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Abstract

Intrinsic signal imaging (ISI) measures changes in light reflectance from the illuminated cortex (intrinsic signals or IS) attributed
to various vascular and metabolic sources that, when using illumination in the 600 nm range, appear to co-localize with neuronal
activity. Given the multiple sources contributing to the collected IS, the common practice of averaging across an extended
post-stimulus time epoch before dividing by baseline data typically visualizes evoked IS overlying both the cortical tissue and the
large surface blood vessels. In rat PMBSF, the contribution from these vessels are problematic as they do not co-localize with
known PMBSF function. Determining a means for quantifying the evoked IS area poses an additional challenge. Here, we
describe how exploiting IS collected shortly after stimulus onset (within 1.5 s), which coincides with fast oxygen consumption of
active neurons, visualizes evoked IS overlying the cortical tissue without the large surface vessels. We also describe how the use
of absolute thresholds combined with a baseline determined from data collected immediately prior to stimulus onset (within 1 s)
targets most precisely a specific evoked IS amplitude, a method that should be especially useful when evoked areas are expected
to occupy a substantial portion of the total imaged area and/or when peak activity is expected to differ between subjects. © 2000
Elsevier Science B.V. All rights reserved.
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1. Introduction

Intrinsic signal imaging (ISI) is one of several func-
tional neuroimaging techniques currently available for
mapping neuronal activity. It measures changes in light
reflectance from the illuminated cortex attributed to
changes in blood volume, deoxyhemoglobin concentra-
tion, and/or light scattering of tissue (referred to here-
after as intrinsic signal or IS; see Fig. 1A–B; Grinvald
et al., 1986; Frostig et al., 1990; Narayan et al., 1994,
1995). The relative contribution of the various vascular/
metabolic sources to the collected IS appears dependent
on the wavelength of light used to illuminate the cortex
(Frostig et al., 1990; Malonek and Grinvald, 1996). For
example, Toga and colleagues have employed ISI with

illumination in the 800 nm range to study cerebral
blood volume in order to address perfusion-related
issues (Narayan et al., 1994, 1995; Blood et al., 1995;
Cannestra et al., 1996, 1998; Blood and Toga, 1998). As
with other neuroimaging techniques, the successful ap-
plication of ISI for the visualization of neuronal activ-
ity is dependent on tight spatial coupling between the
measured vascular/metabolic activity and neuronal ac-
tivity (for review see Villringer and Dirnagl, 1995).
Some evidence support that IS presumed to be domi-
nated by changes in deoxyhemoglobin concentration,
via imaging illumination in the 600 nm range, co-local-
izes with neuronal activity (Frostig et al., 1990; Masino
et al., 1993; Peterson and Goldreich, 1994; Das and
Gilbert, 1995; Malonek and Grinvald, 1996; Hodge et
al., 1997; Malonek et al., 1997; Peterson et al., 1998;
Sheth et al., 1998; Polley et al., 1999a; but see Narayan
et al., 1994, 1995; Cannestra et al., 1998).
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A number of research laboratories have successfully
applied ISI to the posterior medial barrel subfield
(PMBSF) of the rat primary somatosensory cortex
(Grinvald et al., 1986; Masino et al., 1993; Narayan et
al., 1994; Peterson and Goldreich, 1994; Dowling et al.,
1996; Hodge et al., 1997; Peterson et al., 1998; Sheth et
al., 1998; Mayhew et al., 1998b; Ajima et al., 1999), a

popular animal model of cortical function (for review
see Kossut, 1992; Armstrong-James, 1995; Simons,
1995) whose vascular anatomy provides the opportu-
nity for a tight spatial coupling of vascular and
metabolic activity to neuronal activity (for review see
Woolsey et al., 1996). Evidence suggest that such a
coupling exists in rat PMBSF when imaging illumina-

Fig. 1. Intrinsic signal imaging of the rat PMBSF. (A) Photograph of the total imaged area within the left PMBSF of an adult male rat as viewed
through a thinned skull. Dark streaks correspond to large blood vessels found on the cortical surface or dura mater. Orientation and scale bar
apply to all panels. (B) Array of intrinsic signals (IS) evoked by stimulating whisker D1 for 1 s. Increasing IS (i.e. decreasing light reflectance)
is plotted as upgoing (downward pointing scale bar=1×10−3), with each plot corresponding to the 4.5 s time course as averaged for the
underlying 0.46 mm×0.46 mm area. The region exhibiting an increase in IS overlying the cortical tissue is located in the lower center of the total
imaged area, with a concurrent but slower increase in IS overlying nearby large surface blood vessels (upper center). (C) Images of evoked IS in
500 ms frames from same data presented in (B). Each image was generated after dividing a given post-stimulus frame (indicated at top left of each
image; 0 s=stimulus onset) by a frame collected immediately prior to stimulus onset and applying an 8-bit, linear grayscale map to the processed
data so that increased IS greater than −1.5×10−4 is mapped to a grayscale value of black. Evoked IS overlying the cortical tissue (black patch
in lower center) is present starting 0.5 s post-stimulus onset and remains elevated through 2.0 s post-stimulus onset before diminishing in strength.
In contrast, evoked IS overlying large surface blood vessels (black streaks in upper center) follows a slower time course, with minimal activity
present 1.0 s post-stimulus onset that increases and remains elevated past 2.5 s post-stimulus onset.
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tion in the 600 nm range (Masino et al., 1993; Peterson
and Goldreich, 1994; Hodge et al., 1997; Peterson et al.,
1998; Sheth et al., 1998; Polley et al., 1999a; but see
Narayan et al., 1994, 1995; Cannestra et al., 1998).
Unfortunately, when imaging 600 nm range illumina-
tion in rat PMBSF (Fig. 1C), the time epoch containing
evoked IS overlying brain parenchyma (or cortical tis-
sue) typically contains evoked IS overlying large blood
vessels found on the surface of the cortex (Grinvald et
al., 1986; Narayan et al., 1994, 1995; Peterson and
Goldreich, 1994; Chen-Bee et al., 1996; Dowling et al.,
1996; Hodge et al., 1997; Peterson et al., 1998). If the
principal interest lies in using ISI for the visualization
of evoked neuronal activity, the separation of evoked
IS overlying the cortical tissue from large surface blood
vessels is particularly relevant as capillary beds embed-
ded within the cortical tissue coincide spatially with
well-known organizational features of rat PMBSF func-
tion whereas the large surface blood vessels do not (for
review see Woolsey et al., 1996). Not surprisingly, given
the multiple vascular/metabolic sources contributing to
the collected IS, the common practice of averaging
across an extended (\1 s) post-stimulus time epoch
before dividing by pre-stimulus data or control data
(Peterson and Goldreich, 1994; Chen-Bee et al., 1996;
Dowling et al., 1996; Hodge et al., 1997; Peterson et al.,
1998) can lead to not only the desired visualization of
evoked IS overlying the cortical tissue but also the
unwelcomed visualization of evoked IS overlying the
large surface blood vessels (Fig. 2, left column). Aside
from minimizing IS overlying these vessels, determining
the means for quantifying the areal extent of the evoked
IS overlying the cortical tissue poses an additional
challenge.

