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1 | INTRODUCTION

Abstract

Neurovascular coupling mechanisms give rise to vasodilation and functional hyperemia upon neural
activation, thereby altering blood oxygenation. This blood oxygenation level dependent (BOLD)
contrast allows studies of activation patterns in the working human brain by functional MRI (fMRI).
The BOLD-weighted fMRI signal shows characteristic transients in relation to functional activation,
such as the so-called initial dip, overshoot, and post-stimulus undershoot. These transients are
modulated by other physiological stimuli and in disease, but the underlying physiological mecha-
nisms remain incompletely understood. Capillary transit time heterogeneity (CTH) has been shown
to affect oxygen extraction, and hence blood oxygenation. Here, we examine how recently
reported redistributions of capillary blood flow during functional activation would be expected to
affect BOLD signal transients. We developed a three-compartment (hemoglobin, plasma, and tis-
sue) model to predict the BOLD signal, incorporating the effects of dynamic changes in CTH. Our
model predicts that the BOLD signal represents the superposition of a positive component result-
ing from increases in cerebral blood flow (CBF), and a negative component, resulting from elevated
tissue metabolism and homogenization of capillary flows (reduced CTH). The model reproduces
salient features of BOLD signal dynamics under conditions such as hypercapnia, hyperoxia, and
caffeine intake, where both brain physiology and BOLD characteristics are altered. Neuroglial sig-
naling and metabolism could affect CBF and capillary flow patterns differently. Further studies of
neurovascular and neuro-capillary coupling mechanisms may help us relate BOLD signals to the
firing of certain neuronal populations based on their respective BOLD “fingerprints.”
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levels, or other vasoactive stimuli, owing to the different magnetic
properties of oxygenated and deoxygenated blood. Briefly, deoxyhe-

Functional magnetic resonance imaging (fMRI) is widely used to localize
neural activity in the resting and task-activated brain. Most fMRI stud-
ies are based on blood-oxygen-level dependent (BOLD) contrast, due
to its sensitivity to blood flow changes created by neuronal activity via
neurovascular coupling mechanisms. During functional activation, cere-
bral blood flow (CBF) generally increases more than oxygen metabo-
lism, which causes the oxygen extraction fraction (OEF) to decrease,
and consequently, causes the blood oxygenation to increase compared
to the resting state. The BOLD signal captures changes in blood oxy-
genation as they arise during changes in physiological state, either as a

result of changes in neuronal activity, in response to altered blood gas

moglobin (dHb) and oxyhemoglobin are characterized by different mag-
netic susceptibilities. Accordingly, the presence of dHb in the blood
causes a spatially varying magnetic susceptibility at the microscopic
scale. Such local magnetic field inhomogeneities, in turn, lead to signal
attenuation on the voxel scale via rapid dephasing of nearby spins. The
BOLD effect is therefore sensitive primarily to the dHb content within
a voxel, and hence to both blood’s dHb concentration and local blood
volume. As a result, the BOLD signal is not only sensitive to the local
changes in CBF, but also to factors that influence the dHb content,
including the OEF and the cerebral blood volume. A dynamic model of

the BOLD signal that accounts for factors which affect oxygen
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extraction efficacy could improve our understanding of brain tissue
oxygenation and its dynamical regulation when compared with experi-
mental measurements of BOLD, CBF, and cerebral blood volume.

Buxton, Wong, and Frank (1998), along with Mandeville et al.
(1999), have pioneered the development of biophysical models relating
changes in CBF and dHb content to the BOLD signal. The balloon
model (Buxton et al., 1998) ascribes the changes in blood volume solely
to changes in CBF(t) with some delay, and assumes that only the
venous compartment contributes to the BOLD signal. Although it may
seem counterintuitive, negative BOLD transients paralleled by elevated
CBF have been reported in chronic stroke patients (Blicher et al.,
2012), and in patients with steno-occlusive artery disease after vasodi-
lator challenge (Siero et al., 2015a). The balloon model has been used
to provide putative explanations for some of these puzzling experimen-
tal observations, including the negative signal observed by Siero et al.
(2015a), and for the initial dip (Hu and Yacoub, 2012; Siero et al.,
2015b) and post-stimulus undershoot, both of which are negative por-
tions of the BOLD signal. Although this model has provided insights
into the origins of these poorly understood transients, it cannot fully
explain why the BOLD signal sometimes remains negative after activa-
tion. Indeed, the relation between CBF and the blood volume in the
venous compartment (V,) has been reported to vary across different
areas in the brain, and even across different cortical depths (Tian et al.,
2010; Yacoub, Ugurbil, & Harel, 2006; Zhao, Jin, Wang, & Kim, 2007).
In some cases, a negative BOLD signal is observed although the venous
blood volume increase does not lag behind CBF, in which case the so-
called balloon effect cannot account for the phenomenon (Yacoub
et al, 2006; Zhao et al., 2007). In biophysical models such as those
developed by Buxton et al., and by Mandeville et al., realistic assump-
tions are made regarding the time course of the venous blood compart-
ment volume V.. In particular, V,, is not determined only by CBF at time
t, but also at earlier times. In contrast, for example, in Buxton et al.
(1998) and Buxton, Uludag, Dubowitz, and Liu (2004), OEF(t) is deter-
mined only by CBF and the metabolism at time t, but not at earlier
times. Accordingly, they assume that the cerebral metabolic rate of
oxygen (CMRO,), OEF, and CBF are related to each other by the rela-
tion CMRO,=0EF - Cx - CBF, where C, is the arterial oxygen concen-
tration. As discussed in greater detail below, in this equation, the term
OEF - Ca - CBF corresponds to the rate at which oxygen is extracted
from plasma to the tissue. This equation is therefore true only when
oxygen concentration in the tissue is at equilibrium, that is, only at
steady state.

Recently, we have examined the effects of capillary transit time
heterogeneity (CTH) on oxygen extraction theoretically (Angleys,
@stergaard, & Jespersen, 2015; Jespersen and @stergaard, 2012; Ras-
mussen, Jespersen, & @stergaard, 2015). CTH is a parameter that
allows the quantification of capillary blood flow heterogeneity, and is
defined as the standard deviation of the capillary transit time (Jes-
persen and @stergaard, 2012). We proposed hypotheses on the effects
of capillary dysfunction in disease that are now supported by experi-
mental work (Eskildsen et al., 2017; @stergaard et al., 2013). This work
has shown that blood flow homogenization is an effective means to
facilitate oxygen extraction. In fact, homogenization of capillary flow

patterns during hyperemia appears to be an intrinsic property of micro-
vascular networks. Accordingly, analyses of vascular anatomical net-
works show that CTH decreases in proportion with mean transit time
(MTT) as blood flow increases in passive, compliant microvascular net-
works (Rasmussen et al., 2015). Furthermore, several experimental
studies suggest that blood flow is actively redistributed at the capillary
level: on the one hand, during functional activation, it has been
reported that blood flow homogenizes beyond what would be
expected in passive, compliant networks (Gutiérrez-Jiménez et al.,
2016; Schulte, Wood, & Hudetz, 2003; Stefanovic et al., 2008), and on
the other hand, studies show less homogenization than one would
expect in such networks under conditions of hypercapnia (Gutiérrez-
Jiménez et al., 2017; Hudetz, 1997; Villringer, Them, Lindauer, Ein-
haupl, & Dirnagl, 1994), resulting in increased blood flow without sub-
stantial increase in oxygen availability. The way changes in CBF are
triggered and flow homogenization is controlled remain poorly under-
stood, and it is not clear whether it involves primarily feed-forward or
feedback mechanisms. Improved erythrocyte deformability upon oxy-
gen release is thought to represent one metabolic feedback mechanism
by which blood flow can be increased in capillaries with elevated oxy-
gen utilization (Wei et al., 2016). Other studies have identified feed-
forward mechanisms by which contractile capillary pericytes dilate in
response to glutamatergic neurotransmission and thus take part in the
regulation of blood flow (Hall et al., 2014; Peppiatt, Howarth, Mobbs,
& Attwell, 2006; Winkler, Bell, & Zlokovic, 2011). It should be noted
that only pericytes located on the capillary bifurcations and branches
closest to the feeding arteriole are contractile, while pericytes located
in the middle and venular portion of the capillary bed are seemingly
specialized to undertake blood brain barrier (BBB) function and to con-
trol the extravasation of immune cells, respectively (Attwell, Mishra,
Hall, O'farrell, & Dalkara, 2016). Meanwhile, some controversy has
emerged as to whether capillary pericytes or indeed arteriolar smooth
muscle cells (SMCs) control blood flow at the microscopic level (see
Hall et al., 2014, but also Fernandez-Klett et al., 2010; Hill et al., 2015).
This controversy partly owes to the term “precapillary arterioles” being
used to describe cells originally defined as pericytes (Attwell et al.,
2016). Importantly, capillaries have been observed to dilate 1 to 2 s
prior to upstream arterioles (Hall et al., 2014), coinciding with a homog-
enization of capillary flows (Lee, Wu, & Boas, 2015). If pericyte dilation
gave rise to an overall reduction in vascular resistance upstream, blood
flow would increase immediately (or rather, after a delay, which equals
the distance between the points where capillary and arterial diameters
were measured, divided by the speed of sound in blood), so the obser-
vation by Hall et al. (2014) and Lee et al. (2015) contradicts the notion
that local changes in capillary perfusion elicit functional hyperemia.
Rather, information about neuronal activity may be signaled via astro-
cytes to local pericytes (Mishra et al., 2016), while both pericytes (Hall
et al, 2014) and endothelial cells (Longden et al., 2017) seemingly
transmit this signal upstream. The “decoupling” of the capillary distribu-
tion of blood from upstream vascular resistance is ascribed to the cor-
puscular nature of blood and the so-called phase-separation effect
(Schmid, Reichold, Weber, & Jenny, 2015): the differential separation
of erythrocytes and plasma among downstream branches as blood
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encounters microvascular bifurcations. Here, erythrocytes tend to enter
the branch with the higher flow, increasing its hematocrit. In capillary-
sized vessels, such increases in hematocrit and linear density cause vas-
cular resistance to increase, limiting the inflow of more erythrocytes.
This so-called self-regulation effect thus tends to equate blood flows
among branches downstream of microvascular branches over time
(Schmid et al, 2015). Importantly, the phase separation and self-
regulation effects are thought to allow redistribution of plasma and
erythrocytes such that the concentration of erythrocytes, and hence
the abundance of oxygen, can increase in specific capillaries, without
affecting net blood flow. This effect may be facilitated and augmented
by the oxygenation-dependency of erythrocyte deformability (Wei
et al, 2016). Indeed, simulations in artificial microvascular networks
suggest that pericyte dilations tend to redistribute erythrocytes within
the microvascular network, rather than affect blood flow (Schmid et al.,
2015). These findings therefore suggest that capillary flow patterns,
and thereby oxygen extraction efficacy, are indeed actively regulated
by neuro-capillary coupling mechanisms—a term used to distinguish
neurovascular coupling mechanisms, which converge on arterioles to
alter CBF according to metabolic demands, from mechanisms that
affect capillary flows. Models that disentangle the effects of CTH and
CBF on the BOLD signal would hence provide an important means of
demonstrating whether neuro-capillary coupling mechanisms exist, and
how they might interact with the neurovascular coupling mechanisms
that converge on upstream arterioles (Jespersen and @stergaard,
2012).

