI or as an

indicator of the need to begin

monitoring ICP.

Rothoerl et al.36 INVOS

4100, Somanetics

Corporation,

730 and 810 nm

10 rSO2 PbtO2, CT Good correlation between rSO2

and PbtO2. Both methods are

able to reflect dynamic

changes in cerebral oxygen

metabolism with reliability.

McLeod et al.38 NIRO 300, Hamamatsu,

775, 810, 850,

and 910 nm

8 rSO2 PbtO2, SjO2 TOI, PbtO2, and SjO2 followed

the same pattern of change

during hyperoxia but varied in

degree and timing of

response.

Dunham et al.48 INVOS

4100 Somanetics

Corporation,

730 and 810 nm

18 rSO2 ICP-CPP, CT rSO2 was associated with clinic-

ally important outcome pre-

dictors: admission GCS score,

CT severity score, CPP, and

mortality.

CPP and rSO2 provide comple-

mentary data.

Kim et al.50 Prototype NIRS module,

685, 785, 830 nm

2 �cHb,

�cHbO2,

�cHbT

DCS, XeCT Poor association between CBF

obtained by XeCT and

�HbO2 and no correlation

with �THC. NIRS values

alone do not reflect perfusion

changes well.

Leal-Noval et al.42 INVOS

5100 Somanetics

Corporation,

730 and 810 nm

22 rSO2 PbtO2,

ICP-CPP, CT

rSO2 and PbtO2 are significantly

related.

Oxygen saturation measured by

NIRS cannot precisely predict

PbtO2 and use of rSO2 as a

substitute for PbtO2 is not

recommended.

Shafer et al.51 INVOS

5100 Somanetics

Corporation,

730 and 810 nm

22 rSO2 XeCT rSO2 saturation signals do not

correlate with cerebral perfu-

sion on XeCT scans.

Budohoski et al.37 NIRO-200, Hamamatsu,

775, 810, and 850 nm

22 rSO2 ICP-CPP, PbtO2,

TCD

PbtO2 and NIRS are comple-

mentary methods and show

complex interrelationships

with other hemodynamic

determinants.

Taussky et al.49 FORE-SIGHT, Casmed 1 rSO2 CT perfusion rSO2 correlates well with CBF

measured by CT perfusion.

Small sample size was a limi-

tation of the study.

(continued)
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NIRS and ICP

As mentioned previously, monitoring of ICP remains
the cornerstone of TBI management so far. Realizing
the potential to extrapolate from NIRS variables to
ICP would provide a valuable neuromonitoring tool
for patients with intracranial hypertension. Since ele-
vated ICP compromises CBF and cerebral oxygen-
ation, NIRS variables could theoretically predict
intracranial hypertension and thus become a noninva-
sive ICP monitor. Preliminary experiments carried out
on an animal model of hydrocephalus showed that
NIRS values were influenced by increased ICP.52,53

Studies on patients with shunted hydrocephalus also
demonstrated the ability of NIRS to detect, as vari-
ations in the NIRS variables, perturbations such as
removal of cerebrospinal fluid and decreasing ICP.54

However, studies of other kinds of brain injuries
have given conflicting results. Some reported no rela-
tionship between rSO2 and ICP and discouraged the
use of rSO2 to predict ICP.55,56 Others were more pro-
mising and described reliable and fast reactions of the
NIRS signal to ICP fluctuations.37 However, no study
has reported any plausible threshold of rSO2 that might
indicate critically elevated ICP and that would have the
potential to improve injury management. One report
presented an interesting concept of such a measure
based on observations in TBI patients that spontaneous
fluctuations of Hb and HbO2 changed their pattern
with an increase in ICP.57

Another optical ICP assessment concept is based on
phenomena of light transmission in layers of cerebro-
spinal fluid in which the layer acts as a waveguide.
Changes in the thickness of this layer caused by ele-
vated ICP may induce changes in the intensity of the

detected light.58 Unfortunately, this method has not
been validated in systematic studies of TBI patients.
Comparison between NIRS-related parameters and
ICP in TBI was comprehensively discussed in recently
published review of Davies et al.59

These studies are promising, but the conclusions are
sometimes contradictory. Furthermore, the validity of
the monitoring values is unclear. A lack of standard-
izations among devices and not just different marketing
names for the same variable makes comparisons diffi-
cult. Thus, the current recommendation is that trends
over time, rather than absolute values, should be moni-
tored. This adds certain clinical value, but it remains
difficult to interpret, and the technology is still far from
allowing direct cerebral oximetry-guided therapy.6

Assessment of cerebral perfusion

Two optical techniques have been developed for direct
assessment of cerebral perfusion (Table 3). The first
method is based on tracking the inflow and washout
of an optical contrast agent (indocyanine green –
ICG). Initially, various algorithms were proposed for
estimation of CBF based on changes in attenuation of
the optical signal at a single-wavelength,60 and later,
more sophisticated algorithms were introduced for
multiple wavelengths of light or additional continuous
assessment of ICG concentration in peripheral
blood.61,62

Concerns about neurotoxicity of the dye have been
addressed in two studies. Both proved that the risk of
neurotoxicity was minimal.63,64 An initial study of
ICG-based cerebral perfusion analysis in a TBI patient
tested an intracranial NIRS probe placed directly over
the brain.65 Although still invasive, the procedure

Table 2. Continued

Study

Instrument name,

manufacturer,

light wavelength

No. of

patients Parameters

Reference

neuromonitoring/

neuroimaging

method Main observation/conclusions

Rosenthal et al.40 CerOx 3110, Ornim

Medical Ltd.

(ultrasound-tagged

NIRS)

3 wavelength

from 780–830 nm

region

18 rSO2 ICP-CPP,

PbtO2 SjO2

rSO2 correlates to SjO2 and

there is weak correlation of

rSO2 to ICP, CPP, and PbtO2.

NIRS may be able to identify

regional differences in

cerebral oxygenation.

Vilke et al.116 INVOS, Somanetics

Corporation,

730 and 810 nm

61 rSO2 CT The rSO2 value is a strong

discriminator and predictor

of outcomes (mortality).

CBF: cerebral blood flow; �cHb: changes in deoxy-hemoglobin concentration; �cHbO2: changes in oxy-hemoglobin concentration; �cHbT: changes in

total hemoglobin concentration; CPP: cerebral perfusion pressure; CT: computed tomography; DCS: diffuse correlation spectroscopy; GCS: Glasgow

coma scale; ICP: intracranial pressure; n.a.: not available; PbtO2: brain tissue oxygen tension; rSO2: regional cerebral tissue oxygen saturation;

SjO2: jugular venous oxygen saturation; TCD: transcranial Doppler; XeCT: xenon-enhanced computed tomography.
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introduced a new concept while excluding extracerebral
contamination of the optical signal. The method was
further developed into the use of combination intrapar-
enchymal probes for simultaneous measurement of
ICP, CBF, and oxygenation.66

Another noninvasive approach that avoids signal
contamination by extracerebral tissues is trNIRS
(described in Physical and technical background sec-
tion). This technique has been validated in a series
of methodological experiments in diffuse reflectance

geometry that have shown that the late photons have
a higher probability of penetrating the cerebral cortex
because their pathlength is known and longer then the
pathlength of photons penetrating superficial tis-
sues.67–69 A combination of trNIRS with ICG has
recently been proposed70,71 and was validated in a
group of TBI patients who had localized cerebral hema-
toma and cerebral edema.72 The concept of trNIRS/
ICG is applied only in this TBI study, after assuming
that temporal differences in inflow to the extracerebral

Table 3. Studies on brain perfusion in traumatic brain injury using exogenous contrast tracking or diffuse correlation spectroscopy

(DCS).