To date, a few different approaches have been em-
ployed for minimizing large surface blood vessel contri-
bution and quantifying evoked IS overlying the cortical
tissue. Peterson and colleagues have relied on either a
post-hoc exclusion of evoked IS overlying surface
venules located obviously in the return pathway of the
evoked IS overlying the cortical tissue as evident on
images (Peterson and Goldreich, 1994) or a statistical
exclusion criterion of −1 and +2 SDs outside the
average value of the entire imaged region (Peterson et
al., 1998) while Hodge et al. (1997) have had some
success by increasing the degree of camera defocusing
during imaging up to 2 mm below the cortical surface
(for another method in visual cortex see McLoughlin
and Blasdel, 1998). Thus far, many imagers of rat
PMBSF have not attempted to quantify the areal extent
of evoked IS overlying the cortical tissue and have
instead relied on either images of evoked IS (Masino et
al., 1993; Narayan et al., 1994, 1995; Peterson and
Goldreich, 1994; Dowling et al., 1996; Hodge et al.,
1997; Mayhew et al., 1998b, 1999; Sheth et al., 1998;
Ajima et al., 1999), or the sampling of evoked IS at

discrete distances from peak IS (Peterson et al., 1998;
Sheth et al., 1998) to indicate the expansiveness of the
evoked IS region. Although they do not use ISI for the
explicit targeting of only evoked neuronal activity,
Toga and colleagues (Narayan et al., 1994, 1995; Blood
et al., 1995; Cannestra et al., 1996, 1998; Blood and
Toga, 1998) have employed two methods for quantify-
ing the areal extent of the evoked IS region that in
principle should be applicable to data collected by those
who use ISI for studying neuronal activity, a threshold
expressed as 1 SD above the average IS of the entire
imaged region (Blood et al., 1995; Cannestra et al.,
1996, 1998) or an absolute threshold of \1.0×10−3

decrease away from control trials (Blood and Toga,
1998). Mayhew and colleagues (Mayhew et al., 1998b,
1999) also do not use ISI for the explicit targeting of
only evoked neuronal activity but their method of
visualizing evoked IS with generalized linear models
using either a Gamma distribution or principal compo-
nent analysis may also be applied to imaging data
collected for the intended purpose of targeting neuronal
activity. In our hands, we have found the need to first
apply the wavelet analysis to remove the contribution
of IS overlying the large surface blood vessels, which
requires time intensive off-line data processing and
analysis, before the application of the principal compo-
nent analysis method can be successful in visualizing
evoked IS overlying the cortical tissue in rat PMBSF
(Carmona et al., 1995).

Previously, we have described an approach for spe-
cifically targeting and quantifying evoked IS overlying
the cortical tissue in rat PMBSF (Chen-Bee et al.,
1996). As evoked IS overlying the large surface blood
vessels typically remains elevated longer than the corti-
cal tissue (Fig. 1C; Grinvald et al., 1986; Narayan et al.,
1994; Chen-Bee et al., 1996; Dowling et al., 1996;
Mayhew et al., 1998b), we found that dividing post-
stimulus data containing evoked IS overlying the corti-
cal tissue (0.5 up to 2.5 s post-stimulus onset) by not
only pre-stimulus data but also by data collected \2.5
s post-stimulus onset typically provides successful visu-
alization of evoked IS overlying the cortical tissue with
minimal contribution from large surface blood vessels
(termed ‘alternative method’ of visualization; see Fig. 5
in Chen-Bee et al., 1996). For areal extent quantifica-
tion, we then employed a threshold level set at a
percentage (e.g. 50%) of peak IS above the average IS
of the entire imaged region (termed 50% peak threshold
hereafter, see Fig. 3; termed ‘normalized threshold anal-
ysis’ in Chen-Bee et al., 1996). Because of prior
anatomical (Killackey, 1973; Land and Simons, 1985;
Riddle et al., 1992), electrophysiological (Welker, 1971;
Simons, 1978), and 2-deoxyglucose (Kossut et al., 1988)
studies of rat PMBSF, we assumed the area evoked by
stimulation of a single whisker comprises a negligible
portion (B0.5 mm2) of our total imaged area (:35
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Fig. 2. Two methods of visualizing evoked IS in rat PMBSF. Data presented here are the same as in Fig. 1. (A) The same IS array as in Fig.
1B is provided with either 0.5 up to 2.5 s (left panel) or 0.5 up to 1.5 s (right panel) post-stimulus time epoch highlighted in gray (downward
pointing scale bar=1×10−3 and applies to both panels). While capturing most of the time points containing evoked IS overlying the cortical
tissue (lower center of left panel), the time epoch of 0.5 up to 2.5 s post-stimulus onset also captures some of the time points containing evoked
IS overlying the large surface blood vessels (see arrows of left panel). In contrast, shortening the post-stimulus time epoch to 0.5 up to 1.5 s
post-stimulus onset limits the capture of evoked IS overlying the large surface blood vessels (see arrows of right panel) while still capturing time
points with evoked IS overlying the cortical tissue (lower center of right panel). Orientation and horizontal scale bar apply to all panels. (B)
Visualization of evoked IS collected either 0.5 up to 2.5 s (left panel) or 0.5 up to 1.5 s (right panel) post-stimulus onset. Post-stimulus data from
the same time epoch highlighted in (A) are divided by data collected immediately prior to stimulus onset before applying an 8-bit, linear grayscale
map to the processed data (grayscale bar applies to both images; see Section 2 for details). The resultant image for 0.5 up to 2.5 s (left panel) or
0.5 up to 1.5 s (right panel) post-stimulus onset is equivalent to averaging all four frames or the first two frames shown in Fig. 1C, respectively
(each frame has been divided by the frame collected immediately prior to stimulus onset). When data processing includes the time epoch of 0.5
up to 2.5 s post-stimulus onset (left panel), evoked IS overlying both the cortical tissue (black patch in lower center) and large surface blood vessels
(black streaks in upper center) are visualized. However, data processing of the shorter post-stimulus time epoch generates an image of evoked IS
overlying the cortical tissue with limited presence of evoked IS overlying the large surface blood vessels. (C) Examples from two additional rats
for whisker C2 (top row) or A2 (bottom row) stimulation. Grayscale bar applies to all four images.
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mm2) and thus felt justified in using the average IS over
the entire imaged area as a measure of baseline activity
after stimulus onset (post-stimulus baseline). We have
used the ‘alternative method’ of visualization combined
with the 50% peak threshold to address various ques-
tions related to the functional properties of the rat
PMBSF, specifically focusing on the areal extent of
evoked IS overlying the cortical tissue that is responsive
to a single whisker (Chen and Frostig, 1996; Masino
and Frostig, 1996; Prakash et al., 1996; Polley et al.,

