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METHODOLOGY

Removing the heart from the brain:
Compensation for the pulse artifact

in the photon migration signal

GABRIELE GRATTON anp PAUL M. CORBALLIS
Department of Psychology, Columbia University, New York

Abstract

-

Various factors, including variations in the concentration of hemoglobin, determine changes in the transparency
of living tissue to near-infrared light. Hence, optical measures have been proposed as a noninvasive method for

investigating regional changes in brain activity. However, the amount of near-infrared light traversing a region

of the head is also influenced by the periodic changes in blood pressure that occur during the cardiac cycle (pulse). ,
These large changes may obscure smaller, localized events associated with brain activity. We developed a least-
squares regression algorithm for compensating for the artifact introduced by the pulse. This procedure takes into
account beat-to-beat variability in heart rate and differences in the shape of the pulse among subjects and among

recording conditions.

Descriptors: Photon migration techniques, Photoplethysmography, Regional cerebral blood flow measurement

Traditionally, studies of brain function in normal human
subjects have relied on surface measures of electrical poten-
tials (electroencephalogram [EEG] and event-related potentials
[ERPs]). These methods possess high temporal (1 ms or less) but
limited spatial resolution. In recent years, there has been a sub-
stantial interest in methods for investigating the hemodynamic
and/or metabolic changes that are presumed to follow the acti-
vation of localized brain areas during the performance of vari-
ous tasks. These methods may in some cases reach a high spatial
resolution (a few centimeters or less), although their temporal
resolution (several seconds) is clearly inferior to that of electro-
physiological measures (Churchland & Sejnowski, 1988). Some
of these techniques, such as positron emission tomography
(PET) or fast magnetic resonance imaging (fMRI), provide maps
of regional changes of metabolism and blood flow or of the con-
centration of hemoglobin (e.g., Belliveau et al., 1991; Frahm,
Merboldt, Hanicke, Kleinschmidt, & Boecker, in press; Raichle,
1994). However, given the complementary nature of the infor-
mation provided by imaging and electrophysiological methods,
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it would be very useful to be able to record these two types of
measures simultaneously. Unfortunately, fMRI involves high-
energy magnetic fields, which preclude the simultaneous re-
cording of electrical potentials, and PET measures cannot be
obtained quickly enough for informative comparisons with ERP
data. Another approach to the study of the activation of local-
ized brain areas is to measure changes in their optical prop-
erties (i.e., absorption and scattering). For instance, because
hemoglobin absorbs near-infrared light, changes in the concen-
tration of this substance should alter the transparency of brain
tissue to this type of light. Hence, noninvasive optical methods
have been proposed as a tool for investigating the functional
anatomy of the brain in normal human subjects (Chance, 1989).

Noninvasive Optical Measures in the Study

of Brain Function

A simple way of studying changes in the optical properties of
the brain involves illuminating points on the surface of the head
with near-infrared light and determining the amount of light
reaching detectors also located on the head surface a few centi-
meters away. Living tissues such as those of the head (skin, skull,
meninges, gray and white matter, etc.) are highly scattering
(Svaasand, Tromberg, Haskel, Tsong-Tseh, & Berns, 1993). In
highly scattering media, light travels in spherical waves. Given
the random nature of scattering, the light path between a source
and a detector can be described as a distribution of paths fol-
lowed by individual photons. Although in infinite scattering
media the average path corresponds to a straight line, if the
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medium is bounded by a flat or convex surface (as it is the case
for the head), photons penetrating a point on the surface of
the medium will, on average, follow a quasi-semicircular path
before reaching another point on the same surface (Maier &
Gratton, 1993). For example, light penetrating the head at a par-
ticular point and reaching another point on the surface of the
head at a distance of 3 cm from the source will have traveled
along a semicircular path, reaching an average depth of about
1.5 cm. This prediction was confirmed by phantom studies,
which showed that deep absorbing objects can be visualized in
this manner, even through bony structures such as the skull
(Gratton, Maier, Fabiani, Mantulin, & Gratton, 1994b).

The optical properties of brain tissue are influenced by sev-
eral factors, including changes in the concentration of metabol-
ically or hemodynamically significant substances and changes
in the reflectivity and shape of neurons (see Frostig, 1994). These
phenomena produce changes in the scattering and absorption
properties of the tissue and, as a consequence, influence the
migration of photons through the brain. Preliminary observa-
tions and Monte Carlo simulations (see Gratton et al., 1994a)
suggest that measures of the attenuation of light (i.e., intensity
measures) passing through the head may be influenced by
changes in both scattering and absorption properties of the tis-
sue, such as those determined by neuronal activity or changes
in the concentration of oxy- and deoxyhemoglobin. For these
reasons, changes in the transparency of the tissue have been pro-
posed as an inexpensive and noninvasive method for investigat-
ing regional activation of the brain during psychological tasks
(Chance, 1989). Reflectivity measures of the exposed cortex of
animals indicate that sustained stimulation of an area of the cor-
tex produces changes in the intrinsic coloration of the tissue,
which start within 1 s from the beginning of stimulation and
reach their peak about 2-3 s later (Grinvald, Licke, Frostig, Gil-
bert, & Wiesel, 1986). This intrinsic signal probably comprises
several phenomena, including scattering changes due to varia-
tions in the refraction properties of neuronal tissue as a func-
tion of neuronal activation and absorption changes due to the
dilation of small blood vessel that allow the blood to circulate
faster and in greater amount through active areas of the cortex
(Frostig, 1994). The latter phenomenon is the same that has been
proposed to account for the functional signal observed with
fMRI (Frahm et al., in press), and PET (Raichle, 1994). Be-
cause noninvasive optical measures can be obtained in a quasi-
continuous fashion over extended periods of time, are compat-
ible with electrophysiological recordings, and are less expensive
than fMRI and PET, they appear to be an attractive addition
to these methods.

