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Cortical spreading depression produces long-term
disruption of activity-related changes in cerebral blood
volume and neurovascular coupling
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Abstract. Cortical spreading depression (CSD) is a pronounced depo-
larization of neurons and glia that spreads slowly across the cortex
followed by a period of depressed electrophysiological activity. The
vascular changes associated with CSD are a large transient increase in
blood flow followed by a prolonged decrease lasting greater than 1 h.
Currently, the profile of functional vascular activity during this hypo-
volemic period has not been well characterized. Perfusion-based im-
aging techniques such as functional magnetic resonance imaging
(fMRI) assume a tight coupling between changes in neuronal and vas-
cular activity. Under normal conditions, these variables are well cor-
related. Characterizing the effect of CSD on this relationship is an
important step to understand the impact acute pathophysiological
events may have on neurovascular coupling. We examine the effect of
CSD on functional changes in cerebral blood volume (CBV) evoked
by cortical electrophysiological activity for 1 h following CSD induc-
tion. CBV signal amplitude, duration, and time to peak show little
recovery at 60 min post-induction. Analysis of spontaneous vasomo-
tor activity suggests a decrease in vascular reactivity may play a sig-
nificant role in the disruption of normal functional CBV responses.
Electrophysiological activity is also attenuated but to a lesser degree.
CBV and evoked potentials are not well correlated following CSD,
suggesting a breakdown of the neurovascular coupling relationship.
© 2005 Society of Photo-Optical Instrumentation Engineers. [DOI: 10.1117/1.1852556]
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1 Introduction
Cortical spreading depression~CSD! is a pronounced depolar-
ization of neurons and glia that spreads across the cortex at
rate of 3 to 5 mm/min followed by a prolonged period of
depressed cortical activity.1 Clinically, CSD is postulated to
play a role in the pathogenesis of stroke,2 traumatic cortical
injury,3 cerebral ischemia,4,5 migraine,6 and transient global
amnesia.7 CSD can be induced by a variety of stimuli includ-
ing pinprick or needle stab,8,9 elevated potassium,5,10 electrical
stimulation,1,11 or glutamate application. On a cellular level,
electrophysiological changes are accompanied by significan
shifts in intra- and extracellular ion concentrations,12 cellular
swelling,13 dendritic beading,14 and changes in gene
expression.15 The vascular changes associated with CSD are
large transient increase in blood flow16 followed by a pro-
longed period of decreased flow lasting17,18 greater than 1 h.
These large flow-related phenomena have been observed u
ing a variety of techniques including laser Doppler flowmetry8

~LDF!, positron emission tomography19 ~PET!, functional
magnetic resonance imaging20 ~fMRI !, and optical imaging of
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intrinsic signals21,22 ~OIS!. Since first described by Lea˜o in
1994, a large focus of CSD research has aimed at elucida
the mechanism mediating the CSD event itself. Relativ
fewer studies have sought to assess the long-term effec
CSD on functional brain activity. Widely used perfusio
based functional imaging techniques such as fMRI and P
assume a tight coupling between changes in neuronal act
and the ensuing vascular response. In light of the signific
impact of CSD on global vascular function, a characterizat
of the effect of spreading depression on activity-related p
fusion signals is of utmost importance to test the stability
the neurovascular coupling relationship in pathophysiolog
conditions in which CSD is thought to play an important ro

OIS is a functional imaging technique that measu
wavelength-dependent changes in cortical light reflectance
duced by changes in hemoglobin~Hb! concentration, cell
swelling, and light scattering.23,24The technique is well-suited
for functional brain mapping as it permits the simultaneo
mapping of large regions of cortex with high spatial~in mi-
crometers! and temporal~in milliseconds! resolution.24–26Uti-
lizing wavelengths of light where oxyhemoglobin(HbO2)
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and deoxyhemoglobin~Hbr! absorb equally~506, 522, 549,
569, and 586 nm! enables the monitoring of total hemoglobin
concentration or cerebral blood volume24,27 ~CBV!. Under
normal conditions, stimulus-induced changes in CBV are ro
bust and correlate well with changes in neuronal activity,28

making it an ideal measure to assess the effects of CSD o
functional vascular signals and neurovascular coupling. In thi
paper, we examine the effect of CSD on~1! evoked cortical
electrophysiological and vascular activity and~2! the neu-
rovascular coupling relationship.