1999b).
A common theme to emerge from our studies is the

rather large area evoked by stimulation of a single
whisker in the normal rat in the order of several
squared millimeters, a finding that led us to re-examine
the use of the post-stimulus baseline. As illustrated in
the top panel of Fig. 4, the post-stimulus baseline is not
an appropriate measure of baseline activity when the
evoked area occupies a substantial portion of the total
imaged area. Another potential concern is the depen-
dence of the 50% peak threshold on peak activity
(bottom panel of Fig. 4). Although there is no a priori
reason to believe it can differ markedly between normal
subjects, peak activity has the potential to differ signifi-
cantly between control subjects and subjects receiving a
treatment that is expected to affect response magnitude
(e.g. peripheral sensory deprivation), which in turn may
change the magnitude of IS activity targeted by the
50% peak threshold.

In the present paper, we describe our investigation
into another approach for visualizing and quantifying
evoked IS overlying the cortical tissue in rat PMBSF.
We return to the common practice of dividing by only
pre-stimulus data, and by exploiting the slower IS time
course for the large surface blood vessels (Grinvald et
al., 1986; Narayan et al., 1994; Chen-Bee et al., 1996;
Mayhew et al., 1998b), we have found that limiting
data processing to a shorter post-stimulus time epoch
of collected data (0.5 up to 1.5 s after stimulus onset)

Fig. 3.

Fig. 3. Areal extent quantification with the use of the 50% peak
threshold combined with the post-stimulus baseline. Data presented
here are the same as in Figs. 1 and 2A–B. (A) Processing of data
prior to areal extent quantification. Data collected 0.5 up to 1.5 s
post-stimulus onset are converted to ratio values relative to pre-stim-
ulus data such that the processed data may be thought of as a
‘mountain of activity’, with the x- and y-axes indicating cortical
location and the z-axis indicating magnitude of evoked IS as ex-
pressed in the magnitude of the ratio value. The median ratio value
(−0.11×10−4 for the present case) is used as the measure of
average baseline activity after stimulus onset (post-stimulus baseline)
over the entire imaged area. Prior to plotting (more negative values
indicate greater IS increases and are thus plotted as upgoing), the
ratio values are processed with a Gaussian filter (half width 5) to
remove high frequency noise. This filtering is also a necessary step
prior to the determination of peak activity (i.e. most negative ratio
value; −3.33×10−4 for the present case) and areal extent quantifi-
cation. (B) Setting the 50% peak threshold when used in combination
with the post-stimulus baseline. The peak height (−3.22×10−4 for
the present case) is calculated as the difference between the post-stim-
ulus baseline (indicated by z-axis minimum) and the peak ratio value.
The 50% peak threshold is then set at one-half peak height away from
the post-stimulus baseline. Thus, the quantified area using the 50%
peak threshold (area at half-height) combined with the post-stimulus
baseline corresponds to the cortical region exhibiting ratio values of
at least 50% peak threshold. (C) Visualizing the quantified area of
activity using the 50% peak threshold combined with the post-stimu-
lus baseline. An 8-bit, linear grayscale mapping function is applied to
nonfiltered ratio values so that the quantified area (enclosed by white
border) is visualized as a black patch within the total imaged area.
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Fig. 4. Theoretical data are presented to illustrate two potential concerns regarding the use of the post-stimulus baseline combined with the 50%
peak threshold. The appropriate use of the post-stimulus baseline is dependent on the assumption that the evoked area comprises a small portion
of the total imaged area. As illustrated in the left graph of top panel, when this assumption is met the average activity for the entire imaged area
(as measured by the median) estimates the baseline activity after stimulus onset (−1×10−4; arrow) in presumably non-evoked, neighboring
regions. However, when the evoked area occupies a substantial portion of the total imaged area (right graph of top panel), the post-stimulus
baseline is elevated because the median now incorporates activity from the evoked area (−2×10−4; arrow). The higher baseline will therefore
inadvertently raise the threshold level, thus resulting in an underestimation of the evoked area. Another concern is the dependence of the 50% peak
threshold on peak activity (peak height). For example, in a project studying the effects of a manipulation which is expected to decrease peak IS
amplitude, the smaller peak heights for the experimental subjects (right graph of bottom panel) can prompt the 50% peak threshold to target a
weaker level of activity as compared to control subjects (left graph of bottom panel). Note that a reciprocal scenario can also occur where a larger
peak height can prompt the 50% peak threshold to target a stronger level of activity.

increases the success rate in minimizing the contribu-
tion from large surface blood vessels without the need
for dividing by post-stimulus data. In addition, we have
investigated the use of baseline activity as calculated
from only pre-stimulus data (pre-stimulus baseline) and
an areal extent quantification method that sets its
threshold levels at absolute increments away from base-
line activity, which is similar to the quantification
method employed by Blood and Toga (1998). However,
we consider only data collected immediately prior (B1
s) to stimulus onset for assessing baseline activity in-
stead of data from control trials to avoid potential
cumulative but differing influence of spontaneous fluc-
tuations on stimulation versus control trials (our inter-
trial interval is 15 s) as we (Chen-Bee et al., 1996) and

others (Mayhew et al., 1999) have previously observed
that within a time epoch of :10–15 s these sponta-
neous fluctuations occur in magnitude by as much as an
order of degree greater than that for evoked IS. We
found the use of absolute thresholds combined with the
pre-stimulus baseline is most precise in targeting a
specific magnitude of evoked IS as compared to the use
of the 50% peak threshold with the post-stimulus base-
line or other combinations (absolute thresholds with the
post-stimulus baseline; 50% peak threshold with pre-
stimulus baseline). The ability to limit the contribution
of evoked IS overlying large surface blood vessels with-
out the need to divide by post-stimulus data should
prove especially useful when manipulations are ex-
pected to influence the later phases of evoked IS (\2.5
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s post-stimulus onset). Also, the areal extent quantifica-
tion that employs an absolute threshold combined with
the pre-stimulus baseline should prove useful when
peak activity is expected to differ between data sets
and/or the evoked IS area is expected to comprise a
substantial portion of the total imaged area.

