
S
a

T
U
D
2
P

M
A
C
E

P
M
A
C

A
M
A
C

U
D
9
L

A
U
B
1
A

I
U
N
9
L

A
U
D
9
L

U
D
9
L

A
d
4

Journal of Biomedical Optics 14�4�, 044038 �July/August 2009�

J

Downloaded Fro
ensitivity of neural-hemodynamic coupling to
lterations in cerebral blood flow during hypercapnia
heodore J. Huppert
niversity of Pittsburgh
epartment of Radiology
00 Lothrop Street
ittsburgh, Pennsylvania 15213

and
assachusetts General Hospital
thinoula A. Martinos Center for Biomedical Imaging
harlestown, Massachusetts 02129
-mail: huppertt@upmc.edu

hill B. Jones
assachusetts General Hospital
thinoula A. Martinos Center for Biomedical Imaging
harlestown, Massachusetts 02129

nna Devor
assachusetts General Hospital
thinoula A. Martinos Center for Biomedical Imaging
harlestown, Massachusetts 02129
and
niversity of California San Diego
epartment of Neurosciences
500 Gilman Drive 0662
a Jolla, California 92093

ndrew K. Dunn
niversity of Texas
iomedical Engineering Department
University Station, C0800
ustin, Texas 78712

van C. Teng
niversity of California San Diego
eurosciences
500 Gilman Drive 0662
a Jolla, California 92093

nders M. Dale
niversity of California, San Diego
epartment of Neurosciences
500 Gilman Drive 0662
a Jolla, California 92093
and
niversity of California, San Diego
epartment of Radiology
500 Gilman Drive, MC 0657
a Jolla, California 92093

ddress all correspondence to: Theodore J. Huppert, Ph.D., Department of Ra-
iology, University of Pittsburgh, Pittsburgh, PA 15213. Tel: 412-647-9700; Fax:
12-647-9800; E-mail: huppertt@upmc.edu
ournal of Biomedical Optics 044038-

m: http://biomedicaloptics.spiedigitallibrary.org/ on 01/25/2016 Terms of Use
David A. Boas
Massachusetts General Hospital
Athinoula A. Martinos Center for Biomedical Imaging
Charlestown, Massachusetts 02129

and
Harvard Medical School
Massachusetts General Hospital
Department of Radiology
55 Fruit Street
Boston, Massachusetts 02114

Abstract. The relationship between measurements of ce-
rebral blood oxygenation and neuronal activity is highly
complex and depends on both neurovascular and neu-
rometabolic biological coupling. While measurements of
blood oxygenation changes via optical and MRI tech-
niques have been developed to map functional brain ac-
tivity, there is evidence that the specific characteristics of
these signals are sensitive to the underlying vascular
physiology and structure of the brain. Since baseline
blood flow and oxygen saturation may vary between ses-
sions and across subjects, functional blood oxygenation
changes may be a less reliable indicator of brain activity in
comparison to blood flow and metabolic changes. In this
work, we use a biomechanical model to examine the re-
lationships between neural, vascular, metabolic, and he-
modynamic responses to parametric whisker stimulation
under both normal and hypercapnic conditions in a rat
model. We find that the relationship between neural ac-
tivity and oxy- and deoxyhemoglobin changes is sensitive
to hypercapnia-induced changes in baseline cerebral
blood flow. In contrast, the underlying relationships be-
tween evoked neural activity, blood flow, and model-
estimated oxygen metabolism changes are unchanged by
the hypercapnic challenge. We conclude that evoked
changes in blood flow and cerebral oxygen metabolism
are more closely associated with underlying evoked neu-
ronal responses. © 2009 Society of Photo-Optical Instrumentation Engi-
neers. �DOI: 10.1117/1.3210779�

Keywords: neural-hemodynamic coupling; hypercapnia; cerebral
blood flow.
Paper 08415RR received Dec. 3, 2008; revised manuscript received
Jun. 29, 2009; accepted for publication Jun. 30, 2009; published on-
line Aug. 31, 2009.

1 Introduction
During brain function, an increase in underlying neuronal ac-
tivity evokes an elevation in the energetic load on the brain.
To maintain homeostasis, these increases in neuronal activity
must be coupled to both regional increases in glycolytic me-
tabolism and increases in cerebral blood flow. These relation-
ships are termed the neurometabolic and neurovascular path-
ways respectively. Since the net balance between oxygen
delivery and oxygen utilization depends on the influences of

1083-3668/2009/14�4�/044038/16/$25.00 © 2009 SPIE
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oth these metabolic and vascular responses, there typically
xists an ambiguity in the interpretation of the overall blood
xygenation changes as measured by neuroimaging tech-
iques such as intrinsic optical imaging1–4 and functional
agnetic resonance imaging.5,6

The interpretation of optical or fMRI measurements re-
uires consideration of both the biochemical and biomechani-
al properties of the brain. Although originating from both
icroscopic level coupling between the neurons and blood

essels �termed neurovascular coupling� and through cellular
nergy metabolism in response to neuronal energetic demand
termed neurometabolic coupling�, changes in overall blood
xygenation or oxy- and deoxyhemoglobin also depend on the
roperties of the underlying cerebral vascular structures and
aseline vascular physiology. For purposes here, the overall
esponse in blood oxygenation as measured by optical or
MRI is termed the hemodynamic response, while the indirect
elationship between the neurons and these blood oxygenation
hanges is termed neurohemodynamic coupling and is the re-
ult of both underlying neurometabolic and neurovascular ef-
ects.

Blood oxygenation changes during typical brain activity
re predominantly the result of the washout �or displacement�
f deoxyhemoglobin by an increase in the supply of highly
xygenated �arterial� blood in conjunction with increases in
lood volume. To a much lesser extent, the conversion of
xyhemoglobin to deoxyhemoglobin by oxidative metabolism
lso effects blood oxygenation. However, generally, cerebral
lood flow increases are around two- to four-fold larger than
hese oxygen metabolism changes, which produce the typical
yperemic evoked hemodynamic response comprising an
verall increase in blood oxygenation levels. Since this wash-
ut effect depends on the amount of deoxyhemoglobin in the
lood vessels at baseline, the evoked hemodynamic response
o a given stimulus is altered if baseline oxygenation levels
re varied.

In recent years, there has been increasing experimental evi-
ence that the characteristics of the evoked hemodynamic re-
ponses are sensitive to variability in this baseline vascular
hysiology. As cases in point, several recent studies have
emonstrated that both the magnitude and temporal dynamics
f evoked blood oxygen level dependent �BOLD� MRI and
ptical signals can be altered by the experimental manipula-
ion of baseline perfusion using varied levels of inspired car-
on dioxide or oxygen,7,8 or pharmacological agents.9–11 Al-
hough a number of studies have investigated the empirical
elationships between electrophysiological changes and oxy-
enation changes available from optical measurements of
xy- and deoxyhemoglobin8,12,13 or the BOLD signal,14–16

nly a few studies have examined the generality of neurovas-
ular relationships across varied levels of background
hysiology.8,17 To further quantify the relationships between
he BOLD or optical signals and underlying neural activity,
e need to consider the influences of both the metabolic and
ascular factors that contribute to net blood oxygenation and
he potential confounds of variability in vascular physiology
reviewed in �Refs. 18 and 19�. Because of the role that the
hysical and biomechanical structure of the vascular network
laces in defining evoked hemodynamic changes �e.g., Ref.
0�, we hypothesize that the relationship between neural and
lood oxygenation changes may be less repeatable across ex-
ournal of Biomedical Optics 044038-
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periment conditions than the relationships between neuronal
and metabolic or vascular responses.

To test this hypothesis, we designed an experiment to ex-
amine how the relationships between neural, vascular, meta-
bolic, and blood oxygenation signals were changed, or alter-
natively if these were unchanged, by experimentally
manipulating the vascular physiology through hypercapnia.
Hypercapnia induces an increase in blood flow and decrease
in the oxygen extraction fraction, and thus alters the vascular
physiology of the brain that dictates the behavior of function-
ally evoked changes in oxy- and deoxyhemoglobin. Although
the baseline dependence of these blood oxygenation changes
had been previously demonstrated qualitatively, we sought to
determine if these effects could be quantitatively explained by
a model-based approach to account for the differences in
baseline physiology and associated model parameters between
the normal and hypercapnic states. In particular, we used a
vascular model-based analysis as introduced in Ref. 21 to
infer the underlying changes in arterial resistance �causing
blood flow changes� and oxygen metabolism changes. This
approach allowed us to predict the underlying physiological
changes as hidden states �not directly observable values�
based on their relationship to experimental recordings of
blood flow, volume, and oxygenation changes from optical
imaging. We looked at the relationship of these underlying
physiological signals and neural activity. This model also al-
lowed us to look at how the parameters of the model—e.g.,
the model constants such as the vascular transit time that de-
fine the relationships between the time-varying physiological
measurements—differed between the normal and hypercapnic
conditions, and thus, to examine if the observed differences in
the time courses of the evoked responses under these two
baseline conditions could be predicted from the value of these
parameters. For example, hypercapnia is expected to increase
baseline blood flow, which would change the model param-
eters defining increased baseline oxygen saturation, increased
baseline blood volume, and decreased vascular transit time.
The effect of these changes in the model parameters on the
experimental measurements can be simulated and compared
to experimental measurements. This allows us to address the
question of whether changes in the evoked responses under
hypercapnia are due to changes in baseline physiology, differ-
ences in neural activity, or differences in the underlying neu-
rovascular and neurometabolic relationships.