2 Methods
2.1 Animal Preparation
Seven male Sprague-Dawley rats~Charles River Laborato-
ries! weighing 200 to 400 g were studied in accordance with
University of California at Los Angeles~UCLA! Animal Re-
search Committee guidelines. Subjects were initially anesthe
tized with halothane in40% O2-60% N2 ~5% induction; 1.5%
during surgery! and placed in a stereotaxic apparatus~David
Kopf Instruments, Tujunga, California!. Anesthetic depth was
assessed by periodically monitoring the toe pinch withdrawa
reflex, eyeblink reflex, and respiratory rate. Core body tem
perature was maintained at 3760.5°C with a rectal probe and
homeothermic heating blanket~Harvard Apparatus, Holliston,
Massachusetts!. The head was shaved and a midline incision
was made, after which the underlying tissue was dissected an
retracted. The skull over the right parietal bone was thinned
with a manual scraping instrument~Biomedical Research In-
struments, Rockville, Maryland! until the middle cerebral ar-
tery and superior cerebral veins were clearly visible~;250
mm!. Two burr holes were drilled approximately 3 mm apart
in the skull under high magnification for electrophysiological
recording and CSD induction. Special attention was paid to
avoid large cortical vessels in both burr hole sites. Following
completion of surgery, animals were switched to enflurane
anesthesia~1 to 1.5%! for the remainder of the experiment.
Imaging began at least 1 h after the discontinuation of hal-
othane and completion of the surgical preparation.

2.2 Optical Imaging
The stereotactic frame was mounted to the stage of a Niko
SMZ1500 microscope. Light was provided by a voltage-
stabilized halogen light source~PL900 Dolan Jenner,
Lawrence, Massachusetts! and guided through a filter wheel
~Lamda 10-2, Sutter Instruments, Novato, California! to pro-
vide filtered incident light upon the preparation. For this ex-
periment, light was filtered at 570 nm~FWHM 10!, to empha-
size changes in CBV. Images were acquired with a 16-bit
slow-scan Princeton Instruments TE/CCD-576EFT CCD cam
era~Princeton Instruments, Trenton, New Jersey!. The field of
view covered 8.636.4 mm with 1923144 pixels providing a
resolution of;43 mm/pixel. Data were stored on a PC run-
ning a LabView~National Instruments, Austin, Texas! virtual
instrument to simultaneously collect OIS and electrophysi-
ological data. Images were acquired at 1 Hz, with an exposur
time of 100 ms. One stimulation trial consisted of 47 s of
imaging. Stimulation began 13 s after the start of the trial,
followed by a 2-s electrical stimulation to the left hindpaw.
Individual stimulations were separated by 1 min. Ten pre-
CSD trials were run to establish a functional baseline. Follow-
011004Journal of Biomedical Optics
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ing CSD induction, optical signals were recorded for 3 m
Sixty trials ~one per minute! were run during the post-CSD
period.

2.3 Electrical Stimulation
For electrical stimulation, stainless steel needle electro
~0.01 inch diameter, 8-deg tip, A-M systems, Carlsbo
Washington! were inserted into the hindpaw, one in the pla
tar surface of the foot and the other several millimeters aw
on the medial aspect of the leg. Electrical pulses~1 mA, 1 ms
duration! were delivered at 5 Hz via a constant current sou
~Pulsar 6bp, FHC, Bowdoinham, Maine!. Previous data from
our lab have shown these simulation parameters produc
robust CBV response with no attenuation of individu
evoked responses.29

2.4 CSD Induction
CSD was induced via cortical pinprick with a 27-gauge tub
culin needle inserted to a depth of;500 mm below the sur-
face of the cortex.

2.5 Electrophysiology
Extracellular field potentials were recorded simultaneou
with optical images by a low-impedance microelectrode~0.7
MV at 1 kHz, 125-mm shaft diameter, 12-deg tip, A-M Sys
tems! advanced to a depth of;500 mm. The analog signals
were amplified 1000 times using an eight-channel isolat
amplifier ~SCXI 1120, National Instruments, Austin, Texas!,
low-pass filtered at 10 kHz, and sampled at 1 kHz. Data w
acquired for the first 18 s of the trial covering the 13-s ba
line and 2-s stimulation. A reference electrode was inser
midline in the fascia just caudal to the surgical site. The el
trophysiological and imaging setup was enclosed in a Fara
cage to reduce electromagnetic interference. Electrode p
tion was determined using a combination of stereotactic co
dinates and activation data collected at 570 nm prior to ins
tion. The electrode was inserted under high magnification
ensure clean penetration.