2. Materials and general methods

2.1. Subjects, surgical preparation, whisker stimulation
and data collection

Some of the details have been described elsewhere
(Ts’o et al., 1990; Masino et al., 1993). A brief sum-
mary as well as additional details are provided. Data
were pooled from previous and current studies (Chen
and Frostig, 1996; Brett et al., 1997; Polley et al.,
1999b) which investigated IS evoked by stimulation of a
single whisker in rat PMBSF. The data were specifically
chosen to include a variety of whiskers so that the
findings of the present study may be generalized to the
imaging of any whisker. Furthermore, they shared the
following technical features. Each subject was anes-
thetized with an initial injection of sodium pentobarbi-
tal (Nembutal; 50 mg/kg) followed by supplements to
maintain a constant level of anesthesia as assessed by
respiration rate, heart rate, body temperature, corneal
reflex and color of the extremities. The skull overlying
the left somatosensory cortex was thinned to permit
imaging that is noninvasive to the cortical tissue. A
slow-scan CCD camera (Photometrics, Tucson, AZ),
equipped with an inverted 50-mm AF Nikon lens
(Nikon 1:1.8) combined with an extender (Nikon, PK-
13), was positioned over the thinned skull area and
defocused 300–500 mm below the cortical surface. The
imaged area spanned a 6.8 mm×5.1 mm cortical re-
gion and was represented in a 192×144 pixel array.
While the cortex was illuminated with red light (6309
15 nm), the camera continuously collected IS in 0.5 s
frames for a total of nine frames per each 4.5 s trial.
During a trial, one contralateral whisker (n=4 rats
each for whisker D1, C2, A2, and E2) was deflected for
1 s at 5 Hz in a rostral-caudal fashion (deflection
amplitude and duration of 1.9° and 100 ms, respec-
tively). Each trial contained 1 s of pre-stimulus IS prior
to stimulus onset. One complete data session was col-
lected per subject and consisted of 128 trials, with an
intertrial interval of 15 s.

2.2. Summary of data processing and analysis

The description of data processing and analysis is
subdivided into several sections. Section 2.3 describes
the creation of an IS array for each subject, which
served as a reference with which to compare how well

different methods were able to visualize the evoked IS
overlying the cortical tissue and how closely various
quantification methods were successful in capturing this
area. To compare between two different methods of
visualizing evoked IS overlying the cortical tissue, in
Section 2.4 we describe how data from each subject
were processed with two methods — dividing post-
stimulus data collected 0.5 up to 2.5 s after stimulus
onset by pre-stimulus data versus limiting the post-
stimulus data to a shorter time epoch of 0.5 up to 1.5 s
after stimulus onset. To compare between different
means of defining baseline activity, in Section 2.5 we
describe how the post-stimulus and pre-stimulus baseli-
nes were determined for each subject. Lastly, to com-
pare between different methods of quantifying the
evoked IS overlying the cortical tissue, in Section 2.6
we describe how two different types of thresholds,
combined with either the post-stimulus or pre-stimulus
baseline, were used for areal extent quantification.
Thus, the same data from each subject was quantified
multiple times with all possible combinations of differ-
ent thresholds with different baselines.

2.3. Displaying array of IS

In order to display an array of IS, data collected
from each pixel within the 6.8 mm×5.1 mm imaged
area of each rat were normalized relative to pre-stimu-
lus data (0 s indicates start of stimulus onset) according
to the formula DR/R−1.0 s, where DR=Rx−R−1.0 s,
Rx=data collected during a given 0.5 s frame, and
R−1.0 s= the first collected frame of pre-stimulus data.
More negative values corresponded to greater IS ampli-
tudes as increased IS results in decreased light reflec-
tance. Then, an array of IS was created by spatially
averaging the signal within each 0.46 mm×0.46 mm
area (13×13 pixels) and superimposing the average
signal over the appropriate cortical location (Fig. 1B).

2.4. Data processing: two methods for 6isualizing
e6oked IS

Two visualizations of evoked IS were achieved for
each subject in the following manner (for additional
details see Chen-Bee et al., 1996). For the first visualiza-
tion, the processing of IS data consisted of converting
post-stimulus data collected from each pixel to a ratio
value relative to pre-stimulus IS using the formula
{[(R0.5 s+R1.0 sq+R1.5 s+R2.0 s)/4]/R−0.5 s}−1, where
R−0.5 s=pre-stimulus IS frame collected immediately
prior to stimulus onset and [(R0.5 s+R1.0 s+R1.5 s+
R2.0 s)/4]=the average IS collected during frames which
typically contain evoked IS overlying the cortical tissue
and corresponds to a time epoch of 0.5 s up to, but not
including, 2.5 s post-stimulus onset (Fig. 2A, left panel).
As changes in light reflectance were in the order of
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10−4, ratio values generated after performing only the
division step centered around the value of 1 (e.g.
0.999500, 1.000500) and thus the subtraction step in the
above formula was added to emphasize the small differ-
ences between ratio values (Chen-Bee et al., 1996). Each
pixel therefore had an associated ratio value, with more
negative ratio values corresponding to larger IS col-
lected during the 0.5 up to 2.5 s post-stimulus onset
time epoch. The processed data may be thought of as a
‘mountain of activity’, with the x- and y-axes indicating
cortical location and the z-axis indicating magnitude of
evoked IS as expressed by the magnitude of the ratio
value. Application of an 8-bit, linear grayscale map to
the ratio values allowed for high-spatial resolution,
two-dimensional visualization of evoked IS (Fig. 2B,
left panel). For the second visualization, the same data
from each rat were processed in an identical manner
described above except the post-stimulus time epoch
was shortened to 0.5 up to, but not including, 1.5 s
after stimulus onset (Fig. 2A–B, right panel). Determi-
nation of post-stimulus baseline and quantification of
evoked activity area were performed on the processed
data used for the latter visualization method.

2.5. Determination of post-stimulus and pre-stimulus
baseline

For each rat, we obtained both its post-stimulus and
pre-stimulus baselines. After processing data collected
0.5 up to 1.5 s post-stimulus onset, the distribution of
ratio values for all pixels was obtained for each subject
and the median ratio value was used to measure the
average baseline activity after stimulus onset over the
entire imaged area (post-stimulus baseline; Fig. 3A).
The median was chosen instead of the mean to measure
average activity as it is less sensitive to outlier values
originating from random noise and/or artifacts. In or-
der to determine the average level of activity prior to
stimulus onset for the entire imaged area (pre-stimulus
baseline), the same data from each subject was pro-
cessed by converting pre-stimulus IS of each pixel to a
ratio value according to the formula (R−0.5 s/R−1.0 s)−1
so that the distribution of these ratio values may be
obtained and its median ratio value determined (Fig.
5B).