In this study, we develop a dynamic three-compartment model to
predict OEF, the CMRO,, and the oxygen tension in the extravascular
compartment. The model is designed to take the effects of CTH on
oxygen extraction into account, while explicitly incorporating oxygen
metabolism, in order to alleviate the aforementioned simplifying
assumptions used in previous models (Buxton et al., 1998, 2004). Fol-
lowing earlier work, our model includes a venous compartment to pre-
dict the BOLD signal from the CBF and OEF time courses. Applying
our model to several physiological conditions, we examine whether the
incorporation of CTH effects better explains the transients observed in
literature reports, especially the initial dip and post-stimulus under-

shoot phenomena observed in relation to functional activation.

2 | METHODS

2.1 | Dynamic three-compartment model

Figure 1 shows the schematic overview of our approach to compute
CMRO,, the tissue oxygen partial pressure P;, and the BOLD signal,
along with the variables needed for this computation. Briefly, oxygen is
considered in three compartments: hemoglobin, plasma, and extrava-
scular tissue. The oxygen concentration C in the blood includes oxygen
bound to hemoglobin and dissolved in the blood plasma. The coopera-
tivity of oxygen binding to hemoglobin is approximated by the empiri-
cal Hill equation:

P,"

CB:B e
Ply+ Py

(1)
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where Cg is the concentration of bound oxygen, B is the maximum
amount of oxygen that can be bound to hemoglobin, P, is the oxygen
partial pressure in plasma, Psq is the oxygen partial pressure at half
hemoglobin saturation, and n is the Hill coefficient. The total content
of oxygen is C=Cg +C,, where C,, is the concentration of oxygen in the
plasma, equal to ay - P, with ay Henry's constant. The total oxygen
content is then related to the oxygen partial pressure in plasma by
C=B- L +ay - P (2)
Poo+Pp" g

The net flux of oxygen across the capillary membrane is assumed
to be proportional to the difference between plasma oxygen tension
(Pp) and tissue oxygen partial pressure (Py), with an equal forward and
reverse rate constant k. Following the approach detailed in Valabrégue,
Aubert, Burger, Bittoun, and Costalat (2003), the two equations gov-
erning the oxygen concentration in the vascular and extravascular com-
partments can be written as:

dcd(i; v =T(2—t)- (Ca—C(t;7)) —k - aa - (Hillsinv(C(t; 1)) —Pe(t; 7)) (3)
dP(tT) Ve (t)  Pu(ti)
dt an  Km+P(t;1)
+k - CBV - (Hillsinv(C (t; 1)) —Py(t; 7)) (4)

where Hillsinv is a function that relates the oxygen partial pressure in
plasma to the total oxygen content in blood, that is, the solution of
Equation 2 for P,,. In practice, Equation 2 is solved for 1000 different C
values ranging from O to 21 mL/100mL. The function that associates
P, to the different C values is then interpolated to get P, from C for
any oxygen concentration between 0 and 21 mL/100 mL. Equations 3
and 4 are solved numerically with stiff ordinary differential equations
(ODE) solvers (ODE23tb in Matlab R2016b), as no analytical solution
exists for these equations. In Equation 4, the term vmax (t) - Pe(t; 1)/
(Km+Pe(t; 1)) accounts for the metabolism, assumed to be governed
by Michaelis—-Menten kinetics (Michaelis and Menten, 1913). The
model constants and variables are described in Table 1, and they were
assigned generally accepted literature values. Note that the transit time
in a given capillary is a function of time, and is subject to changes for
example as a consequence of an increase in blood flow. Here, t(t) is
the instantaneous transit time in the capillary defined by the relation
t(t)=L/v(t), where L is the capillary length and v(t) is the instantane-
ous blood speed in the capillary at time t. The oxygen extraction frac-
tion for a single capillary Q can be computed from the solution of
Equations 3 and 4:

Q(t;(t))=2- (Ca—C(t;1(t))) /Ca (5)

In Equations 3 and 5, the factor 2 - (Ca—C) can be written as Ca—
Cend under the assumption that C=(Ca+Ceng)/2, With Ceng being the
concentration at the capillary end, determined from the arterial oxygen

concentration Ca and the extraction fraction Q:
Cena(t;1)=Cal(t) - (1-Q(t; 7)) (6)

Note that Q at time t depends on the transit time at earlier
times in a given capillary. The net OEF is given by summing over
capillaries:
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model for oxygen extraction in capillaries

MTT(#) L, determination of the transit fime A(t:)
distribution fromt fis mean (MTT) .
and stardard deviation (CUTTT X
computation of the
mean over the
capillary network:
summation of the
contribution of the

CTH(f) — >

single capillary:
computation of the oxygen
concentration at the

—>Cend(£T) >

() ——n

,,,,,,,,, > §—> [dHDb] —>
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L, computation of

the venous
compartment
volume v(t) and
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the volume and the

capillary endside Ciy,4, the
sinele capillars

functien Cend, @, and.
xn mQ(6T) — Py for every capillae
| weighted by tae

exuraction fraction )
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in the venous ¢
compartment g{1)

dHb content using
equation L

Cp(t) ——e > oxygen tissue concentration'
P; as a Tunetion of ke vme transit time
tand the transit time T distribution h to yield
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; respectivels

assumed capillary

=2 (T) >

CBV

C

OFF(f)

using equations 16
anel 17
A A

Tlag Ay

CMRO,(#) BOLD(f)

FIGURE 1 Schematic illustrating the procedure for computing the BOLD signal, given the time courses of MTT, CTH, and Vpax. In the first
step, the deoxyhemoglobin concentration at the capillary end is computed. In the second step, the venous compartment volume is
computed from MTT(t). The BOLD signal is finally computed from the deoxyhemoglobin concentration and venous compartment volume.
Abbreviations: CMRO,, cerebral metabolic rate of oxygen; CTH, capillary transit time heterogeneity; MTT, mean transit time; OEF, oxygen
extraction fraction; P, mean oxygen concentration in the tissue; S, oxygen saturation; Vmax, maximum metabolic rate of oxygen; please refer
to Table 1 for other variables [Color figure can be viewed at wileyonlinelibrary.com]

+0o0

OEF(t)= j Q(t:7) - h(x) - dr 7)

0
where h is the probability density function of the assumed transit
time distribution. Note that OEF is equal to the ratio (Ca—Cy)/Ca,
where Cy is the venous concentration, assumed to be equal to the

mean oxygen concentration in capillaries:

Cy(t)=Ceng(t)= j Cend(t;7) - h(x)d T (8)
0

and that this quantity is not necessarily equal to the ratio of
oxygen consumed to oxygen supplied, that is, the equation
CMRO,=0EF - CBF - Cp is not necessarily true in transient regime,
mostly because P; shortly increases before being consumed as dur-
ing steady state (see Figure 2 and corresponding main text in the
results section). Another consideration related to the capillary
transit time also prevents this equation from being fulfilled imme-
diately after a change in CBF or CTH. See the section 4.2: OEF
transients in the discussion for more details about this point. Next,
we must specify how transit times evolve in time. For this purpose,
we take MTT and CTH to be given functions of time, as deter-
mined by the specific physiological changes induced by the experi-
mental paradigm and discussed in detail below. Note that in this
model, capillary blood volume (CBV) is assumed to be constant.
CBF and MTT are therefore related to each other through the cen-
tral volume theorem: CBF=CBV/MTT, such that CBF is entirely
determined by MTT. The transit time distribution is then assumed
to conform to a gamma distribution at all times with parameters «
and B adjusted to the instantaneous mean MTT(t)=«(t) - B(t) and

standard deviation CTH(t)=\/«(t) - B(t). While this leaves consid-
erable freedom for the time evolution in the individual capillaries,
we here choose the N capillaries to have transit times correspond-
ing to the 1/N quantiles for the current gamma distribution. In
practice, we label capillaries with u;=i/N for i € [1,N], and assign

transit time to the it" capillary according to:

(ui; t)=HY(uj; a(t), B(t)) 9)

where H™1 is the inverse cumulative gamma distribution. It can be
shown that if u is a value sampled from a uniform distribution on [0, 1],
then H™1(u; «, B) follows the distribution h with parameters o and B.
Furthermore, we can show that averages are conveniently computed

by summing directly over the capillaries (quantiles), for example:

+o00 1
MTT(t) = J - h(x;a(t), B(t)) - d1:=J1:(u;t) “du
0 0

(10)

and more generally, for any function f over the capillary network that

depends on the transit time t:

1

F()= f(e(uit) -du (11)
0
In particular, OEF(t) is equal to
1
OEF(t):JQ(r(u; £) - du (12)

0

with Q denoting the function defined in Equation 5. Computation of
other quantities is detailed in the Appendix. In practice, to sum the con-
tribution of every capillary over the network, we solved Equations 3
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TABLE 1 Different variables used in the model

Symbol Name, definition

ay Parameter used to describe venous compartment compliance

ay Henry constant

B Maximum amount of oxygen that can be bound to hemoglobin

Ca Arterial oxygen concentration in blood

Cg Concentration of oxygen bound to hemoglobin

Cend Oxygen concentration at the capillary end (single capillary)

Cv Venous oxygen concentration in blood

C Oxygen concentration in the blood

C Mean oxygen concentration in the blood over the capillary length

Gy Oxygen concentration in plasma

CcBvV Capillary blood volume

k Rate constant for oxygen

Km Michaelis-Menten parameter for oxygen metabolism

n Hill constant

Py Oxygen partial pressure in plasma

P; Oxygen partial pressure in the extravascular compartment (single
capillary)

Pe Mean oxygen concentration (pressure) in the extravascular compartment
over the capillary network

Py Oxygen partial pressure in plasma in the venous compartment

Pso Oxygen partial pressure at which oxygen saturation is equal to 0.5

Q Single capillary extraction fraction

q deoxyhemoglobin content in a voxel normalized to its baseline value

As/sg BOLD signal amplitude

S Oxygen saturation

Tiag Parameter used to describe venous compartment compliance

To Mean transit time in the venous compartment assumed at baseline

v Volume of the venous compartment, normalized to baseline value.