A problem with this application of optical measures is that
observation of the signals produced by regional activation of
brain tissue is hindered by other types of signals possessing rel-
atively similar frequency characteristics. One of these signals
results from changes in tissue transparency that are time locked
to the heartbeat, that is, to the pulse (see Frostig, 1994). Changes
in light parameters associated with the pulse have been used for
years to investigate functional changes in the cardiovascular sys-
tem (photoplethysmography, €.g., Jennings & Choi, 1983). Pulse
parameters have long been associated with various physiologi-
cal and psychological variables (e.g., Roy & Sherrington, 1890).
Although changes in pulse parameters may in some cases be very
informative, they have important limitations. First, pulse param-
eters can only be measured at successive heartbeats (i.e., the
sampling rate is dependent on heart rate). Second, optical mea-
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sures of pulse parameters are influenced to a large extent by large
vessels whose spatial relationships with the cortical areas acti-
vated during a certain task may vary from case to case (e.g.,
Grinvald et al., 1986). For these reasons, pulse parameters are
unlikely to provide more than preliminary indications about the
dynamic activation of various brain areas during a particular
task. However, as indicated by exposed cortex studies, the intrin-
sic optical signal of the cortex can be very localized and relatively
rapid (Grinvald et al., 1986). Therefore, because the purpose of
this study is to focus on the dynamics of local functional changes
of the optical signal, the large, quasi-periodic fluctuations due
to the pulse can be considered as a source of noise. This is par-
ticularly problematic because these fluctuations (which we esti-
mate to be as high as 6% of the total amount of light passing
through the head) are several times larger than the intrinsic func-
tional signal from the brain tissue (our initial measurements esti-
mate this signal to be less than 2% of the amount of light).
Because the pulse signal is unavoidable, we needed a procedure
to remove the pulse signal from the records in such a way as to
leave the intrinsic optical signal unaltered.

Fortunately, the magnitude of the pulse allowed us to esti-
mate its influence with high precision. One strategy for reach-
ing this goal would be to compute the average pulse waveform
and then subtract its influence from the original records. One
problem with such an approach is that the amplitude of the pulse
may vary from beat to beat. This variation can be accounted.for
by scaling the average pulse waveform to the size of each sin-
gle pulse before subtraction. The scaling factor can be estimated
with a regression algorithm. Another problem is that the interbeat
interval of the heart is variable. Herein, we propose a regression
technique that accounts for the beat-to-beat variability of heart
rate. In this procedure, heartbeat intervals are expanded to a
common, longer time scale before averaging them to compute
the average pulse. Then, for each heartbeat, the average pulse
waveform is scaled back to the original length of each heartbeat
interval. Finally, the rescaled average pulse is regressed with and
subtracted from each single heartbeat record. The outcome of
this process is a time series reflecting the deviation (in terms of
waveshape) of each single pulse from the average pulse. This
time series is used as the corrected optical record.

Although several parameters related to the migration of pho-
tons through tissue can be measured (see Gratton et al., 1994b),
in this report we focus on the intensity (or attenuation) param-
eter (equivalent to the DC signal reported by Gratton et al.,
1994b) because (a) the intensity parameter is easier to measure,
requiring less sophisticated instrumentation (i.e., the apparatus
needed to measure the time photons take to migrate through the
tissue is not needed) and (b) preliminary studies (e.g., Gratton
et al., 1994a) have indicated that the intensity parameter is much
more sensitive to contamination from the pulse than are other
optical parameters.

Method

Assumptions and Procedure
The procedure is based on the following assumptions.

1. Heartbeats (systoles) produce periodic increases in blood
pressure (pulse), which in turn, result in periodic increases
in the amount of blood flowing through the area being
measured.
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2. The increase in blood flow produces an increase in the ab-
sorption of near-infrared light, which can be measured as a
reduction in the amount of light reaching the detector. This
reduction will have the same periodicity as the heartbeat.

3. The shape of the pulse, as measured by the periodic changes
in the intensity of the light reaching the detector, may vary as
a function of the position of the coupling between the source
and the detector and the skin, of the location of the optical
devices over the head, of the subject, and, in some cases, of
experimental conditions. However, when these factors are
taken into account, the residual variance in the shape of the
pulse signal is small and negligible (at least as a first
approximation).