2.6. Areal extent quantification of e6oked IS

Prior to areal extent quantification, the ratio values
generated from the shortened time epoch of post-stimu-
lus data were processed with a Gaussian filter (half
width 5) to remove high frequency noise. For areal
extent quantification using the 50% peak threshold, the
peak height was determined as the difference between
the peak ratio value and baseline, and the 50% peak
threshold was set at one-half peak height away from

baseline. For example, as illustrated in Fig. 3B, a
subject with a peak ratio value of −3.33×10−4 and a
post-stimulus baseline of −0.11×10−4 had a calcu-
lated peak height of −3.22×10−4 and a 50% peak
threshold of −1.72×10−4 (i.e. 1.61×10−4 away
from −0.11×10−4). The area quantified when using
the 50% peak threshold (area at half-height) combined
with the post-stimulus baseline for the above example is
shown in Fig. 3C as the area enclosed by a white
border, which corresponds to the cortical region with
ratio values of at least 50% peak threshold above
post-stimulus baseline. For areal extent quantification
with absolute thresholds, a threshold level was set at an
absolute increment away from baseline. Due to a lack
of a universal (i.e. applicable across all subjects) abso-
lute threshold equivalent to the 50% peak threshold, we
investigated the following three arbitrary thresholds:
1.5, 2.5, and 3.5×10−4. As illustrated in Fig. 5C, when
combined with the pre-stimulus baseline, the three ab-
solute threshold levels used for areal extent quantifica-
tion were set at −1.29, −2.29, and −3.39×10−4,
respectively, for a subject with a pre-stimulus baseline
activity of 0.21×10−4. The areas quantified with these
three thresholds are illustrated in Fig. 5D–F.

3. Results

Data from all 16 rats were processed for visualization
of evoked IS by either including data collected over 0.5
up to 2.5 s post-stimulus onset or limiting the data to a
shorter time epoch of 0.5 up to 1.5 s post-stimulus
onset. A comparison of both visualization methods is
provided in Fig. 2. In all cases, evoked IS overlying the
large surface blood vessels of varying strengths was
simultaneously present with evoked IS overlying the
cortical tissue (Fig. 2, left column) when the visualiza-
tion method included the longer post-stimulus time
epoch. In contrast, all were found to exhibit minimized
contribution of evoked IS overlying the large surface
blood vessels when using the shorter post-stimulus time
epoch, with complete or almost complete minimization
observed in 8 cases. Furthermore, the use of the shorter
post-stimulus time epoch was sufficient to visualize the
area of evoked IS overlying the cortical tissue (Figs. 2,
5 and 6). Thus, the comparison of different quantifica-
tion methods described below were conducted on data
processed with the shorter post-stimulus time epoch.

Arrays of IS from two rats are provided in Fig. 6
(middle row) to highlight a scenario where the quantifi-
cation results are dependent on the type of method used
for quantification, with Rat A exhibiting a smaller area
of evoked IS and a weaker strength of peak IS ampli-
tude as compared to Rat B. When using the 50% peak
threshold combined with the post-stimulus baseline (top
row of Fig. 6), the area of evoked IS quantified for Rat
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Fig. 5. Areal extent quantification with the use of absolute thresholds combined with the pre-stimulus baseline. (A) Array of IS evoked by
stimulation of a single whisker E2 (downward pointing scale bar=1×10−3). Each plot corresponds to the 4.5 s time course as averaged for the
underlying 0.46 mm×0.46 mm area, with the time epoch of 0.5 up to 1.5 s post-stimulus onset highlighted in gray. Note the region of evoked
IS is located in the left center of the total imaged area. (B) Determination of pre-stimulus baseline. Data collected 0.5 up to 0 s prior to stimulus
onset are converted to ratio values relative to data collected 1.0 up to 0.5 s prior to stimulus onset such that the processed data may be thought
of as a ‘mountain of activity’, with the x- and y-axes indicating cortical location and the z-axis indicating strength of pre-stimulus IS. The median
ratio value (0.21×10−4 for this example) is used as a measure of the average pre-stimulus activity over the entire imaged area. Ratio values are
filtered (Gaussian half width 5) prior to plotting. (C) Setting absolute thresholds when used in combination with the pre-stimulus baseline. Data
collected 0.5 up to 1.5 s post-stimulus onset are converted to ratio values relative to pre-stimulus data such that the processed data may be thought
of as a ‘mountain of activity’, with the x- and y-axes indicating cortical location and the z-axis indicating strength of post-stimulus IS. Ratio
values are filtered (Gaussian half-width 5) prior to plotting. Thresholds are set at absolute increments away from the pre-stimulus baseline
(0.21×10−4 as indicated by z-axis minimum). The three increments investigated in the present study are illustrated here: 1.5, 2.5, and 3.5×10−4

away from pre-stimulus baseline. (D–F) Visualizing the quantified area of evoked IS using absolute thresholds combined with the pre-stimulus
baseline. An 8-bit, linear grayscale mapping function is applied to the non-filtered ratio values so that the quantified area (enclosed by white
border) is visualized as a black patch within the total imaged area for each of the three absolute thresholds. Note that an area was not quantified
with the highest (3.5×10−4) threshold (D) as the peak ratio value for this example is −3×10−4. Orientation and horizontal scale bar in (A)
also apply to (D), (E) and (F).
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A was markedly overestimated when compared to its
underlying array of IS while the area quantified for Rat
B was markedly underestimated. Hence, the quantified
areas were similar between the two rats (top row of Fig.
6), which was in contradiction to the apparent differ-
ence between their underlying IS arrays (middle row of
Fig. 6). Presumably, the overestimation observed for

Rat A is due to its weaker strength of peak IS ampli-
tude, which would prompt the 50% peak threshold to
target a weaker IS amplitude. Reciprocally, the under-
estimation observed for Rat B is a result of its larger
evoked IS area, which would elevate the level of post-
stimulus baseline and in turn elevate the threshold level,
compounded with its greater strength of peak IS ampli-

Fig. 6. The 50% peak threshold combined with the post-stimulus baseline versus absolute thresholds combined with the pre-stimulus baseline.
Arrays of IS (middle row) evoked by stimulation of either whisker D1 (Rat A) or A2 (Rat B) are provided, with Rat B having a larger area of
evoked IS and a greater peak IS amplitude (indicated with an arrow) as compared to Rat A (downward pointing scale bar=1×10−3 and applies
to both arrays; each plot corresponds to the 4.5 s time course as averaged for the underlying 0.46 mm×0.46 mm area). When quantified with
the 50% peak threshold (top row) combined with the post-stimulus baseline, the area of evoked IS (enclosed by a white border) is markedly
overestimated for Rat A and markedly underestimated for Rat B as compared to their corresponding IS arrays so that it would appear as though
similarly sized IS areas are evoked in both rats. In contrast, when quantified with a threshold set at absolute increments away from pre-stimulus
baseline (1.5×10−4 threshold is illustrated here), the area of evoked IS quantified for both rats are more representative of their corresponding
IS arrays; i.e. a smaller area is quantified for Rat A and a larger area is quantified for Rat B. The overestimation of Rat A’s evoked IS area is
due to a targeting of a low IS amplitude as a result of Rat A’s weaker peak IS amplitude while the underestimation of Rat B’s evoked activity
area is due to a targeting of a strong IS amplitude as a result of Rat B’s large activity area compounded with its stronger peak IS amplitude.
Orientation and horizontal scale bar apply to all panels.
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tude, which would prompt the 50% peak threshold to
target a stronger IS amplitude.