Vimax Maximum rate at which oxygen is metabolized

Vy Relative volume of the venous compartment

Vvo Volume of the venous compartment during baseline

Value

0.44 (CTH model)
0.60 (Buxton model)

31-107°
19.43

18.59 (up to 20.60
in Figure 7)

Given by Equation 1
Cend:CA . (1_Q)

CV:Cend

ay - P,
14

88

5

2.8

Hillsinv(C)

Py=Hillsinv(Cy)

26

13 (CTH model)
14.5 (Buxton model)

3

4.18

WILEY2®

Unit

no unit

mL/100 mLpjood/mmHg

mL/1OO ml—blood

mL/1OO meIood

mL/100 mLpjood
mL/100 mLpjood
mL/100 mLpjood
mL/100 mLpjood
mL/100 mLpjood
mL/100 mLpjood
mL/100 mLpyain
1/s

mmHg

no unit

mmHg

mmHg

mmHg

mmHg
mmHg
No unit
No unit
No unit
No unit

S

s
No unit
mL/100 mLp,in/min
No unit

mL/1OO ml—brain

and 4 for 1000 different t functions (i.e., 1000 different u; values, as
defined in Equation 9). We then interpolated the value of C and P; to
get an approximation of these variables for any t function defined in
Equation 9. This model for oxygen extraction is then combined with
the balloon model (Buxton et al., 1998) to predict the dynamics of the
BOLD response. The latter model is calibrated for Bop=1.5 T and
TE=40 ms. The BOLD signal is evaluated from the equation (Buxton
etal., 1998):

?—05= o [7OEF0(1—q)+2(1—§)+(20EF0—0.2)(1—v)] (13)
where V, 0=0.03 (Buxton et al., 2004; Valabregue et al., 2003) is the
relative volume of the venous compartment at baseline, OEF7=0.3
(Angleys et al., 2015; Jespersen and @stergaard, 2012) is the oxygen
extraction fraction at baseline, and g and v denote the dHb content in
a voxel and the venous compartment blood volume, respectively, both
relative to their baseline values. In Equation 13, the first term describes
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(a) response to a CBF step increase (b)

response to a smooth increase in CBF

CTH model CBF

(C) response to a smooth increase in CBF and metabolism

——Buxton model
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FIGURE 2 (a-c) OEF responses to different CBF (green curves) increases using the model used in Buxton et al. (2004, 1998) (Buxton model,
red curves) and our model (CTH model, blue curves). In panels a and b, the metabolism is assumed to be constant, while it increases by 15% in
panel ¢ 900 ms prior to the increase in CBF. (d-f): g (deoxyhemoglobin) responses (plain lines) and time courses of the quantity Cp - OEF - CBF
(dashed lines) are shown under same conditions as panels (a-c). When using CTH model, to visualize the sole effect of CBF on oxygen extraction
from the plasma, oxygen metabolism is assumed to be saturated, that is, the value of the parameter Ky is smaller (0.001 mmHg) than elsewhere
in the article. Abbreviations: CBF, cerebral blood flow; OEF, oxygen extraction fraction [Color figure can be viewed at wileyonlinelibrary.com]

the contribution from the extravascular compartment, the second term
the contribution from the intravascular compartment, and the third
term the effects of a change in volume. Expressing that the derivative
of the venous compartment volume is the difference between the

inflow and the outflow, v fulfills the relation:

dv 1

E = g : (fm (t)_fout(t)) (14)
where fi,(t) is the flux which comes out of the capillary network, nor-
malized to its baseline value, and 9=V, o/CBFy is the transit time in
the venous compartment at baseline. Unless differently stated, we take
10=3 s, which corresponds to CBF,=60mL/100mLy,in/min. The out-

flow is assumed to be a function of the volume (Buxton et al., 2004):

Four ) =V(0) g - L) (15)

Combining Equations 14 and 15, v must be the solution of the dif-
ferential equation:

1
T0 1 Tlag

dv(t)

a0 = (O -ve=). (16)

with the initial condition v(0)=1 (normalized to its baseline value).

The dHb content of venous blood can be expressed as
Fin.(1=S) - B- Wy, where S is the hemoglobin oxygen saturation as it
enters the venous compartment, and wyp a constant converting the
maximum concentration of oxygen bound to hemoglobin (B) to the cor-

responding hemoglobin concentration. Treating the balloon as a well-

mixed compartment, the clearance rate of dHb from the tissue is Fout
times the average venous concentration. By scaling these variables
with their value at rest, the equation for g can be written as:
dg 1 1-5(t q(t
_1 [ AS0) 0]

a % . 1_50 _fout(t)'w (17)

In practice, the hemoglobin saturation S is computed from the

venous oxygen tension:

Py(t)"
=" 18
P50"+Pv(t)n ( )
with Py being derived from the venous concentration:
Py (t)=Hillsinv(Cy(t)) (19)

Note the difference between the models from Buxton et al. (1998,
2004), where OEF at time t only depends on metabolism and blood
flow at time t but not at earlier times, and our model, where OEF is cal-
culated taking the effect of differential oxygen extraction from individ-
ual capillary pathways, as well as their transients, into account, while

explicitly incorporating the effects of metabolism, cf. Equation 4.

2.2 | Model calibration and BOLD signal predictions
under different physiological conditions

To illustrate the behavior of our model under different physiological

conditions, we allowed blood supply, its microscopic distribution, and
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tissue oxygen utilization to vary over time. Accordingly, the model’s
three input parameters (MTT, CTH, viax) Were modeled as trapezoidal
functions, with rise times and durations that could be varied in order to
illustrate how the temporal dynamics of intrinsic physiological variables
affect the predicted onset, duration, and recovery of the BOLD signal.
Table Al in the appendix gives an overview of the timing used for the
model’s input parameters under each condition. To specify our model,
we used literature findings of the models input parameters whenever
possible, and examined whether realistic parameters choices were in
fact consistent with literature observations of BOLD transients. We

discuss these assumptions in detail in the discussion.

2.2.1 | Hypercapnia

We assumed that metabolism (viax) remains constant during brief epi-
sodes of elevated arterial CO,. Consistent with our findings in hyper-
capnic mice (Gutiérrez-Jiménez et al., 2017), we assumed that CTH
decreases relatively less (—32%) than MTT (—58%) in our model of
hypercapnic hyperemia. Accordingly, CBF is assumed to increase by
73%.

2.2.2 | Functional activation

During stimulation, oxygen utilization (V) was assumed to increase
by 15%, unless otherwise stated. Based on our experimental findings in
mice (Gutiérrez-Jiménez et al., 2016), CTH was assumed to decrease
more than during hypercapnia (—61% vs —32%), but with a similar
increase in CBF as in hypercapnia (+73%). The CBF response was
assumed to lag the increase in oxygen metabolism by 900 ms based on
the experimental demonstration that energy-requiring glutamate signal-
ing elicits capillary dilations which is followed by elevated CBF and cap-
illary flux homogenization a second or more later (Hall et al., 2014; Lee
etal, 2015).

2.2.3 | Functional activation and hyperoxic hypercapnia

For functional activation during superphysiological oxygen and CO,
levels, we calibrated model parameters in agreement with the report in
(Gauthier, Madjar, Tancredi, Stefanovic, & Hoge, 2011), in the condition
where the gas administered to the subject was composed of 90% O,
and 10% CO,. Accordingly, CBF was set to increase by +80% and
arterial blood oxygen content to increase by +11%. For stimulation
plus hyperoxic hypercapnia, CBF was assumed to first increase (20 s to
41 s) to the level of hyperoxic hypercapnia (above) and then to increase
(53 s to 71 s) even more (+160%), this time accompanied by an
increase in metabolism (+15%) and a decrease in CTH (-70%).

2.2.4 | Functional activation and caffeine intake

We hypothesized that the effects of caffeine on red blood cell deform-
ability (Mauro, Murphy, Thomson, Venbrux, & Morgan, 2014) caused
CBF (and CTH) to change more easily and thus faster (see discussion
and also Liu et al., 2004). Accordingly, we assumed that the time taken
for CBF to increase to its maximum value decreased from 12 s to 6.3 s
after caffeine intake, while the time between CTH begins to decrease
and CBF then starts to increase decreased from 600 ms to 300 ms
after caffeine intake. We also assumed that baseline CBF was reduced
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by 20%, and that the CBF response was 20% larger than during func-
tional activation without caffeine intake (Chen and Parrish, 2009).

2.2.5 | Glycolysis during functional activation

While lactate is involved in the regulation of cerebral arterial/arteriolar
tone (Attwell et al., 2010; Gordon, Choi, Rungta, Ellis-Davies, & MacVi-
car, 2008), its effects on capillary diameters has mainly been studied in
the retina. Here, lactate in combination with low oxygen tension has
been reported to relax pericytes, while elevated oxygen levels tend to
constrict pericytes (Yamanishi, 2005). This mechanism, as well as the
improved deformability of erythrocytes after their unloading of oxygen
in areas of elevated oxygen metabolism (see introduction), provide
putative mechanisms by which blood dynamically redistributes at the
cellular level to those areas with the highest metabolic demands. To
illustrate the effects of such a metabolic feedback mechanism on the
BOLD signal, we therefore hypothesized that lactate production during
functional activation (Mangia et al., 2007), which may indeed reflect
differential extraction properties of oxygen and glucose (Angleys, Jes-
persen, & @stergaard, 2016), is associated with blood flow homogeni-
zation, and hence CTH reduction. Accordingly, we assumed that lactate
production during stimulation gives rise to CTH reduction lasting 20 s
to 30 s after the end of the stimulus, reflecting the time taken by lac-
tate to be cleared from the tissue, causing a slow CTH recovery. In the
study by Lee et al. (2015), such a persistent capillary flow homogeniza-
tion was observed in one animal, while two others showed more heter-
ogeneous capillary flows after activation. More experiments are clearly
needed to verify whether lactate and oxygen combined might act as
metabolic feed-back signal by which oxygen extraction can be

modulated.

2.2.6 | Calibration of remaining parameters

The parameters vy, (during baseline), Ky, and k were calibrated as
described in Angleys et al. (2016). Briefly, vinax and Ky are calibrated
assuming that metabolism is 80% saturated at baseline. k is calibrated
for the model to predict OEF=0.3 at baseline. Parameters o, and i,
were calibrated to yield post-stimulus undershoots of equal amplitude
when the two models compared in this study were applied to func-
tional activation (Figure 6). This calibration allowed us to more easily
compare predictions with both models under different conditions.
Accordingly, when using the model used in Buxton et al. (1998, 2004),
referred to as the Buxton model, o, =0.60 and 1,,=14.5 s. For our

model, referred to as CTH model, o, =0.44 and 1,4=13 s.