In this study, we used invasive experimental optical tech-
niques to measure blood oxygenation and blood flow changes,
and simultaneously made recordings of neuronal electrical ac-
tivity under different levels of expired CO2. We measured
evoked changes across multiple stimulus conditions within
the whisker barrel cortex of a rat. We then used a multicom-
partment vascular model described in Ref. 21 to explore how
variations in baseline blood flow and volume can alter the
magnitude and temporal characteristics of the evoked hemo-
dynamic response. This model allowed us to test whether the
differences we observed in evoked responses between the nor-
mal and hypercapnic conditions could be attributed to biome-
chanical causes due to the changes in baseline blood oxygen-
ation, blood volume and flow, and vascular transit time.

Using our vascular model, we investigated the coupling
between the measured neuronal activity, the hemodynamic re-
sponses, and the underlying blood flow and oxygen metabo-
July/August 2009 � Vol. 14�4�2
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ism changes. We found significant linear correlation between
ll of these coupling relationships. However, when baseline
ow was changed by hypercapnia, the relationship between

he neural and blood oxygenation signals �oxy- and deoxyhe-
oglobin� also changed, whereas the neurovascular and neu-

ometabolic coupling relationships were the same. Thus,
hile under both the normal and hypercapnia conditions, a

inear relationship between neural activity and overall blood
xygenation was observed. The nature of this relationship
e.g., slope� differed according to baseline physiology. This
esult confirms our hypothesis that the relationship between
emodynamic changes and neuronal activity depends on the
aseline conditions, whereas neurovascular and neurometa-
olic coupling are insensitive to these baseline effects and
hus more revealing of the underlying neural activity in the
rain. Furthermore, we find that the hypercapnia-induced dif-
erences that were observed in the blood oxygenation re-
ponses are consistent with the mechanical effects expected
rom the changes in the model parameters based on measured
ifferences in blood flow, volume, and oxygen saturation be-
ween normal and hypercapnic states. We conclude that blood
ow and CMRO2 changes remain closely associated with un-
erlying neuronal activity across differing levels of baseline
hysiology, and thus may be more reliable for longitudinal
tudies of brain activity in comparison to oxyhemoglobin, de-
xyhemoglobin, and BOLD MRI signal changes.

Experimental Methods
.1 Animal Preparation
he Massachusetts General Hospital Subcommittee on Re-
earch Animal Care approved all experimental procedures.

ale Sprague-Dawley rats �n=7; 250 to 350 g� were anes-
hetized with halothane �1.5 to 0.7%� in a mixture of 70%

edical air and 30% oxygen for surgery. Glycopyrrolate
0.5 mg /kg, i.m.� was administered 10 min before the initia-
ion of anesthesia. During surgery, a tracheotomy was per-
ormed and cannulas were inserted in the femoral artery and
ein. All incisions were infiltrated with 2% lidocaine. Follow-
ng tracheotomy, rats were mechanically ventilated. Ventila-
ion parameters were adjusted to maintain PaCO2

between 35-
nd 45-mm Hg, PaO2

between 140- and 180-mm Hg, and pH
etween 7.35 and 7.45. The animal was then fixed in a ster-
otaxic frame. An area of skull overlying the primary soma-
osensory cortex was exposed and thinned with a dental burr
ntil soft and transparent ��100 �m�. A well of dental
crylic was built around the border of the thinned skull, which
hen was filled with saline. For simultaneous electrophysi-
logical recordings using single metal microelectrodes, a
mall hole was made in the thinned skull and dura mater
entered on the maximal evoked response, as determined by
ptical imaging, and the recording electrode was inserted at
epth of 400 �m �cortical layer 3�. Following the surgery,
alothane was discontinued, and anesthesia was maintained
ith 50-mg /kg intravenous bolus of �-chloralose, followed
y continuous intravenous infusion at 40-mg�kg−1�h−1.
eart rate, electrocardiogram �ECG�, body temperature, and
lood pressure were monitored continuously during the ex-
eriment. Body temperature was maintained at
7.0 °C�0.5 °C with a homeothermic blanket �Harvard Ap-
ournal of Biomedical Optics 044038-
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paratus, Holliston, Massachusetts�. Blood samples �0.1 ml�
were withdrawn for blood gas measurements.

2.2 Hypercapnia Procedure
Hypercapnia was induced by adding CO2 �2.5% or 5%� to the
inspired gas mixture. Five minutes were allowed for transition
between normocapnia and hypercapnia. In four of the seven
animals, optical signals were reliably recorded during this
transition period, which was used to estimate the blood flow
and hemoglobin changes induced by the hypercapnia chal-
lenge.

Because of a high degree of variability in the effect of
hypercapnia on individual rats, more statistical power could
be obtained by grouping the two conditions of hypercapnia
�2.5 and 5%� and performing all comparisons directly be-
tween the normal and mixed hypercapnia states, which still
allowed us to test if neurohemodynamic coupling varied with
baseline state. Of the seven animals used in this study, four
experienced 2.5% CO2 and the remaining three animals re-
ceived 5% CO2. Because of variability in the hypercapnic
response, we did not observe significant differences between
the magnitudes of the hemodynamic or neural responses un-
der 2.5 and 5% CO2 states.

2.3 Stimulation Paradigm
The stimulus consisted of a 2-sec-long train of whisker de-
flections at 8 Hz during both normal and hypercapnic states.
A single whisker �D1� was deflected by a computer-controlled
piezoelectric stimulator. Single whiskers were deflected at
8 Hz for a 2-s duration. We used varying deflection ampli-
tudes �from 1 to 9� corresponding to the angular velocity in-
creased from 230 deg /s �vertical displacement of 240 �m,
condition 1� to 969 deg /s �vertical displacement of
1200 �m, condition 9�, with equal amplitude increments.
Stimuli were presented using a rapid, randomized event-
related paradigm using 3-sec interstimulus interval and 25%
blanks.22

2.4 Description of Optical System and Analysis
Blood oxygenation and flow was measured using simulta-
neous multiwavelength spectroscopic imaging of total hemo-
globin concentration and oxygenation and laser speckle imag-
ing of blood flow.23 The cortex was illuminated by a filtered
tungsten-halogen lamp �10-nm bandpass filters centered at
wavelengths of 560, 570, 580, 590, 600, and 610 nm�. Images
were acquired onto a cooled 12-bit charge-coupled device
�CCD� camera at a frame rate of 12 to 15 Hz. Spectral im-
ages for each trial were divided by the baseline image, calcu-
lated as an average of images within 1 sec before the stimulus
onset. The modified Beer-Lambert law was used to convert
these spectral images into images of relative oxy- and deoxy-
hemoglobin concentration changes with differential path
length factors used to account for the individual optical path-
lengths at each wavelength as described in Ref. 24. Blood
flow was imaged simultaneously using a cooled 8-bit CCD
camera at a frame rate of 200 Hz. Images of relative cerebral
blood flow �CBF� changes were determined by calculating the
changes in the speckle contrast in a series of temporally
down-sampled �factor of 10� laser speckle images. The
speckle contrast was calculated as the ratio of the standard
July/August 2009 � Vol. 14�4�3
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eviation to the mean pixel intensities ��I2� / �I� over a 5
5 pixel spatial sliding window.25 Speckle contrast images

or each trial were divided by the baseline image, calculated
s an average of images within 1 s before the stimulus onset.
veraged across trials images were converted to relative
lood flow as described in Dunn et al.26 Regions of interest
ere defined by first manually selecting a region enclosing

he barrel cortex corresponding to the stimulated whisker, as
as determined by electrophysiological mapping. Signals
ere then averaged from all pixels within this region whose
eak amplitude was greater than half the respective maximal
esponses in both the flow and oxyhemoglobin images. For
ore details on the region-of-interest selection, see Dunn et

l.26 To increase statistical power and reduce intersubject ef-
ects, the group average of the seven animals was calculated
fter normalizing to the amplitude of the ninth condition �the
argest deflection amplitude� of the normocapnia response.