Study

Instrumentation name,

manufacturer,

light wavelength

No. of

patients Parameters

Reference

neuromonitoring/

neuroimaging

method Main observation/conclusions

Indocyanine green (ICG) bolus tracking

Keller et al.63 Oxymon, Artinis

Medical Systems,

905, 850 and 770 nm

2 CBF, CBV NIRS on the scalp

and directly on

the surface

of the brain

CBF and CBV values estimated

by NIRS on the scalp were

lower than those estimated by

subdural NIRS. Influence of

extracerebral tissue on the

signal can be eliminated by

laying the probe directly on

the brain, but this makes the

procedure invasive.

Rothoerl et al.74 INVOS

4100 Somanetics

Corporation,

730 and 810 nm

9 CBF XeCT No correlation between NIRS

CBF and XeCT

Weigl et al.72 Prototype trNIRS

system (760 nm)

26 Delays between

extra- and

intracerebral

inflow of the

ICG to the head

CT Delay times were significantly

different between groups of

patients and healthy subjects.

Promising tool for detecting

cerebral perfusion insufficien-

cies but needs further

evaluation.

Diffuse correlation spectroscopy

Kim et al.50 Prototype DCS

module, 785 nm

2 Relative CBF NIRS, XeCT Good correlation between DCS

and XeCT. DCS has potential

for early detection of sec-

ondary injury.

Kim et al.73 Prototype DCS

module, 785 nm

10 Relative CBF,

�cHb, �cHbO2,

�cHbT

ICP-CPP, PbtO2 DCS/NIRS signals during head-

of-bed manipulation differ sig-

nificantly between TBI

patients and healthy volun-

teers.

DCS/NIRS can be used to guide

patient positioning for opti-

mization of CBF.

CBF: cerebral blood flow; CBV: cerebral blood volume; �cHb: changes in deoxy-hemoglobin concentration; �cHbO2: changes in oxy-hemoglobin

concentration; �cHbT: changes in total hemoglobin concentration; CPP: cerebral perfusion pressure; CT: computed tomography; ICG: indocyanine

green; ICP: intracranial pressure; PbtO2: brain tissue oxygen tension; trNIRS: time-resolved near-infrared spectroscopy; XeCT: xenon-enhanced

computed tomography.
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tissues, serving as the arterial input function, and intra-
cerebral tissues can reveal perfusion insufficiencies.
Injured patients were statistically distinguished from
healthy subjects, but no plausible thresholds were
established.

The second method of assessment of cerebral perfu-
sion is based on DCS, which is a technique for analyz-
ing temporal fluctuations in the intensity of re-emitted
NIR light depending on the intravascular movement
of red blood cells. DCS measures relative CBF, i.e.,
variations in CBF with respect to a baseline. The
method has been tested in neonates and in adult
humans as well as in animal models, and it has been
applied in neurocritical care patients after TBI.50,73

Relative changes in CBF were estimated by DCS
during induced blood pressure changes and head-of-
bed manipulation. The results were well correlated
with XeCT and moderately correlated with CPP, but
not with ICP. DCS seems to have great potential for
implementation, as it combines information about
CBF and rSO2 at the same time. New CBF-measuring
approaches are also being introduced; one fuses light
and ultrasound technologies. In this technique, one of
the emitters sends ultrasound pulses into the tissue,
changing locally optical properties and modulating
(‘tagging’) the laser light traveling through the tissue
at a certain depths. The first commercial device using
this technique is now available (c-FLOWTM, Ornim
Medical, MA).

In conclusion, neither of the above-mentioned meth-
ods has yet been well validated against other reference
methods in patients with TBI (with one exception of
work of Rothoerl et al.,74 which showed poor correl-
ation between NIRS and XeCT), and these studies
remain purely experimental (Table 3).

Other applications of optical
methods in TBI

In recent years, new clinical applications for optical
methods have emerged that were added to existing tech-
niques (cerebral autoregulation), use more refined
instrumentation (cerebral metabolism), or that transfer
well-known methods to the field of TBI (neurorehabil-
itation) (Tables 4 and 5). These new applications, as
well as applications in a specific group of patients
such as children are presented in detail in the following
sections.

Cerebrovascular autoregulation

Cerebral autoregulation is the ability of the brain to
maintain stable CBF while mean arterial blood pressure
(MAP) or, more precisely, CPP, changes. A constant
CBF during fluctuations in systemic blood pressure

indicates that cerebral vasoreactivity is intact. MAP
(or CPP) and CBF measurements must be available
to assess cerebral autoregulation.

Initial methods included a hemodynamic stimulus,
e.g., pharmacologic stimulation, to change MAP
(testing methods). Although having excellent signal-
to-noise ratio, they were limited to infrequent measure-
ments and developed into continuous monitoring
methods that can track rhythmic oscillations in arterial
pressure.75 A variety of algorithms has been applied to
assessing the relationship between these spontaneous
oscillations in the brain and MAP. They can be divided
into analyses in the TD (using correlation methods) and
in the FD (using transfer function analysis).76 Time-
domain methods estimate cerebral autoregulation by
correlating slow MAP changes with changes in CBF,
which are time-averaged to eliminate the influences of
pulse and respiration. A positive correlation between
MAP and CBF indicates impaired autoregulation,
and no correlation indicates preserved autoregulation.
Frequency-domain methods assume that cerebral circu-
lation acts as a ‘‘high-pass filter,’’ freely passing high-
frequency changes in MAP to CBF but attenuating
low-frequency perturbations.4 These spontaneous oscil-
lations in the low-frequency spectrum (approximate fre-
quency range 0.5 to 2/min, also called B-waves) are
monitored by transfer function analysis to determine
their relationships to oscillations in CBF, and low
signal-to-noise ratio is compensated by averaging the
signal over time. The properties of such acquired sig-
nals can be expressed by three frequency-dependent
parameters of the transfer function, namely phase,
gain, and coherence.

