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SUMMARY

Near infrared spectroscopy (wiIRs) is used to measure global changes in cerebral haemodynamics. We have
adapted the technigue to measure regional changes in response to a visual stimulus. Ten volunteers were
exposed to a computer generated visual stimulus designed to activate a large area of the visual cortex,
including VI, VI, V3, V4 and V5. The sumulus was on for 30s and off for 305 Changes in the
concentrations of oxyhaemoglobin ([HbO,]) and deoxyhaemoglobin {[Hb]) were measured using a
comimercial spectrometer (NIROS00), over the occipital cortex, The data were sammed over ten cycles, As
a control, the experiment was repeated over the frontal cortex. For each subject [HbO, ] increased during
stimulation, and decreased when the stimulus was off. The mean [ +se.m.) change in [HhO,] was
0.54 +0.14 pmol 1", The change in total haemeglobin conceniration, given by [HBO,| 4 [Hb] was
0.61+0.2] pmol 1Y, equivalent to a rise in cerebral blood volume of 0.04 +0.01 ml 100 g™ which is about
24 of the total cerebral blood volume., There was no significant change in [HbOy] over the frontal
cortex, implying that the changes in blood volume originated in the occipital lobe. This demonstrates that
sigs provides a non-invasive method of measuring regional changes in cerebral hacmod ynamics as a result

of vizsual stimulation.

L INTRODUCTION

The past decade has scen the development of new
techniques, based on changes in regional cerebral
blood How {reee}, for detecting and localizing cerebral
arcas involved in different functions, The most widely
uscd and successtul of th
emission tomography (PFET] and magnetic resonance
imaging {mea} (Fox et al. 1986; Belliveau ef af. 199];
Zeki et ale 19910, These have many advantages, bt
cannot casily be used in situations where the clinician
needs information rapidly, and at the bedside, abou
the function of a patient’s brain. This may arise, lor
example, in the assessment of a premature or birth
asphyxiated newborn infant, or with  continuous
monitoring of the function of the brain during
neurosurgery. Near infrared spectroscopy [¥iRs) s a
non-invasive and relatively inexpensive technicue used
for studving cerebral hacmodynamics in infants and
adults, This study deseribes the use of the method in
momitoring and measuring changes in regional cerebral
oxygenation in the occipital cortex of adult subjects in
response tooa visual stimulus,
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wirs was introdoced as a method of monitoring
changes in tissue oxygenation of intact organs in 1977
977}, Owver the past decade it has been applied
ing global cerebral haemodynamies in the
newhorn (Wyatt ef all 1986) and in aduolts (Elwell e af.
1994), and muscle oxygenation at rest and during
exercise | Plantadosi ef af. 1986; Hampson & Piantadosi
1988; De Blasi ¢t al. 1994a, ). Recently the technicue
has been used 1o detect regional ecerebral haemo-
dynamic changes when the brain is activated during
the execution of cognitive tasks, visual stimulation and
complex partial seizures [Hoshi & Tamura 1995a;
Villringer et al. 1993).

To date, mirs studies of visual cortical funciion have
used photic stimulation {Hoshi & Tamura 199348;
Kato et al. 1993}, There is some debate in the published
literature about whether such stimulation activates
cortical or sub-cortical regions (Pratt ef af, 1982, We
wanted o concentrate on the occipital cortex; so we
usged stimuli which were tailored to the physiology of
the visual arcas in the cerebral cortex, It iz well
established that, in addition to the primary wvisual
receiving area (Y1, the human visual cortex consists of
muliiple visual areas, specialized 1o undertake different
tasks (Acki 1990], Because we were not sure ol how
sensitive our method would be and because some of
these areas are nol accessible from the surface (for
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example, the visual arcas lving in the fusiform gyrus),
we designed a visual sdmulus that would activare
several areas and would therefore maximize our
chances of detecting the haemodynamic changes in the
cerebral cortex associated with visual stimulation.

2. MATERIALS AND METHODS

The theery of xms bas been deseribed elsewhers {Cope &
Drelpy 1988} Briefly, the technigue depends on absorprion by
the chromopheres oxyhaemoglobin (HBOLE and  deoxy-
haemoglobin (Hb of near infraved light transmined through
the cranium. The absorption spectra of HbCk, and Hb are
shovwny in figure 1. There is o wo-fold decrease in light
absarption from the visible o the near mivared spectram.
(ither binlogical  fissues

scatter rather than absorh near
infrared light, resulting in relative transparency. Thus light
ata given wavelength incident on the head can be detected
emerging at some distance away with an iniensity which
varies primarily with changes in the concentration {and
therefore ight absorption) of HbOy, and Hb, Use of light at
more than one wavelength allows the calculation of the
relative proportions of the twe chromophores. The near
infrared  spectrometer wsed  in this study  (NTROS00,
Hammamasy Photonics KK, Japan) has [our pulsed laser
diodes with wavelengths of 779 wm, 821 om, 855 nm and
908 nm, each with a [ullwidth half maximom of 3 m.

