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ARTICLE INFO ABSTRACT

Keywords: Functional magnetic resonance imaging (fMRI) of blood oxygenation level dependent (BOLD) signals during the
Dynamic BOLD simulations resting-state is widely used to study functional connectivity (FC) of slowly fluctuating ongoing brain activity
Hemodynamic-metabolic impairments (BOLD-FC) in humans with and without brain diseases. While physiological impairments, e.g. aberrant perfusion

BOLD-Functional connectivity

. or vascular reactivity, are common in neurological and psychiatric disorders, their impact on BOLD-FC is widely
BOLD fluctuations

unknown and ignored. The aim of our simulation study, therefore, was to investigate the influence of impaired
neurovascular coupling on resting-state BOLD-FC.

Simulated BOLD signals comprising intra- and extravascular contributions were derived from an adjusted
balloon model, which allows for independent definitions of cerebral blood flow (CBF) and cerebral metabolic rate
of oxygen (CMRO5) responses, being elicited by a synthetic oscillatory input signal with low frequency (0.05 Hz)
amplitude modulations. BOLD-FC was then defined by correlations between physiological reference BOLD time
curves (seeds of seed-based BOLD-FC) and the test BOLD time curves (targets of BOLD-FC) featuring altered
physiological variables (CMRO>, CBF, cerebral blood volume (CBV)). Impact of impaired neurovascular coupling
on BOLD-FC was investigated for three different scenarios with independent changes in (1) CBF and CMRO3
amplitudes, (2) CBF and CMRO;, delays, and (3) coupling between CBF and CBV.

For scenario 1, we found ‘linear’ influences of CMRO, and CBF amplitudes on BOLD-FC: for a given CMRO;
amplitude, BOLD-FC changes from negative to positive FC with increasing CBF amplitude, and increasing CMRO
amplitude simply shifts this dependence linearly. For scenario 2, CMRO, and CBF delays had a complex ‘non-
linear’ effect on BOLD-FC: for small CMRO3 delays, we found that BOLD-FC changes from positive to negative
BOLD-FC with increasing CBF delays, but for large CMRO delays positive BOLD-FC simply diminishes with
increasing CBF delay. For scenario 3, changes in CBF-CBV coupling have almost no effect on BOLD-FC. All these
changes were not critically influenced by both signal-to-noise-ratio and temporal resolution modulations.

Our results demonstrate the importance of alterations in neurovascular coupling for aberrant resting-state
BOLD-FC. Based on our data, we suggest to complement BOLD-FC studies, at least of at-risk patient pop-
ulations, with perfusion and oxygenation sensitive MRI. In cases where this is not available, we recommend
careful interpretation of BOLD-FC results considering previous findings about hemodynamic-metabolic changes.
In the future, accurate modeling of the hemodynamic-metabolic context might improve both our understanding of
the crucial interplay between vascular-hemodynamic-neuronal components of intrinsic BOLD-FC and the evalu-
ation of aberrant BOLD-FC in brain diseases with vascular-hemodynamic impairments.

resonance imaging (fMRI) (Kwong et al., 1992; Ogawa et al., 1992) at the
resting-state (rs-fMRI) (Biswal et al., 1995) is widely used to study human
1. Introduction brain functional connectivity (FC) of slowly fluctuating ongoing activity
(BOLD-FC or briefly FC) (Fox and Raichle, 2007). In patients with brain
Blood oxygenation level dependent (BOLD) functional magnetic
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Abbreviations

BOLD blood oxygenation level dependent
BOLD-FC rs-fMRI-based measure of functional connectivity
BOLD-TC BOLD signal time curve

CBF cerebral blood flow

CBV cerebral blood volume

CMRO; cerebral metabolic rate of oxygen

CVR cerebro-vascular reactivity

FC functional connectivity

fMRI functional magnetic resonance imaging
MRI magnetic resonance imaging

rs-fMRI  resting state fMRI

diseases, alterations in BOLD-FC are commonly interpreted in terms of
neuronal impairments (Greicius et al., 2004; Sorg et al., 2007; Zhang and
Raichle, 2010; Manoliu et al., 2014; Avram et al., 2018; Brandl et al.,
2019). BOLD signals, however, result from a complex interplay of
neuronal and hemodynamic-metabolic processes, i.e. neurovascular
coupling (Bandettini, 2014), implying that the validity of inferring
neuronal impairments from altered BOLD-FC requires a tight coupling
between neuronal activity and subsequent hemodynamic processes (see
Fig. 1). This ambiguity of BOLD signals, substantially hinders full un-
derstanding and use of aberrant BOLD-FC in both clinical neuroscience
and its application.