As can be seen from this short description, a multi-
tude of cerebral autoregulation indices can be derived
dependent on which algorithm (TD or FD) and which
monitoring method (choice of input and output signals)
is used for assessment of CBF.77 An example of time-
domain measurement of autoregulation based on TCD
flow velocity is mean flow index (Mx).78 Another meas-
ure, which takes advantage of ICP waveform as a
surrogate for cerebral blood volume, is pressure reactiv-
ity index (PRx). For a detailed description of existing
algorithms and of cerebral autoregulation indices
derived from them, please see the review by Donnelly
et al.4 Some of these indices, such as Mx, are
reported to be significantly related to patient outcomes
following TBI.79

Classically, ICP fluctuations, which serve as a surro-
gate for CBF fluctuations, have been used in assessment
of cerebral autoregulation.80 TCD ultrasound81 and,
more recently, NIRS,82 have later supplemented inva-
sive methods of assessing CBF. NIRS can be used for
assessment of cerebral autoregulation in both the TD
and FD and its advantages over TCD include fewer
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problems with probe fixation, lower risk of probe dis-
placement due to patient movement, and the greater
practicality of long-term monitoring.78 Early trials in
TBI patients have identified low frequency oscillations

in the NIRS signal that are compatible with B-
waves.57,83 This discovery has been applied to the
assessment of cerebral autoregulation and new nonin-
vasive indices: total hemoglobin reactivity (THx)84,85

Table 4. Studies on cerebral autoregulation and cerebral metabolism.

Study

Instrument name,

manufacturer, and

light wavelength

No. of

patients Parameters

Reference

neuromonitoring/

neuroimaging

method Main observation/conclusions

Cerebral autoregulation studies

Cheng et al.83 Prototype NIRS

system, 600–800 nm

9 �cHb, �cHbO2,

CCO

– Detecting low-frequency

oscillation of cHbO2 is

feasible in TBI patients

Zweifel et al.84 NIRO-200, Hamamatsu,

775, 810 and 850 nm

40 �cHb, �cHbO2,

�cHbT, THx

ICP, ABP, PRx NIRS-based THx correlates well

with ICP-derived PRx

Diedler et al.85 NIRO-200, Hamamatsu,

775, 810 and 850 nm

37 �cHb, �cHbO2,

�cHbT, THx

ICP, ABP, PRx NIRS-based THx can be used as

a noninvasive substitute for

ICP-derived PRx, provided

that there is a good signal-

to-noise ratio

Weerakkody et al.57 NIRO-200, Hamamatsu,

775, 810, 850

and 910 nm

19 �cHb, �cHbO2,

�cHbT

ICP �cHb and �cHbO2 correlate

with vasogenic ICP waves

Highton et al.86 NIRO-100, Hamamatsu,

775, 810 and 850 nm

27 �cHbT, rSO2,

THx, TOx

ICP, TCD, PRx Agreement among PRx-, TCD-,

and NIRS-derived indices of

cerebral autoregulation.

Deeper knowledge of

physiology underpinning

NIRS variables is needed

Dias et al.87 INVOS

5100 Somanetics

Corporation,

730 and 810 nm

18 rSO2 ICP, PbtO2,

CBF, CPP, PRx

Targeted CPP management using

invasive and NIRS-derived

cerebrovascular pressure

reactivity indices seems feas-

ible. Methodology using NIRS

warrants further evaluation

Cerebral metabolism studies

Tachtsidis et al.90 Broadband NIRS,

650–980 nm.

6 �cHb, �cHbO2,

�CCO

ICP, PbrO2,

MD, TCD

Changes in MD were not asso-

ciated with the �CCO during

increased cerebral oxygen

delivery (hypercapnoea

challenge).

Tisdall et al.89 Broadband NIRS,

650–980 nm.

8 �cHb, �cHbO2,

�CCO

ICP, PbrO2,

MD, TCD

MD and NIRS (CCO) monitor-

ing provide complementary

information about oxidation

in cerebral cellular and mito-

chondrial redox states during

hyperoxia.

Ghosh et al.91 Broadband NIRSþ FD

NIRS system: 690,

750, 790 and 850 nm

10 �cHb, �cHbO2,

�CCO

ICP, PbrO2,

MD, TCD

�CCO correlates well with

PbrO2 and MD during

hyperoxia.

CBF: cerebral blood flow; �CCO: changes in cytochrome c oxidase concentration; �cHb: changes in deoxy-hemoglobin concentration; �cHbO2:

changes in oxy-hemoglobin concentration; �cHbT: changes in total hemoglobin concentration; CPP: cerebral perfusion pressure; ICP: intracranial

pressure; MD: microdialysis; PbtO2: brain tissue oxygen tension; PRx: cerebrovascular pressure reactivity index; TCD: transcranial Doppler; THx: total

hemoglobin reactivity index; TOx: tissue oxygen reactivity index.
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Table 5. Studies on fNIRS in neurorehabilitation.

Study

Instrument name,

manufacturer, and

light wavelength

No. of

patients Parameters Main observation/conclusions

Bhambhani et al.95 MicroRunman, NIM Inc.,

760 and 850 nm,

1 channel

25 �cHbO2, �cHbT Reduced brain activation in the TBI

group during motor task. NIRS

can be useful in monitoring

recovery of cerebral oxygenation

during rehabilitation of patients

with TBI

Hashimoto et al.93 PSA-800 NIRS,

Chunichi Deshishi

Corp., wavelengths

non-specified,

2 channels

8 �cHbT Average �cHbT in the right pre-

frontal cortex during the

Wisconsin Card Sorting Test in

TBI patients was lower than that

in control subjects. NIRS system

is useful for monitoring cerebral

activation during rehabilitation

tasks.

Hibino et al.98 FOIRE-3000,

Shimadzu Corp.,

780 nm, 805 nm,

and 830 nm,

15 channels

9 �cHb, �cHbO2, During cognitive rehabilitation tasks,

�cHbO2 were significantly higher

in the TBI group than in the

control group. fNIRS measure-

ment may be useful in the

evaluation on changes in neuronal

activities during rehabilitation

tasks.

Kontos et al.94 CW6 NIRS system,

TechEn Inc.,

690 nm, 830 nm,

32 channels

9 �cHbO2, �cHbT Reduced brain activation in the

concussed subject group during

cognitive tests. fNIRS can aug-

ment assessment and manage-

ment of patients following TBI.

Rodrigues

Merzagora et al.97
Continuous wave fNIRS

(manufacture

non-specified),

730 and 850 nm,

16 channels

6 �cHb, �cHbO2,

�cHbT

fNIRS might provide additional

information about the different

working memory components

that might be impaired following

TBI, even when no significant differ-

ence in behavioral performance is

observed.

Helmich et al.96 DYNOT Imaging

System, NIRx,

760 nm, 830 nm,

16 channels

17 �cHbO2 Concussed subjects who suffer from

long-term postconcussive symp-

toms can be characterized by

impaired memory functions and

decreased brain oxygenation.

fNIRS can be considered as a

useful instrument in future

research of mild TBI.

Urban et al.99 CW5 NIRS system,

TechEn, Inc.,

690 and 830 nm,

14 channels

12 �cHbO2, �cHbT fNIRS was used for quantification of

functional coherence between

the left and right motor cortex as

a marker of interhemispheric

communication. fNIRS can be

used to monitor functional

impairment in TBI.