.5 Description of Electrophysiology Recordings and
Analysis

lectrophysiological recordings were made using single metal
icroelectrodes �FHC �Bowdoinham, Maine�, 5 to 7 M��.
he recorded potential was amplified and filtered into two
ignals: a low-frequency part �0.1 to 500 Hz, sampled at
kHz with 16 bits� and a high-frequency part

150 to 5000 Hz, sampled at 20 kHz with 12 bits; see Ref.
7 for details�. The low-frequency part is referred to as the
ocal field potential �LFP�. The high-frequency part was fur-
her filtered digitally between 750 and 5000 Hz using a zero
hase-shift second-order Butterworth filter, and then rectified
long the time axis to provide the multiple unit activity
MUA�. Finally, the MUA data were smoothed along the time
xis using a Gaussian kernel of 1 msec full width at e−1 of
eak amplitude. The LFP and MUA responses were again
ormalized to the peak magnitude of the normocapnia �ninth
ondition� before group averaging.

ig. 1 Schematic overview of the multicompartment forward model. T
volution of the evoked hemodynamic states as a result of neuronally l
xygen consumption �CMRO2� in the extravascular space. In �a�, we
xygen transport, and observation models.21 �b� and �c�, show schem
ournal of Biomedical Optics 044038-
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We examined both the peak magnitude and the integrated
amplitude of the LFP and MUA responses. The peak magni-
tudes were defined as the magnitude of the first evoked re-
sponse in the stimulus train. Integrated electrical response
�denoted by � in this work� was defined as the square root of
the sum of the squared amplitudes for the entire two-second
train of responses.

3 Numerical Analysis Methods
3.1 Description of Multicompartment Model
We used a multicompartment balloon model21 to characterize
the vascular and metabolic responses driving the observed
blood flow, volume, and oxygenation responses, and to exam-
ine the biomechanical effects of the hypercapnia-induced
change in baseline blood flow, volume, and oxygen saturation
on the evoked signals. This model is based on a bottom-up
framework, as diagramed in Fig. 1, and is used to forward
model expected hemodynamic signals based on a set of dy-
namic input states �arterial resistance and relative CMRO2
changes� and a set of baseline and structurally related model
parameters listed in Table 1. The model is based on a set of
differential equations that describe the biomechanical re-
sponse of the arterial, capillary, and venous blood vessels to
changes in arterial resistance �e.g., dilation of the arteries in
response to neurovascular coupling�. Based on the blood flow
change predicted from the vascular model component and a
second model input describing oxygen consumption �neu-
rometabolic coupling�, the oxygen content of the blood ves-
sels is also modeled using the principles of mass balance.
Thus, our model has several static model parameters describ-
ing features such as baseline blood oxygenation and two dy-
namic inputs; the evoked change in arterial dilation and oxy-
gen metabolism �CMRO2�, which are used to predict the
changes in measurable blood flow, volume, and oxy/
deoxyhemoglobin. A model of the laser speckle and optical
spectroscopy measurement processes connects the underlying

lticompartment model of the vascular network describes the temporal
hanges in the resistance of arterial smooth muscle and changes in the
an overview of the entire vascular model consisting of the vascular,
f the vascular and oxygen transport components of the model.
he mu
inked c
show

atics o
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ascular model and the actual experimental measurements by
escribing the biophysics of the observation processes that
ive rise to these measurements. This model includes an esti-
ate of the measurement error, which is used to weight the

ontributions from each measurement. We represent these
easurements as the sum of the changes in oxy/

eoxyhemoglobin and mean of blood flow over the vascular
egments.

The model is fit to experimental data �further detailed
ater� to estimate both the parameters and the inputs that best
escribe the set of measured responses. The detailed math-
matical description of this model and the model inversion
outine is detailed in Refs. 21 and 28. Further details about
arameter estimation, identifiablity, and derivation of the al-
orithms used in this model can be found in Ref. 28 �specifi-
ally see Appendix 4�.

.2 Vascular and Metabolic Changes
n the model, the CMRO2 and arterial resistance states are
escribed by a set of parameterized nonlinear canonical func-
ions as described in Refs. 21 and 28. First, the dilation of the
rteries is defined using a canonical Gaussian-based temporal
asis function with variable timing parameters �time-to-peak

peak; temporal width �; and maximum fractional displace-
ent 	% maxR ,

Table 1 Biomechanical model parameters. Th
hemodynamic changes depends on several mech
fully described in Refs. 21 and 28. These para
magnitudes of evoked physiological signals, ca
hemodynamic measurements, as described earlie
tion define the combined arterial resistance and

Parameter Symbol Descr

Initial arterial
resistance Rao

Fraction of total va
attributed to the art

Vascular
compliance
parameter

�
The vascular comp

determines the rela
flow and volu

Vascular
transit time �

Vascular transit time
venous compartme
ratio of baseline

Pial venous
transit time �pial Transit time of pial v

Total
hemoglobin

concentration
THC

Amount of baseline
Used to scale norm

model to optical

Arteriole
saturation SAO2

Fraction of oxygena
each vascular

Capillary
saturation SCO2

Venous
saturation SVO2
A
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1 −
RA�t�

RA�t = 0�
= 	%

maxRA
H�t�
��2


exp	− �t − �peak�2

�2 
 . �1�

The function H�t� represents the heavy-side hat function. The
parameters defining the arterial resistance function were esti-
mated within the range of 0 to 6 sec for both the time-to-peak
and temporal width, and 0 to 10% for the value of the maxi-
mal resistance change. A gamma-variant functional form with
variable timing and amplitude describes CMRO2 changes
similar to the method describing the arterial resistance func-
tion.

CMRO2�t�
CMRO2�t = 0�

− 1

= 	%
maxCMRO2

H�t − �offset��t − �offset�2

�2 exp�− 1�

· exp	− �t − �offset�2

�2 
 . �2�

Our model was used to estimate the values of the parameters
defining the CMRO2 function within the range of 0 to 2 sec
for the response onset time, 0 to 6 sec for the temporal width,
and 0 to 10% for the value of the maximal CMRO2 change.
The choice of these two basis functions is detailed in Ref. 21.
Arguably, the ranges used for these parameters were liberal,

lar forward model of the dynamics of evoked
and baseline physiological parameters and were
which affect both the temporal dynamics and

stimated from the model-based curve fitting of
dditional model parameters per stimulus condi-
2 changes as described in the text.

Range of parameter in model

resistance
mpartment. 20 to 90% Ref. 41

parameter
of evoked

nges.
1 to 4 Ref. 42

h arterial to
ned as the
and flow.

0.5 to 4 s Ref. 43

ompartment. 0 to 4 s

emoglobin.
values from
rements.

40 to 140 �M Ref. 44

moglobin in
rtment.

90 to 100%

Ref. 4560 to 90%

55 to 89%
e vascu
anical

meters,
n be e
r. Six a
CMRO

iption

scular
erial co

liance
tionship
me cha

throug
nt. Defi
volume

enous c

total h
alized
measu

ted he
compa
July/August 2009 � Vol. 14�4�5

: http://spiedigitallibrary.org/ss/TermsOfUse.aspx



a
s

3
C
t
L
e
s
o
t
d
w
t
e
A
u
T
o
n
A
a
s
r
d
e

t
5
w
r
t
v
g
r
m
e
f
T
r
p
d

3

M
o
n
t
v
p
t
s
v
i
t
r
c
m
t

Huppert et al.: Sensitivity of neural-hemodynamic coupling to alterations in cerebral blood flow…

J

Downloaded Fro
s we expect resistance and metabolism changes to be much
maller than the allowed 10%.

.3 Vascular Inverse Model
erebral oxygen metabolism was estimated from a curve fit-

ing of the multimodal observations. We use a nonlinear,
evenberg-Marquardt algorithm29 implemented in Matlab to
stimate all model parameters �Table 1�. A differential time
tep of 2 ms was utilized for the update of the vascular and
xygen transport models. Smaller time steps were also tested
o verify that the results were independent of this choice. The
ifferent multimodal measurements were combined using a
eighted least-squares cost function. For each measurement

ype, these weights were calculated from the variance in the
stimate of the hemodynamic responses across multiple trials.
prior physiological range of values based on the literature is

sed to constrain the values for each parameter as given in
able 1. The model we used in this work is identical to the
ne described in Ref. 21. In our fitting routine, we simulta-
eously considered the data from all nine stimulus conditions.

single set of biomechanical parameters �listed in Table 1�
nd nine independent CMRO2 and arterial resistance re-
ponses are used to model the nine parametric hemodynamic
esponses. The normal and hypercapnic measurements are in-
ependently analyzed such that the results from the two mod-
ls could be compared without potentially biasing the results.