4. In contrast to shape, the wavelength and amplitude of the
pulse signal may (and usually will) vary considerably from
trial to trial. Wavelength variability is particularly critical and
requires a time warping approach (i.e., reduction or expan-
sion to a common time scale) for the computation of the
average pulse.

5. The signal-to-noise ratio of the pulse signal is sufficiently
high to afford accurate estimates of the timing of each heart
systole.

6. The phase delay between the pulse and the functional phe-
nomena studied is random.

On the basis of these assumptions, we propose that the aver-
age pulse signal can be computed by (a) recording continuously
the amount of light transmitted between the source and the
detector, (b) segmenting the continuous records into single-beat
periods, (c) time warping the single-beat signal to a longer time
scale (in the examples reported herein, we expanded each inter-
beat interval to 50 s by adding linearly interpolated data points
whose numbers depend on the ratio between 50 s and the length
of each interbeat interval), and (d) averaging the single beats
together. This operation may be conducted independently for
each subject, location, recording session, and, if required, exper-
imental condition to account for possible variability in the aver-
age pulse.

The deviations between the single-beat signal and the aver-
age pulse signal can then be computed by (a) reversing the time
warping procedure for each single beat (i.e., compressing the
average waveform to the length of each interbeat interval by
sampling appropriately distanced data points), (b) regressing the
average pulse with the single-beat signal, and (c) subtracting the
estimated contribution of the average pulse from the single-beat
signal (only the slope, not the intercept, is used for the subtrac-
tion). The result is a continuous recording of the amount of light
passing through the tissue from which the estimated contribu-
tion of the pulse has been removed (or at least attenuated).

A potential problem with this technique is the introduction
of discontinuities in the signal at the boundaries between sin-
gle heartbeats, as determined by fluctuations in the fit of the
average pulse to each single beat. To avoid this problem, the
average pulse is detrended before the computation of the single-
beat regressions. In this way, the first and the last point of the
average pulse waveform are set equal to 0 (although intermedi-
ate points will be left free to vary). Therefore, the regression
algorithm (which does not take into consideration the intercept,
only the slope) will never correct the values observed for the first
and last data point of each pulse, thus ensuring that the cor-
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rected waveform will not show discontinuities between beats.
An added advantage of this operation is that the overall shape
of the optical parameter waveform across heartbeats will be
preserved. E

A preliminary step for the procedure is the detectlon of the
beginning of each single heartbeat. To minimize errors due to
measurement noise, we chose to base this operation on the
smoothed time derivative of the intensity signal. The beginning
of each heartbeat cycle is defined as the minimum of this trans-
formed signal within a particular time window following the
beginning of the previous heartbeat. In this fashion, the inflec-
tion point of the pulse waveform (equivalent to the moment of
maximum increase in the light absorption, presumably deter-
mined by the systolic pressure wave) is used to define the begin-
ning and end of a pulse cycle. This point of the cycle (rather than
the point of maximum or minimum in the intensity wave) was
chosen because, being intermediate between the maximum and
the minimum, it appeared to be more representative of the aver-
age amount of light passing through a particular brain area dur-
ing each heartbeat cycle and less influenced by outlier values.
The time window is selected after visual inspection of the single
session data with the intent of accommodating for the appar-
ent variability in the interbeat intervals. Criteria used in the selec-
tion of an appropriate time window include (a) the lower limit
should be sufficiently high to avoid detecting two points belong=
ing to the same heartbeat and sufficiently low to avoid missing
a heartbeat, and (b) the upper limit should be sufficiently low
to avoid including two heartbeats in the same epoch and suffi-
ciently high to avoid missing a heartbeat.

Subject and Recording Apparatus

Data were collected from one of us (male, 25 years of age).

Infrared light (peak wavelength = 715 nm) produced by a light
emitting diode (LED, power = 200 mW) was shone through the
head and collected using a 6.4-mm optic fiber. The intensity of
the light reaching the fiber was measured using a photomulti-
plier and digitized at a frequency of 20 Hz, using a specially
modified A/D card built by ISS, Inc. (Champaign, IL). The
source LED was located 3 cm to the left and 1 cm above the
inion, and the detector fiber was located along the midline 1 cm
above the inion. Both the source and the detector were inserted
in a foam cushion that was held in place by surgical tape
wrapped around the subject’s head. Surgical tape (with appro-
priate holes for the source and the detector) was also used to sep-
arate the hair so as to increase the amount of light passing
through the subject’s head. For the same purpose, a drop of
petroleum jelly was applied on both the source and the detec-
tor. Several layers of black electrical tape were inserted between
and around the source and the detector to prevent the detector
from collecting light directly from the source (short circuiting
the head) or from environmental sources. Given the location of
the source and detector, our previous studies with phantoms
(Gratton et al., 1994b) suggested that the area of the head tra-
versed by the photons included areas of the skin, skull, menin-
ges, and cortex in the posterior octipital region, close to the
occipital pole. In humans, the cortical areas examined are usu-
ally associated with visual function.