�cHb: changes in deoxy-hemoglobin concentration; �cHbO2: changes in oxy-hemoglobin concentration; �cHbT: changes in total hemoglobin con-

centration; fNIRS: functional near-infrared spectroscopy.
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and tissue oxygen reactivity (TOx)86 have been added to
existing indices. Recent studies confirm that these new
noninvasive indices correlate well with PRx and Mx.86

Moreover, initial verification of the feasibility of
these methods in targeted individual autoregulation-
guided treatment of TBI patients at the bedside has
been reported and is based on the concept that optimal
CPP should follow the best cerebrovascular pressure
reactivity indices.87

Cerebral metabolism

CCO is the terminal electron acceptor in the electron
transport chain in mitochondria and is essential for the
efficient generation of ATP. Redox state-dependent
changes in this enzyme reflect oxygen utilization in
the tissues and can be used as a marker of cellular
oxygen metabolism. Cytochrome c has a broad spectral
signature, and its concentration is 10 times lower than
the concentration of hemoglobin. Thus, the detection of
CCO by NIRS is an ambitious goal that requires a
system capable of measurements at least at three wave-
lengths (to measure light attenuation for Hb, HbO2 and
CCO). However, new advancements, used by UCL
research groups for example, use a combination of
SRS, FD method, and multiple wavelengths to improve
CCO discrimination.88 Physiologic changes in CCO
after TBI have shown that an increase in cerebral
oxygen delivery induced by hypercapnea or hyperoxia
results in an increase in aerobic metabolism, leading to
an increase in oxidized CCO.89–91 The interpretation of
CCO-based parameters is difficult because of the com-
plexity of the correlations between physiological
changes and mitochondrial redox states. These issues
remain poorly understood and have been described as
‘‘challenging aspects’’ in the application of CCO redox
signals to patient monitoring.92 To date, there are only
a limited number of studies concerning this topic, and it
is yet to be determined how this cellular metabolism
parameter can contribute to the optimal management
of TBI.

Neurorehabilitation

Local cerebral hemodynamic and oxygenation changes
(assessed by changes in HbT and HbO2 respectively)
following focal neuronal activation in the cerebral
cortex can be reliably monitored with the use of func-
tional NIRS (fNIRS). fNIRS has been tested as a
tool for neuromonitoring of rehabilitation in patients
with mild TBI.93–96 Frontal lobe function was moni-
tored by fNIRS during cognitive tests or during
motor stimulation. In both protocols, the stimuli were
associated with significantly lower rates of change in

cerebral oxygenation and blood volume in TBI patients
compared to that in nondisabled subjects. By contrast,
other studies have reported increased brain activity in
concussed patients compared to that in controls during
cognitive tests.97,98 These studies also indicated that dif-
ferent regions of the brain were activated in each group.
Assuming that brain activation is an effective compo-
nent of rehabilitation, the authors concluded that train-
ing tasks that increased regional cerebral oxygenation
might be more beneficial for TBI patients.98 Another
potential application of fNIRS is in the diagnosis of
impaired interhemispheric communication, which
could be an objective biomarker of concussion injury.99

NIRS and TBI in children

One of the most commonly raised concerns with optical
methods is the potential for contamination of the signal
by extracerebral tissues. This technical limitation seems
to be less relevant to neonates and children, because
they have thinner extracerebral layers. Such thin
layers allow increased NIR light transmittance and
decreased signal contamination. Thus, NIRS has been
used for the detection of intracranial hematoma, motor
stimulation, cerebral oximetry, and changes in ICP in
children with TBI.19,30,95,100,101

Furthermore, a component of TBI can be found in
premature and low-birth-weight infants that are at sig-
nificant risk for intracerebral hemorrhage, as well as for
cerebral ischemia and hypoxia due to a different patho-
physiological pathway related to brain immaturity and
birth trauma. Therefore, both NIRS-derived cerebral
perfusion variables and NIRS-derived cerebral oxygen-
ation variables have found application in neonates.
Several studies have demonstrated that monitoring of
optical CBF measures combined with monitoring of
blood pressure can successfully identify neonates with
impaired cerebral autoregulation and perfusion, which
are known risk factors for the development of intracra-
nial hemorrhage and poor outcomes.102,103 NIRS sig-
nals were also reported to reflect alterations in cerebral
hemodynamics caused by removal of cerebrospinal
fluid in former premature infants with post hemor-
rhagic hydrocephalus.54 Some studies have shown
that following birth asphyxia, changes in rSO2 in the
first day of life associate with adverse neurologic out-
comes.104 Concerns raised by authors performing meas-
urements in neonates include the wide range of initial
‘‘normal’’ values of rSO2, which leads to the recommen-
dation of monitoring relative changes over time rather
than absolute values.105,106 This recommendation, how-
ever, has been challenged based on the difficulty of
ensuring fixation of the probes during long-term
monitoring.106
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Discussion

Currently, there is increasing interest in the use of a variety
of optical techniques in different medical fields.107 These
methods, including microscopic, endoscopic, and diffuse
reflectance imaging, are capable of structural and func-
tional imaging at tissue, cellular, and even molecular
levels. However, those techniques based on visible wave-
lengths suffer from limited tissue penetration and in prac-
tice are often limited to easily accessible regions of the
body or to surgically exposed tissues. In the neuroimaging
and neuromonitoring field, workers have attempted to
overcome these shortcomings by, for example, application
of needle-like gradient index lenses to probe deep brain
areas (microscopy methods)108 or by application of neu-
roendoscopic techniques, which allow physicians to per-
form endoscope-assisted microsurgery.109 Another
promising direction for future research would be photo-
acoustic imaging. Preliminary animal experiments have
shown that assessment of changes in CBF is possible by
this technique.110 However, at present, it is difficult to say
how these techniques will contribute to the neuromonitor-
ing of TBI patients. Practically, only those optical tech-
niques based on monitoring diffusely reflected light and
utilizing light at near-infrared wavelengths enable probing
of deeper tissues and assessment of physiologically related
variables in the human brain. Thus, these techniques
become very attractive as research tools in neurosci-
ence.111 However, as can be seen from the present
review, clinical application of optical techniques to TBI
is rather infrequent due to the pathophysiologic complex-
ity of clinical scenarios and the heavy demands for preci-
sion made on neuromonitoring techniques.112–114

The main strength of presented in this review optical
techniques for evaluation of TBI is their noninvasive-
ness. Certain unsolved problems and well-known limi-
tations of optical methods remain, and most of them are
addressed in Physical and technical background section.
Furthermore, there are additional challenges that are
exclusive to TBI. The assumption of ‘‘normal’’ tissue
optical properties under the probe in NIRS algorithms
might not be valid for altered post-traumatic tissue com-
position, which is seen in a variety of clinical scenarios in
TBI and includes intracranial pooling of extravascular
blood, subdural air after craniotomy, and extracranial
contusion.43 In addition, cerebral edema decreases the
thickness of the cerebrospinal fluid layer, and the effects
of this process on the pathlength between the light
source and the detector remain a topic of debate.58

One reason for the inability to assess properly
described methods in TBI is a limited number of studies
that have predominantly observational design with a
small number of patients and different instrumentation.
The limitation of this review is the lack of comparison
between studies using ‘‘old’’ versus ‘‘new’’

instrumentation. The methods are continuously evol-
ving. New approaches (like SRS, additional wave-
lengths) have been introduced and become standard,
as described in Physical and technical background sec-
tion. These technologies provide more quantitative
assessment of brain oxygenation and hemodynamics.
However, the clinical significance of this new informa-
tion in the context of TBI still needs to be determined.
There is ongoing improvement in the modeling of
propagation of light in tissue. Such model-based ana-
lysis could be advantageous in deciding which commer-
cially available device is most fitting certain
application.59 However, these algorithms are not
easily accessible or even unknown, and more studies
comparing variables derived from them against other
physiological parameters are needed.