3 | RESULTS

In this section, we first assess whether our model yields realistic predic-
tions in terms of OEF responses to changes in CBF (Figure 2). We then
evaluate the influence of each input parameter on the predicted BOLD
signal (Figures 3-5). Finally, we apply our model to conditions resem-
bling those of functional activation and hypercapnia (Figure 6), stimula-
tion during hyperoxic hypercapnia (Figure 7), and stimulation after

caffeine intake (Figure 8). In the discussion, we compare our
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predictions against literature reports. In Figures 2 and 6-8, CTH model

predictions are compared to those of the Buxton model.

3.1 | OEF response to elevated CBF

Figure 2a shows the OEF response to a step increase in CBF (+73%)
starting at time t=2 s, while the metabolism (Vi) is assumed to
remain constant. Whereas the Buxton model predicts that OEF reaches
its steady state value instantaneously, the CTH model predicts that this
takes about 5 s. We discuss this behavior in more detail in the discus-
sion. In Figure 2b, a slower (time to rise=12 s) and hence more realis-
tic increase in CBF is assumed, while the metabolism still remains
constant. The CTH model shows a response delayed by about 2 s com-
pared to the Buxton model. This can be understood by observing panel
a, where the OEF predicted by the Buxton model follows changes in
CBF instantaneously, while, in reality, it takes longer time for the OEF
to respond. In Figure 2c, an increase in metabolism is assumed to occur
900 ms before the increase in CBF. Figure 2c shows the same 2 s shift
as observed in Figure 2b. Furthermore, as a consequence of the
increase in metabolism prior to the increase in CBF, an OEF overshoot
is predicted with both models, although this is noticeably more pro-
nounced in the Buxton model.

Panels (2d-f) show the g (dHb) response (plain lines) in the three
conditions discussed above. They further illustrate the differences
between the Buxton BOLD model and our CTH model, and how these
translate into differences in the predicted BOLD signal. To more easily
comprehend timing differences between both models, the g response
has been normalized to its maximum amplitude. Panel d (response to a
CBF step increase) shows that the g response predicted with the Bux-
ton model is smooth despite the stiff OEF response (panel 2a). The
shift of about 2 s observed for OEF in the three different conditions
(panels a-c) is also observed for the dHb response. Panels d-f also
show the rate at which oxygen is extracted from the plasma, which is
equal to the product OEF - Cx - CBF. In the case of the Buxton model,
the relation CMRO,=0EF - Cp - CBF is assumed to be true at all times.
The product OEF - Cp - CBF is therefore constant in the two first panels
(d-e), and it exactly follows the time course of our parameter vyax in
the last panel (f). In contrast, our CTH model accounts in particular for
changes in extravascular oxygen content shortly following changes in
CBF, and the rate at which oxygen is extracted from plasma
(OEF - Ca - CBF) is therefore not always at balance with the rate at
which it is metabolized (CMRO,). For instance, an increase in CBF gen-
erally gives rise to an increase in P;. This leads therefore to the inequal-
ity: CMRO, <OEF - CBF - Ca, as observed in panels d and e. In panel f,
on the contrary, the blue curve is under the red one from 3 sto 7 s,
which means in this case that CMRO,>OEF - CBF - Ca: Because in this
condition the metabolism is assumed to increase 900 ms before CBF,
the tissue oxygen tension is expected to shortly decrease, before
increasing again (from 7 s to 20 s).

In summary, Figure 2 shows that (a) OEF as predicted by our
model seems to behave realistically and that (b) in comparison with our

model, the Buxton model shows somewhat unrealistic OEF predictions,
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FIGURE 3 Contributions of CBF, CTH, and the metabolism to the
BOLD signal during functional activation. While the increase in
CBF tends to increase the BOLD signal, blood flow homogenization
and increase in metabolism tend to decrease it [Color figure can be
viewed at wileyonlinelibrary.com]

which would be expected to translate into timing differences when

compared to actual BOLD signal.

3.2 | BOLD signal dependency on the temporal
dynamics of CBF, CTH, V,, and metabolism

Figure 3 illustrates how CBF, CTH and the metabolism contribute to the
BOLD signal response during functional activation. The increase in
metabolism is associated with enhanced oxygen demand and extraction,
and therefore contributes to a negative BOLD signal. The redistribution
of blood flow to a more homogeneous pattern across capillaries upon
neural activation increases oxygen availability. As a consequence, it also
contributes to decrease the BOLD signal. Neurovascular coupling, that
is, the increase in blood flow mediated by dilation of upstream arterioles,
leads on the contrary to an increase in the BOLD signal during func-
tional activation. This latter contribution is generally larger than the com-
bined negative contributions of metabolism and CTH during functional
activation, and the BOLD response is therefore generally positive. This
is illustrated in Figure 3 with arrows of different thickness, indicating
that the contribution of CBF is much higher than that of lower CTH and
higher metabolism. Figure 3 is reproduced in different panels of Figure 4
to provide an easy overview of the conditions our model was applied to.

In Figures 5-8, the gray dashed lines in panels on the left indicate
the time courses of input parameters during functional activation,
shown as a reference.

Figures 4 and 5 assess the influence of each input parameter on
the BOLD signal. More specifically, Figure 4 illustrates how the BOLD
signal (right panels) amplitude is predicted to vary according to the
amplitude of CBF and CTH responses, as shown in the left panels,
while Figure 5 illustrates how the BOLD signal transients are predicted
to vary according to the temporal dynamics of V,, the metabolism
(Vimax ), and CTH. In Figure 4, metabolism responses are assumed to be
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FIGURE 4 Influence of the amplitude of CBF and CTH responses on the BOLD signal amplitude (blue curves) and on OEF (red curves). In
this figure, the metabolism and the blood flow responses are assumed to be reduced by half compared to the description in Section 2.2.
CTH response is assumed to be reduced accordingly. On the left hand side of the figure, the dark blue fillings indicate the temporal
dynamic of vihax, CBF, and CTH and predictions for the mean tissue oxygen tension. Note that for clarity, the different parameter time
courses are not to scale. Under the BOLD signal, a schematic similar to Figure 3 shows the different contributions to the BOLD signal

[Color figure can be viewed at wileyonlinelibrary.com]

reduced by half compared to the description in Section 2.2 to more
clearly evaluate the potential effect of blood flow homogenization on
tissue oxygen tension during modest metabolism increases. The first
condition in Figure 4 shows the predicted BOLD signal when tissue
oxygen utilization increases in the absence of any changes in CBF or
CTH (panels 4a and 4b). The predicted BOLD signal is negative, as a
consequence of the elevated oxygen metabolism, which results in
higher oxygen extraction and hence in an increase in deoxyhemoglobin
concentration. This response is similar in shape to BOLD responses
reported during visual activation in chronic stroke patients (Blicher

et al., 2012), during motor activation in patients with severely impaired
blood supply due to intracranial artery disease (Rother et al., 2002),
after acetazolamide administration in patients with steno-occlusive
artery disease (Siero et al., 2015a), and to optical intrinsic signals
observed during forepaw stimulation in rats, where the vascular
response is impaired by hypotension (Masamoto, Vazquez, Wang, &
Kim, 2008). The model predicts that increase in metabolism is accom-
panied by a decrease in mean tissue oxygen tension.

The second condition (panels 4c and 4d) shows the predicted
BOLD signal when tissue oxygen utilization increases in the
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absence of any changes in CBF, but paralleled by a reduction in
CTH to meet the metabolic needs of the tissue. Note that in this
case, neuronal activity is predicted to result in a negative deflec-
tion of the BOLD signal of larger amplitude than in previous condi-
tion, as a consequence of the combined action of metabolism and
the redistribution of blood flow (see Figure 3 and the associated
schematic in panel 4d). Unlike the previous condition, neuronal
metabolism in this case is not accompanied by a reduction in tissue
oxygen tension, except for the small and short reduction in tissue
oxygen tension that remains which is mostly due to the mismatch
between the CTH and the v, response. Instead, homogenization
of capillary flow patterns increases oxygen extraction efficacy,
even in the absence of any accompanying change in CBF
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(Jespersen and @stergaard, 2012). We discuss the significance of
negative BOLD contributions further below.

The third condition (panels 4e,f) shows the predicted BOLD signal
in a condition where the increase in metabolism is accompanied by a
reduction in CTH and a modest increase in CBF (+13%). The predicted
BOLD signal amplitude is almost equal to zero: the oxygen extraction
fraction decreases because of the increase in blood flow, but this latter
only compensates for the increased oxygen extraction fraction associ-
ated with the increase in metabolism and with the decrease in CTH.

The last condition in Figure 4 (panels 4g and h) shows the pre-
dicted BOLD signal in a condition where the increase in metabolism is
accompanied by a reduction in CTH and an increase in CBF, as gener-
ally observed during functional activation. The predicted BOLD is
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lines in panels on the left indicate the time courses of input parameters during functional activation used in the rest of the manuscript. The
corresponding BOLD signal predictions are shown in the panels on the right. The temporal dynamics of the blood flow into (f;,) and out of
(fout) the venous compartment, and the dynamics of V, (v) are also indicated. In the first condition, vinax rise time and recovery time are
assumed to be equal to 900 ms and 3 s, respectively, compared to 6 s and 21 s in the rest of the study. In the second condition, the
parameter 1,5 is assumed to be equal to O s, compared to 12 s in the rest of the study. As a consequence, CBF and V, are assumed to vary
in synchrony. In the third condition, CTH is assumed to be constant. In the last condition, CTH is assumed to increase [Color figure can be

viewed at wileyonlinelibrary.com]

positive, owing to the decreased oxygen extraction associated with the
blood flow increase. In this condition, the contribution of the blood
flow is therefore larger than the combined contribution of metabolism
and CTH that tend to reduce the BOLD signal amplitude (see Figure 3
and the associated schematic in panel 4h). The predicted mean tissue
oxygen tension increases.