The importance of neurovascular coupling for BOLD fMRI has been
recognized from its very beginning (Ogawa et al., 1993). Models have
been developed, on the one hand, to calibrate task-related BOLD
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responses with the aim to achieve a better comparability of task-related
neuronal responses (Davis et al., 1998; Chiarelli et al., 2007; Hoge, 2012;
Blockley et al., 2013), and on the other hand, to understand and describe
transient dynamic features of the BOLD response (Buxton et al., 1998;
Obata et al., 2004; Simon and Buxton, 2015). Currently, awareness with
respect to the influence of physiological factors on the BOLD signal is
increasing — also with respect to resting-state fMRI (Chang et al., 2008; Lv
et al., 2013; Liang et al., 2013; Liu, 2013; Tak et al., 2014; Christen et al.,
2015; Golestani et al., 2016; Kielar et al., 2016; Liu et al., 2017; Lecrux
et al., 2019). Recently, the importance of modeling BOLD signal tran-
sients (Havlicek et al., 2017) and significant impact of healthy hemo-
dynamic response function variability on BOLD-FC has been
demonstrated (Rangaprakash et al., 2018). Considering rs-fMRI as kind
of a ‘spontaneous event-related’ design, Wu et al. developed a decon-
volution technique (Wu et al., 2013) that has been proposed to be able to
track changes in neurovascular coupling, because it principally allows to
extract modulated spontaneous hemodynamic responses from rs-fMRI
(Wu et al., 2019).

More pronounced hemodynamic changes, e.g. hypo-perfusion and
reduced cerebrovascular reactivity, are known to occur in neurological
(Liu et al., 2017; Richter et al., 2017; De Vis, Bhogal et al., 2018; Gottler
et al., 2019; Pelizzari et al., 2019; Stickland et al., 2019) as well as
psychiatric disorders (Fleisher et al., 2009; Alexopoulos et al., 2012; Peca
et al., 2013; Chen, 2018; Oliveira et al., 2018; Riederer et al., 2018;
Gottler etal., 2019), and even healthy aging (Ances et al., 2009; Preibisch
et al., 2011; De Vis, Hendrikse et al., 2015; West et al., 2019). More
specifically, these studies document alterations in oxygen metabolism,
i.e. cerebral metabolic rate of oxygen (CMRO5), as well as perfusion, i.e.
cerebral blood flow (CBF), cerebral blood volume (CBV) and cerebro-
vascular reactivity (CVR), that can be expected to manifest as changes in
CMRO3, CBF and CBV response amplitudes and delays. While the impact
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Fig. 1. From intrinsic local activity (iLA) to blood oxygenation level dependent functional connectivity (BOLD-FC) of slowly fluctuating ongoing activity.
(a) Neural activity is commonly understood to arise from electrical transmembrane processes emerging from cellular processes (left). Physiological processes,
commonly referred to as neurovascular coupling (middle), lead to increases in metabolism (i.e., cerebral rate of oxygen metabolism CMRO,) and perfusion (i.e.,
cerebral blood flow (CBF) and volume (CBV)) (Bandettini, 2014). Finally, changes in blood oxygenation level dependent (BOLD) signal can be detected via
T2*-weighted magnetic resonance imaging (MRI) (Kwong et al., 1992; Ogawa et al., 1992) (middle-right). Correlations between BOLD signals (Biswal et al., 1995) are
interpreted in terms of intrinsic functional connectivity (Fox and Raichle, 2007). The outcome of the investigated dependence of BOLD-FC on neurovascular coupling
is symbolized by a schematic BOLD-FC matrix (rightmost red and blue square), whose meaning is explained in Fig. 2. (b) Flow diagram of dynamic BOLD signal

simulations accounting for neurovascular coupling.
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of reduced CVR (Liu et al., 2017) and arterial delays (Christen et al.,
2015; Lv et al., 2013; Chang et al., 2008) on BOLD-FC has impressively
been demonstrated, the effects of altered CMRO,, CBF and CBV have not
been systematically investigated yet - neither empirically via
multi-modal imaging nor theoretically via simulation approaches.