Task
The study comprised 16 stimulation and 16 control trials. Each
trial lasted approximately 30 s, and stimulation and control tri-
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als alternated, so that each stimulation trial was immediately fol-
lowed by a control trial. During the stimulation trials the subject,
comfortably sitting in a darkened room, fixated on a computer
monitor displaying four vertical grids (visual angle, ca. 3° x 3°;
spatial frequency, ca. 3 cycles/degree) arranged on a 2 X 2
matrix. The black and white bars of the top left matrix switched
color at a frequency of 1.4 Hz. The other grids remained unmod-
ified. The subject’s task was to fixate on the center of the alter-
nating (top left) grid. Recording of the intensity of the light
reaching the detector initiated 1-2 s after the beginning of each

trial and lasted for 20 s, with data collected at 20 Hz. The con<’

trol trials were similar, except that the grids were replaced by
a stationary display containing columns of alphanumeric char-
acters. The same control display was used-for all of the control
trials. This task was only used to provide exploratory data on
an elementary form of activation of occipital brain areas to
study the effects of artifacts on optical data.

Results

We present examples of the application of the technique and for-
mal measurements of the increase in the signal-to-noise ratio
obtained with the pulse compensation algorithm. We tested the
following basic assumptions.

1. We can obtain a reliable estimate of the moment at which
each systole oceurs.

2. The wave shape of the pulse (i.e., the sphygmic wave) does

- not change during a recording block and is independent of

the interbeat interval, that is, the shape of the average sphyg-
mic wave is a reliable measure of the pulse effects.

3. Functional changes do not significantly influence the wave
shape of the pulse.

Application: Visual Stimulation Versus Control

Figure 1 displays an example of a single trial record, before and
after applying the pulse compensation algorithm. A moving
average of S points (250 ms) was applied to both sets of data to
attenuate high-frequency noise. Data are expressed as changes
from a baseline value (first 2 s of recording). The compensation
procedure resulted in smaller oscillations at the heart rate fre-
quency (slightly above 1 Hz). In the uncorrected data, these
oscillations correspond to approximately 6% of the amount of
light reaching the detector.

The top panel of Figure 2 shows the average changes during
the recording period for the stimulation and control conditions
obtained without compensation for the pulse artifact. The scale
used for the vertical axis in Figure 2 is four times larger than that
used in Figure 1. The scale was increased to accommodate for
the expected change in amplitude of the noise, which should be
reduced by a factor equivalent to the square root of the num-
ber of trials (16). The bottom panel of Figure 2 shows the results
of averaging the same data after applying the pulse compensa-
tion algorithm. A moving average of 5 points (250 ms) was
applied to both sets of data to attenuate high-frequency noise.
The effect of stimulation (a 1.5% sustained decrease of the
amount of light passing through the occipital head area, devel-
oping over a period of more than 5 s) is more evident after appli-
cation of the pulse compensation procedure (Figure 2).
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Figure 1. Example of a single trial record, before and after application
of the pulse compensation algorithm. A moving average of 5 points
(250 ms) was applied to both sets of data to attenuate high-frequency
noise. Data are expressed as changes from a baseline value (first 2 s of
recording).

Quantification of Increases

in the Signal-to-Noise Ratio

The visual impression of a reduction in the signal-to-noise
ratio given by the data presented in Figure 2 was quantified by
comparing the ratios between the average effect of stimulation
and the average amplitude of the noise (i.e., by comparing the
signal-to-noise ratios) before and after application of the pulse
compensation algorithm. The average signal was estimated by
subtracting the mean value of the stimulation condition from
that of the control condition for the interval between 5 and
15 s after the onset of the recording epoch. An estimate of the
average noise level was obtained by computing the average of
the standard deviations of the intensity signal over the same
interval for the stimulation and control conditions on each trial.
The ratio between these two values was 0.50 for uncorrected data
and 0.89 for corrected data. When we consider the reduction in
noise level that can be expected by repeating trials 16 times, the
signal-to-noise ratios for the averages became 1.93 for the uncor-
rected data and 3.46 for the corrected data. The critical ¢ score
with df = 15 (with « = .05) is 2.13. Therefore, the correction

" procedure resulted in an increase in power that, in the example

shown (and if the observations had been carried out on differ-
ent subjects rather than on the same subject), would be suffi-
cient to reveal statistically significant effects that would not be
visible otherwise.
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Figure 2. Top: Average changes during stimulation (thick line) and con-
trol (thin line) trials for uncorrected data. Bottom: Average changes dur-
ing stimulation (thick line) and control (thin line) trials for the same data
after application of the pulse compensation algorithm. A moving aver-
age of 5 points (250 ms) was applied to both sets of data to attenuate
high-frequency noise. Data are expressed as changes from a baseline
value (first 2 s of recording).