Figure 5 shows the BOLD responses in four different conditions
where all parameters but one are calibrated as described in Section 2.2
(functional activation). In the first condition, vmax rise time is shorter
than what is described in the aforementioned section. In the second
condition, the parameter 1), is equal to zero, which means that V, and

CBF are assumed to be time-locked. In the two last conditions, CTH is

assumed to be constant or to decrease, respectively, which is a
means to assess the influence of this parameter on the initial dip
and post-stimulus undershoot. Note that the temporal dynamics of
fin, fout, and v are identical in panels b, f, and h, because the CBF
response, as well as values of parameters o, and 1,z are the same
under these three conditions, while 1,4 is set to zero in panel d. The
first condition in Figure 5 shows that the speed by which oxygen
metabolism increases to its maximum rate and then returns to its
baseline value has significant impact on the shape of the BOLD
response. In Figure 5a,b, the vy rise time and recovery time (blue
line) is sevenfold shorter than what assumed in the rest of the study

(gray dashed line). The rapid increase in oxygen utilization
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FIGURE 5 Continued

contributes to a large initial dip in the BOLD signal: Meanwhile, the
rapid recovery of v generates a BOLD signal overshoot at the
end of stimulation, owing to the sudden decrease in OEF before
CBF has time to decrease. Such a phenomenon is not generally
observed in task activation studies and in the models of BOLD
responses to functional activation below, the recovery time was
therefore set to a larger value. Figure 5d shows the predicted BOLD
signal in relation to functional activation when local venous volume
V, varies in synchrony with CBF, that is, 1,=0. Note that the initial
dip of the BOLD signal becomes shallower, while the post-stimulus
undershoot becomes deeper, as 1,4 increases. Figure 5e-h illus-
trates the role of CTH on the BOLD signal amplitude and transients.
Figure 5f shows a condition where CTH remains constant. The initial
dip and the post-stimulus undershoot become shallower, as CTH
response is reduced. Figure 5h shows a condition where CTH
increases. The amplitude of the BOLD signal increases even further
compared to the previous condition where CTH is constant, the ini-
tial dip completely disappears and the post-stimulus undershoot
becomes shallower.

Figure 6a-c compares the BOLD signal during functional activation
predicted by our model (CTH model) to the signal predicted by the
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Buxton model. The BOLD response predicted by the CTH model
shows three transients, namely the initial dip (between 21 and 27 s in
the figure), overshoot (35 s to 40 s) and post-stimulus undershoot (70 s
to 90 s). The effect of CTH on the initial dip and post-stimulus under-
shoot is discussed in more detail in the next section. The BOLD
responses predicted with the CTH and Buxton models, respectively,
are similar in this condition and show transients of approximately the
same amplitude. The dashed box between panels b and ¢ makes it pos-
sible to more precisely see the 1.5 s delay between initial dips pre-
dicted with both models. Note that this delay is approximatively the
same as observed for the OEF and g responses in Figure 2. In both
models, the overshoot is a consequence of the balloon effect, and it is
more pronounced in the Buxton model than in the CTH model as a
consequence of the larger value used for o, and 154 in the first model.
The predictions show more substantial differences in the second condi-
tion (hypercapnia: Figure 6d-f): In particular, the CTH model predicts
no initial dip (panel e) and almost complete absence of undershoot,
owing mainly to the smaller CTH response. On the contrary, while the
Buxton model does not predict any initial dip (panel f) due to the con-
stant metabolism, it does predict an undershoot of approximately same
amplitude as in the previous condition (stimulation). Indeed, literature
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FIGURE 6 BOLD responses (normalized to the maximum) to different parameter time courses using our model (CTH model) and the model
used in Buxton et al. (2004, 1998) (Buxton model). In panels a and d are represented the time course of the different parameters used in
these conditions (filled dark blue). The dashed box between panels b and ¢ shows the BOLD signal predicted with both models at a shorter
time scale than in panels b and c. It therefore makes it possible to appreciate the delay between the two predicted signals. The gray dashed
line (panel d) corresponds to time courses of parameters under condition of functional activation (Figure 6a), and is shown as a reference.
Note that for clarity, the different parameter time courses are not to scale. Parameters a, and 1, have been adjusted in both model for the
post-stimulus undershoot to be of equal amplitude in panels b and c. In panels ¢ and f (Buxton model), parameter «, is equal to 0.60 and

Tiag t0 14.5 s, while it is equal to 0.44 s and 13 s, respectively, when using CTH model. Abbreviations: CBF, cerebral blood flow; OEF,
oxygen extraction fraction [Color figure can be viewed at wileyonlinelibrary.com]

studies report undershoot under conditions of functional stimulation
but not during hypercapnia, despite similar CBF response (Donahue
et al., 2009; Hua, Stevens, Huang, Pekar, & van Zijl, 2011).

Figure 7 shows the BOLD signal predicted with our model (blue
line) and with the model used in Buxton et al. (2004) (red lines) during a
condition of combined severe hypercapnia (10% CO,) and hyperoxia
(90% O,). In this figure, we used two versions of the model developed
by Buxton and colleagues: one version is similar to what is described in
Buxton et al. (2004) (red solid line). The other version (modified Buxton
model, red dashed line) takes into account that the rate of entry of
deoxyhemoglobin in the venous compartment is more accurately
described by the quantity 1—S than by the oxygen extraction fraction.
In other words, the term fi,(t) - E(t)/Eo used in Equation 5 in Buxton
(1998) is
fin(t) - (1=5(t))/(1—So), as used elsewhere in our model (see Equation

et al. replaced in the modified Buxton model by
17), thereby relaxing the assumption of a fully oxygenated hemoglobin
concentration made in Buxton et al. (1998, 2004). These predictions
are compared to experimental data under same conditions (green
dashed line, Gauthier et al., 2011). The signal time curve amplitude pre-

dicted by our model (blue curve) is about fourfold larger than for other

conditions and shows no initial dip, no overshoot and no undershoot.
Figure 7d, in turn, shows the predicted BOLD signal during combined
severe hyperoxic hypercapnia and functional activation. Apart from
some extra ripples, the BOLD signal is remarkably similar to the one
predicted in the resting condition (Figure 7b, blue curve), although the
CBF response to stimulation is preserved. The BOLD signal seems to
be saturated in that the effect on the BOLD signal of the parallel
increase in metabolism, CBF, and blood flow homogenization is almost
undistinguishable. Our model shows good agreement with experimen-
tal data (green line). In particular, the signal maximal amplitude in both
conditions, as well as the absence of clear response during stimulation
(Figure 7d), are accurately predicted. The slow increase in the signal
observed by Gauthier et al. from 6% (t=50 s in the figure) to about
7.5% (t=120 s) may be due to the progressive CBF increase observed
experimentally. This is in contrast to our model, where a simpler time
course is employed to describe the change in CBF (see panels 7a and
7¢). In both conditions (panels 7b and 7d), the original (i.e., nonmodi-
fied, red solid line) Buxton model predicts a signal of smaller amplitude
compared to the modified version: under hyperoxic hypercapnia, oxy-
gen dissolved in the plasma represents more than 5% of the total
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FIGURE 7 BOLD signal predictions under conditions inspired from hyperoxic hypercapnia. Under these conditions, hyperoxia is associated
with increased oxygen arterial concentration (Ca). On the right hand side of the figure, our predictions (CTH model, blue line), predictions
made with Buxton and colleagues’ model (red lines) and experimental data (green line) are displayed. See main text for explanation
regarding differences between red solid and red dashed lines. For predictions with the modified Buxton model, parameters a, and 1,; were
set to 0.475 and 19.75 s, respectively, following the calibration described in methods section. To allow comparison of our predictions with
experimental data, green curve width has been adjusted. However, no amplitude adjustment has been made. The green curve amplitude is
therefore accurately reproduced from Gauthier et al. (2011) [Color figure can be viewed at wileyonlinelibrary.com]

oxygen content. While the quantities (1—-5(t))/(1—So) and E(t)/Eo are
almost similar under normoxic conditions, they can differ a lot under
hyperoxic conditions, and such a behavior was therefore expected.
Note however that this affects mostly the amplitude of the signal and
not its shape. Predictions based on the modified Buxton model (red
dashed line) are close to those based on our CTH model, although the
Buxton model shows a small overshoot after the first CBF increase
(45 s to 50 s, panels 7b and 7d). The effect of stimulation in panel 7d is
also more visible with the Buxton model than with CTH model.

Finally, in Figure 8, we apply our model to a condition inspired
from stimulation after caffeine intake (panels 8a and 8b). Predictions

based on the Buxton model are shown for comparison (red line). It
would have been informative to compare our predictions with experi-
mental results as we did under previous condition (Figure 7). However,
while initial dip (post-stimulus undershoot) shows a tendency to be
reduced after ingestion of (a high dose of) caffeine (Behzadi and Liu,
2006; Chen and Parrish, 2009; Liu et al., 2004), BOLD signal of differ-
ent amplitudes have been reported in these studies, where different
stimuli and caffeine doses were employed, making comparison
between studies difficult. We therefore chose to refer to the main
observations made in these studies, that is, reduced initial dip and in
some cases reduced post-stimulus undershoot, rather than comparing
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FIGURE 8 BOLD signal predictions under conditions inspired from stimulation after caffeine intake. Predictions made with our CTH model
are shown with the blue curve and predictions based on Buxton et al.'s model (red curve) are shown for comparison. In the first condition
(labeled stimulation after caffeine intake), the CBF response is quicker (onset time = 600 ms after metabolism increase; rise time = 6.3 s)
and slightly more important (+88%) than during functional activation without caffeine (+73%; onset time = 900 ms after metabolism
increase; rise time = 12 s). The CTH response varies accordingly (rise time = 6.6 s; decrease by 64%; vs rise time = 12.6 s and decrease by
61%). In the second condition (labeled stimulation after caffeine intake reduced CTH response), we made the hypothesis that caffeine
intake is associated with lactate production, and hence with reduced baseline CTH and reduced CTH response (—32%). CBF in both
conditions follows the same time course. Baseline CBF (and CTH) is assumed to be 20% smaller than in other conditions. Accordingly, in
this figure, 1p=3.75 s [Color figure can be viewed at wileyonlinelibrary.com]

directly our model predictions to experimental results. The pre-
dicted BOLD signal (CTH model, blue line) shows no initial dip and is
otherwise similar to that predicted with the CTH model during acti-
vation without caffeine intake (gray dashed line). Quicker CBF
response assumed during stimulation after caffeine intake has a sim-
ilar effect on the initial dip as predicted by the Buxton model. In
panels 8c and 8d, we examined whether reduced CTH prior to and
during stimulation could explain the reduced post-stimulus under-
shoot observed during stimulation after intake of high caffeine
doses (Liu et al., 2004). To test this hypothesis, we assumed faster
CTH recovery, lower baseline CTH and smaller CTH response than
in previous condition. In this condition, the resulting BOLD signal
shows a reduced post-stimulus undershoot and is otherwise similar
to the signal predicted in the previous condition (blue line). The

Buxton model does not include the effects of CTH changes. The

predicted signal is therefore similar to the previous condition.

4 | DISCUSSION

In this study, we developed a dynamic model of the BOLD signal, tak-
ing the effects of CTH and tissue oxygen utilization on the dynamics of
oxygen extraction in the brain during physiological stimuli into account.
The main finding in our study is that the incorporation of CTH into our
model leads to better qualitative agreement between BOLD signal pre-
dictions and experimental data than when CTH is not included. Impor-
tantly, the different transients predicted in the BOLD signal now
reflect an interplay between realistic changes in CTH, CBF, and
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metabolism, taking their values at time t but also at earlier times into
account when computing OEF, in contrast to other models, such as the
Buxton model (Buxton et al., 1998, 2004), which takes only the history
of CBF into account when determining the venous compartment vol-

ume, but not when computing OEF.