In this simulation study, we therefore aimed to investigate the in-
fluence of hemodynamic and metabolic impairments on the measured
BOLD signal, and particularly on BOLD-based FC at rest. We investigated
three different hemodynamic-metabolic scenarios by allowing for inde-
pendent changes in (1) CBF and CMRO, amplitudes, (2) CBF and CMRO,
delays, and (3) CBF-CBV coupling (see Fig. 2). Paradigms for these sce-
narios are found in neurodegenerative (Iadecola, 2004; Fleisher et al.,
2009; Alexopoulos et al., 2012; Peca et al., 2013; Riederer et al., 2018;
Gottler et al., 2019) or vascular diseases (Derdeyn et al., 2002; Blicher
et al., 2012; Bouvier et al., 2015; De Vis, Petersen et al., 2015; Gersing
et al., 2015; Richter et al., 2017; De Vis, Bhogal et al., 2018; Kaczmarz
et al., 2018; Gottler et al., 2019), where scenario 1 of altered CMRO, and
CBF amplitudes corresponds to conditions with exhausted metabolic and
vascular reserve capacities, scenario 2 of altered CMRO2 and CBF delays
represents brain tissues where CBF and/or CMRO; responses are delayed,
and finally scenario 3 of altered CBF-CBV coupling, i.e. altered ampli-
tudes and delays, stands for conditions with exhausted vascular reserve
capacity and delayed perfusion. Parameter spaces corresponding to these
three conditions were explored for tight coupling between CBF and CBV
(i.e., fast CBV responses) as well as slower CBV response. In addition,
influences of signal-to-noise-ratio (SNR) and temporal resolution for
sampling the BOLD signal were analyzed.

2. Materials and methods

Overview: In order to investigate the impact of impaired hemody-
namics and oxygen metabolism on BOLD-FC, we calculated Pearson’s
correlations between ‘non-impaired’ reference BOLD time curves (BOLD-
TC), serving as seeds S of seed-based FC, and ranges of BOLD-TCs, serving
as targets X;; of FC, representing a wide range of hemodynamic and
metabolic alterations. As a surrogate of intrinsic or ongoing slowly
fluctuating neuronal activity, we generated a synthetic neuronal input
activity N(t) with low frequency amplitude modulations. A dynamic
BOLD model allowing for independent CBF and CMRO5 inputs, was then
employed to simulate BOLD signal changes elicited by the neuronal input
activity N(t). Even though low frequency BOLD signal fluctuations due to
intrinsic ongoing brain activity are strictly not considered as ‘BOLD
response’, which actually is a term from the realm of task-fMRI, we use
this term in the following to indicate that the simulated BOLD signal

Scenario 1: Amplitude
Variable CBF & CMRO2 amplitudes (m1, f1)
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Table 1

Summary of dynamic model parameters following (Buxton et al., 2004; Simon
and Buxton, 2015; Blockley et al., 2009). Default settings employed for simula-
tion of the ‘tight coupling’ and ‘slower CBV’ reference curves are accentuated by

bold print.

Scenario 2: Delay
Variable CBF & CMRO2 delays (‘tm ) ‘r,)

Parameter  Description Value

N@® input intrinsic neuronal activity at time t dynamic [0-1]

m(t) ratio of CMRO, at time t to baseline dynamic

ml CMRO, ‘response’ amplitude 1.25 [1.0-1.3]

fin@® ratio of CBF inflow at time t to baseline dynamic

f1 CBF ‘response’ amplitude 1.5 [1.0-1.6]