Considering the technical challenges, the limited
number of patients studied, and the mixed results and
opinions gathered from other reviews on this subject,
we believe that optical methods must remain primarily
research tools for the moment. Further studies are
needed before these techniques can be used with confi-
dence in clinical settings. However, following dynamic
development of these methods in the past and intensive
ongoing research activity, we can hope that titles of the
studies like ‘‘a mix of doubts and hope,’’114 or ‘‘a work
in progress’’11 will slowly disappear, and optical neuro-
monitoring methods based on light will await their
‘‘brighter’’ future.

Funding

The author(s) disclosed receipt of the following financial sup-
port for the research, authorship, and/or publication of this
article: This study was financed by the EC Seventh

Framework Program under grant agreement no. 201076 –
Project nEUROPt, ‘‘Non-invasive imaging of brain function
and disease by pulsed near infrared light,’’ and by The
National Science Centre in the frame of project 2011/03/D/

ST7/02522.

Declaration of conflicting interests

The author(s) declared no potential conflicts of interest with
respect to the research, authorship, and/or publication of this
article.

Authors’ contributions

WW conceived and designed the study as well as wrote the

first draft and revised the final version. DM, DJ, SW, PS,
MK, AG, RM, AL contributed to writing parts of the
paper and to acquisition, analysis and interpretation of data

for preparing tables. DJ performed the search for articles and
drafted ‘‘Other applications of optical methods in TBI’’ sec-
tion. AL revised ‘‘Physical and technical background’’ section

and prepared Figure 1. All authors revised and approved the
final submission.

Weigl et al. 1839



References

1. Werner C and Engelhard K. Pathophysiology of traumatic

brain injury. Br J Anaesth 2007; 99: 4–9.

2. Bratton SL, Chestnut RM, Ghajar J, et al. Guidelines for

the management of severe traumatic brain injury. VI.

Indications for intracranial pressure monitoring.

J Neurotrauma 2007; 24(Suppl 1): S37–S44.

3. Steiner LA, Coles JP, Johnston AJ, et al. Assessment of

cerebrovascular autoregulation in head-injured patients: a

validation study. Stroke 2003; 34: 2404–2409.

4. Donnelly J, Budohoski KP, Smielewski P, et al.

Regulation of the cerebral circulation: bedside assessment

and clinical implications. Crit Care 2016; 20: 129.
5. Le Roux P, Menon DK, Citerio G, et al. Consensus sum-

mary statement of the international multidisciplinary con-

sensus conference on multimodality monitoring in

neurocritical care: a statement for healthcare professionals

from the neurocritical care society and the european soci-

ety of intensive care medicine. Neurocrit Care 2014;

24(Suppl 2): 1–26.
6. Oddo M, Bosel J and Participants in the International

Multidisciplinary Consensus Conference on

Multimodality Monitoring. Monitoring of brain and sys-

temic oxygenation in neurocritical care patients. Neurocrit

Care 2014; 21(Suppl 2): S103–S120.
7. Bellander BM, Cantais E, Enblad P, et al. Consensus meet-

ing on microdialysis in neurointensive care. Intensive Care

Med 2004; 30: 2166–2169.
8. Sawosz P, Kacprzak M, Weigl W, et al. Experimental esti-

mation of the photons visiting probability profiles in time-

resolved diffuse reflectance measurement. Phys Med Biol

2012; 57: 7973–7981.
9. Torricelli A, Contini D, Dalla Mora A, et al.

Neurophotonics: non-invasive optical techniques for

monitoring brain functions. Function Neurol 2014; 29:

223–230.
10. Calderon-Arnulphi M, Alaraj A, et al. Near infrared

technology in neuroscience: past, present and future.

Neurol Res 2009; 31: 605–614.
11. Ghosh A, Elwell C and Smith M. Review article: cerebral

near-infrared spectroscopy in adults: a work in progress.

Anesth Analg 2012; 115: 1373–1383.

12. Hoshi Y. Functional near-infrared spectroscopy: poten-

tial and limitations in neuroimaging studies. Int Rev

Neurobiol 2005; 66: 237–266.
13. Milej D, Gerega A, Zolek N, et al. Time-resolved detec-

tion of fluorescent light during inflow of ICG to the

brain-a methodological study. Phys Med Biol 2012; 57:

6725–6742.
14. Durduran T and Yodh AG. Diffuse correlation spectros-

copy for non-invasive, micro-vascular cerebral blood

flow measurement. Neuroimage 2014; 85(Pt 1): 51–63.
15. Dragojevic T, Bronzi D, Varma HM, et al. High-speed

multi-exposure laser speckle contrast imaging with a

single-photon counting camera. Biomed Opt Exp 2015;

6: 2865–2876.
16. Durduran T, Zhou C, Edlow BL, et al. Transcranial opti-

cal monitoring of cerebrovascular hemodynamics in

acute stroke patients. Opt Exp 2009; 17: 3884–3902.

17. Kessel B, Jeroukhimov I, Ashkenazi I, et al. Early detec-

tion of life-threatening intracranial haemorrhage using a

portable near-infrared spectroscopy device. Injury 2007;

38: 1065–1068.
18. Kahraman S, Kayali H, Atabey C, et al. The accuracy of

near-infrared spectroscopy in detection of subdural and

epidural hematomas. J Trauma 2006; 61: 1480–1483.

19. Salonia R, Bell MJ, Kochanek PM, et al. The utility of

near infrared spectroscopy in detecting intracranial hem-

orrhage in children. J Neurotrauma 2012; 29: 1047–1053.
20. Robertson CS, Gopinath S and Chance B. Use of near

infrared spectroscopy to identify traumatic intracranial

hemotomas. J Biomed Opt 1997; 2: 31–41.
21. Francis SV, Ravindran G, Visvanathan K, et al.

Screening for unilateral intracranial abnormalities using

near infrared spectroscopy: a preliminary report.

J ClinNeurosci 2005; 12: 291–295.

22. Sawosz P, Kacprzak M, Zolek N, et al. Optical system

based on time-gated, intensified charge-coupled device

camera for brain imaging studies. J Biomed Opt 2010;

15: 066025.
23. Liebert A, Sawosz P, Milej D, et al. Assessment of inflow

and washout of indocyanine green in the adult human

brain by monitoring of diffuse reflectance at large

source-detector separation. J Biomed Opt 2011; 16:

046011.
24. Gopinath SP, Robertson CS, Grossman RG, et al. Near-

infrared spectroscopic localization of intracranial hema-

tomas. J Neurosurg 1993; 79: 43–47.