4.1 | Our model applied to different physiological
conditions

Our working hypothesis is that reductions in capillary resistance cause
a reduction in CTH, and hence a more efficient oxygen extraction for a
given tissue oxygen tension. Pericytes have been reported to dilate 1 s
to 2 s prior to upstream vasodilation (Hall et al., 2014), similar to the
timing of early red blood cell velocity changes caused by increased
erythrocyte deformability (Wei et al, 2016). Similarly, distal-to-
proximal signaling via capillary endothelial cells (Longden, Hill-Eubanks,
& Nelson, 2016) might contribute to the early homogenization of capil-
lary erythrocyte flux observed about one second prior to upstream
arteriole vasodilation by optical coherence tomography (Lee et al.,
2015). We expect this homogenization effect to last as long as the glu-
tamatergic signaling and elevated ATP needs are present. In Figures 5
and 6, we examined whether this early CTH reduction may cause an
initial dip in the sensory-evoked BOLD signal due to a reduction in tis-
sue dHb concentration, as observed experimentally in several optical
imaging and fMRI studies (Ernst and Hennig, 1994; Hu, Le, & Ugurbil,
1997; Malonek and Grinvald, 1996; Menon et al., 1995; Thompson,
Peterson, & Freeman, 2004). We found that, together with the effect
of the delayed CBF increase (compared to the metabolism), this early
decrease in CTH does contribute to the formation of the initial dip. To
our knowledge, this is the first time that change in capillary flux hetero-
geneity is proposed to contribute to the initial dip, whose origin
remains unclear (see Buxton, 2012 for in-depth discussion). Interest-
ingly, our model predicts that the initial dip relies on the interplay
between several parameters, namely the fast increase in metabolism
(compared to CBF) and early flux homogenization, while the delayed
changes in V,, contribute to attenuate the dip, as illustrated in Figure 5.
Note that other parameters could also contribute to the formation of
the initial dip, such as early changes in blood volume (Sirotin, Hillman,
Bordier, & Das, 2009). Here, we propose that CTH, possibly along with
other parameters, may play a major role in the initial dip. Needless to
say, this hypothesis should be examined experimentally.

Our study provides a framework for understanding how passive
and active changes in capillary flow patterns affect the BOLD signal.
While our models identify certain features of neuro-capillary coupling
phenomena, much work remains before we fully understand the under-
lying physiological mechanisms, and how these affect brain oxygen-
ation and BOLD signals in individual subjects. For example, our
simulations suggest that the initial dip may reflect an instance of active
neuro-capillary coupling, rather than increased oxygen extraction from
a “passive” microvasculature with a parallel drop in tissue oxygen ten-
sion. Experimental studies may be needed to examine whether neuro-
vascular coupling mechanisms indeed adjust arteriolar tone and

regional CBF while mechanisms operating closer to, or within individual

capillary beds serve to prevent critical drops in cellular oxygen tension
during changing physiological conditions. Indeed, recent reports sug-
gest that glutamatergic neurotransmission relaxes pericytes/precapil-
lary arterioles and then elicit upstream vasodilation (Hall et al., 2014;
Hill et al., 2015; Peppiatt et al., 2006). Of note, the BOLD response
recorded in millimeter-sized MRI voxels reflects the combined activity
of different cell types, and our model suggests the response further
depends on whether the involved neuron subtypes rely differently on
neuro-capillary coupling mechanisms (affecting local capillary flows)
and neurovascular coupling mechanisms (dilating upstream arterioles),
respectively, to meet their metabolic demands. Inhibitory interneurons,
which modulate cortical activity via gamma butyric acid (GABA), for
example, comprise 15%-20% of cortical neurons (Buzsaki, Kaila, &
Raichle, 2007). The energy expenditure of GABAergic neurotransmis-
sion is inherently difficult to determine, as it reduces the activity of the
more numerous glutamatergic neurons, thereby “saving” energy
(Buzsaki et al., 2007). Studies of GABA receptor blocker action on cap-
illary pericytes suggest that GABA acts as capillary dilator (Peppiatt
et al, 2006) while the action on GABAergic neurotransmission on
upstream arterioles is less well understood (Buzsaki et al., 2007). BOLD
signal amplitudes are negatively correlated with parenchymal GABA
levels as measured by magnetic resonance spectroscopy (Chen, Silva,
Yang, & Shen, 2005; Donahue, Near, Blicher, & Jezzard, 2010; Muthu-
kumaraswamy, Edden, Jones, Swettenham, & Singh, 2009; Muthuku-
maraswamy, Evans, Edden, Wise, & Singh, 2012; Northoff et al., 2007).
In fact, Goense, Merkle, and Logothetis (2012) ascribed negative BOLD
signals in cortical layers with limited CBF responses to capillary dila-
tions induced by inhibitory neural activity, although a similar phenom-
enon was not observed in humans (Huber et al., 2014). We speculate
that the models presented here may help disentangle whether neuron
subtypes, such as GABAergic and glutamatergic neurons, rely differ-
ently on neurovascular and neuro-capillary coupling mechanisms to
meet their metabolic demands. To this end, in vivo microscopy studies
may prove useful as they provide means of estimating cellular activity
and both arteriolar and capillary hemodynamics at high temporal reso-
lution. See, for example, Kleinfeld et al. (2011) for discussions and
Uhlirova et al. (2016) for detailed studies of microvascular hemody-
namic responses to GABAergic interneuron activity.

In vitro studies show that lactate acts as a pericyte dilator in the
retina if oxygen tension is low (Yamanishi, 2005), and extracellular lac-
tate inhibits the reuptake of prostaglandin E, into astrocytes (Attwell
et al., 2010), causing vasodilation. Therefore, lactate, which is produced
during functional stimulation (Hu and Wilson, 1997; Madsen, Cruz,
Sokoloff, & Dienel, 1999; Prichard et al., 1991; Sappey-Marinier et al.,
1992), might reduce CTH during the stimulus and post-stimulus peri-
ods. Our study did not allow us to test whether lactate production and
its subsequent clearance from the extravascular space produce a pro-
longed reduction in CTH. Instead, we examined whether a prolonged
(20-30 s) decrease in CTH could affect the shape of the BOLD signal
in ways that are consistent with the post-stimulus undershoot. To test
this hypothesis theoretically, we applied our model to several condi-
tions: In Figure 5, we examined whether such a long CTH recovery
could modulate the shape of the BOLD signal in a way consistent, for
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example, with the post-stimulus undershoot. Our findings support this
notion: the undershoot predicted by our model is the result of a long
V, and long CTH recovery, as illustrated collectively by Figure 5d.f,
showing that the undershoot vanishes as soon as there is no long V, -
or long CTH recovery. Accordingly, the duration and amplitude of the
post-stimulus undershoot is influenced by the time it takes to CTH and
V., to recover. In particular, longer CTH recovery would lead to longer
BOLD undershoot of higher amplitude. Interestingly, other parameters
in our model can also contribute to the undershoot, such as a small
CBF undershoot (not shown). These results are in agreement with sev-
eral studies suggesting that the post-stimulus undershoot relies on a
complex interplay of different parameters. For example, in two studies
in cat imaged with high-field fMRI, Yacoub et al. (2006) and Zhao et al.
(2007) observed an undershoot in the signal coming from both superfi-
cial and deeper tissue, whereas a long V, recovery was only observed
in the surface vessels, suggesting that this transient cannot be attrib-
uted to the particular time course of only one parameter, but rather to
the combined action of several parameters.

We then applied our model to different other conditions to further
test the accuracy of our predictions, and the plausibility of our assump-
tions regarding the time courses of CTH and its role on the BOLD sig-
nal. Hypercapnia elicits a CBF increase of approximately the same
magnitude as during functional activation, but the degree of flow
homogenization is smaller than during functional activation (Gutiérrez-
Jiménez et al., 2017). Furthermore, hypercapnia is not believed to elicit
any significant increase in metabolism (Chen and Pike, 2010; Yang and
Krasney, 1995) compared to functional activation. Accordingly, we
expect no lactate production and hence no long CTH recovery period
as that expected during functional activation. Interestingly, hypercapnia
has been reported to give rise to a BOLD signal with no undershoot
(Donahue et al., 2009; Hua et al., 2011). In Figure 6, we showed that a
reduced CTH response was associated with a BOLD response with
much smaller undershoot compared to functional activation. We there-
fore propose that the absence of undershoot observed during hyper-
capnia could be explained by the absence of lactate production under
this condition, and hence to the reduced CTH response compared to
functional activation. Importantly, we showed that our model can dis-
entangle conditions with different BOLD responses although they
show similar CBF time course and constant metabolism. As illustrated
in Figure 6, this is in contrast for example to the model used in Buxton
et al. (1998, 2004) which, under conditions of constant metabolism,
only relies on CBF time course to predict the BOLD signal, and there-
fore cannot distinguish two conditions with identical CBF responses:
the undershoot is predicted to vanish with our model when we mim-
icked condition of hypercapnia, in agreement with experimental
reports, but remains almost intact when using the Buxton model. The
main contribution to the undershoot in the Buxton model is that of the
balloon effect, that is, prolonged V., which is only driven by the dynam-
ics of CBF. As the CBF response is assumed to be the same under both
conditions in Figure 6, the Buxton model predicts almost the same
undershoot under both conditions. In contrast, in the CTH model, both
long CTH and V, recovery contribute to the undershoot. The
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undershoot predicted from the CTH model is therefore largely reduced
in panel 6e, where rapid CTH recovery is assumed, compared to panel
6b.