Sou(® ratio of CBF outflow at time t to baseline dynamic

q(® ratio of deoxyhemoglobin content at timet  dynamic
to baseline

v(t) ratio of venous CBV at time t to baseline dynamic

hgm (© convolution kernel relating CBF and variable
CMRO,, to neuronal input

Hem scaling parameter for CBF and CMRO, variable
convolution kernels

Tem characteristic time constants for CBF and 2s [0.5s8.0s]
CMRO;, responses

Oy exponent describing steady state venous 0.2 [0.025-0.4]
flow-volume coupling

Ty characteristic time constants for venous 0Os (tight coupling), 20s
CBV response (slower CBV),

[0.0s-30.0s]

Vo frequency offset of a fully deoxygenated 80.6 57! (at 3T)
blood vessel at 3 T

o slope defining the dependence of the R2* 178 sec™! (at 3.0T)
on blood oxygenation

€ intrinsic ratio of blood to tissue signals at ~ 0.24 (at 3.0T)
rest

To transit time for blood through venous 0.75s
compartment

z shape parameter for CBF and CMRO, 3
convolution kernels

] BOLD-deoxyhemoglobin scaling constant ~3

for extravascular BOLD signal
contributions (only used in supplement)

fluctuations are in fact elicited by the prescribed neuronal input activity.
All described calculations and simulations were implemented and per-
formed using MATLAB R2019b (The MathWorks, Inc.).

Fig. 1 schematically illustrates the assumed relations between the
underlying neuronal activities (i.e., neuronal input activity N(t)),
induced BOLD responses, and derived BOLD-FC (Fig. 1a) as well as the
corresponding simulation framework for modeling their relations
(Fig. 1b). Table 1 provides a summary of model parameters as well as
their definitions and employed ranges. Fig. 2 illustrates the framework

Scenario 3: Coupling
Variable CBV amplitude & delay ((xv, tv)

Region X, | Region X | Rggion Xim R‘egion X R‘egion X R?gion e
high f1 high f1 high T, hight, high a, high a,
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o
v v © £ <
° & =
E S/ HE S ols S
Z |5 VS k4 ko] PCYG & K &2C5
S e A ] N S ] P A
Sle SO Sle & A0~ S|@ A
gl A 2 8 NS 2|10 /S
Els o £ SN El R
9] > & /9
Region X, | increasing Region X_ Region X, | increasing Region X Region X, | increasing Region X_
low f1 - low f1 low T, low T, low a, low «,
low m1 CMRO, aTP"tUde high m1 low T, CMRO, delay | hight,, low, cereiciay high T,
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Fig. 2. Framework for exploring the influence of neurovascular coupling on BOLD-FC. The dependence of BOLD-FC on impaired hemodynamic-metabolic
coupling processes was investigated by a seed-based FC approach. Specific impairments in the target regions of seed-based FC were systematically simulated
across three distinct parameter spaces, i.e. scenarios (left, middle, right), with each scenario spanning a two dimensional space such as varying CMRO, amplitude and
CBF amplitude in scenario 1 at the left side. These 2-dimensional scenario matrices then allow to visualize the dependence of seed-based BOLD-FC on hemodynamic
and metabolic parameters by complementary FC matrices for a fixed seed (see Fig. 1a far right, or Fig. 3). Note that the color scheme for simulated parameters is

harmonized with Figs. 3 and 4b, g.
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for studying the influence of neurovascular coupling on BOLD-FC in
terms of BOLD-FC matrices resulting for the three concrete neurovascular
coupling scenarios we investigated. The workflow from influencing pa-
rameters across simulated BOLD-TCs to resulting BOLD-FC matrices is
summarized in Fig. 3. To reflect BOLD-FC, Pearson’s correlation co-
efficients were calculated between ‘non-impaired’ reference BOLD sig-
nals (seed regions S) and a range of ‘impaired’ BOLD signal time curves
(BOLD-TGCs; target regions X ;).