The oprical attenuwaion in a highly scattering medium
such as the brain can be expressed by a modified Beer-
Lambert law which states:

attemaation = acd B (7,

where a s the absorption coelficient of the chromophore
(pmol P em Y, ¢ s the coneentration of chromophore
(pmal 11, e s the distanee between the points where Jight
enters and leaves the tssue fom), B pathlength fuetor” thar
tikes aceaunt of the increase in optical pathlengrh as a vesul
of scattering of light in the tsue, and G 05 @ constane
attenuation factor related o the aptical properties and
geometry of the tssue, I0d, B and G rerain constant, changes
in chromophore concentration can be caleulated [rom the
hanges in optical absorption divided by the product of adff,
The “differemtial pathlength factor® {(8) has been measured
by phase resalved spectrascopy (Dunean of ol 1994, and the
walue for the adule head ar 807 nm is 6.26. The continugus
wews measurements of HbO, and Hb concentration changes
are expressed as absolute concentration changes in gmal 17
from an arbirary zero e ecach stwdy a0 the start of the
measurement period,

0.08

[= ]
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As HBO, amd Hb have different absorption spectra,
simultaneous ehanges in [Hb, ] and [Hb] can be measured,
thus obtaming mformation not only about the 1oal bload
volume, but about oxygenation. The sum of the vwo signals,
therefore the change in total baemoglobin con-
cendration in pmol 17, “b».-,m cary be used 1o calculate
erebral blood volume cev) inoml 100 g%

The study was approved by the University College London
Faculey of Chnical Sciences Commitiee on the Edhics of
Clinical Investigaton. Ten healthy adult veluneers rook
part, of wham six were lemale and two were left handed.
Lighe from a near infrared spectrometer was conveved via 2
fibweaptic bundle 1w an “opiode’ positioned sver the vight
oocipital region, placed | om dothe right of the midline (o
avoid the sagittal sinus) and 1 on beneath the occipital ridy
The second optode, conveying transmitted light woa
photomultiplicr tube was placed 34 cm laterally, A black
cloth was wrapped over the optedes o redoce noise fremn
ambient light. The subjects were seated in a dental chair,
wsing the headrest o minimize head movement, A venous
bleod sample was waken from the cubital vein of ecach
volunteer, womeasure venous haemogelobin concentration.

The stimulus was displayed on a monitor placed 2 m from
the subject at eve level by an Amiga mismocomputer
{Commadore Business Machines Tnc., West Chester, Pennsyl-
vanial. Iueonsiseed of randomly moving | em diameter red,
blue and green dises an a grey background, The speed of the
marving dises wassetat 5 om s Here cach dise subtended an
angle of D067 at the eyve. By using coloured stimuli, we hoped
to be able to stmulate V4 the motien component would
stimulate Vi and the edges on the dises would stimulate the
cells of V2 The stimulus would also excive the cells of W1 and
W2, which represent all avributes of vision (Baizer e of 1977
Zeki & Shipp 1988; Livingstone & Hubel 1985

The study ook place in a dark room so that ne extraneons
visual stimuli were present, and each subject had an inital
period of ar least 5 min looking at the blank grey screen until
a flat baseline for [Hb] and [HbOY, | was obrained. The image
was shiown Bor 30 s, Tollowed by the blank grey sereen Tor 30 s,
Thiz ane minute cyele was repeated wen times. Each time the
stimulus was shown an analogue signal was simulianesus|y
sent o the NIROSOO0. This allowed the haemodvnamic
changes o be directly related to the timing of the stmulus.

Changes from baseline in [HbO, ] and [Hb] in pmel 17
were measured every 25 The data were displayed on a
spreadsheet and sumimed over ten conseeutive oycles, The
total changes in [HBO,] and Hb,,, with the stimulus on and
off were compared. For each subject HBO, rose woa
masimum during the period of simuladon (see fgure 20
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Figure I Absorption speciea of HbO, and Hb in the near infrared region, HhO, {line]
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Figure 2. Sum of changes in HbO, concentration over ten
cveles for one subject.