Since we are analyzing all nine response conditions simul-
aneously, the model has eight baseline-related parameters and
4 �six parameters per nine conditions� total parameters,
hich are simultaneously fit to 27 independent time-course

ecordings �oxy/deoxyhemoglobin and blood flow for each of
he nine conditions�. Each of these time courses can conser-
atively be estimated to have at least three independent de-
rees of freedom—amplitude, time-to-peak/onset �first tempo-
al moment�, and temporal width �second temporal
oment�—thus providing some expectation that all param-

ters can be estimated by the modeling fitting procedure. For
urther treatment of the behavior of this model, see Ref. 28.
o estimate the confidence bounds for each of the model pa-
ameters, we performed a Markov chain Monte Carlo sam-
ling of the parameter space and estimated the 95% confi-
ence intervals for each parameter.

.4 Relationships of Model Parameters to Baseline
Physiology

any of the parameters in our model can be estimated based
n the relative timing between components of the hemody-
amic response. For example, the temporal lag between the
ime courses of oxy- and deoxyhemoglobin is sensitive to the
alue of the mean vascular transit. Many of the biomechanical
arameters within our model, which are estimated based on
he temporal dynamics and relative magnitudes of the evoked
ignals, can be related to the values of baseline blood flow,
olume, and CMRO2, as detailed in Refs. 21 and 28. For
nstance, the mean transit time is physiologically defined as
he ratio of baseline blood volume and flow. Likewise, the
atio of the micromolar total-hemoglobin concentration
hanges and relative blood volume changes is used in the
odel as an estimated calibration parameter equal to baseline

otal-hemoglobin concentrations. The values estimated for the
ournal of Biomedical Optics 044038-
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baseline total-hemoglobin concentration �THC� and the mean
vascular transit time ��� are sufficient to estimate the value of
baseline blood flow using the steady-state relationship,

CBF0 =
THC MWHb

HGB �tissue

1

�
. �3�

MWHb is the gram molecular weight of hemoglobin
�64.5 kDa� and �tissue is the density of brain tissue
�=1.04 g /mL30�. HGB is the hemoglobin content of blood
and is assumed to be 16 gm /dL.31

At steady state, relative CMRO2 is the product of blood
flow �from Eq. �3�� and the oxygen extraction fraction across
the vascular compartments. In the model, oxygen saturation
values in each compartment are estimated parameters, which
determine the relative magnitude and temporal dynamics of
the evoked oxy-, deoxy-, and total-hemoglobin changes rela-
tive to blood flow. Thus, baseline CMRO2 is calculated di-
rectly from the baseline blood flow and oxygen extraction
�OE; OE=sinO2−soutO2�,

CMRO2�0 = Hn HGB CBF0 OE0, �4�

where Hn defines the oxygen carrying capacity of blood �Hn
=1.39 mL O2 /gm Hb31�. Although the estimate of CMRO2,
blood flow, and volume in the conventional units
mL /100 g � /min� requires the use of an estimate for the he-
moglobin content of the blood, which may vary between ani-
mals, this factor cancels in the calculation of the fractional
difference between the normal and hypercapnic states, allow-
ing a direct comparison with measurements.

4 Results
Under both normal and hypercapnic conditions, we observed
that the whisker deflection stimulation evoked increases in
blood flow and volume and a decrease in the oxygen extrac-
tion fraction �decrease in deoxyhemoglobin and increase in
oxyhemoglobin� typical of a “positive BOLD” response. As
shown in Fig. 2 for the group average of the seven rats, the
experimental results confirmed a trend between the amplitude
of the whisker deflection and the magnitude of the experimen-
tally measured evoked blood flow, hemoglobin, and electro-
physiological signals. This linear trend was observed under
both normal and hypercapnic conditions. A further compari-
son of the magnitudes of the evoked responses under the nor-
mal and hypercapnic states revealed that the hypercapnic re-
sponses were statistically lower in amplitude than the normal
responses for all three hemoglobin variables; oxy-, deoxy-,
and total-hemoglobin changes based on three-way ANOVA
testing �p0.05; see Table 2 using the individual rat and
stimulus condition as the independent variables and the
normal/hypercapnia condition as the dependent variable�. In
addition, the time-to-peak of the total-, oxy-, and deoxyhemo-
dynamic responses were qualitatively observed to be earlier
during hypercapnia, although this difference was not statisti-
cally significant by this same analysis. This empirical finding
is consistent with similar observations made in previous rat
model studies,8 but is opposite from previous observations
that the BOLD signal becomes slower in the human brain.7

Furthermore, we found that the peak magnitude of both the
flow and hemoglobin responses were approximately linear
July/August 2009 � Vol. 14�4�6

: http://spiedigitallibrary.org/ss/TermsOfUse.aspx



w
m
f
r
d
r
0
r

b
s
0
s

t
fi
o
T
s
2

F
w
�
s
i
d
i
t
o

Huppert et al.: Sensitivity of neural-hemodynamic coupling to alterations in cerebral blood flow…

J

Downloaded Fro
ith the amplitude of the stimulus deflection under both nor-
al and hypercapnic conditions. We used a two degree of

reedom linear model �slope and intercept� to describe this
elationship. The linear goodness-of-fit �R2� statistic between
eflection magnitude and the experimentally measured peak
esponse were determined to be 0.96*, 0.97*, 0.93*, and
.97* for the flow, and oxy-, deoxy-, and total-hemoglobin
esponse under normocapnia respectively � * indicates p

0.05�. The hypercapnic responses were generally less ro-
ust than the normocapnia responses, and the goodness-of-fit
tatistics for the linear model were 0.97**, 0.45*, 0.50*, and
.43 for the flow, and oxy-, deoxy-, and total-hemoglobin re-
ponse under hypercapnia, respectively.

In comparison to the evoked hemodynamic signals, no sta-
istical differences in the average magnitudes of evoked local
eld potentials �� LFPs� or multiunit activity �� MUA� was
bserved between the normal and hypercapnic conditions �see
able 2�. However, we did observe that the peak LFP re-
ponse was significantly elevated under hypercapnia �see Fig.
�c� and Table 2�. We found that, like the hemodynamic vari-

ig. 2 Evoked hemodynamic and neuronal response. Columns �a� an
hisker stimulation �conditions 3, 6, and 9� under normal and hyperca

change� from baseline. Symbols are used to indicate condition 3 ���
timulus train are shown in rows 2 and 3. The response to stimulus co
ndicated by the neighboring text. The MUA and LFP responses are sh
eflection �averaged over train of responses�. Column �c� shows the
ndicate the hypercapnic data. The magnitudes of the LFP responses h
he standard deviation across the seven animals. The horizontal line
nly.�
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m: http://biomedicaloptics.spiedigitallibrary.org/ on 01/25/2016 Terms of Use
ables, the magnitudes of the LFP and MUA responses in-
creased with stimulus condition. Both the peak and mean LFP
responses followed an approximately linear relation to the
stimulus condition under both normal and hypercapnia �for
the peak response, R2=0.85* for normocapnia and R2

=0.88* for hypercapnia; for the mean LFP response, R2

=0.23 for normocapnia and R2=0.55* for hypercapnia; *

indicates p0.05�. To further examine if this relationship
was better described by a linear or nonlinear model, we also
tested a nonlinear relationship between whisker deflection and
response amplitudes �f�x�=a ·xb with two model degrees of
freedom�. We found that only the peak LFP response could be
statistically �p0.05� better approximated with the nonlinear
model in comparison to the linear model using a paired T-test
of the Z-transformed R values �adjusted for degrees of free-
dom�. In contrast to the LFP results, MUA and hemodynamic
responses were not significantly improved by the nonlinear
model and could be sufficiently modeled by the linear model.
Note that this result indicates that any potential nonlinearity

ow the evoked hemodynamic changes, MUA, and LFP responses to
onditions. These responses show the 	CBF, 	HbO, 	HbR, and 	HbT
, and 9 ��� responses. The average MUA and LFP responses over the
s 3, 6, and 9 are shown in blue, green, and red, respectively, and are

r the entire 2-sec stimulus train �inset figures� and response to a single
esponse amplitudes for the nine stimulus conditions. Open symbols
en inverted for better visualization in column �c�. Error bars indicate
and �b� indicate the heights of the normal responses. �Color online
d �b� sh
pnic c
, 6 ���
ndition
own fo
peak r
ave be

s in �a�
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as not pronounced enough to significantly justify the higher
rder model, but that we cannot rule out the possibility of a
onlinear relationship by this analysis.