Detection of Heartbeats

A basic assumption of the technique is that it is possible to esti-
mate accurately the time of each heartbeat from changes in the
intensity of the light traversing a region of the head that occur
at each heartbeat. The algorithm used for detecting each heart-
beat is based on identifying the minimum in the smoothed time
derivative of the intensity signal within a preselected time win-
dow after the previous heartbeat. After visual inspection of the
data, a window of 700-900 ms was selected. (For the first heart-
beat, an interval between 0 and 900 ms was used.) This window
can be considered the allowed range for interbeat intervals. To
test the validity of this approach, in one session the electrocar-
diogram (EKG) was recorded from tin electrodes located on the
right and left forearm. The EKG signal was amplified, filtered
(range, 1-30 Hz), and digitized (frequency, 128 Hz) over epochs
of 20 s, which were synchronous with the optical recording
epochs. The R wave of the EKG was detected by visual inspec-
tion. Thus, two estimates were obtained for the timing of each
heartbeat, one from EKG data and one from optical data. From
these data, it was possible to derive estimates of the duration of
each interbeat interval with each of the two techniques.

To evaluate the validity of the estimates obtained with the
optical data, we computed the means and standard deviations
of the difference between the timing of the heartbeats obtained
with EKG and obtained with optical data during a stimulation
(1-Hz grid reversal) and a control trial. The means were 330 ms
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in the stimulation trial and 378 ms in the control trial; the stan-
dard deviations were 41 and 47 ms, respectively. The mean dif-
ferences reflect the different time during the cardiac cycle at
which the two estimates are obtained and are determined by the
time taken by the heart to contract and by the pulse wave to
reach the brain (pulse transit time). These differences are irrel-
evant to the correction itself. The mean differences are higher
than the pulse transit time reported in other studies (e.g., Jen-
nings & Choi, 1983); however, there are substantial differences
between these studies and the present one in terms both of the
methods used to estimate the pulse wave from optical data and
of the location at which the measurements are taken. The data
reveal a systematic difference between stimulation and control
trials, perhaps reflecting differences in vasodilation between the
two conditions. Given the preliminary nature of the data, this
phenomenon requires further investigation.

The standard deviations of the difference between the EKG
and the optical signal reflect trial-to-trial variations in the rela-
tive timing of the two estimates. Although timing variations may
in fact reflect systematic effects, we assumed that within con-
ditions the actual variations should be small. Therefore, we con-
sidered these standard deviations as an upper boundary for
estimation of the inaccuracy of the heartbeat detection algo-
rithm. The standard deviations for both stimulation and con-

trol trials are below 50 ms, that is,less than one sampling point;—

which indicates that the procedure for detecting heartbeats from
optical data is basically accurate.

An additional analysis was run to provide further confirma-
tion of the validity of the heartbeat-detection algorithm. For
each pair of adjacent heartbeats, we computed the difference
between the interbeat intervals as obtained from EKG and from
optical data. The average of this difference was —2.7 ms (SE =
17.5 ms) for the stimulation trial and —5.3 (SE = 26.7 ms) for
the control trial. For both the stimulation and the control trial,
the difference was clearly small (much less than the sampling
rate) and not significant (¢ < 0.2 in both cases).

Changes of the Average Pulse During a Trial

A further assumption of the procedure is that the wave shape
of the pulse (the sphygmic wave) does not change during a
recording session. In particular, it is assumed that the wave
shape is independent of the interbeat interval, that is, that the
wave shape is the same for short and long interbeat intervals.
To test this assumption, we compared the average time-warped
wave shape for heartbeat intervals longer and shorter than the
median (Figure 3). The results suggest some differences between
the wave shapes of short and long heartbeats. At some points,
one of the curves appears delayed with respect to the other by
4-5% of the interbeat interval. When translated into millisec-
onds, these differences reach a maximum of about 30-40 ms.
Because a sampling rate of 20 Hz (i.e., a sample every 50 ms)
was used, the maximum phase difference between the two curves
is less than one sampling point. This small difference indicates
that the distortion in the pulse wave shape introduced by aver-
aging together fast and slow heartbeat intervals is within mea-
surement error and is therefore negligible (at least as a first
approximation). In addition, the two wave shapes are highly cor-
related (r = .984).

Functional Changes in the Average Pulse
A further question is whether the average pulse wave shape
changes as a function of those same experimental variables that
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Figure 3. Average time-warped pulse wave shape for heartbeat inter-
vals shorter (thick line) and longer (thin line) than the median. The
abscissa indicates the relative timing within the cardiac cycle (0 = sys-
tole as detected by the heartbeat detection algorithm, 1 = next systole).
The ordinate indicates the intensity change within a cycle.

induce changes in the intrinsic optical signal. If this were the
case, by removing the pulse signal we would also reduce or elim-
inate an important aspect of the signal itself. For this reason,
we compared the average pulse wave shape obtained in the stim-
ulation and control trials (Figure 4). (We showed previously that
there were systematic differences between these two sets of tri-
als in terms of slow changes in intensity.) The two curves are very
similar, and the wave shape of the pulse is the same even though
the two conditions differ in the transparency of the occipital
region to light (see Figure 2). The two curves are highly corre-
lated (r = .989), which suggests that the shape of the pulse sig-
nal is largely independent of the functional optical effects. The

data presented in Figures 3 and 4 also indicate that the average

pulse signal is highly reliable.