We then applied our model to a physiological condition inspired by
the study of Gauthier et al. (2011), in which BOLD signals were
acquired in human under conditions of severe hypercapnia (10% CO,)
and hyperoxia (90% O,). While hyperoxic hypercapnia is associated
with a BOLD signal of high amplitude, the response to functional acti-
vation in that condition is almost unnoticeable despite the preserved
perfusion response, as if the BOLD signal was saturated. Our model
does predict this interesting effect. In the model, CTH is assumed to be
constant in this condition. We propose that this may reflect the shunt-
ing of the blood flow through thoroughfare channels (TFC). TFC refers
to a shunt from arteries to veins bypassing capillaries, which has been
observed in the human brain (Hasegawa, Ravens, & Toole, 1967).
Although such a shunt would not necessarily lead to an elevated CTH,
because a large part of the blood would travel through the vasculature
with same transit time, it would have the same effect on OEF. Of note,
the OEF predicted under this condition (14%) and the oxygen satura-
tion at capillary end (91%) is equal to that reported by Gauthier et al.
(2011) under conditions of hyperoxic hypercapnia. We also tested this
condition with the Buxton model, which has been slightly modified to
relate the BOLD signal to the deoxyhemoglobin concentration more
directly than the original version. Predictions with the Buxton model
show a small overshoot after the first CBF increase and the effects of
stimulation are more visible than with the CTH model. It is interesting
to note that unlike under conditions of hypercapnia (Figure 6d-f), the
Buxton model as implemented here shows almost no undershoot at
the end of the hyperoxic/hypercapnic episode. This observation can be
explained by the dynamics of the CBF response, which is assumed to
be much slower under conditions of hyperoxic hypercapnia than under
conditions presented in Figure 6: while it takes 21 s for CBF to return
to the baseline value in Figure 6, it is assumed to take 72 s in Figure 7.
Interestingly, an undershoot persists, albeit barely noticeable, in con-
trast to what is predicted with the CTH model.

Finally, we applied our model to conditions inspired by reports on
functional activation studies after caffeine intake, assuming that caf-
feine is associated with a faster CBF response. Caffeine is a phosphodi-
esterase inhibitor, a class of agents known to increase the flexibility of
erythrocytes, and thus to facilitate their passage through the lumen of
the much smaller capillaries. We therefore expect caffeine consump-
tion to be associated with faster and easier homogenization of capillary
flow patterns during episodes of elevated metabolic demands, consist-
ent with observations of improved oxygen extraction after caffeine
ingestion in other tissue types, including muscle. Caffeine also exerts
an excitatory effect on neurons by blocking A; adenosine receptors,
which endogenous adenosine would otherwise occupy to inhibit neural
activity. Moreover, caffeine blocks A,a receptors on cerebral vascula-
ture, resulting in vasoconstriction and reduced CBF. As A; receptors
are more prone to upregulation than A, receptors, caffeine may elicit
a higher metabolism increase in nonregular coffee users than in regular
coffee users, while CBF may be reduced to the same extent for both
groups (see Laurienti et al, 2002 for in-depth discussions). This
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selective upregulation could explain that cerebral lactate production is
observed in nonregular coffee users but not in regular coffee users
(Dager et al., 1999). In Figure 8b, we observed that a fast and early
CBF response could explain the disappearance of the initial dip, as
observed in Behzadi and Liu (2006). Assuming that the effects of caf-
feine depends on the dose, CBF and the metabolism may increase in a
dose-dependent manner, leading to nonoxidative metabolism and pro-
nounced lactate production after uptake of a high caffeine dose. In
nonregular coffee users, high quantities of lactate have been observed
in tissue for several dozens of minutes following caffeine intake (Dager
et al., 1999). Accordingly, we hypothesize that lactate production could
lead to a blood flow homogenization before, during, and after stimula-
tion, and therefore to a lower baseline CTH and smaller CTH response
than in the previous condition (without long CTH recovery as a conse-
quence of presence of lactate also after stimulation). Interestingly, we
showed in Figure 8d that such a CTH reduction could explain the
smaller post-stimulus undershoot after a high caffeine dose as
observed in (Chen and Parrish, 2009; Liu et al., 2004). Applying the
Buxton model to this condition leads to the same conclusion regarding
the initial dip as with the CTH model: a quicker CBF response reduces
the initial dip. However, it is not possible to assess the effects of
reduced changes in capillary blood flow redistribution with the Buxton
model, which predicts therefore same BOLD signal under both condi-
tions in Figure 8.

In summary, we propose that the reduced initial dip associated
with caffeine intake is caused by fast CBF response, and we speculate
that the reduced undershoot observed after uptake of a high caffeine
dose reflects production of lactate and hence reduced CTH response.

It would have been also interesting to apply our model to condi-
tions of hypocapnia, where the blood flow would be expected to
homogenize at the same time as it decreases, to sustain adequate
CMRO;, levels. We hope that experimental data will be available in the
future to allow us to further study neuro-capillary coupling mechanisms

under hypocapnic conditions.

4.2 | OEF transients

In Figure 2, we examined the OEF response to a step increase in CBF
to assess whether our model behaves realistically. Examining OEF tran-
sients is of primary importance, as it will directly influence the time
course of the predicted BOLD signal. Theoretically, at least two reasons
compel OEF to be continuous, even in the extreme case where CBF
shows unphysiological time courses by changing instantaneously. First,
the increase in CBF affects mainly the total transit time (i.e., the actual
time spent in the capillary) of blood elements close to the capillary ori-
gin, while it hardly impacts that of end-capillary blood elements. Conse-
quently, the new OEF value is reached only when capillaries are filled
with blood elements which never experienced the velocity before CBF
increase, that is, after a time equal to the transit time in that capillary.
Second, upon CBF increase, the oxygen concentration in the extrava-
scular compartment tends toward a new equilibrium, affecting the con-
centration gradient between plasma and tissues, and hence OEF, for

several seconds. Figure 2b,c illustrates the differences between the

two models in term of OEF responses to more realistic, continuous,
CBF time courses. Of particular importance, Figure 2c shows that OEF
transients are predicted to be of different amplitudes depending on the
model considered, with the model used in Buxton et al. (1998, 2004)
showing a large OEF overshoot when metabolism increases, leading to
substantial differences in term of predicted BOLD signals. Furthermore,
it is interesting to note that the 1.5 s delay between OEF responses
predicted with the Buxton and the CTH model translates approximately
into the same delay in the dHb response (Figure 2e,f), and in turn in
the BOLD response (Figure 6), where it is particularly obvious for the
initial dips. This delay is of crucial importance, as it is of the same order
of magnitude as the duration of the initial dip observed in the BOLD

signal.

4.3 | Limitations of the study

In this study, we model the microvascular distribution of blood by just
one parameter, CTH. In this way, one can explore the role of the micro-
circulation in oxygen extraction (Angleys et al., 2015; Jespersen and
@stergaard, 2012; Rasmussen et al., 2015) and glucose extraction (Ang-
leys et al., 2016) in terms of a single parameter, which can be estimated
in both animals (Gutiérrez-Jiménez et al., 2016) and humans (Mourid-
sen, Hansen, @stergaard, & Jespersen, 2014). In maintaining this sim-
plicity, our model is less straightforward to relate to direct observations
of the microcirculation than models that incorporate the morphology
and topology of the microvascular bed when calculating oxygen extrac-
tion and BOLD signals (Gagnon et al., 2015). Incorporation of the phase
separation and self-regulation effects (Section 1) also increases model
complexity (Licker, Secomb, Weber, & Jenny, 2017), but the associated
change in hematocrit in capillaries that experience rapid redistribution
of flow may provide means of characterizing the effects of pericyte
dilations on the distribution of erythrocytes and their oxygen load.
Accordingly, optical imaging studies would detect such increases in
capillary hematocrit as a fast increase in total hemoglobin concentra-
tion, which might in turn be interpreted as a localized increase in local
blood volume. Such changes have indeed been reported (Chen, Bou-
chard, McCaslin, Burgess, & Hillman, 2011; Hillman et al., 2007; Sirotin
et al., 2009; Srinivasan and Radhakrishnan, 2014). The relative timing
of localized changes in deoxy-hemoglobin content and total hemoglo-
bin may provide important clues regarding the coupling of arterial and
capillary hemodynamics, respectively (Berwick et al., 2005, 2008), and
thus the origin of the initial dip. It should be kept in mind, however,
that a wide range of mechanisms, including central innervation of both
arteries and microvessels, may affect the timing and extent of vasodila-
tion and capillary redistribution of flow, respectively.

Although a lot of methods have been developed to quantify
CMRO, or CMRO, change, the precise time needed for the metabo-
lism to increase upon stimulation, and for that increase to affect mito-
chondrial activity, remain unknown. We therefore felt that it was
important to evaluate the influence of this parameter. In this study, we
assumed that the metabolism is determined by two parameters: Vipax,
which accounts for the oxygen demand, and Py, which accounts for the

oxygen availability in the tissue compartment around each capillary.
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Figure 5 shows that steep changes in v, when compared to CBF,
leads to an initial dip with a larger amplitude, and also to an overshoot
at the end of the stimulation. In our study, we based our predictions on
the assumption that the rise times for v and CBF, respectively, are
of comparable durations, thus matching the transients that have been
observed experimentally. Note that shorter or longer vy, time to rise
would lead to similar conclusions as long as CBF'’s time to rise is of
comparable duration.

In this study, we followed the approach detailed in Valabregue et al.
(2003) and treated individual capillaries as a compartment with homoge-
neous oxygen concentration, thus minimizing the amount of numerical
computation. We assessed the validity of this assumption by comparing
our results in steady state with those obtained with our previous model
(Angleys et al., 2015) where this simplification is not made (results not
shown). We observed that the predicted CMRO, with the two models
over a range of MTT and CTH values differ by less than 5%.

Our model relies on the calibration of several parameters (rate con-
stant k, Michaelis-Menten parameters vma and Kw, t,g and a)—See
Section 2.2.6 for more details about their calibration. While we based
our assumptions on literature reports whenever possible, values or
dynamics of parameters such as CTH remain unavailable or poorly
documented. Although the chosen parametrization is inevitably arbi-
trary to some extent, our model has been applied to many different
conditions. Accordingly, the good agreement between experimental
data and our predictions for each of them is unlikely to be attributable
to input parameters fine tuning. Moreover, when it was not possible to
calibrate a parameter directly from the literature, we checked that our
calibration gives rise to a realistic situation. For instance, t,; and ay
have been calibrated in the Buxton and CTH model to show realistic
and similar initial dips and undershoots in Figure 6. With this calibra-
tion, V, is predicted to lag 3 s to 5 s behind CBF (see Figure 5), which is
of same order of magnitude as reported values in the literature (Man-
deville et al., 1998; Yacoub et al., 2006). When doing this calibration,
we assumed that prolonged V, is the main contributor to the post-
stimulus undershoot in the Buxton model, while the predicted under-
shoot relies on both long CTH and long V, recovery in the CTH model.
The balloon effect (long V., recovery) therefore needs to be relatively
stronger with the Buxton model than with the CTH model to predict
an undershoot of same amplitude, and the parameter «y, in turn, needs
to take a larger value (0.60 with the Buxton model compared to 0.44
with the CTH model).