In contrast, the areas of evoked IS quantified when
using the absolute thresholds combined with the pre-
stimulus baseline were more representative of the un-
derlying IS arrays; i.e. the evoked IS area quantified for
Rat A was smaller than that for Rat B (for example of
the 1.5×10−4 threshold see bottom row of Fig. 6).
Additionally, we found the use of absolute thresholds
combined with the pre-stimulus baseline best targeted a
specific strength of IS amplitude (e.g. 2.5×10−4; see

Fig. 7 for description of methodology). While on the
average the 50% peak threshold combined with the
post-stimulus baseline targeted an IS amplitude of
2.1090.24×10−4 (n=16; mean9SE), this combina-
tion was inconsistent in targeting a specific IS ampli-
tude (Fig. 8, Table 1) as evidenced by its large range of
targeted IS amplitudes (3.53×10−4) and large coeffi-
cient of variation (0.46). We observed a modest im-
provement in targeting a specific IS amplitude when the
50% peak threshold was combined with the pre-stimu-
lus baseline (range=2.19×10−4; n=16). A modest
improvement was also observed when the post-stimulus
baseline was combined with either the 1.5 (range=
2.11×10−4; n=16) or 2.5 (range=2.21×10−4; n=
9)×10−4 absolute thresholds (data for 3.5×10−4

threshold were based on n=3 and were therefore in-
conclusive). In contrast, we found the 1.5, 2.5, and

Fig. 7.

Fig. 7. Characterization of IS targeted by different thresholds used
for areal extent quantification. The evoked activity area of each rat is
quantified with all possible combinations of threshold types and
baseline types (50% peak with post-stimulus baseline; 50% peak with
pre-stimulus baseline; 1.5×10−4 away from pre-stimulus baseline;
1.5×10−4 away from post-stimulus baseline; etc.). The IS targeted
by each combination of threshold type and baseline type is then
characterized in the following manner. (A) Subsequent to quantifica-
tion of the evoked activity area (white border illustrated here indi-
cates area quantified using the 2.5×10−4 threshold combined with
the pre-stimulus baseline), IS is characterized from a discrete area
(0.01 mm2) located at the border of the quantified activity area
(example indicated by arrow). (B) Within the sampled area, IS is
converted to fractional change (FC) values relative to IS collected
immediately prior to stimulus onset according to the formula DR/
R−0.5 s, where DR=RX−R−0.5 s, RX=IS collected during a given
0.5 s frame, and R−0.5 s=IS collected immediately prior to stimulus
onset. More negative values correspond to greater increases in IS.
The IS time course observed for the sampled area illustrated in panel
A is plotted here. The five dashes near the time axis indicate occur-
rence of stimulus delivery (0 s=stimulus onset). The difference
between the two pre-stimulus time points (D= −0.43×10−4) is
calculated to measure the trend in pre-stimulus activity. These two
time points immediately preceding stimulus onset were chosen in part
to match the procedure used for visualizing evoked IS and the
procedure for determining the pre-stimulus baseline used for quan-
tifying the evoked IS area, both of which exploit pre-stimulus data
collected immediately prior to stimulus onset, and in part to avoid
potential large shifts in pre-stimulus activity due to spontaneous
fluctuations (Chen-Bee et al., 1996; Mayhew et al., 1999) that may
occur if the sampled pre-stimulus activity is separated for an extended
period of time from stimulus onset. These spontaneous fluctuations
are already sometimes evident, although to a much lesser degree,
immediately prior to stimulus onset (see IS arrays in Figs. 2C, 5A, 6
and 9). (C) Post-stimulus IS activity is then adjusted for pre-stimulus
IS activity before determining the average IS activity collected 0.5 up
to 1.5 s post-stimulus onset (2.13×10−4 for the present example).
When feasible, data from up to three areas were sampled for each
combination of threshold type and baseline type. An attempt was
made to sample at different quadrants while simultaneously avoiding
surface blood vessels. The magnitude of IS targeted by each combina-
tion for a particular rat was estimated by determining the grand
average of the sampled areas (see Fig. 8 and Table 1 for summary of
findings).
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Fig. 8. The use of absolute thresholds combined with the pre-stimulus
baseline is more consistent in targeting a specific IS amplitude. The
evoked IS area from each of 16 rats is quantified with all combina-
tions of threshold type and baseline type; four combinations are
illustrated here: 50% peak threshold combined with the post-stimulus
baseline and the three absolute thresholds (1.5, 2.5, and 3.5×10−4)
combined with the pre-stimulus baseline. The IS targeted by each
combination is characterized as described in Fig. 7. Note the large
degree of variability in the amplitude of IS targeted by the 50% peak
threshold combined with the post-stimulus baseline. In contrast, each
of the three absolute thresholds combined with the pre-stimulus
baseline targeted more consistently a specific magnitude of IS ampli-
tude. See Table 1 for a more detailed summary of descriptive statis-
tics.

baseline or when the post-stimulus baseline is combined
with the absolute thresholds.

The above comparison of the different quantification
methods was conducted on a data set pooled from
unmanipulated rats. Because there is no a priori reason
to believe that such a large degree of difference exists
between normal subjects, it can be argued that the 50%
peak threshold combined with the post-stimulus baseline
is better able to capture the evoked IS area overlying
actual neuronal activation as this method yields more
consistent evoked IS areas between subjects. However,
large functional differences between the primary so-
matosensory cortex of normal rats have been found
(Xerri et al., 1994) and large anatomical and functional
differences exist specifically for rat PMBSF (Riddle and
Purves, 1995; Chen and Frostig, 1996). Nevertheless, we
compared these methods using data pooled from manip-
ulated rats, data expected to exhibit systematic changes
in area of evoked IS and/or peak IS amplitude, and thus
analyzed a subset of data collected from a plasticity
project recently completed in our laboratory (see Polley
et al., 1999a for details). Rats from the experimental
group that were imaged before and after receiving 28
days of unilateral plucking of all whiskers except whisker
C2 were considered. A comparison of IS arrays (Fig. 9,
middle row) obtained from the same rat before and after
whisker plucking revealed a large increase in the area of
evoked IS and peak IS amplitude in response to stimu-
lation of the spared whisker C2. With the use of the 50%
peak threshold combined with the post-stimulus baseline
for the areal extent quantification of evoked IS, plasticity
in the IS area evoked by the spared whisker C2 would
have appeared minimal (Fig. 9, top row), while the use
of an absolute threshold combined with the pre-stimulus
baseline (quantification method employed by Polley et
al., 1999a) captured more faithfully the plasticity (Fig. 9,
bottom row) as evident for the underlying IS arrays. It
appears that at least for this data set, the use of the
absolute threshold combined with a pre-stimulus baseline
was better able to quantify a biological phenomenon such
as plasticity induced by a form of sensory deprivation.