Discussion

These various tests indicate that our pulse compensation pro-
cedure reduces the size of the pulse artifact on the infrared-
light transparency measures. Intrinsic optical changes, presum-
ably induced by visual stimulation, appear more visible after
correction. The procedure produces a two-fold increase in the
signal-to-noise ratio. Thus, the pulse attenuation procedure sig-
nificantly increases the power of optical methods for investigat-
ing functional changes of brain activity.

Some of the results, in particular those related to the com-
parison between fast and slow heartbeats, suggest that the tech-
nique fails to take into account some minor changes in pulse
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Figure 4. Average time-warped pulse wave shape for stimulation (thick
line) and control (thin line) trials. The abscissa indicates the relative tim-
ing within the cardiac cycle (0 = systole as detected by the heartbeat
detection algorithm, 1 = next systole). The ordinate indicates the inten-
sity change within a cycle.
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wave shape. However, the errors associated with these inade-
quacies of the model apparently do not exceed those that can
be expected as a result of measurement error and therefore are
negligible. In summary, the various tests support-the use of the
pulse compensation algorithm in the analysis of optical meta-
bolic measures.

A problem for this procedure may occur in cases of large
heart rate variability such as that associated with various forms
of cardiac arrhythmia. Large heart rate variability will make
it difficult to choose an appropriate time window between
heartbeats for the detection algorithm to work. In addition, the
assumption of constancy of the pulse wave shape may be unten-
able in these cases. Of the various forms of arrhythmia, two
appear particularly relevant because of their large incidence in
the population: sinus arrhythmia and extrasystolic activity. The
effects of these forms of arrhythmia on the pulse attenuation
procedure are unclear and require further study. Presumably,
an EKG should be recorded simultaneously with optical mea-
sures in case of arrhythmia.

Several alternative approaches to the problem of eliminat-
ing the pulse artifact can be considered. One approach is to
apply to the recordings either a low-pass or a notch filter cen-

tered around the heart rate frequency. A difficulty with this

approach is that changes in optical parameters due to activation

of brain areas may, in principle, havéa fréquency that is simi-

lar to that of the heartbeat (around 0.8-2 Hz). For instance,
Grinvald et al. (1986) reported that changes in cortex reflectiv-
ity may begin less than 1 s after sustained visual stimulation.
Similarly, our observations indicate that changes in the inten-
sity of light traveling through occipital areas of the brain start
within the first few seconds after the beginning of stimulation.
Although a low-pass filter with a wider band pass (ca. 0-3 Hz)
may be used to effectively attenuate at least the higher harmon-
ics of the pulse signal, our recent data (see Gratton et al., 1994a)
suggest that the functional optical signal from the brain com-
prises frequencies that are so fast (i.e., above 3 Hz) as to make
this approach impractical. Another approach uses measures
obtained at a fixed moment during the heart cycle (e.g., during
the diastole). Although this method may have the advantage of
reducing the influence of changes in systolic amplitude, it would
only allow measures to be taken every second or so (depending
on the heart rate of the subject). Because preliminary evidence
suggests that changes in light intensity due to the intrinsic op-
tical signal may occur in less than 1 s after stimulation, this
method would be too slow. .

Our approach estimates the effect of the pulse on-optical
records on the basis of the recorded data themselves. In this
respect, this approach contrasts with other methods of artifact
reduction used in other domains, such as procedures used to cor-
rect for the ocular artifact in the EEG (e.g., Gratton, Coles, &
Donchin, 1983) that correct the artifact on the basis of electro-
oculographic (EOG) recordings. An advantage of using an exter-
nal predictor of the artifact in the correction is that it provides
a simple, objective criterion for discriminating between the arti-
fact and the signal of interest. In the case of eye-movement cor-
rection methods, vertical and horizontal EOG recordings are
supposed to be pure measures of the vertical and horizontal
components of the electric fields generated by movements of the
eyes or by blinks, practically unaffected by brain electrical activ-
ity. In addition, the effects of eye movements on EEG electrodes
are supposed to be a fixed proportion of those observed on the
EOG electrodes (although this assumption only holds if these
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proportions are computed separately for blinks and other eye
movements, see Gratton et al., 1983). These assumptions allow
us to predict that the shape (i.e., time course) of the artifact will
be the same for the external predictor (EOG) and the criterion
(EEG). The similarity of the shape of the artifact in the two sig-
nals is critical to the application of a correction algorithm based
on linear regression. In the present case, however, it is not clear
how such an approach could be used. In fact, there is no exter-
nal signal for which we can reasonably assume that the shape
of the pulse waveform will be the same as that obtained from
the optical recordings measured at arbitrary locations over the
head. For instance, there is no reason to expect that the shape
of the pulse at the external carotid will be a good predictor of
the shape of the pulse in various locations of the head because
the shape of the pulse is known to change from location to loca-
tion, depending on the speed of propagation of its various com-
ponents (which in turn is influenced by such factors as blood
pressure, viability, elasticity of the arteries, etc.) and on the dis-
tance from the heart (see Guyton, 1977). The problem is even
worse if the EKG is used as the external predictor.