2.1. Simulating the influence of hemodynamic-metabolic impairments on
BOLD-FC for three paradigmatic scenarios

Three different paradigmatic scenarios were explored:

(1) Scenario 1 — CMRO2 and CBF amplitudes: Independent changes in
CMRO; and CBF response amplitudes (m1, f1) were simulated to
explore the effects of a quantitative uncoupling between oxygen
consumption and blood flow responses (Fig. 2, left). This includes
the extremes of maximum CBF response (f1 = 1.6, i.e. 60% CBF
increase) at missing CMRO, response (m1 = 1.0, i.e. no CMRO,
increase) as well as missing CBF response (f1 = 1.0, i.e. no CBF
increase) at maximum CMRO; response (ml = 1.3 ie. 30%
CMRO; increase). These extremes are meant to represent brain
tissues that are unable to adapt either oxygen metabolism or
perfusion to increased metabolic demands, with otherwise pre-
served function, i.e. perfusion or metabolism. This corresponds to
scenarios where either metabolic or vascular reserve capacities
are exhausted, which might be the case in either neurodegener-
ative (Iadecola, 2004; Fleisher et al., 2009; Alexopoulos et al.,
2012; Peca et al., 2013; Riederer et al., 2018; Gottler et al., 2019)
or vascular diseases (Derdeyn et al., 2002; Bouvier et al., 2015; De
Vis, Petersen et al., 2015; Gersing et al., 2015; Cogswell et al.,
2017; De Vis, Bhogal et al., 2018; Gottler et al., 2019).

(2) Scenario 2 — CMRO_ and CBF delays: Independent changes in
CMRO; and CBF delays, i.e. the respective characteristic time
constants (T, Tf), were simulated to explore the effects of a
temporal uncoupling between oxygen consumption and flow re-
sponses (Fig. 2, middle). This comprises the extremes of

Physiological . Model .
Quantities Dynamics Parameters Scenario
Increasing CMRO, amplitude A
g , amp > ml
CMRO, > 1:Amplitude
Increasing CMRO, delay €1
/ J
Increasing CBF amplitudy Tm A
CBF > 2: Delay
Increasing CBF delay > T
> f
Increasing CBF-CBV coupling > o B
> -
CBV > 3:Coupling
Increasing CBV delay > T
> v
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immediate CBF response (tf = 0.5s) at delayed CMRO; response
(tTm = 8.0s) as well as delayed CBF response (tr = 8.0s) at prompt
CMRO,, response (T, = 0.5s). Note that 1, and 1¢ influence the
time to peak (TTP = 2-tp,,f) as well as the temporal width of the
responses (full width at half maximum, FWHM = 3.4-1;,,,). This
scenario might represent brain tissues where CBF and/or CMRO;
responses are delayed, which is present in neurodegenerative or
vascular diseases (Fleisher et al., 2009; Iadecola, 2004; Kawano
etal., 2016; Khalil et al., 2017; Richter et al., 2017; De Vis, Bhogal
et al., 2018; Kaczmarz et al., 2018).

(3) Scenario 3 — CBF-CBV coupling: Independent changes in flow-
volume coupling exponent () and characteristic time constant
(ty) were simulated to explore effects of independent changes in
CBV response amplitudes and delays (Fig. 2, right). This scenario
comprises the extremes of instant CBV response (t, = 0.0s) at
negligible CBV response amplitude (o, = 0.025) as well as delayed
CBV responses (1, = 30.0s) at maximum CBV response amplitude
(0 = 0.4). The upper limit for ay is close to the initially proposed
value of 0.38 (Grubb et al., 1974), while more recent estimates
yielded rather lower values (Chen and Pike, 2010; Wesolowski
et al., 2019). With respect to brain diseases, negligible CBV re-
sponses might occur in brain tissues with exhausted vascular
reserve capacity, long delays might be present in areas with
delayed perfusion due to vessel occlusions (De Vis, Petersen et al.,
2015; Kawano et al., 2016; Cogswell et al., 2017; Richter et al.,
2017; De Vis, Bhogal et al., 2018; Kaczmarz et al., 2018).

Since the timing of the venous CBV response is controversial — such
timing is both difficult to observe and potentially variable across regions,
contexts and stimulation conditions (Kim and Kim, 2011; Liu et al., 2019;
Hillman et al., 2007; Drew et al., 2011; Hirano et al., 2011; Simon and
Buxton, 2015; Lewis et al., 2016; He et al., 2018; Kim et al., 2019), each
of the three scenarios was simulated for two characteristic cases of (1) a
tight coupling between CBF and CBV, i.e. fast CBV response with t, =
0.0s, and (2) a more loose coupling between CBF and CBV, i.e. slower
CBV response with t, = 20.0s (see Figs. 3 and 4).