2.6 Data Analysis
Data analysis was carried out on a UNIX Silicon Graph
workstation running a series of Matlab~The Mathworks, Hol-
lister, Massachusetts! programs written in-house. Optical da
were analyzed using a ratio method that provides sig
change in terms of fractional change from baseline. Brie
ratio images were generated by first subtracting every im
in a trial by an average of all prestimulus images~baseline!
for that trial and then dividing each of these subtraction i
ages by the baseline. Pre-CSD trials were averaged for e
animal. Post-CSD stimulation trials were separated into
min time bins. Trials within a bin were averaged providing s
post-CSD time points(t151 to 10 min, t2510 to 20 min,
t3520 to 30 min, t4530 to 40 min, t5540 to 50 min, and
t6550 to 60 min!. Responses at each post-CSD time po
were averaged across animals and compared to the grou
erage of pre-CSD values.

For each subject, we compared OIS signal amplitude, t
ing, and duration between pre- and post-CSD trials. Sig
amplitude was calculated in a 1.0 mm diameter circular reg
of interest~ROI!. An automated program~Matlab! determined
-2 January/February 2005 d Vol. 10(1)



Cortical spreading depression . . .
Fig. 1 Evolution of the CSD response. (a) Panels show ratio images taken under 570-nm illumination from a single animal. Induction site is marked
with a white asterisk (* ). Electrode insertion point is marked with a white circle (s). A white 3 shows the approximate location of the ROI used to
calculate the OIS intensity timecourse. The OIS response showed a four-phase profile. Phases are marked in parentheses in image panels corre-
sponding to 40 and 60 s post-induction. (b) Time plot of OIS and field potential changes of CSD event depicted in (a). The four phases of the CSD
response shown in (a) are labeled. Initial OIS changes (phases 1 and 2) roughly coincide with the large negative deflection of the field potential,
suggesting early optical changes associated with CSD may arise from physiological changes associated with the large depolarizing wave of
electrical activity. Phases 3 and 4 are shown to correspond to an increase then decrease in blood volume using intravascular dye imaging.22 These
large-scale changes mirror the large increase then decrease in blood flow measured using flow sensitive techniques.
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the 1.0 mm diameter circular region that produced the maxi
mal response in the average of pre-CSD ratio images 2 to 3
following stimulation for each rat. The temporal profiles of
responses were characterized by calculating response ons
and offset time~time to FWHM during the rise and fall of the
response, respectively! and duration @~offset time!-~onset
time!#.

OIS changes associated with CSD were calculated in
small ROI ~10310 pixels! placed adjacent to the electrode
burr hole. This position enabled us to compare the timing o
OIS and electrophysiological changes associated with th
CSD response.

Electrophysiological data were analyzed as follows. An
evoked field potential consisted of an initial large negative
deflection followed by a smaller positive potential. We first
measured the amplitude of each evoked response from bas
line to the initial negative peak and then averaged these value
to create a sum evoked potential~SEP! for that trial. By ac-
counting for every EP in a trial,SEP is a measure of the total
neuronal activity evoked by the stimulation.30,31 For each rat,
pre-CSDSEPs were averaged and compared to the average
each post-CSD time bin.

Optical and electrophysiological responses during the pos
CSD period were compared using a correlation analysis. Pea
CBV responses were plotted againstSEP in a scatter plot. A
011004Journal of Biomedical Optics
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least-squares regression analysis provided anR2 and a P
value for the correlation.

3 Results
3.1 CSD
CSD produced a four-phase optical response@Fig. 1~a!#. Two
initial small-amplitude phases of decreased~6.364.9%! then
increased~2.561.7%! reflectance spread out concentrical
from the induction site at a rate of;3.5 mm/min. These two
phases can be clearly seen at 40 s in the upper row of Fig.~a!
and in the intensity plot in Fig. 1~b!. These initial changes
were followed by a large amplitude decrease~14.467%! then
increase~13.467.5%! in reflectance that can be seen at 60 a
80 s in Fig. 1~a!. The late reflectance increase persist
throughout the CSD imaging run in each animal. This p
longed decrease in the optical signal can be seen in the in
sity plot in Fig. 1~b!.