Our internal-predictor approach has the potential disadvan-
tage of attenuating signals that by their own nature or by acci-
dent covary with the pulse. For instance, synchronicity or time
locking between stimulations and heartbeat will introduce spu-
rious correlations between the pulse artifact and activation
effects and would most likely result in attenuation of the stim-
ulation signal together with the pulse artifact. Fortunately, this
attenuation is not likely to occur very often because of variabil-
ity in heart rate observed in most subjects and can anyway be
prevented by using stimulation intervals that are not close to the
average heart interbeat interval or that are variable. In addition,
over- or undercorrections are possible when the regression pro-
cedure fails to account for the appropriate amount of variance.
In particular, undercorrections are more likely than overcorrec-
tions, because any external source of variance will tend to reduce
the correlation between the average pulse and each single pulse
and therefore will also reduce the correlation coefficients. For
these reasons, this method should be considered as an artifact
attenuation method rather than a correction algorithm. Possi-
ble improvements in the present technique may include the use
of statistical procedures with higher validity and robustness than
those used in the present study, such as maximum likelihood
(rather than least squares) regression methods, detection and
elimination of outliers, and so forth. However, the various tests
reported in this paper suggest that the simple methodology used
here is sufficient to attenuate considerably the influence of the
pulse and to reveal fine changes in optical parameters.

One of the assumptions of the correction method is that
the pulse signal is superimposed on the signal of interest (i.e.,
changes in optical properties in areas of the cortex reflecting
local activation) but that it is not contributing to this signal.
Some tests of this assumption have been presented, showing its
validity as a first approximation. However, this assumption is
likely to be only partially correct. Changes in the amplitude of
the pulse artifact at a particular location may be expected if phe-
nomena of local vasodilation or vasoconstriction are triggered
by substances produced as a result of neural activity. Grinvald
et al. (1986) reported changes in the diameter of relatively large
blood vessels whose path intersected active areas of the cortex.
Although the influence of these phenomena on the pulse mea-
sures obtained with noninvasive optical methods remains to be
demonstrated, the compensation algorithm probably will reduce
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eventual pulse changes resulting from this type of mechanism.
However, the benefits obtained by compensating for the pulse
artifact largely outweigh the costs arising from the elimination
of functionally meaningful pulse changes. Separation of the
intrinsic optical signal in the cortex from pulse fluctuation is use-
ful because (a) the anatomical relationship between cortical areas
of interest and blood vessels is often unpredictable and (b) the
effects of heartbeat on optical parameters may be completely
different (in terms of direction and pattern) from those deter-
mined by the optical intrinsic signal. However, the procedure
described in this paper could be conceptualized as a method for
separating two components of the optical signal that can be later
analyzed individually: (a) the quasi-rhythmic oscillations asso-
ciated with the pulse and (b) the phasic variations superimposed
on this background rhythm, reflecting deviations from funda-
mental patterns of oscillations. Some of the tests reported in the
present paper can be viewed as separate analyses of these two
components of the optical signal (as, for instance, the compar-
isons between stimulation and control conditions carried out on
the corrected waveforms and on the average pulse waveforms).

In our algorithm, we chose to use the inflection point asso-
ciated with the moment of largest reduction in light during a

pulse as the anchoring point for the correction. A consequence

of this choice, and of the use of a detrending algorithm prior

to correction, is that the corrected and the uncorrected signal —
* intersect at this point on each heartbeat. This set of operations

preserves the slow components of the signal. The selection of
the inflection point was based on the argument that this point
may be more representative of the average light intensity dur-
ing a heartbeat cycle than may other points, such as the mini-
mum or the maximum. This point is bound to show values of
light intensity that are intermediate between the minimum and
maximum intensity observed during each pulse cycle, which is
consistent with a model assuming that the average value across
a pulse cycle represents a valid estimate of the true average light
intensity during the pulse cycle, once the rhythmic effects of the
pulse are removed. Alternative models may assume that the dia-
stolic or systolic values (corresponding, respectively, to the max-
imum and minimum points of the cycle) are better estimates of
the true average. For instance, we could assume that heart sys-
toles cause an increment in the amount of blood in a certain area
over and above what would be present otherwise (in this case,
the diastolic point, represented by the maximum point within
a cycle, would be more representative of the optical conditions
once the effects of the pulse were removed). Alternatively, dur-
ing the diastole, blood will be pumped out of the measured area
(in this case, the diastolic point would not be representative
because blood is actively removed during this phase). Which of
these models is more valid and yields more informative results
is a matter for future research. However, the compensation pro-
cedure described in this paper can be applied to all of these mod-
els by merely changing the point in the pulse cycle used for
anchoring.