3.5×10−4 absolute thresholds combined with the pre-
stimulus baseline were the most consistent in targeting a
specific strength of IS amplitude. The ranges of their
targeted IS amplitudes (0.97, 1.01, and 0.24×10−4,
respectively) were at most only a third of the range
observed for the 50% peak threshold combined with the
post-stimulus baseline (Fig. 8; Table 1). On average
(means9SEs), these three thresholds targeted IS ampli-
tudes of 1.4290.05 (n=16), 2.4490.09 (n=13), and
3.4690.03 (n=7)×10−4, respectively. This improve-
ment was specifically attributable to the use of absolute
thresholds combined with the pre-stimulus baseline as we
observed only modest improvement in precision when the
50% peak threshold is combined with the pre-stimulus

Table 1
Descriptive statistics of IS amplitudes (−1×10−4) targeted by different areal extent quantification thresholds

Threshold

(Pre-stimulus baseline)(Post-stimulus baseline)

1.5×10−450% peak 2.5×10−4 3.5×10−4

1316 716n
3.32Minimum 0.77 1.02 2.01
3.56Maximum 4.30 1.99 3.02
0.241.010.97Range 3.53

Mean 3.462.10 1.42 2.44
0.24 0.03Standard error 0.090.05

0.020.140.150.46Coefficient of variation
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Fig. 9. The 50% peak threshold combined with the post-stimulus baseline vs. absolute thresholds combined with the pre-stimulus baseline. Arrays
of IS (middle row) evoked by stimulation of the spared whisker C2 from the same rat before and after 28 days of unilateral plucking of all
whiskers except C2 are provided. A comparison of the two arrays reveals that a large increase in area of evoked IS and peak IS amplitude in
response to stimulation of the spared whisker C2 (indicated with an arrow) is observed after whisker plucking (downward pointing scale
bar=1×10−3 and applies to both arrays; each plot corresponds to the 4.5 s time course as averaged for the underlying 0.46 mm×0.46 mm
area). When using the 50% peak threshold (top row) combined with the post-stimulus baseline, the quantified IS area evoked by the spared
whisker C2 (enclosed by a white border) appears to undergo minimal changes after whisker plucking. In contrast, when using a threshold set at
absolute increments away from pre-stimulus baseline (1.5×10−4 threshold is illustrated here), the quantified IS area evoked by the spared whisker
C2 is observed to increase after whisker plucking. Orientation and horizontal scale bar apply to all panels.

4. Discussion

4.1. Visualizing e6oked IS o6erlying the cortical tissue

Given the complex set of vascular, metabolic, and
neuronal events that are initiated in the cortex upon
arrival of afferent input, some of which can contribute
to changes in light reflectance collected from the illumi-

nated cortex, it should not be surprising that ISI using
illumination in the 600 nm range can visualize evoked
IS in rat PMBSF overlying both the cortical tissue and
the large surface blood vessels (Fig. 2, left column).
Thus, the use of ISI for mapping the area of evoked
neuronal activity in rat PMBSF can benefit from identi-
fying means by which to minimize the contribution of
evoked IS overlying the large surface blood vessels as
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only capillary beds embedded in the cortical tissue, and
not these vessels, coincide spatially with known rat
PMBSF function. The findings of the present paper
indicate that this minimization can be achieved by
shortening the post-stimulus time epoch without the
need for dividing by post-stimulus data (Fig. 2, right
column).

There is a biological basis to support an interest in
exploiting IS collected only shortly after stimulus onset
(i.e. the shortened time epoch of 0.5 up to 1.5 s
post-stimulus onset). Previous ISI studies have argued
that cortical activation first initiates a fast, highly local-
ized increase in deoxyhemoglobin concentration, due to
oxygen consumption by active neurons, followed by a
decrease in deoxyhemoglobin as a result of a delayed
increase in blood flow, which appears not to localize
well with neuronal activity (Grinvald et al., 1986;
Frostig et al., 1990; Malonek and Grinvald, 1996;
Malonek et al., 1997). While there has been some
controversy regarding the existence of a fast oxygen
consumption by activated neurons (Grinvald et al.,
1986; Frostig et al., 1990; Malonek and Grinvald, 1996;
Malonek et al., 1997; Nemoto et al., 1997; Mayhew et
al., 1998a,b), recent evidence from opposing camps
appear to have reached some form of agreement that
this fast decrease in deoxyhemoglobin following sensory
stimulation indeed exists (Mayhew et al., 1999; Nemoto
et al., 1999; Vanzetta and Grinvald, 1999). Presumably,
the evoked IS overlying the cortical tissue described
here for rat PMBSF corresponds to this fast oxygen
consumption while the evoked IS overlying the large
surface blood vessels correspond to the slower increase
in blood flow through these vessels.

While we found that shortening the time epoch to 0.5
up to 1.5 s post-stimulus onset increased the success
rate in minimizing the contribution from large surface
blood vessels in rat PMBSF, this exact post-stimulus
time epoch may not be ideal for all ISI studies. For
example, evoked IS overlying the cortical tissue in rat
primary auditory cortex follows a slower time course as
compared to that of the rat PMBSF (Bakin et al., 1996;
Brett-Green et al., 1998) and preliminary data suggest
that 1.0 up to 2.5 s post-stimulus time epoch may be
more appropriate for visualizing evoked IS overlying
the cortical tissue (Brett-Green et al., 1998). The ideal
post-stimulus time epoch may also be species depen-
dent. Note that the elucidation of the appropriate post-
stimulus time epoch depends on previous time course
characterization of evoked IS overlying the cortical
tissue versus the large surface blood vessels. In cases in
which it is not feasible to identify a post-stimulus time
epoch that contains evoked IS overlying the cortical
tissue without evoked IS overlying the large surface
blood vessels, the alternative method as described in
Chen-Bee et al. (1996) can be used, a method which
requires the division by post-stimulus data and whose

success is dependent on the evoked IS overlying these
vessels to remain elevated longer as compared to the
cortical tissue.

4.2. Quantifying e6oked IS o6erlying the cortical tissue

Previously, we have described a means of quantifying
evoked IS overlying the cortical tissue in rat PMBSF
using a combination of a post-stimulus baseline and the
50% peak threshold. Since its introduction, we have
collected substantial data from a wide variety of
projects (Chen and Frostig, 1996; Masino and Frostig,
1996; Prakash et al., 1996; Polley et al., 1999b) suggest-
ing that the use of a post-stimulus baseline may not be
optimal if the evoked IS area spans a substantial por-
tion of the total imaged area (top panel of Fig. 4), as is
typically the case for the normal rat PMBSF (see Rat B
in Fig. 6) and for the manipulated rat PMBSF after
sensory deprivation (Fig. 9; for details see Polley et al.,
1999a). Another potential concern is the use of the 50%
peak threshold when the strength of peak activity is
expected to differ between treatments (bottom panel of
Fig. 4), as can result from a treatment such as sensory
deprivation (Fig. 9).