3.2 Functional Changes Following CSD: CBV, SEP,
and Amplitude
Stimulus-induced CBV activations were a monophasic
crease in reflectance. The amplitude of pre-CSD respon
was 0.07160.003. Following CSD, the amplitudes of CBV
-3 January/February 2005 d Vol. 10(1)
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Fig. 2 Activity-related changes in CBV. CBV response to hindpaw
stimulation produced a monophasic decrease in reflectance. Intensity
time plots of pre- and post-CSD time points show a significant attenu-
ation in response amplitude and duration following CSD. Shaded
green region indicates stimulus duration. Inset shows the peak CBV
values for pre- and post-CSD time points. Values reached a minimum
at 20 to 30 min following CSD induction with only minimal recovery
by 60 min. Error bars represent standard error.
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responses were noticeably decreased(t150.03460.002, t2
50.02860.002, t350.02760.002, t450.03360.002, t5
50.03460.002,and t650.03760.002). A paired, two-tailed
Student’s t test revealed response amplitudes were signifi
cantly attenuated for the entire post-CSD imaging period
reaching a maximal attenuation at 20 to 30 min~Fig. 2!.

Decreases in spontaneous vasomotor activity attributed t
alterations in vascular reactivity following CSD have been
previously reported.32 To assess if similar decreases in vascu-
lar reactivity may have a played a role in the attenuation o
functional CBV responses in our data we examined the
change in spontaneous vasomotor activity following CSD. A
low-frequency~0.1-Hz! oscillation in the reflected light signal
results from spontaneous fluctuations in cerebral blood
flow.33,34 A power spectral density analysis of the 13-s pre-
stimulus baseline in each trial following CSD revealed a sig-
nificant peak in power centered at 0.1 Hz. Following CSD, the
magnitude of this signal was significantly reduced, suggestin
a decrease in spontaneous vasomotion and thus decreased v
cular reactivity similar to that observed by Piper et al.32 To
compare how changes in vasomotor activity compared to
functional CBV changes during the post-CSD period, we plot-
ted the percent attenuation from baseline for each time bin o
the same axis. Figure 3~a! shows that the two curves closely
parallel each other. A least-squares regression analysis on t
averaged data for the two variables showed functional CBV
011004Journal of Biomedical Optics
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changes and spontaneous vasomotor activity were highly
related(R250.9845,P,0.001) following CSD.

SEP amplitude was decreased throughout the post-C
period but to a lesser degree than functional CBV respon
@Fig. 4~a!#. Pre-CSDSEP amplitude was 2.760.11 mV. Post-
CSD values weret152.4760.11 mV, t252.2760.09 mV,
t352.0960.08 mV, t452.1260.09 mV, t552.1560.09 mV,
and t652.2460.10 mV. Examination of the individual EP
trains showed the waveform of an individual evoked respo
remained unchanged throughout the post-CSD period@Fig.

Fig. 3 (a) Normalized plot of peak values for CBV, SEP, and 0.1-Hz
vasomotion signal (V-signal). Functional CBV signals were more sig-
nificantly affected by CSD than SEP. Values show the greatest diver-
gence during the first 30 min following induction. V-signal amplitude
was significantly reduced during the post-CSD period. The profile of
V-signal and functional CBV response amplitude closely paralleled
each other. Error bars represent standard error. (b) Scatter plot of peak
SEP and V-signal amplitude versus functional CBV responses during
the post-CSD period. Linear regression analysis showed functional
CBV and SEP were not well correlated (R250.073, P.0.05), sug-
gesting a breakdown of neurovascular coupling. Under normal con-
ditions, functional CBV amplitude and SEP are tightly coupled.30 In
contrast, V-signal and functional CBV amplitude were tightly corre-
lated (R250.9845, P50.0001). These findings suggest a decrease in
vascular reactivity may underlie the attenuation of functional CBV
responses following CSD. Error bars represent standard error.
-4 January/February 2005 d Vol. 10(1)



st-
l ani-

n is

e-
en

re-
et
ak,
va-
D

ost-
ion.