25. Gopinath SP, Robertson CS, Contant CF, et al. Early

detection of delayed traumatic intracranial hematomas

using near-infrared spectroscopy. J Neurosurg 1995; 83:

438–444.
26. Robertson CS, Gopinath SP and Chance B. A new appli-

cation for near-infrared spectroscopy: detection of

delayed intracranial hematomas after head injury.

J Neurotrauma 1995; 12: 591–600.

27. Ghalenoui H, Saidi H, Azar M, et al. Near-infrared laser

spectroscopy as a screening tool for detecting hematoma

in patients with head trauma. Prehosp Disaster Med 2008;

23: 558–561.
28. Robertson CS, Zager EL, Narayan RK, et al. Clinical

evaluation of a portable near-infrared device for detec-

tion of traumatic intracranial hematomas. J Neurotrauma

2010; 27: 1597–1604.
29. Leon-Carrion J, Dominguez-Roldan JM, Leon-

Dominguez U, et al. The Infrascanner, a handheld

device for screening in situ for the presence of brain

haematomas. Brain Injury 2010; 24: 1193–1201.

30. Bressan S, Daverio M, Martinolli F, et al. The use of

handheld near-infrared device (Infrascanner) for detect-

ing intracranial haemorrhages in children with minor

head injury. Childs Nerv Syst 2014; 30: 477–484.
31. Gersten A, Raz A, Heimer D, et al. Probing brain oxy-

genation waveforms with near infrared spectroscopy

(NIRS). Rijeka, Croatia: INTECH Open Access

Publisher, 2012.

32. Smythe PR and Samra SK. Monitors of cerebral oxygen-

ation. Anesth Clin North Am 2002; 20: 293–313.

1840 Journal of Cerebral Blood Flow & Metabolism 36(11)



33. Gomersall CD, Joynt GM, Gin T, et al. Failure of the
INVOS 3100 cerebral oximeter to detect complete
absence of cerebral blood flow. Crit Care Med 1997; 25:

1252–1254.
34. Holzschuh M, Woertgen C, Metz C, et al. Dynamic

changes of cerebral oxygenation measured by brain
tissue oxygen pressure and near infrared spectroscopy.

Neurol Res 1997; 19: 246–248.
35. Brawanski A, Faltermeier R, Rothoerl RD, et al.

Comparison of near-infrared spectroscopy and tissue

p(O2) time series in patients after severe head injury
and aneurysmal subarachnoid hemorrhage. J Cereb
Blood Flow Metab 2002; 22: 605–611.

36. Rothoerl RD, Faltermeier R, Burger R, et al. Dynamic
correlation between tissue PO2 and near infrared spec-
troscopy. Acta Neurochir Suppl 2002; 81: 311–313.

37. Budohoski KP, Zweifel C, Kasprowicz M, et al. What
comes first? The dynamics of cerebral oxygenation and
blood flow in response to changes in arterial pressure and
intracranial pressure after head injury. Br J Anaesth 2012;

108: 89–99.
38. McLeod AD, Igielman F, Elwell C, et al. Measuring

cerebral oxygenation during normobaric hyperoxia: a

comparison of tissue microprobes, near-infrared spectros-
copy, and jugular venous oximetry in head injury. Anesth
Analg 2003; 97: 851–856.

39. Kirkpatrick PJ, Smielewski P, Czosnyka M, et al. Near-
infrared spectroscopy use in patients with head injury.
J Neurosurg 1995; 83: 963–970.

40. Rosenthal G, Furmanov A, Itshayek E, et al. Assessment

of a noninvasive cerebral oxygenation monitor in patients
with severe traumatic brain injury. J Neurosurg 2014; 120:
901–907.

41. Tateishi A, Maekawa T, Soejima Y, et al. Qualitative
comparison of carbon dioxide-induced change in cerebral
near-infrared spectroscopy versus jugular venous oxygen

saturation in adults with acute brain disease. Crit Care
Med 1995; 23: 1734–1738.

42. Leal-Noval SR, Cayuela A, Arellano-Orden V, et al.

Invasive and noninvasive assessment of cerebral oxygen-
ation in patients with severe traumatic brain injury.
Intensive Care Med 2010; 36: 1309–1317.

43. Buchner K, Meixensberger J, Dings J, et al. Near-infrared

spectroscopy–not useful to monitor cerebral oxygenation
after severe brain injury. Zentralbl Neurochir 2000; 61:
69–73.

44. Robertson JL, Ghosh A, Correia T, et al. Effect of blood
in the cerebrospinal fluid on the accuracy of cerebral oxy-
genation measured by near infrared spectroscopy. Adv

Exp Med Biol 2014; 812: 233–240.
45. Lewis SB, Myburgh JA, Thornton EL, et al. Cerebral

oxygenation monitoring by near-infrared spectroscopy
is not clinically useful in patients with severe closed-

head injury: a comparison with jugular venous bulb
oximetry. Crit Care Med 1996; 24: 1334–1338.

46. Ter Minassian A, Poirier N, Pierrot M, et al. Correlation

between cerebral oxygen saturation measured by near-
infrared spectroscopy and jugular oxygen saturation in
patients with severe closed head injury. Anesthesiology

1999; 91: 985–990.

47. Dunham CM, Sosnowski C, Porter JM, et al. Correlation
of noninvasive cerebral oximetry with cerebral perfusion
in the severe head injured patient: a pilot study. J Trauma

2002; 52: 40–46.
48. Dunham CM, Ransom KJ, Flowers LL, et al. Cerebral

hypoxia in severely brain-injured patients is associated
with admission Glasgow Coma Scale score, computed

tomographic severity, cerebral perfusion pressure, and
survival. J Trauma 2004; 56: 482–489; discussion 9–91.

49. Taussky P, O’Neal B, Daugherty WP, et al. Validation of

frontal near-infrared spectroscopy as noninvasive bedside
monitoring for regional cerebral blood flow in brain-
injured patients. Neurosurg Focus 2012; 32: E2.

50. Kim MN, Durduran T, Frangos S, et al. Noninvasive
measurement of cerebral blood flow and blood oxygen-
ation using near-infrared and diffuse correlation spectro-

scopies in critically brain-injured adults. Neurocrit Care
2010; 12: 173–180.

51. Shafer R, Brown A and Taylor C. Correlation between
cerebral blood flow and oxygen saturation in patients

with subarachnoid hemorrhage and traumatic brain
injury. J Neurointerv Surg 2011; 3: 395–398.

52. Bashir Z, Miller J, Miyan JA, et al. A near infrared spec-

troscopy study investigating oxygen utilisation in hydro-

cephalic rats. Exp Brain Res 2006; 175: 127–138.
53. Soul JS, Taylor GA, Wypij D, et al. Noninvasive detec-

tion of changes in cerebral blood flow by near-infrared
spectroscopy in a piglet model of hydrocephalus. Pediatr
Res 2000; 48: 445–449.