Thus, the use of the 50% peak threshold combined
with the post-stimulus baseline is most appropriate in
situations where evoked IS areas are relatively small
(spans a negligible portion of the total imaged area)
and peak IS amplitudes are similar between subjects.
However, we feel confident that differences in evoked
IS areas detected with this combination when used in
less than ideal conditions (e.g. large evoked IS areas
and/or significant differences in peak IS amplitudes
between subjects) are still worthy of attention. The net
effect of using the 50% peak threshold combined with
the post-stimulus baseline is to decrease differences
between data sets by underestimating large and strong
evoked IS areas while overestimating small and weak
evoked IS areas (Figs. 6 and 9). Hence, differences in
evoked IS areas reported with the use of this combina-
tion are most likely conservative estimates (Chen and
Frostig, 1996; Masino and Frostig, 1996; Prakash et al.,
1996; Polley et al., 1999b). For example, an increase in
evoked IS area when quantified with the 50% peak
threshold combined with the post-stimulus baseline
would exhibit an even greater increase when quantified
with a method that is insensitive to the size of the
evoked IS area and/or differences in peak IS amplitudes
between data sets.

The use of absolute thresholds combined with the
pre-stimulus baseline may be more appealing when
there is a strong interest in targeting a specific strength
of evoked IS amplitude. It appears that the inherent
variability in peak IS amplitudes between normal sub-
jects alone is sufficient to prompt the 50% peak
threshold to be less precise in targeting a specific



C.H. Chen-Bee et al. / Journal of Neuroscience Methods 97 (2000) 157–173 171

strength of evoked IS amplitude (Figs. 6 and 8; Table
1). Thus, the use of absolute thresholds can eliminate
potential problems arising from differences in peak IS
amplitudes between subjects, especially when combined
with the pre-stimulus baseline as this combination
targets most precisely a specific strength of evoked IS
amplitude (Figs. 6 and 8; Table 1) and has the addi-
tional advantage of being insensitive to the portion of
the total imaged area occupied by the evoked IS area.
For example, if a large evoked IS area is expected, as in
the case for simultaneous presentation of multiple stim-
uli (e.g. simultaneous stimulation of multiple whiskers)
or plasticity due to sensory deprivation (Fig. 9), then
the post-stimulus baseline would be inadvertently ele-
vated (top panel of Fig. 4).

In our hands, we found that a limited range of
absolute thresholds can be applied successfully across
all subjects, presumably as a result of the high variabil-
ity in peak IS amplitudes between animals. As illus-
trated in Fig. 8, all 16 rats met the 1.5×10−4 threshold
while 13 and 7 rats met the 2.5 and 3.5×10−4

thresholds, respectively. One source of variability (po-
tentially unavoidable because of its biological nature) is
the inherent differences between animals (Fig. 6). Ide-
ally, the level of an absolute threshold could be set
sufficiently above baseline to avoid noise without ex-
cluding relevant evoked IS. However, a problem can
arise in applying the same absolute threshold across all
animals when a high degree of variability in evoked IS
amplitudes exists between animals. One can imagine a
situation where an absolute threshold that is sufficiently
high to avoid noise in an animal with weak IS ampli-
tudes is not high enough to avoid noise in an animal
with strong IS amplitudes. Conversely, a sufficiently
high threshold in an animal with strong IS amplitudes
is too high to include any IS in an animal with weak IS
amplitudes. In such a situation, we suggest a compro-
mise where different absolute thresholds can be applied
between animals as long as the same threshold is ap-
plied to the same animal. Then, percent change can be
calculated for each animal, a value which can then be
compared between animals. However, this compromise
requires more than one sampling from each animal,
such as imaging before and after a manipulation within
the same animal.

We would like to stress that the present study is not
suggesting the application of universal absolute
thresholds (e.g. 1.5, 2.5, and 3.5×10−4) given the
varied methodologies between projects but rather the
general principle of applying absolute thresholds. For
example, it appears that evoked IS in the mouse
PMBSF is typically :50% weaker than in the rat
(Prakash and Frostig, 1997) and thus the lowest
threshold investigated here may be too high to be
applicable in mouse imaging studies. Furthermore, fu-
ture research is necessary to determine not only the

success rate for applying the same absolute threshold(s)
across many subjects from the same species, but also
across all subjects in a project that investigate multiple
species, cortical areas, stimulus parameters, wave-
lengths of light, etc. In our hands, this method has been
used successfully in the rat PMBSF to elucidate adult
cortical plasticity in response to sensory deprivation
(Polley et al., 1999a) and characterize the correspon-
dence between anatomical and functional boundaries
(Brett et al., 1997). In addition, absolute thresholds
have also been used successfully in the rat primary
auditory cortex for the study of intensity coding (un-
published data).

The present study also acknowledges that further
research is needed to determine whether a particular
absolute threshold has a specific biological significance.
In rat PMBSF, the anatomical organization consists of
‘barrels’ (Woolsey and Van der Loos, 1970) arranged
topographically to mirror the organization of their
peripheral counterparts, with each barrel receiving tha-
lamocortical afferents from a specific whisker found on
the contralateral snout (Killackey, 1973). Cells within a
barrel respond stronger and more rapidly to the same
whisker (Welker, 1971, 1976; Simons, 1978; Armstrong-
James and Fox, 1987), however a whisker can excite
neurons outside its associated barrel (Chapin, 1986;
Armstrong-James and Fox, 1987; Carvell and Simons,
1988; Armstrong-James et al., 1991, 1992; Simons et al.,
1992) through intracortical connections (Armstrong-
James et al., 1991; Fox, 1994; Hoeflinger et al., 1995;
Kim and Ebner, 1999; but see Goldreich et al., 1999).
Furthermore, an increase in 2-deoxyglucose uptake has
been observed outside the appropriate barrel of the
stimulated whisker (Kossut et al. 1988). It would be of
interest to see whether a specific low threshold level,
which captures a larger portion of the IS area evoked
by a single whisker, can correlate with the more expan-
sive intracortical projections associated with the appro-
priate barrel. Conversely, a specific high threshold level,
which captures a smaller portion of the evoked IS area
centered around the peak IS, may correlate with the
size of the barrel appropriate to the stimulated whisker.
Results from such an elucidation can help determine
which absolute threshold may best meet the particular
needs of a given investigation.
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