Note however that although long V,, and CTH recoveries are the
main contributors to the undershoot in the Buxton and CTH models,
changes in vnax also contribute to this negative portion of the BOLD
signal in these two models: an increase in vy, gives rise to a negative
BOLD signal, as shown in Figure 4a. This negative contribution to the
BOLD signal decreases its amplitude and in turn increases the ampli-
tude of the post-stimulus undershoot, both relatively to the signal max-
imum amplitude and in absolute value. When calibrating 1,5 and o, we
disregarded mechanisms such as long metabolism recovery or CBF
undershoot, which have been hypothesized to contribute to the post-
stimulus undershoot in some studies (Donahue et al., 2009; Hua et al,,
2011). While taking these effects into account in our calibration, as
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well as getting more accurate predictions would improve our predic-
tions, it is important to keep in mind that parameters such as 15, oy, Or
the dynamics of CTH, CBF, and vyax, may also vary between brain
areas and indeed among vertical layers (Gutiérrez-Jiménez et al., 2016;
Tian et al., 2010; Yacoub et al., 2006; Zhao et al., 2007).

In this study, the time courses of the different input parameters
MTT, CTH, and vmax are assumed to be smooth interpolation of trape-
zoidal functions. In reality, however, the blood flow does not increase
at a fixed rate, but is characterized by smoother change. In particular
during the off-period, the rate at which CBF increases varies more
gradually than what assumed in our model. To assess the effects of
these sudden temporal changes assumed in our model on the BOLD
signal transients, we applied our model to a condition where MTT and
CTH vary more gradually than what assumed in the rest of the study.
This left the BOLD signal transients essentially unchanged. Indeed,
OEF and V,, which are used to derive the variables g and v are continu-
ous and show smooth relaxation, even in the (unrealistic) case of non-
continuous CBF response (Figure 2). As a consequence, the influence
of sudden changes in CBF on the BOLD signal in our model is limited.
The rate at which CBF increases (rise time), however, has a strong influ-
ence on the transients (Figure 5ab). In this study, the effects of
changes in blood partial pressure of CO, (pCO,) on the oxygen dissoci-
ation curve of hemoglobin (the Bohr Effect) have not been taken into
account. Increase in pCO, between conditions, or between arterioles
and venules would shift the dissociation curve and lead to higher oxy-
gen delivery, and therefore to increased BOLD signal amplitude, while
the shape of the signal would be expected to be only modestly
affected. Including the Bohr effect would be possible by modeling how
change in pCO, would affect oxygen dissociation curve of hemoglobin
(Dash & Bassingthwaighte, 2004, 2010). While the Bohr Effect is likely
to have limited influence on oxygen extraction during, for example,
functional activation under conditions of normoxia, it will have more
substantial effect under conditions of hypercapnia where pCO, varies
a lot, conditions under which the model has been applied in this
study (Figure 6). Note that under conditions of hyperoxic hypercapnia
(Figure 7), oxygen saturation levels are high (saturated in arterial blood
and 91% saturated at the capillary end). Accordingly, the shift of the
oxygen dissociation curve in this condition will occur in the uppermost
region of the sigmoidal curve and its effect will therefore be limited.

In this study, the BOLD signal is evaluated from the relationship
13 derived in Buxton et al. (1998) and is calibrated for Bo=1.5 T and
TE=40 ms. This relationship has been updated in Buxton, Miller,
Wong, and Frank (1999) according to

f—:: vo - [(ki+ka) - (1—a)— (ko +ks) - (1—-V)] (20)

and is used in subsequent work (Buxton et al., 2004). In Equation 20,
parameters k; have been calibrated for a field strength of 1.5 T and are
equal to ky=6.93 - OEFy, k,=1.43 - OEF, and k3 =0.43 (Buxton et al.,
1999; Obata et al., 2004). These parameters have also been calibrated
for a field strength of 3 T in another study (Mildner, Norris, Schwarzba-
uer, & Wiggins, 2001), where they are equal to k;=16.75 - OEF,
k,=6.83 - OEFp, and k3=—0.57 (Mildner et al., 2001). Because 3 T
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scanners have become more prevalent than 1.5 T scanners, we
assessed the influence of the relationship used on the predicted BOLD
signal. We found that the choice of the relationship to relate g and v to
the BOLD signal has only little influence: in particular the three differ-
ent relationships (Equations 13 and 20 with parameters k; calibrated for
field strengths of 1.5 T and 3 T, respectively) give rise to initial dip and
post-stimulus undershoot of similar amplitude, suggesting that our con-
clusions do not depend on this particular choice. The amplitude of the
BOLD signal, however, differs more substantially from one relationship
to another.

To our knowledge, this is the first study where the BOLD signal is
predicted, taking into account the effect of CTH, although the influ-
ence of CTH on OEF has been recently assessed dynamically using
modeling (Rasmussen et al., 2015). Note however that several aspects
make these two models different: First, in the model developed by Ras-
mussen et al., concentration in single capillaries was assumed to have
reached steady state after each iteration. In contrast, in our model, we
do not assume steady state condition at any moment and CTH is intro-
duced explicitly. Second, while Rasmussen et al. modeled the extrava-
scular compartment as a single extravascular compartment being
affected by the transit time in every capillary, we modeled independent
extravascular compartment around each capillary with no oxygen trans-
fer between them. Although cells primarily receive oxygen from the
nearest capillaries, the conditions under which contributions from more
distant capillaries are indeed negligible, remain unclear.

We speculate that neuronal subtypes may reveal distinct BOLD
“fingerprints” by virtue of their preference for utilizing neuro-capillary
coupling (redistribution of blood among capillaries) or neurovascular
coupling (vasodilation) to meet their metabolic demands. It should be
kept in mind, however, that aging and disease related changes in capil-
lary function may alter individual BOLD dynamics to much larger
extent. See, e.g., Dstergaard et al. (2013) for a discussion of progressive
capillary dysfunction and the possibility that hyperemia may no longer
improve tissue oxygenation in cases where capillary “shunting” of oxy-
genated blood becomes extreme, cf. the inverse BOLD signals

observed after vasodilation by Siero et al. (2015a).

5 | CONCLUSIONS

In this study, we present for the first time a model to predict the BOLD
signal dynamically, including the effects of blood flow homogenization,
while employing a limited number of parameters. Although we had to
employ several simplifying assumptions, we showed that the different
variables used to predict the BOLD signal behave realistically and in
agreement with literature reports. Applying the model to several condi-
tions, we showed that, based on realistic parameter time courses, it can
predict the BOLD signal, and in particular its transients, with reasonable
accuracy. The origins of these transients have been studied for decades
and although several hypotheses have been formulated, it is the first
time, to our knowledge, that a model is able to bridge different plausi-
ble conjectures. In future work, it would be interesting to test the
hypothesis formulated here experimentally, for example, by accurately

determining the time courses of the BOLD signal, CBF, and the volume
in the venous compartment, while controlling CTH. This would provide
a way to assess the effects of CTH on the BOLD signal experimentally.
Furthermore, we speculate that our interpretation of the BOLD signal
in terms of the physiology of the microcirculation may open new ave-
nues in terms of studying neuro-capillary coupling mechanisms by neu-

roimaging methods.
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APPENDIX A

Py is computed from the following equation:

1
P_t(t)=jo Pu(t: E(ust)) - du (A1)

where F(u;t)=H " (u; a(t), B(t)), with H " being the inverse of the
cumulative distribution function H. Its probability density function h is
defined as h(t)=h(t) - t/MTT. See Angleys et al. (2016) for details
about its derivation.

CMRO, is computed as the sum of the rate at which oxygen is
metabolized in every capillary:

Pe(t;T(ust))

1
CMRO, (t) =JO Vimax (t) : W

-du (A.2)

Table Al gives the precise time parametrization used under each

conditions in this study.

TABLE A1 Model parameters time courses used in different conditions the model was applied to

Fig. (panel) param. tii tif
2(a, d) Vimax - -
CBF 2 2+e
CTH 2 2+¢
2(b, e) Vimax - :
CBF 2 14
CTH 2 14
2(C7 f) Vmax 2 8
CBF 2.9 14.9
CTH 2.3 14.9
4(a, b) Vimax 20 26
CBF - -
CTH - -
4(c, d) Vimax 20 26
CBF - -
CTH 20.3 329

rt tdi tdf dt

e - - -

12 - - -
12 - - -

12 - - -
12,6 -

6 55.7 76.7 21

12.6 56.6 92.6 36

(Continues)
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TABLE A1
Fig. (panel)

4(e, f)

4(g, h)

5(a, b)

5(e, f)

5(g, h)

6(a-c)

6(d-f)

7(a, b)

7(c, d)

8(a, b)

8(c, d)

ANGLEYS ET AL

(Continued)
param.

Vmax
CBF
CTH

Vmax
CBF
CTH

Vmax
CBF
CTH

Vmax
CBF
CTH

Vmax
CBF
CTH

Vimax
CBF
CTH

Vmax
CBF
CTH

Vmax
CBF
CTH

Vmax
CBF
CTH

Vmax
CBF
CTH

Vimax
CBF
CTH

Vmax
CBF
CTH

tii
20

20.9
20.3

20
20.9
20.3

20

20.9
20.3

20

20.9
20.3

20
20.9

20

20.9
20.3

20
20.9
20.3

20.9
20.9

20

524

(20)* 53.3
52.7

20

20.6
20.3

20

20.6
20.3

tif
26

32.9
32.9

26
32.9
32.9

20.9

32.9
32.9

26

32.9
32.9

26
32.9

26

32.9
32.9

26
32.9
32.9

32.9
32.9

41

58.4

(41)* 70.7
70.7

26

26.9
26.9

26

26.9
26.9

12
12.6

12
12.6

0.9

12
12.6

12
12.6

12

12
12.6

12
12.6

(21)* 17.4
18

6

6.3
6.6

6

6.3
6.6

tdi

55.7

56.6
56.6

55.7
56.6
56.6

55.7

56.6
56.6

55.7

56.6
56.6

55.7
56.6

55.7

56.6
56.6

55,7
56.6
56.6

56.6
56.6

116

79.1

(116)* 80
80

55.7

56.6
56.6

55.7

56.6
56.6

tdf

76.7

77.6
92.6

76.7
77.6
92.6

58.7

77.6
92.6

76.7

77.6
92.6

76.7
77.6

76.7

77.6
92.6

76.7
77.6
92.6

77.6
77.6

188

100.1

(188)* 101
101

76.7

77.6
92.6

76.7

77.6
77.6

dt

21

21
36

21

21
36

21
36

21

21
36

21
21

21

21
36

21

21
36

21
21

72

21
(72)* 21
21

21

21
36

21
21
21

All values are given in second and refer to the time axis of the figures presented in this study. tii, time at which the parameter begins to increase; tif,
time at which the parameter stops to increase; rt: rise time, rt=tif—tii; tdi, time at which the parameter begins to decrease; tdf, time at which the

parameter stops to decrease; dt: decay time, dt=tdf—tdi.

*Values in parentheses refers to CBF increase due to hypercapnia.
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