54. Soul JS, Eichenwald E, Walter G, et al. CSF removal in

infantile posthemorrhagic hydrocephalus results in sig-
nificant improvement in cerebral hemodynamics.
Pediatr Res 2004; 55: 872–876.

55. Muellner T, Schramm W, Kwasny O, et al. Patients with
increased intracranial pressure cannot be monitored
using near infrared spectroscopy. Br J Neurosurg 1998;

12: 136–139.
56. Zuluaga MT, Esch ME, Cvijanovich NZ, et al. Diagnosis

influences response of cerebral near infrared spectroscopy

to intracranial hypertension in children. Pediatr Crit Care
Med 2010; 11: 514–522.

57. Weerakkody RA, Czosnyka M, Zweifel C, et al. Near
infrared spectroscopy as possible non-invasive monitor

of slow vasogenic ICP waves. Acta Neurochir Suppl
2012; 114: 181–185.

58. Frydrychowski AF and Plucinski J. New aspects in

assessment of changes in width of subarachnoid space
with near-infrared transillumination-backscattering
sounding, part 2: clinical verification in the patient.

J Biomed Opt 2007; 12: 044016.
59. Davies DJ, Su Z, Clancy MT, et al. Near-infrared spec-

troscopy in the monitoring of adult traumatic brain
injury: a review. J Neurotrauma 2015; 32: 933–941.

60. Keller E, Nadler A, Alkadhi H, et al. Noninvasive meas-
urement of regional cerebral blood flow and regional
cerebral blood volume by near-infrared spectroscopy

and indocyanine green dye dilution. Neuroimage 2003;
20: 828–839.

61. Leung TS, Aladangady N, Elwell CE, et al. A new

method for the measurement of cerebral blood volume

Weigl et al. 1841



and total circulating blood volume using near infrared
spatially resolved spectroscopy and indocyanine green:
application and validation in neonates. Pediatr Res

2004; 55: 134–141.
62. Elliott JT, Milej D, Gerega A, et al. Variance of time-

of-flight distribution is sensitive to cerebral blood flow as
demonstrated by ICG bolus-tracking measurements in

adult pigs. Biomed Opt Express 2013; 4: 206–218.
63. Keller E, Ishihara H, Nadler A, et al. Evaluation of brain

toxicity following near infrared light exposure after indo-

cyanine green dye injection. J Neurosci Meth 2002; 117:
23–31.

64. Toczylowska B, Zieminska E, Goch G, et al. Neurotoxic

effects of indocyanine green -cerebellar granule cell cul-
ture viability study. Biomed Opt Express 2014; 5:
800–816.

65. Keller E, Nadler A, Niederer P, et al. A new subdural
probe for combined intracranial pressure (ICP) and cere-
bral blood flow (CBF) monitoring. Acta Neurochir
(Wien) 2003; 145: 1111–1115; discussion 5.

66. Keller E, Froehlich J, Muroi C, et al. Neuromonitoring in
intensive care: a new brain tissue probe for combined
monitoring of intracranial pressure (ICP) cerebral blood

flow (CBF) and oxygenation. Acta Neurochir Suppl 2011;
110: 217–220.

67. Liebert A, Wabnitz H, Steinbrink J, et al. Bed-side assess-

ment of cerebral perfusion in stroke patients based on
optical monitoring of a dye bolus by time-resolved diffuse
reflectance. Neuroimage 2005; 24: 426–435.

68. Kacprzak M, Liebert A, Sawosz P, et al. Time-resolved

optical imager for assessment of cerebral oxygenation.
J Biomed Opt 2007; 12: 034019.

69. Milej D, Janusek D, Gerega A, et al. Optimization of the

method for assessment of brain perfusion in humans
using contrast-enhanced reflectometry: multidistance
time-resolved measurements. J Biomed Opt 2015; 20:

106013.
70. Liebert A, Wabnitz H, Obrig H, et al. Non-invasive

detection of fluorescence from exogenous chromophores

in the adult human brain. Neuroimage 2006; 31: 600–608.
71. Milej D, Gerega A, Kacprzak M, et al. Time-resolved

multi-channel optical system for assessment of brain oxy-
genation and perfusion by monitoring of diffuse reflect-

ance and fluorescence. Opto-Electron Rev 2014; 22:
55–67.

72. Weigl W, Milej D, Gerega A, et al. Assessment of cere-

bral perfusion in post-traumatic brain injury patients
with the use of ICG-bolus tracking method.
Neuroimage 2014; 85(Pt 1): 555–565.

73. Kim MN, Edlow BL, Durduran T, et al. Continuous
optical monitoring of cerebral hemodynamics during
head-of-bed manipulation in brain-injured adults.
Neurocrit Care 2014; 20: 443–453.

74. Rothoerl RD, Schebesch KM, Faltermeier R, et al. Lack
of correlation between Xenon133 and near infrared spec-
troscopy/indocyanine green rCBF measurements. Neurol

Res 2003; 25: 528–532.
75. Czosnyka M, Brady K, Reinhard M, et al. Monitoring of

cerebrovascular autoregulation: facts, myths, and missing

links. Neurocrit care 2009; 10: 373–386.

76. Donnelly J, Aries MJ and Czosnyka M. Further under-

standing of cerebral autoregulation at the bedside: pos-

sible implications for future therapy. Expert Rev

Neurother 2015; 15: 169–185.
77. Czosnyka M, Miller C and Participants in the

International Multidisciplinary Consensus Conference

on Multimodality Monitoring. Monitoring of cerebral

autoregulation. Neurocrit Care 2014; (21 Suppl 2): S95–

S102.
78. Zweifel C, Dias C, Smielewski P, et al. Continuous time-

domain monitoring of cerebral autoregulation in neuro-

critical care. Med Eng Phys 2014; 36: 638–645.
79. Liu X, Czosnyka M, Donnelly J, et al. Comparison of

frequency and time domain methods of assessment

of cerebral autoregulation in traumatic brain injury.

J Cereb Blood Flow Metab 2015; 35: 248–256.
80. Czosnyka M, Smielewski P, Kirkpatrick P, et al.

Continuous assessment of the cerebral vasomotor reactiv-

ity in head injury. Neurosurgery 1997; 41: 11–17; discus-

sion 7–9.

81. Czosnyka M, Smielewski P, Kirkpatrick P, et al.

Monitoring of cerebral autoregulation in head-injured

patients. Stroke 1996; 27: 1829–1834.
82. Steiner LA, Pfister D, Strebel SP, et al. Near-infrared

spectroscopy can monitor dynamic cerebral autoregula-

tion in adults. Neurocrit Care 2009; 10: 122–128.
83. Cheng OS, Prowse S and Strong AJ. Oscillations in the

near-infrared signal in patients with severe head injury.

Acta Neurochir Suppl 2002; 81: 135–137.

84. Zweifel C, Castellani G, Czosnyka M, et al. Noninvasive

monitoring of cerebrovascular reactivity with near infra-

red spectroscopy in head-injured patients. J Neurotrauma

2010; 27: 1951–1958.
85. Diedler J, Zweifel C, Budohoski KP, et al. The limita-

tions of near-infrared spectroscopy to assess cerebrovas-

cular reactivity: the role of slow frequency oscillations.