um
d

an

ial
flec-
ec-

nom-
SD.
nce
l

e of
as

Cortical spreading depression . . .
Fig. 4 Effect of CSD on SEP. (a) SEP was significantly attenuated fol-
lowing CSD. Values remained below baseline at 60 min following
passage of CSD. Error bars represent standard error. (b) Raw evoked
field potential traces from an electrical stimulus (2 s, 5 Hz, 1 mA) of
10 pulses in a single animal. Data from pre- and post-CSD trials at 1,
30, and 60 min are shown. The waveform of individual evoked re-
sponses was not significantly altered by CSD. Initial EPs were similar
in amplitude to pre-CSD levels, however, responses later in the train
appeared attenuated.
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4~b!#. Within a stimulus train, initial EPs were similar in am-
plitude to pre-CSD levels, however, later responses appeare
attenuated. To examine the relationship between changes
SEP and functional CBV signals during the post-CSD period
we plotted the percent attenuation from baseline for each tim
bin for the two variables on the same axis. Figure 3~a! shows
that in the first 30 min of the post-CSD period, peak CBV
values were more strongly affected by CSD than those o
SEP. Peak CBV was reduced by approximately 50%, wherea
011004Journal of Biomedical Optics
d
n

SEP amplitude showed a relatively minor attenuation. A lea
squares regression analysis on the averaged data from al
mals showed CBV andSEP were not well correlated during
the post-CSD period(R250.073, P.0.05). Figure 3~b!
shows the scatter plot of the data.

3.3 Response Timing and Duration
A summary of response onset, time to peak, and duratio
listed in Table 1. Values significantly different(P,0.05)
from baseline values are denoted by a bold, italic font. R
sponse onset times were not significantly different betwe
pre- and post-CSD time points. Prior to CSD induction,
sponses began 1.260.1 s after stimulus onset. Similar ons
times were noted for post-CSD time points. Time-to-pe
however, was significantly affected by CSD. Pre-CSD acti
tions peaked 3.460.1 s after stimulus onset, while post-CS
activations peaked approximately 1 s earlier. No significant
increase in time to peak was observed throughout the p
CSD period. CSD also markedly reduced response durat
Pre-CSD responses lasted 9.060.2 s, while post-CSD period
values were shortened on average by 3 s, reaching a minim
~5.661.0 s! 10 to 30 min post-induction. Values increase
throughout the post-CSD period reaching a value of 6.761.0 s
by 60 min; however, this value was significantly shorter th
pre-CSD levels.

4 Discussion
4.1 OIS Changes Associated with CSD
CSD produces a four-phase optical profile. The two init
small-amplitude waves of decreased then increased re
tance appeared to roughly coincide with the negative defl
tion in the local field potential@Fig. 1~b!# suggesting initial
reflectance changes may be generated by the cellular phe
ena associated with the electrophysiological spread of C
In hippocampal slice, CSD produces biphasic reflecta
changes coincident with a negative shift in the dc potentia14

that bear a striking resemblance to our data. The sourc
initial reflectance decreases following CSD induction h
been attributed to decreases in light scattering as a resu
activation-induced changes in cell swelling. In the preparat
used here, decreases in light scattering would also produ
decrease in reflectance. While changes in blood volume co
also affect light scattering and reflectance values in the sa
direction, studies21,22 using intravascular fluorescent dyes i
dicate no early volume changes associated with CSD.
etiology of subsequent early reflectance increases remains
known. Potential generators of this phase include change
mitochondrial swelling, dendritic beading, or ultrastructur
cellular changes induced by CSD; however, the role of any
Table 1 Response timing and duration.

Pre-CSD t1 t2 t3 t4 t5 t6

Response onset (s) 1.260.1 1.160.2 1.360.6 1.160.2 1.360.6 1.460.6 1.360.4

Time to peak (s) 3.460.1 2.460.5 2.360.5 2.460.5 2.160.4 2.460.5 2.660.5

Response duration (s) 9.060.2 5.760.8 5.661.0 5.661.0 5.961.3 6.061.2 6.761.0
-5 January/February 2005 d Vol. 10(1)
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these factors is presently inconclusive. Future multimoda
studies are required to elucidate the origins of the early reflec
tance increase.

Later, large-scale reflectance changes in the presente
study are likely vascular in nature. Studies comparing blood
volume dye signals with OIS changes at isosbestic wave
lengths suggest the late decrease then increase in reflectan
represents a short-term increase and prolonged decrease
blood volume.22 Studies using flow-sensitive techniques show
a similar large-amplitude increase then decrease in cerebr
blood flow8,18 ~CBF!.