.1 Vascular and Metabolic Responses
nce we had examined the correlations between the measured
eural and hemodynamic signals, our multicompartment vas-
ular model was used to further investigate the underlying
eurovascular and neurometabolic changes by fitting the para-
etric hemodynamic and flow responses measured during

ormal and hypercapnic levels of cerebral perfusion �see Fig.
�. Our vascular model was simultaneously fit to the multimo-
al measurements �oxy/deoxyhemoglobin and blood flow�
rom all nine stimulus conditions �27 total time courses each
haracterized by at least two timing �e.g., peak and width� and
ne magnitude degree of freedom�. The model was applied
ndependently to the normal and hypercapnic states. By fitting
he model to this data, we were provided with an estimate of
he nine levels of evoked CMRO2 and arterial resistance
hanges, as well as estimates of the biomechanical and
aseline-related parameters for the normal and hypercapnic
tates. These results are shown in Table 3 for the group-
veraged dataset. Since we considered the normal and hyper-
apnic responses independently, no restrictions are explicitly
mposed about the relationships of parameters from the nor-

able 2 ANOVA comparisons of normal and hypercapnic response
rofiles. This table shows the probability of the null hypothesis testing

or differences between normocapnia and hypercapnia in the re-
ponse amplitudes of the hemodynamic and electrophysiological re-
ponses. The first two columns correspond to analysis performed on
he raw measured signals. The latter columns refer to analysis of the
mplitudes of the modeled responses, i.e., the fitted values of the
emoglobin responses. In the three-way ANOVA test, the response
mplitude was the dependent variable, and the gas condition �df=1�,
timulus condition �df=8�, and animal �df=6� were the independent
egressors. The two-way ANOVA test uses the group average and col-
apses across per individual animal degree of freedom. Note that the
robability value can either increase or decrease between the three-

o two-way ANOVA, depending on the contributions of inter- versus
ntrasubject variability. The values for the peak and � MUA �� LFP�
esponses refer to the maximum response amplitude for each response
nd the integrated area under the response curve, respectively.

Individual animals
three-way ANOVA

Group result
two-way ANOVA

	HbO2 0.006 0.012

	HbR 0.012 0.029

	HbT 0.005 0.001

rCBF 0.233 0.001

rCMRO2 0.984 0.717

MUA �peak� 0.271 0.289

� MUA 0.103 0.226

LFP �peak� 0.001 0.007

� LFP 0.363 0.077
ournal of Biomedical Optics 044038-
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mal and hypercapnic estimates, for example, baseline flow
was not necessarily assumed to be higher in the hypercapnic
state. This provided a further physiological check on results of
our model.

In Fig. 4, we show the timecourses of the estimated
changes in arterial diameter and relative CMRO2 changes. We
note that the magnitudes of both of these states increased with
stimulus condition, as did the hemodynamic measurements
from which they were derived. In Fig. 4�b�, we show the
magnitude of peak response of the relative CMRO2 changes
estimated from the model for the normal and hypercapnic
conditions. No statistical differences were noted for the mag-
nitude of the relative CMRO2 response under normal and
hypercapnic conditions �see Table 2�.

We found that the mean vascular transit time was slightly
decreased under hypercapnia from 0.63 to 0.57 sec, although
this difference was not statistically significant for the given
level of uncertainty in the measurements. This is in agreement
with the experimental observations that hypercapnic increases
in flow are larger than volume changes. We also found that
estimate of baseline total hemoglobin concentration also in-
creased from 103 to 108 �M, and that the oxygen saturation
levels of the three vascular compartments also increased
�Table 4�. Based on the values of the estimated model param-
eters and baseline physiology, we are able to determine the
magnitudes of absolute blood flow and CMRO2 changes. The
parametric changes in absolute CMRO2 and blood flow are
shown in Fig. 4. We found no statistical differences in the
parametric responses in absolute CMRO2 changes between
normal and hypercapnic states �p�0.3�, see Table 2�.

We found no significant difference in the magnitude of the
absolute flow changes under normal and hypercapnic condi-
tions �Fig. 3�b��, while there was a significant difference in
the magnitude of the relative flow changes �Table 2�. This is
consistent with the results and discussions presented in Ref.
17. To further probe this, we examined the neurometabolic
and neurovascular coupling relationship by correlating the
values of the evoked CMRO2 and blood flow signals pre-
dicted by our model with the magnitudes of the stimulus and
experimentally measured neural signals. For this, we exam-
ined both the evoked relative and absolute changes in
CMRO2 and blood flow changes �see Sec. 4.2�. Similar to the
hemodynamic measurements, we found that both flow and
CMRO2 changes were approximately linear with the stimulus
deflection amplitude. We noted that the goodness of fit for the
linear model was R2=0.91* �normal� and 0.70* �hypercapnia�
for the CMRO2, and R2=0.96* �normal� and 0.97* �hyper-
capnia� for the flow changes � * indicates p0.05�.

We further examined the ratio of the evoked flow and con-
sumption changes. We found that both the relative and abso-
lute valued flow-consumption relationships could be fit using
a linear model, which implies that the flow-consumption ratio
did not significantly vary over the nine stimulus conditions
within each gas state �normal or hypercapnia�. The goodness-
of-fit statistics for these linear fits were R2=0.72* �normal�
and 0.56* �hypercapnia� for the ratio of relative changes, and
R2=0.88* �normal� and 0.77* �hypercania� for the ratio of
absolute changes � * indicates p0.05�. However, because
the evoked relative blood flow response was statistically
lower under hypercapnia but the oxygen consumption change
July/August 2009 � Vol. 14�4�8
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as not, the ratio of relative flow-to-consumption changes
as also lower for the hypercapnic relationship �p=0.03�.
he statistical significance of this difference was tested

hrough a two-way ANOVA analysis using the quotient of
ow and consumption changes as the dependent variable, and
O2 level and stimulus condition as the two independent vari-

ig. 3 Model fits of evoked hemodynamic changes. This figure shows t
tdErr� under normal and hypercapnic conditions for stimulus conditio
oints. Relative blood flow, oxyhemoglobin, deoxyhemoglobin, and t

ively. The R-squared �goodness of fit� for the modeling of the full mu

able 3 Estimated vascular parameters. The vascular model param-
ters related to the biomechanical and baseline properties of the vas-
ular network were estimated from the nonlinear fit of the model to
he experimental data. This table shows the values of the model pa-
ameters from the fit of the group-averaged responses from the seven
nimals.

Model parameter Normal Hypercapnia

Rao % 79±4 79±2

Beta ��� �AU� 1.5±0.7 2.0±0.1

Tau ��� seconds 0.60±0.55 0.57±0.19

Tau-pial seconds 0.96±0.11 1.07±0.07

SaO2 % 93.8±0.6 97.4±0.1

ScO2 % 69.4±4.3 72.8±1.0

SvO2 % 61.6±5.7 65±1.3
ournal of Biomedical Optics 044038-
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ables. The flow-to-consumption ratio was not significantly
different across stimulus conditions �p�0.3�, which is con-
sistent with the previous statement of linearity. This result
implies that although flow and consumption changes were
correlated across the stimulus conditions, there was an intrin-
sically different gain between normal and hypercapnic condi-
tions. The ratio of the relative flow change to relative con-
sumption change was 2.5:1 and 2.0:1 for the normal and
hypercapnia responses, respectively. In comparison to the
relative flow-to-consumption ratio, the ratio of absolute flow
and absolute consumption was not statistically different be-
tween the normal and hypercapnic conditions �p�0.4, two-
way ANOVA as previously described�. These ratios were es-
timated to be 27:1 and 31:1 mL /100 g /min per mL
O2 /100 g /min for the normal and hypercapnic conditions.
This ratio was also not significantly different across the mul-
tiple stimulus conditions �p�0.15�. This finding suggests that
the ratio of absolute flow and absolute oxygen consumption is
more robust to changes induced by hypercapnia. Note that this
ratio of absolute changes is equivalent to normalization of
both the normal and hypercapnic evoked responses to a com-
mon baseline state, whereas the report of relative flow and
consumption changes is equivalent to independent normaliza-
tion to the respective normal and hypercapnia level of base-
line values. Unfortunately, the latter renormalization is a more
realistic expectation for most experimental human neuroimag-
ing studies, since we generally do not know the level of base-

p-averaged hemodynamic responses �dotted lines; error bars indicate
, and 9. The solid lines show the best fit of the model using these data
moglobin changes are shown in black, red, blue, and green, respec-
al data is given above each plot. �Color online only.�
he grou
ns 3,6
otal-he
ltimod
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able 4 Recovered baseline properties and measured hypercapnic changes. Values for the estimated model parameters were used to calculate the
alues for baseline total hemoglobin �THC�, volume �CBV�, flow �CBF�, cerebral oxygen delivery �DO2�, oxygen extraction fraction �OEF�, and
MRO2 as described in the text. The percent difference between normal and hypercapnic states is also shown as the change from the normal state.
or comparison, the hemodynamic changes measured during the hypercapnic transition are also shown �as described in the text�. For calculations
ased on the measured changes, the superscript a indicates the assumption of a baseline total hemoglobin of 100 �M, and b indicates the
ssumption of a baseline oxygen extraction fraction of 37% �as described in text�. * indicates significant differences �p0.05�.