Anesth Anal 2011; 113: 849–847.
86. Highton D, Ghosh A, Tachtsidis I, et al. Monitoring

cerebral autoregulation after brain injury: multimodal

assessment of cerebral slow-wave oscillations using

near-infrared spectroscopy. Anesth Analg 2015; 121:

198–205.

87. Dias C, Silva MJ, Pereira E, et al. Optimal cerebral per-

fusion pressure management at bedside: a single-center

pilot study. Neurocrit Care 2015; 23: 92–102.
88. Tisdall MM, Tachtsidis I, Leung TS, et al. Near-infrared

spectroscopic quantification of changes in the concentra-

tion of oxidized cytochrome c oxidase in the healthy

human brain during hypoxemia. J Biomed Opt 2007; 12:

024002.
89. Tisdall MM, Tachtsidis I, Leung TS, et al. Increase in

cerebral aerobic metabolism by normobaric hyperoxia

after traumatic brain injury. J Neurosurg 2008; 109:

424–432.

90. Tachtsidis I, Tisdall MM, Pritchard C, et al. Analysis of

the changes in the oxidation of brain tissue cytochrome-c-

oxidase in traumatic brain injury patients during hyper-

capnoea: a broadband NIRS study. Adv Exp Med Biol

2011; 701: 9–14.

1842 Journal of Cerebral Blood Flow & Metabolism 36(11)



91. Ghosh A, Tachtsidis I, Kolyva C, et al. Normobaric
hyperoxia does not change optical scattering or path-
length but does increase oxidised cytochrome C oxidase

concentration in patients with brain injury. Adv Exp
Med Biol 2013; 765: 67–72.

92. Smith M and Elwell C. Near-infrared spectroscopy:
shedding light on the injured brain. Anesth Analg

2009; 108: 1055–1057.
93. Hashimoto K, Uruma G and Abo M. Activation of the

prefrontal cortex during the wisconsin card sorting test

(Keio Version) as measured by two-channel near-infra-
red spectroscopy in patients with traumatic brain injury.
Eur Neurol 2008; 59: 24–30.

94. Kontos AP, Huppert TJ, Beluk NH, et al. Brain activa-
tion during neurocognitive testing using functional near-
infrared spectroscopy in patients following concussion

compared to healthy controls. Brain Imag Behav 2014; 8:
621–634.

95. Bhambhani Y, Maikala R, Farag M, et al. Reliability of
near-infrared spectroscopy measures of cerebral oxygen-

ation and blood volume during handgrip exercise in
nondisabled and traumatic brain-injured subjects. J
Rehabil Res Dev 2006; 43: 845–856.

96. Helmich I, Saluja RS, Lausberg H, et al. Persistent post-
concussive symptoms are accompanied by decreased
functional brain oxygenation. J Neuropsychiat Clin

Neurosci 2015; 27: 287–298.
97. Rodriguez Merzagora AC, Izzetoglu M, et al. Verbal

working memory impairments following traumatic
brain injury: an fNIRS investigation. Brain Imag

Behav 2014; 8: 446–459.
98. Hibino S, Mase M, Shirataki T, et al. Oxyhemoglobin

changes during cognitive rehabilitation after traumatic

brain injury using near infrared spectroscopy.
Neurologia Medico-Chirurg 2013; 53: 299–303.

99. Urban KJ, Barlow KM, Jimenez JJ, et al. Functional

near-infrared spectroscopy reveals reduced interhemi-
spheric cortical communication after pediatric concus-
sion. J Neurotrauma 2015; 32: 833–840.

100. Adelson PD, Nemoto E, Colak A, et al. The use of near
infrared spectroscopy (NIRS) in children after traumatic
brain injury: a preliminary report. Acta Neurochir Suppl
1998; 71: 250–254.

101. Wagner BP and Pfenninger J. Dynamic cerebral auto-
regulatory response to blood pressure rise measured by
near-infrared spectroscopy and intracranial pressure.

Crit Care Med 2002; 30: 2014–2021.
102. Wong FY, Leung TS, Austin T, et al. Impaired auto-

regulation in preterm infants identified by using

spatially resolved spectroscopy. Pediatrics 2008; 121:
e604–e611.

103. O’Leary H, Gregas MC, Limperopoulos C, et al.

Elevated cerebral pressure passivity is associated with

prematurity-related intracranial hemorrhage. Pediatrics

2009; 124: 302–309.
104. Toet MC, Lemmers PM, van Schelven LJ, et al.

Cerebral oxygenation and electrical activity after birth

asphyxia: their relation to outcome. Pediatrics 2006;

117: 333–339.
105. Drayna PC, Abramo TJ and Estrada C. Near-infrared

spectroscopy in the critical setting. Pediatr Emerg Care

2011; 27: 432–439; quiz 40–42.
106. van Bel F, Lemmers P and Naulaers G. Monitoring

neonatal regional cerebral oxygen saturation in clinical

practice: value and pitfalls. Neonatology 2008; 94:

237–244.

107. Dhawan AP, D’Alessandro B and Fu X. Optical ima-

ging modalities for biomedical applications. IEEE Rev

Biomed Eng 2010; 3: 69–92.
108. Levene MJ, Dombeck DA, Kasischke KA, et al. In vivo

multiphoton microscopy of deep brain tissue.

J Neurophysiol 2004; 91: 1908–1912.
109. Cinalli G, Cappabianca P, de Falco R, et al. Current

state and future development of intracranial neuroendo-

scopic surgery. Exp Rev Med Dev 2005; 2: 351–373.

110. Wang X, Pang Y, Ku G, et al. Noninvasive laser-

induced photoacoustic tomography for structural and

functional in vivo imaging of the brain. Nat Biotechnol

2003; 21: 803–806.
111. Obrig H. NIRS in clinical neurology – a ‘promising’

tool? Neuroimage 2014; 85(Pt 1): 535–546.
112. Tisdall MM and Smith M. Multimodal monitoring in

traumatic brain injury: current status and future direc-

tions. Br J Anaesth 2007; 99: 61–67.

113. Dietres EIHSH, Kalisvaart M and Mik EG. Near infra-

red spectroscopy: an asset to the diagnosis and treat-

ment of traumatic brain injury. Erasmus J Med 2011;

1: 23–26.
114. Maas AI and Citerio G. Noninvasive monitoring of

cerebral oxygenation in traumatic brain injury: a mix

of doubts and hope. Intensive Care Med 2010; 36:

1283–1285.

115. Kampfl A, Pfausler B, Denchev D, et al. Near infrared

spectroscopy (NIRS) in patients with severe brain injury

and elevated intracranial pressure. A pilot study. Acta

Neurochir Suppl 1997; 70: 112–114.
116. Vilke A, Bilskiene D, Saferis V, et al. Predictive value of

early near-infrared spectroscopy monitoring of patients

with traumatic brain injury. Medicina (Kaunas) 2014;

50: 263–268.

Weigl et al. 1843