4.2 Effect of CSD on Functional Hemodynamic
Activity
These data show CSD has a marked long-term effect on func
tional CBV signals exhibiting a maximal effect 20 to 30 min
following the passage of spreading depression. The source
these changes may be either vascular or neuronal in origin, o
may involve an interaction of the two. Previous studies have
shown a significant impact of CSD on global and local
stimulus-induced cerebrovascular activity. Using a helium
clearance technique, Lacombe et al. observed a long-lastin
~;2 h! global hypoperfusion following CSD that reached a
minimum ~17% below baseline levels! at 20 min
post-induction.35 Possible mechanisms underlying this impair-
ment in hemodynamic function are a persistent cortica
vasconstriction36 and/or a reduction of local vascular
reactivity37 for up to 75 min following CSD. Regulation of
local, stimulus-induced perfusion changes is similarly dis-
rupted. fMRI recordings from patients experiencing migraine
with aura show a significant decrease in the BOLD respons
to visual stimulation during the aura with only partial
recovery20 after 15 min. Our findings of significant reductions
in the duration and magnitude of functional CBV activity as
well as decreased spontaneous vasomotor activity further i
lustrate the profound effect of CSD on cerebral hemodynam
ics. Despite the significant effect of CSD on vascular function
attenuation in local electrophysiological activity could also
produce the changes in CBV amplitude and timing seen here
Under normal conditions, the amplitude ofSEP and func-
tional CBV activity are tightly correlated.28 Significant reduc-
tions in evoked responses and electroencephalographic~EEG!
activity have been observed1,38 following CSD for 10–15 min.
While CSD does reduce the magnitude of electrophysiologi
cal activations, this period is relatively short compared to the
impact on perfusion-related activity. In this paper, the attenu
ation of SEP was minor compared to that of functional CBV.
Likewise, the two were not well correlated during the post-
CSD period. These findings suggest changes inSEP may have
played a minor role in the long-term attenuation of functional
CBV activity but that the effect is primarily a vascular phe-
nomenon.

4.3 Implications for Functional Brain Mapping
Our findings have significant implications for the analysis of
functional imaging data such as BOLD fMRI that utilize cor-
relative techniques to identify stimulus-related changes in cor
tical perfusion activity. These methods calculate the correla
tion coefficient between each pixel’s time course with a
predicted or reference hemodynamic function. Activity in pix-
011004Journal of Biomedical Optics
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els with a significant correlation coefficient is assumed to
related to the stimulus. The success of such a techniqu
identify functional areas requires the choice of an appropr
reference hemodynamic function. Our data show the am
tude and time course of this function is significantly alter
following CSD. Maps generated using a reference funct
for normal conditions may fail to identify areas whose activ
is tied to the stimulus. To ensure the accuracy of functio
maps generated in patients, such as migraineurs, where
may disrupt normal vascular function, modeling of the hem
dynamic response under nonstandard conditions is neces

In addition to significantly disrupting the temporal profi
of functional CBV activity, our results showed CSD disrupt
neurovascular coupling for at least 1 h following CSD. The
true duration of this uncoupling cannot be determined fro
these data as our recording time was limited, but since C
showed only minimal recovery at 60 min it is likely the cou
pling relationship is altered for much longer. As the core
sumption of all perfusion-based imaging tools is a tight ne
rovascular coupling the presented data suggest th
techniques may underestimate the magnitude of the unde
ing neuronal activation if subjects are imaged within a cert
window following CSD. Future investigations are required
determine the time to full recovery of perfusion signals a
restoration of the neurovascular coupling relationship. D
from such experiments is essential to our understanding
functional brain activity under pathophysiological conditio
related to CSD and to the accurate interpretation of perfus
based imaging data.

5 Conclusion
CSD had a significant and long-term effect on the profile
functional changes in CBV. Signal amplitude, duration, a
time to peak were significantly altered by CSD and show
little recovery of pre-CSD values 60 min following induction
A possible source of this disruption may be a decrease
vascular reactivity. In contrast, electrophysiological activ
was attenuated to a lesser degree. An inspection of the
tionship between CBV andSEP during the post-CSD period
showed the two were not well correlated, suggesting C
leads to neurovascular uncoupling for at least 1 h.
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