Results of model analysis
Measured change
percent differenceNormal Hypercapnia Difference

THC �M 103±3 108±2 4.5% * 3.2±0.2% * a

CBV ml/100 g 2.5±0.1 2.6±0.1 4.5% * —

CBF ml/g/min 0.9±0.2 1.1±0.1 17.4% 9.0±1.8% *

DO2 ml O2/100 g/min 20.5±4.9 24.1±2.4 17.4% —

OEF % 37.2±2.0 34.0±0.4 −8.6% * −5.6±1.9% *a,b

CMRO2 ml O2/100 g/min 7.7±2.2 8.3±0.9 8.0% 2.0±4.0% *a,b

MUA power — — — 1.1±1.5%
ig. 4 Model estimates of arterial diameter and CMRO2 changes. In column �a�, the temporal dynamics of the evoked CMRO2 �top row� and
rterial diameter changes estimated by the model are plotted for the nine stimulus conditions �hypercapnic time courses are indicated with an
sterisk�. Column �b� shows the peak magnitude of CMRO2 and CBF changes versus stimulus condition. The left-side axis �red lines� shows the
elative CBF and CMRO2 changes, whereas the right-side axis �black lines� shows the absolute changes. Column �c� shows parametric plots of the
BF versus CMRO2 changes for comparison of the flow-consumption ratio. �Color online only.�
ournal of Biomedical Optics July/August 2009 � Vol. 14�4�044038-10
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ine physiology and therefore cannot correct for baseline
hanges across longitudinal sessions.

.2 Baseline Physiology
sing our model-based approach to examine the relative tem-
oral properties of multimodal measurements, the estimated
odel parameters, in particular the baseline concentration of

otal hemoglobin, mean vascular transit time, and oxygen
aturation levels can be related to estimates of baseline vas-
ular and metabolic physiology as detailed in Refs. 21 and 28.
aseline total hemoglobin, which estimated the calibration

actor between the normalized �fractional� changes estimated
rom the model on the basis of relative changes in blood flow
nd the relative magnitudes of the oxy- and deoxyhemoglobin
hanges, can be related to the value of baseline cerebral blood
olume for a given value of the hemoglobin content of the
lood �see Sec. 2�. These baseline values were also used to
enormalize the relative evoked signals to provide estimates
f the absolute units of CMRO2 and flow changes. The value
f normal and hypercapnic levels of blood flow and volume
llows the calculation of the changes evoked during the hy-
ercapnic swing. Because these estimates are obtained from
he dynamics of the evoked responses at each gas level, and

akes no use of the data measured during the swing period,
hese estimates allow the model to be cross-validated by com-
aring these estimated values to the direct measurement of
hese changes.

In Table 4, we present the model estimated and experimen-
ally measured changes in blood flow, volume, and CMRO2
etween normal and hypercapnia states. We found that cere-
ral blood volume increased from 2.5 to 2.6 ml /100 g, rep-
esenting a 4.5�3.2% increase �95% confidence bounds�,
hich was comparable with the 3.2% experimentally mea-

ured increase in total hemoglobin content during the hyper-
apnia transition. The model-estimated blood flow increase
uring the hypercapnic transition was 17%. This was almost
our-fold larger than the volume change. These flow and vol-
me changes follow the previously proposed steady-state
ow-volume relationship �rCBV= �rCBF�1/��+�� Grubb
elationship32� with an exponent of 1 / ��+��=0.27. The mea-
ured blood flow change �9.0�1.8% � was lower than the
odel estimated value, but within the range of the error

ounds of the estimates. Using the measured values of flow
nd volume changes during the transition as given in Table 4,
/ ��+��=0.36�0.1.

The optical measurements of oxy- and deoxyhemoglobin
hanges during the hypercapnic transition can also be used to
stimate change in the relative oxygen extraction fraction and
elative CMRO2 in combination with the blood flow measure-
ents. From both the direct measurements and the model-

ased analysis, we estimated that the oxygen extraction frac-
ion decreased in the transition from normal to hypercapnia
see Table 4�. In both of the model analysis and direct experi-
ental measurements, this decrease was less than the frac-

ional flow increase, which implies that CMRO2 increased
ver this period. In both the model and direct measurement
ssessments, the elevation of CMRO2 was observed but was
ot statistically significant. In addition, the measured root-
ean-squared fluctuations �spectral power� of the MUA sig-
ournal of Biomedical Optics 044038-1
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nal increased by approximately 1.1% under hypercapnia, but
this was also not significant.

4.3 Neuro-Metabolic-Vascular Coupling
In comparison to the majority of previous studies that have
been restricted to relative changes, the model-based assess-
ment of both relative and absolute changes in oxygen metabo-
lism, flow, and hemodynamic variables allows us to further
investigate the relationships between evoked neuronal and he-
modynamic changes. First, we note that in the case of the
measured oxy- and deoxyhemoglobin responses, the normal
and hypercapnic responses were significantly different from
one another, although in both cases the response magnitudes
were approximately linear with respect to the stimulus condi-
tion. In contrast, both MUA and LFP responses were fairly
nonlinear with respect to the stimulus condition. More nota-
bly, however, there were no significant differences between
the responses under normal and hypercapnic states for either
evoked or baseline MUA. Thus, although a similar linear re-
lationship was observed between oxy- and deoxyhemoglobin
and the electrophysiological signals, the coupling constant
was different for the normal compared to the hypercapnic
responses �Fig. 5�. The normal and hypercapnic relationship
between the peak LPF response and oxy- and deoxyhemoglo-
bin was significantly different using a two-way ANOVA test
�p0.01 and p0.02 for HbO2 and HbR, respectively; see
Table 5�. Furthermore, the linear coupling between the hemo-
globin changes and the peak MUA responses were also sig-
nificantly different between the normal and hypercapnic con-
ditions �p0.001 and p0.002 for HbO2 and HbR,
respectively�.

In contrast to the measured hemoglobin responses, which
were significantly different between normal and hypercapnic
conditions, the absolute flow change was unaltered by the
hypercapnia �Table 2�. In comparison, the relative blood flow
responses �with the hypercapnic response renormalized to the
elevated baseline� were significantly lower in the hypercapnia
condition �Table 2�. This suggests an additive model of the
flow response to neuronal changes. We examined the coupling
between these flow responses and the electrophysiological
measurements and found significant differences in the cou-
pling of relative versus absolute flow �Fig. 4�. Although we
observed that the relationships were qualitatively similar in all
four combinations, we found that the coupling between rela-
tive flow and the integrated LFP responses was shifted be-
tween the normal and hypercapnic responses �Table 5�. In
comparison, the integrated LFP response and absolute flow
coupling were not significantly altered under hypercapnia �p
�0.2, two-way ANOVA�. Similarly, we found that coupling
between relative flow changes and integrated MUA to be dif-
ferent under normal versus hypercapnia �p0.007�. The
MUA to absolute flow relationship was similar between these
two conditions �p0.5�. We found that the coupling between
LFP or MUA and flow was well approximated with a linear
model �R2=0.83 and 0.86 for LFP and MUA coupling under
normal conditions, and R2=0.94 and 0.94 respectively under
hypercapnic conditions�. The previously introduced nonlinear
model �a ·x / �b ·x�c� provided a slightly better fit than the lin-
ear model, but these differences were nonsignificant after ad-
justing for the additional degree of freedom �paired T-test on
July/August 2009 � Vol. 14�4�1
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he Z-transformed R values�.Finally, we examined the cou-
ling between neuronal activity and oxygen metabolism
CMRO2�. There were no significant differences between the
ormal and hypercapnic metabolic responses �Table 5�. Thus,
he coupling between the LFP �or MUA� measurements and
elative CMRO2 and absolute CMRO2 were similar and not
ignificantly different. We found a significant linear relation-
hip between LFP or MUA and relative CMRO2 changes
R2=0.93 and 0.84 for LFP and MUA coupling under normal
onditions, and R2=0.94 and 0.90 respectively under hyper-
apnic conditions�. The coupling between the LFP and MUA
esponses and CMRO2 were slightly better approximated
ith the nonlinear relationship than a simple linear relation-

hip, but this improvement was not significant given the ad-
itional degree of freedom in the nonlinear model.