The results reported in Figure 2 suggest a sustained decrease
with respect to control conditions in the amount of light pass-
ing through occipital areas of the head during visual stimula-
tion. It is tempting to attribute these changes to slow, regional
hemodynamic changes (such as increases in blood flow) caused
by visual stimulation. Similar results (although with a lower tem-
poral resolution) have been reported by Frahm et al. (in press),
who used fMRI, and by Kato, Kamei, Takashima, and Ozaki
(1993), who used optical recordings. However, given the limited
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scope of the present study, the methods used do not allow us to
determine whether the observed changes are regional or whether
they are due to some systemic change in cardiovascular activ-
ity or to other factors or if they are reliable at all. In addition
to the use of a larger sample size, reaching functional conclu-
sions from these data requires adequate control techniques,
which may include mapping the functional changes across the
surface of the head and/or the use of a control condition more
similar to the stimulation one.

In our example, changes in optical parameters were quanti-
fied as proportional variations with respect to a prestimulus
baseline period. An advantage of this relative approach is that
it allows investigators to compare effects of stimulation under
different recording conditions, such as those obtained when
recordings are made at several scalp locations or from differ-
ent subjects. Thus, relative-change data can be used to build acti-
vation maps of cortical areas (see Corballis, Gratton, Cho,
Fabiani, & Hood, 1994). However, this approach does not per-
mit an absolute quantification of parameters such as the con-
centration of oxy- and deoxyhemoglobin. Several investigators
have attempted to quantify changes in these parameters as a
function of stimulation on the basis of noninvasive optical
recordings (e.g., Kato et al., 1993). A problem with this ap-
proach is that most quantification algorithms assume that the

REFERENCES

Belliveau, J. W., Kennedy, D. N., McKinstry, R. C., Buchbinder, B. R.,
Weisskoff, R. M., Cohen, M. S., Vevea, J. M., Brady, T. J., &
Rosen, B. R. (1991). Functional mapping of the human visual cor-

. tex by magnetic resonance imaging. Science, 254, 7116-719.

Chance, B. (Ed.). (1989). Photon migration in tissues. New York:
Plenum.

Churchland, P. S., & Sejnowski, T. J. (1988). Perspectives in cognitive
neuroscience. Science, 242, 741-745.

Corballis, P. M., Gratton, G., Cho, E., Fabiani, M., & Hood, D. C.
(1994). Functional maps of the human occipital cortex based on non-
invasive optical recordings. Psychophysiology, 31(Suppl. 1), S36.

Frahm, J., Merboldt, K.-D., Hénicke, W., Kleinschmidt, A., & Boecker,
H. (in press). Brain or vein—Oxygenation or flow? On signal physiol-
ogy in functional MRI of human brain activation. NMR in Biomedicine.

Frostig, R. D. (1994). What does in vivo optical imaging tell us about
the primary visual cortex in primates? In A. Peters & K. S. Rock-
land (Eds.), Cerebral cortex (pp. 331-358). New York: Plenum.

Gratton, G., Coles, M. G. H., & Donchin, E. (1983). A new method
for off-line removal of ocular artifact. Electroencephalography and
Clinical Neurophysiology, 55, 468-484.

Gratton, G., Fabiani, M., Friedman, D., Franceschini, M. A., Fantini,
S., Corballis, P. M., & Gratton, E. (1994a). Rapid changes of opti-
cal parameters in the human brain during a tapping task. Manuscript

- submitted for publication.

Gratton, G., Maier, J. S., Fabiani, M., Mantulin, W. W., & Gratton,
E. (1994b). Feasibility of intracranial near-infrared optical scanning.
Psychophysiology, 31, 211-215.

299

head can be modeled as a homogenous medium. Monte Carlo
simulations (reported by Gratton et al., 1994a) suggest that these
quantification algorithms may not be applicable when more real-
istic models of the head are used. A systematic-quantification
procedure, able to produce a three-dimensional reconstruction
of parameters such as the concentration of oxy- and deoxyhemo-
globin on the basis of surface optical recordings still needs to
be developed.

The data presented in this and other studies lend some cred-
ibility to the claim that studies of changes of the optical prop-
erties of areas of the head may provide useful information about
regional changes associated with psychological functions. Mea-
surement of the transparency of various areas of the head to
near-infrared light is quite inexpensive and noninvasive and can,
in principle, be combined with electrophysiological measures,
as was done here by the simultaneous recording of optical pa-
rameters and EKG. The temporal resolution of the technique
is excellent, only limited by the speed of the functional changes.
The combination of these factors makes the recording of opti-
cal parameters a promising new tool for the study of brain func-
tion. Compensation for the pulse artifact using procedures such
as the one described here results in significant reductions of the
noise in optical measures.
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