The 65 period of maximum change in HbO, was measured
from inspection ol the data, for cach subject, and the analysis
was repeated over this persd. As a control, the experimental
procedure was repeated for each subject on a later occasion
with the aprodes over the frontal region, positioned 25 cm
above the tight evebrow, beneath the hairline,

In addition, cry was measured in one subject over the
occipital region, using the change in [HBOy| induced by a
w o change in inspived oxyeen fraction [Elwell o of, 1954],
This allowed us to compare the volume changes observed o
a todal regional volume measured vsing the same wechmgue.
Frevious measurements of cev with sies on adulis have been
performed with the optodes on the frontal reglon and ihe
value obtained 1= 285+ 097 ml 100 g7 (Ebwell ¢ of, 1994},
The single occipital value wias measured o ensure that there
was no large difference in cev between the iwo regions.

sl

3. RESULTS

Figure 3 shows the mirs data collected during the ten
eyeles for one subject. The change in [HhOY,] from an
arbitrary baseline is shown plotied against time with
the “ON” epochs shown separately [rom the "OFF?
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Table 1. Mean differences in [Hb), [HbO] and Hb
between W 5 of stimudus on and 30 5 of stimulas off

Frm

AlHB]/ A[HLOY, S AHDL,,../

subject {wmal 1) (umal 1Y) mal 174
1 0.04 054 058
2 =007 141 24
5 0.0 .44 LUE R
4 —0.04 014 005
hil 15 .34 44
L —in15 (e I
7 —015 065 054
bl 16 LS 000
] 013 0.3 45
10 072 170 .42
meai 0.06 0.54 (|
&0, (XS [INES 02

epochs. The graph shows that the [HbO,] increases
when the stimulus is on and decreases when it is off,
These changes are superimposcd upen an overall
increase in [HbO, ], which is especially marked during
the first 3 min, suggesting a cumulative increase, Figure
2 shows the same data summed over ten cycles. For
each subject [HbOY] rosc to a maximum between
616 5 after the start of stmulation, and decreased
when the stimulus was off. There was a difference
between [HBO,] and [Hb], For every subject the sum
of changes in [HbOy,] was positive, whercas no
consistent pattern was seen for [Hb], although the
overall Hb,,, increased (table 1}, The mean (£
standard  deviation] change  in [HBO,|  was
0.54+0.14 pmol I ', This was significantly different
from zero (p=0.003, ftest with ninc degrees of
freedom). The mean change in  Hb,, was
0614021 pmol 1Y, which is cquivalent to a rise in
cerebral bleod volume of 0,04 +0.01 ml 100 g™, Using
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Figure 3. Changes in HbO, conceniration with visual stimulation for
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Table 2. Mean peak [HO,| changes per cpele over the
vecipital and frondal regions of each subject

(H I)CI,‘ | change ower
oecipital region

[HhOY,] change over
[rontal region/

subject [panod 11 (il 171
1 0.54 —in17
2 0.41 015
3 .49 .10
1 0.14 15
) 0,54 =ihog
f IR —0.26
7 064 (.00
) 0,54 —0.2]
] —.13

10 0.39

mean =003

ST (L.06

the value of ey measured over the occipital region
(2.2 ml 100 g ), this is approximately a 27, change in
hlaod velume,

The responses measured over the frontal region are
shown in table 2, The mean change in [HBLOY,] was
— 0,03 4£0.06 pmol 1Y, This change was not signihi-
cantly different from #ere, but was signibcantly
different from the occipital value, with =< 0,001,

4. DISCUSSION
This study demenstrates that it is possible to use near

infrared spectroscopy o measure regional changes in
cerebral haemodynamics resulting from visual stimu-

lation, There was a wide variation in the magnitude of

the change in [HBO), | hetween subjects, but all showed
an increase in [HbO,] and [Hb,,, ] with stimulation.
Whereas the overall [Hb, | changed, [HbO),] was a
more reliskle indicator than [Hb]. Hb,,, was used to
derive l,;h;qngc in cev, The mean fractional change in
chv owas 2%, Belliveau ef af, (1991} have measured a
32+ 10%, change in functional erv as a result of photic
stimulation in the primary visual cortex (V1] by ari.
Kato el al. (1993) have used miks to measure changes in
[HBCY,| as o result of photic stmulation. The mean
| HBOy, | change alter 3 min of photic stimulation in five
subjects was 3.4+ 2,46 pmol 1Y, compared with the

change rl,:]]orlg'.t.[ in this study alter a0 50 s stimulus of

054 40,14 pmol 1!, Although changes in csv are not
directly comparable to changes in reer it is interesting
to note reBF changes of 17-247% in area VI-V2 (Feki
et al. 1991, and of 26119, in area V5, measured by
Watson ¢f af. 1993},

There was no significant rise in [HBOy] over the
frontal area when the subjects viewed the stimulus.
Therefore the changes observed over the occipital
region are unlikely 1o be the result of: increased blood
flow in extracerebral tissue such as skull and skin; a
MOoVEement  aree LI ar a gencry
cerebral activation. Previous studies in whic
blood flow has been simultaneously monitored by laser
doppler velocimetry, or has been rendered constant by
application of a chemical vasodilator have shown that
there is litile change in skin blood flow, and negligible
cffect on the xrrs :ij_g[m] ::Vi”riugt‘r et al. L ENN