Finally, we compared the linear models of neurovascular
nd neurometabolic coupling to examine whether the inter-
epts of these relationships were significantly nonzero. We
ound that the flow-MUA and flow-LFP linear relationship
ad a significantly nonzero intercept, which would indicate
hat at small changes in neural activity, flow changes were not
voked, and indicates a minimum activation energy for the
ow response. We note, however, that we cannot differentiate
etween a linear model with a nonzero intercept �piecewise
inear model� and our nonlinear model that contains the zero-
ero crossing. However, both of these models are significantly
etter than the slope-only �simple linear� model based on the

ig. 5 Neuro-metabolic-vascular coupling. In this figure, we show the
logical measurements. In each panel, the relative change �flow or CM
MRO2 �determined by renormalization to the baseline estimate as de

esponses are indicated with open symbols. ANOVA analysis of the d
. �Color online only.�
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fit to the data and degrees of freedom of the model �T-test of
Z-transformed model fit metric; adjusted R-squared�. In con-
trast to the neurovascular coupling, the intercept of the
CMRO2 and MUA or LFP responses was not significantly
different from zero, which indicates that there was no signifi-
cant minimum electrical threshold required to evoke a
CMRO2 change.

5 Discussion
Cerebral hemodynamic responses are the net result of a com-
plex interplay of neurovascular and neurometabolic coupling.
In part, the interpretation of measurements of blood oxygen-
ation changes, such as the BOLD signal, is ambiguous be-
cause of the inability to separate the roles of metabolism and
flow-inducing signals. This interpretation is additionally com-
plicated by possible variability in the biomechanical proper-
ties of the vascular network. Mechanical properties of the
vascular network, such as the mean vascular transit time, de-
pend on the underlying vascular physiology. There is increas-
ing evidence that variations in baseline cerebral blood flow,
volume, or oxygen saturation can alter the magnitude and
temporal characteristics of evoked blood oxygenation changes
by changing these biomechanical properties.7–10,17 In light of
this observation, it is unclear the degree to which intersubject,
interspecies, or spatial variability in such baseline physiology
may affect the relationship between neuronal electrophysiol-

nships between flow and metabolism changes and the electrophysi-
is given on the left-side axis �red line�. Absolute changes in flow and
in the text� are given by the right-side axis �black line�. Hypercapnic
es between the normal and hypercapnic coupling is shown in Table
relatio
RO2�

scribed
ifferenc
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gy and blood oxygenation changes. Thus, to generalize the
elationships between the neural, metabolic, vascular, and he-
odynamic responses, it is necessary to account for the influ-

nces of variability in baseline physiology and vascular struc-
ure and biomechanics. The purpose of this work was to
xplore which of these variables change during hypercapnia,
nd furthermore, if these effects can be predicted from the
aseline physiology using a vascular model.

In this work, we made several observations based on both
ur experimental results and the interpretation of the data us-
ng our vascular model-based approach. First, we experimen-
ally confirmed previous observations that hypercapnia alters
he amplitude and timing of blood oxygenation responses to a
pecific stimuli. Specifically, this was demonstrated with a
arametric whisker deflection stimulation in rats. Second, we
xperimentally showed that under both normal and hypercap-
ia conditions, an approximately linear relationship was ob-
erved between underlying neural activity and blood flow,
olume, oxy-, and deoxyhemoglobin changes. Using the
odel-based estimates, we found that oxygen metabolism

hanges were also linear with neural activity. We did not de-
ect a difference between MUA and LFP. While this is in
greement with previous reports of linearity between neural
nd blood oxygenation changes �e.g., Ref. 16�, we note that
his may be explained by a first-order approximation of a

ore complex relationship, given the relatively small range of
timulus perturbations. Notably, however, the linear relation-

able 5 ANOVA analysis of neurovascular coupling. This table show
or a three-way ANOVA test for the differences between the normal an
f the amplitude of hemodynamic parameter �rows in table� and M
timulus condition �df=8� and CO2 level �df=1� were the independe

LFP response �peak�

Relative response Absolute resp

	CBF 0.001 Yes 0.032

	CMRO2 0.659 No 0.251

	Arterial
Diameter 0.001 Yes 0.001

	HbO2 0.002 Yes 0.010

	HbR 0.020 Yes 0.018

	HbT 0.004 Yes 0.009

MUA response �peak�

	CBF 0.004 Yes 0.105

	CMRO2 0.640 No 0.111

	Arterial
Diameter 0.001 Yes 0.001

	HbO2 0.001 Yes 0.001

	HbR 0.002 Yes 0.002

	HbT 0.001 Yes 0.003
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ship between neural activity and oxy/deoxyhemoglobin �e.g.,
the slope of the line� changed when baseline physiology was
perturbed. Conceptually, this can be explained by noting that
since blood oxygenation changes are largely the result of
washout effects, when baseline blood oxygen saturation �oxy-
gen extraction fraction� is increased �decreased� due to base-
line flow increases, then a similar blood flow change will
produce a smaller evoked change in blood oxygenation �e.g.,
less washout effect since there was a smaller fraction of de-
oxyhemoglobin to start with�. Related to this, our third con-
clusion was that our model could predict the effect of hyper-
capnia on the basis of how the model parameters, including
baseline oxygen saturation, differed between normal and hy-
percapnic states. We found that the model parameters esti-
mated from the separate normal and hypercapnia set of re-
sponses were consistent with the changes in blood flow
measured during the hypercapnia transition. When we ac-
counted for these baseline changes, we found that the blood
flow and oxygen metabolism changes were additive to the
effect of the hypercapnia. The absolute changes in blood flow
and CMRO2 �e.g., mL /100 g /min�, rather than the normal-
ized �percent� changes, were most closely coupled to the neu-
ral activity across the normal and hypercapnic conditions.
This conclusion supports the earlier similar experimental find-
ings by Sicard and Duong.17 Finally, when we looked at the
linear relationship between neural activity, flow, and CMRO ,

robability and result �as significant, yes or no� of the null hypothesis
rcapnic neurovascular coupling �plots shown in Fig. 5�. The quotient

LFP value �quadrants of table� was the dependent variable, and the
bles.

�LEP response �area�

Relative response Absolute response

0.001 Yes 0.248 No

0.451 No 0.062 No

0.002 Yes 0.002 Yes

0.016 Yes 0.076 No

0.145 No 0.102 No

0.030 Yes 0.064 No

�MUA response �area�

0.007 Yes 0.527 No

0.333 No 0.036 Yes

0.004 Yes 0.004 Yes

0.014 Yes 0.088 No

0.178 No 0.087 No

0.033 Yes 0.077 No
s the p
d hype

UA or
nt varia

onse

Yes

No

Yes

Yes

Yes

Yes

No

No

Yes
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e found that intercept of the neurovascular relationship was
tatistically nonzero, whereas the intercept was zero for the
eurometabolic relationship. This suggested that a minimum
lectrical threshold is required to evoke a flow change, but
hat CMRO2 is directly proportional to neural activity without
minimum activation level.

.1 Dependence of Hemodynamic Changes on
Baseline Physiology

ur vascular model allows us to account for the effects of
hanges in the vascular biomechanical properties and to esti-
ate these properties based on the relations between multi-
odal data. Our analysis showed that while the magnitude of

he evoked hemodynamic response was approximately linear
ith respect to small perturbations in neural activity under
oth normal and hypercapnic conditions, this coupling was
ontext specific and different between normal and hyperemic
tates. These alterations in the evoked response were consis-
ent with our model’s prediction of the biomechanical effects
xpected from the changes in baseline flow, volume, and oxy-
en saturation, which resulted from the hypercapnic challenge
nd is consistent with the recent findings by in Ref. 33.

We found that the hemodynamic measurements of oxy-
nd deoxyhemoglobin were most sensitive to the hypercapnic
erturbation and significantly differed between these two
tates. Our hemodynamic measurements showed that under
ypercapnia, the evoked hemodynamic signals were dimin-
shed in amplitude and there was a trend toward an earlier
ime-to-peak of the response, although this trend was nonsig-
ificant. The reduction in the time-to-peak of the rat whisker
arrel response is consistent with the figures of oxy-, deoxy-,
nd total-hemoglobin shown in Ref. 8. This finding, although
onsistent with the prior expectation that the vascular transit
ime would decrease under hypercapnia since the increase in
lood flow should be several fold larger than the blood vol-
me change �e.g., Ref. 32�, is in contrast to observations of
atency in the BOLD signal.7,10 This discrepancy might be
xplained by differences in the effective contributions of the
ascular compartments to these different measurements,
hich depend on both anatomical differences in the fractions
f artery and veins and on the differential measurement sen-
itivity of the optical and MRI techniques. This is an issue
hat should be examined in further studies.

In comparison to the hemodynamic responses, most of the
lectrophysiological measurements were not significantly al-
ered under hypercapnia, except for the magnitude of the peak
FP, which increased under hypercapnia. This behavior of
FP is consistent with previously observed high sensitivity of

nhibitory interneurons to physiological challenges such as
ypoxia and stroke, probably due to their high baseline firing
ate and high metabolism. Inhibitory interneurons are rela-
ively rare �20% of cortical neurons�, and therefore do not
ontribute significantly to MUA. However, their partial si-
encing due to hypercapnic challenge could enhance the syn-
ptic response reflected by LFP. As a result, the neurohemo-
ynamic coupling relationship was significantly different
etween normal and hypercapnic states. The increase in peak
FP, along with the decrease in the hemodynamic parameters,
auses a greater emphasis of this difference. Larger changes in
euronal levels in response to hypercapnia have been ob-
ournal of Biomedical Optics 044038-1
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served in awake rats 34,35 and it may be possible that the
unaltered neuronal levels in our experiment are related to the
anesthetic. These results imply that the direct magnitude of
the hemodynamic changes is not an absolute predictor of this
neuronal activity, since it can be altered according to the base-
line state. However, for small perturbations, the comparison
of the hemodynamic response to parametric stimulus condi-
tions may be less sensitive to this effect.

We found that the magnitude of the CMRO2 change was a
better predictor of the electrophysiological activity, since it
was relatively unchanged under hypercapnia. We determined
that baseline CMRO2 was slightly elevated under hypercap-
nia, but that this was not a significant change in either the
model or the direct measurements. Thus, the comparison of
proportional versus absolute CMRO2 changes yielded similar
findings. Note that the slight elevation of baseline CMRO2
would be expected of a diffusion-limited oxygen transport
model, and may reflect a transient increase in the oxygen
content of the surrounding tissue rather than a true increase in
metabolism.

5.2 Neurovascular-Metabolic Coupling
Due to the baseline dependence of evoked hemodynamic
changes, the generality of coupling between neuronal and he-
modynamic changes �i.e., the BOLD signal� may vary accord-
ing to baseline physiology.8,17 This implies that while ex-
amples of local linearity between neuronal activity and the
BOLD signal may exist for small perturbations �e.g., Ref. 16
and this study�, this coupling constant may vary according to
baseline physiology and will, in general, be nonlinear over a
larger range of perturbations. Adding to this, the value of
baseline cerebral blood flow varies considerably between
brain regions,36 which may affect the comparison of neural
and blood oxygenation coupling between activation regions.
In part, this idea has been demonstrated by Chiarelli and co-
workers et al.37 in their recent comparison of studies using
hypercapnia to calibrate the relationship between deoxyhemo-
globin washout �BOLD� and blood flow changes �e.g., Ref.
38�. Chiarelli et al. found that the BOLD-flow calibration fac-
tor �denoted M in many studies; e.g., Ref. 39� varied between
brain regions, and hypothesized that this reflected underlying
variations in vascular architecture and physiology. This result
was intuitively expected, since the magnitude of washout of
deoxyhemoglobin for a given change in blood flow will de-
pend on the baseline value of blood oxygen saturation and
venous volume fraction in that brain region.

Considering the potential baseline and biomechanical in-
fluences on the magnitude and temporal dynamics of evoked
hemodynamic signals, in this work we examined the relation-
ships between MUA and LFP measures of neuronal activity
and the evoked hemodynamic and metabolic responses. Our
analysis of evoked blood flow changes suggested that the
magnitude of relative flow changes �i.e., renormalized to the
normal or hypercapnic baseline value� were significantly de-
creased under hypercapnia. However, the absolute flow
changes �both evoked changes normalized to the same prehy-
percapnia baseline value� were not significantly different.
This result supports the surprising finding that functionally
evoked flow changes are additive rather than proportional.
This result is consistent with the earlier findings by Sicard and
July/August 2009 � Vol. 14�4�4
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uong,17 who reported that evoked absolute flow changes
ere similar under multiple levels of hypercapnia and hy-
oxia, but that the renormalized relative flow changes were
ignificantly different. We have additionally shown that the
voked electrophysiological signals were also conserved
cross hypercapnia, and thus absolute flow changes are a bet-
er predictor of electrophysiology than relative flow. As a con-
equence of the differences in the relative flow changes be-
ween normal and hypercapnia, we found that the relative
ow-to-consumption ratio was decreased under hypercapnia,
ut that the absolute flow-to-consumption ratio was not.

Although the LFP responses were significantly nonlinear
ith the stimulus condition, while the hemodynamic measures
ere linear, we did not statistically confirm that a nonlinear
odel was more significant than a linear model. We were

nable to show that the linear coupling model was not suffi-
ient. That is, that the improvements of the fit of the nonlinear
odel �i.e., Ref. 12� justified the additional degree of free-

om. Note, however, that this result depends on whether the
inear model contains only the slope or the slope and intercept
egrees of freedom. For the neurovascular coupling, both the
onlinear model and the slope/intercept linear model provided
better fit than the slope-only model. In the linear model, the

ntercept of the flow verses LFP or MUA amplitudes was
ignificantly nonzero for both the normal and hypercapnia
onditions �p0.05, T-test for significance in the regression
ariable�. All neurovascular comparisons were significant ex-
ept for those between �LFP and flow under normocapnia
nly. This suggests that either there is nonlinear neurovascular
r neurometabolic coupling or that that a minimum threshold
lectrophysiological change is needed to evoke a vascular
hange. However, because of the similarity of the goodness-
f-fit statistics in these models, we cannot determine whether
he nonlinear or the linear �slope/intercept� model is better
han the other.

Based on our results, we hypothesized that there was no
ignificant minimum electrical threshold required to evoke a
MRO2 change, but a minimum level of neural activity ap-
eared to be required to evoke a flow change. This result
uggests that CMRO2 is closely related to the underlying
verall neuronal activity, whereas the induction of a flow
hange is an active process triggered by reaching a minimum
euronal or biochemical signal. This also suggests that neu-
ometabolic and neurovascular coupling are distinct pathways
n contrast to a model of diffusion-limited oxygen transport to
he tissue.

The results of this work suggest that the coupling between
eural activity, blood flow, and CMRO2 is an intrinsic prop-
rty of the brain and does not change due to mild changes in
aseline physiology. Although much of the underlying pro-
esses remain unknown, we can appreciate that interactions
etween neurons and blood vessels occur at a biochemical
evel. While the mechanical response of the vascular system
epends on baseline flow, volume, and oxygen extraction and
his gives rise to the changes in evoked optical and fMRI
ignals, the underlying biochemistry of the neurovascular in-
eraction driving these changes appears to be more robust to
aseline effects. Likewise, one would hypothesize that factors
hat affect this biochemistry such as disease, age, genetics,
tc. might manifest as changes in neurovascular and/or neu-
ournal of Biomedical Optics 044038-1
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rometabolic coupling. It is probable that this coupling also
varies depending on the task and brain region, such that the
neurovascular coupling “constant” is a value specific to a
given individual and a given stimulus type reflecting the un-
derlying biochemistry of a particular brain region. This could
explain the recent work by Leontiev and Buxton,40 where in
repeated measurements over several days in the same subject,
the flow-consumption ratio estimated by calibrated BOLD
fMRI was more reproducible than the BOLD or CMRO2 re-
sponses alone. In comparison, when they looked at the re-
sponses across different subjects, the flow-consumption ratio
was more variable than the BOLD signal. This would suggest
that neurovascular and neurometabolic coupling might be po-
tential biomarkers for longitudinal studies of changes in an
individual’s brain.

6 Conclusions
Hemodynamic-based measurements such as the BOLD signal
or optical measures of oxy- and deoxyhemoglobin are less
informative of underlying neuronal activity than metabolism
and blood flow changes, since the evoked hemodynamic sig-
nal is sensitive to variations in the baseline physiology of the
brain. We find that hypercapnia-induced hyperemia signifi-
cantly alter the neurohemodynamic coupling but the neu-
rometabolic and neurovascular couplings remain unchanged.
The dynamics and magnitudes of evoked oxygen washout
changes depend on baseline flow, volume, and oxygen me-
tabolism levels. Thus, we find that the underlying CMRO2
and flow changes are more reliable indicators of neuronal ac-
tivity compared to blood oxygenation measurements.
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