Froc, A Sec, Lond, B 1995]
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The variability in the magnitade of the responses
between subjects reflects variations both in individual
rope changes and in anatomv. It was not possible to
define the precise anatomical area studied, because
near infrared light is highly scattered in dssue.
Modelling studics show that this scattering produces
considerable spreading of light bertween the optodes.
Exact prediction of the region interrogated is therefore
diflicult (Arridge & 2/, 1993; Hiracka ¢ al. 1993;
Schotland e af. 1993), cspecially in an optically
heterageneous structure like the adult head, However,
ina recent combined peT-nik cvoked response study of
the motor cortex | Villringer of al. 1994} it was reported
that lateral misplacement of the optodes by only 2 cm
away from the activated region led to a significant
decrease in the smks signal. This implies that the
interrogated volume may be limited to a band 1-2 cm
width either side of the optodes. Validation studics of
functional wms using mmi also indicate that precise
anatomical location may be critical {Nakajima et al.
1994 Ohbrig of al, 1994), In this study it is likely that
the interrogated region would have included more
than areas V1-W3, resulting both in a wvariation
between subjects, and an underestimation ol the
change in cev in the occipital cortex, However, it is
feasible that refinement of the technique may enable
measurements to be made from individual areas of the
visual cartex, using appropriate stimuli,

The results show that there were consistent increases
in [HbC,], but not in [Hb], This may have been the
result of an increased crr leading to reduced oxygen
extraction. These changes are also consistent with the
results from both peT and area studies that functionally
induced  increases in roer are associated with an
increase in glucose rather than oxvgen consumprion
(Pritchard e af. 1991}, This increase in [HBO,] has
also been demonstrated by sowp (blood oxygenation-
level dependent} functional ymm (Kweng ef af. 1992,
Ogawa ef al. 1992 Nakajima e al. 1994).

The time course of the rise in [Hb(},] peaking
between G-16s after the onset of stimulation is
comparable to the results of studies using BoLD MRIL
Bandettini  [1993) has demonstrated a maximum
change at 410 s, and Friston e ol [1994% have found
that the optimal delay ume of the response function
{and therefore the peak of the haemodynamic response |
is 6.6 5, fn pivo direct optical imaging of the exposed
visual cortex of monkeys in both the wvisible and
infrared parts of the spectrum, has shown an initial
mercase of oxygen delivery, with a nisc in [Hb] after
200400 ms, This 15 followed by an inerease in bload
volume 300400 ms later, and after 1000 ms by a
substantial rise in [HBO, )| (Frostig ef af, 194800, These
Cllal]g:“s are very ]ihf:a]iz:“[l1 evien 1o Lhe siee uringlivigluu]
blood wessels, compared with the field interrogated by
the mrs wechnique,

The changes in [HbO),| and [I1b] obscrved by nirs
are small. One reason for this is that the concentration
calculation requires data for the optical pathlength in
tissue, This is taken as the inter-optode spacing
mu]liplicd by a differential palllll:ngl]: ﬁlq‘.lm {DEF)
which has previously been measured for the adult head
{van der Zee e al, 1992 Duncan ¢f af. 1994). The use
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of this pathlength factor assumes that all tissues in the
light path contribite tw the changes in [Hb] and
[HBO, |, However, there is a significant thickness of the
relatively avascular skin, bone and muscle, especially
i the m‘.l’ti[)'lLa] J't'giurl: which reduces the prupm'liun of
brain tissue in the light path. This may lead 1o an
underestimation of cev and cer by a factor of the order
of 2 (Elwell et al. 1994), if the effective cerebral
pathlength is only approximarely 309 of the wotal,
although  this would nor affect the size of the
proportional volume change, as the same ppe is used in
the caleulation of hoth cav and Acev.

In eertain wrrs  would have several
advantages over other techniques currently used for
cerebwal functional monitoring. The spectrometer is
portable and does not use lonizing radiation, thus
al]uw'mg rt']‘Jt'all'd measurements, and no EXCHECTIOIS
tracer 15 required. This is advantageous for potential
applications in assessing visual function in infants, and
neonates or in adulls undergoing intensive care or
NEUTOSUTEEry. .-"s]l}mugll the :apalial resolution is not vel
accurately delined. the temporal resolution is currently
as high as 0.5 s, which compares Favourably with the
current temporal resolution of functional sri, and
technical developments should reduce this to less than
100 ms. wirs provides a simple, relatively inexpensive
and non-invasive method of detecting and measuring
changes in cerebral haemodynamics resulting [rom
wisual stimuli. The Ir::‘:]mi[lnr: could be ;‘lflaplt‘:d for use
as o bedside method for clinical assessment of the
function of the brain.

situations
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