For simulations of the physiological reference BOLD time courses, i.e.
seeds of BOLD-FC, the prescribed changes in CMRO, and CBF amplitudes

Temporal
BOLD-TC BOLD-FC SNR Resolution
1000 100 ms

sl slow i

]

ot (A Tight ﬁ : at 1000 m
<3 (i S i T

By
{% A o [T
Locoasaieen |
. o s\ [
> L .......... |Tight o

Fig. 3. Overview on simulation scenarios, workflow and results. Temporal changes in CMRO,, CBF and CBV are simulated using a dynamic BOLD model as
illustrated in Fig. 1b. The behavior of normalized CMRO,, (m(t)), CBF (f(t)) and CBV (v(t)) is governed by prescribed values of CMRO, and CBF response amplitudes
(ml, f1) and characteristic time constants (T, Tf) as well as CBF-CBV coupling exponent &, and characteristic time constant t,. The flow diagram illustrates, which
model parameters are changed in combination (left) to generate BOLD signal time courses (BOLD-TCs) (middle). Correlations between physiological reference BOLD-
TCs and impaired target BOLD-TCs (across the parameter spaces of three different scenarios as defined in Fig. 2) results in matrices of correlation coefficients rep-
resenting BOLD-FC (right). Within those matrices, correlation strength depends on parameter variations (right). To explicitly explore the influence of CBF-CBV
coupling, simulations were performed assuming both, tight CBF-CBV coupling (t, = 0.0s) and slower CBV response (t, = 20.0s). Moreover, the influence of SNR

and temporal resolution was investigated (far right).
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Simulated ‘non-impaired’ reference BOLD-TCs with tight CBF-CBV coupling at three different TRs
(a) (b) ) (d) 4 ) (¢) 4
1M SNR; =250 noisy BOLD ‘ SNR =250 noisy BOLD SNR, =250 noisy BOLD
FTR=100ms model BOLD | 3+ TR=1000 ms model BOLD 3 TR =2000 MS | === model BOLD
Sos L T 2
E 06 §;3 i QD 1
£ - o
= = 2 of-
5 04 a &
2 q - 4 -
]
2t -2
e 3 3
0 100 200 300 40 0 100 200 300 400 0 100 200 300 400 0 100 200 300 400
time [sec] time [sec] time [sec] time [sec]
Simulated ‘non-impaired’ reference BOLD-TCs with slower CBV response at three different TRs
() (9) @i 4 s — N () I
0.14 9 SNR =250 |——noisy BOLD | l SNR, = 250 noisy BOLD SNR, = 250 noisy BOLD
[ TR=100ms model BOLD | 3 \ TR =1000 ms model BOLD | 31 TR=2000 ms model BOLD
z t = 2
g £ g
] o ~
© o o
> 0.06 = . 3 of- 4
E < %]
£ q qa
©0.02 [
2t 2 ‘
) 3 3
0 50 100 0 100 200 300 400 0 100 200 300 400 0 100 200 300 400
time [sec] time [sec] time [sec] time [sec] time [sec]

Fig. 4. Seed BOLD time courses - illustration of the simulation process (left) and summary of all BOLD reference signals (right). Left (a,f): Convolution of the
neural input signal N(t) (a) with gamma variate functions hg(t) and hy,(t) (note that both functions are overlapping) (f) yields independent normalized inputs f;,(t)
(CBFj,) and m(t) (CMRO>) (b, g). These independent normalized CBF and CMRO, inputs, CBF;,(t) and CMRO,(t), were simulated assuming either a tight coupling
between CBF and CBV (t, = 0.0s) (b) or a slower CBV response (t, = 20.0s) (g). All other parameters were chosen identical. Input CBF;, and CMRO, are shown
together with simulated outflow (CBF,,; ~ CBFj;) and venous CBV (CBV,) for tight coupling (b) and slower CBV (g). Right: The resulting BOLD signals (blue, c-e, h-j)
with temporal resolutions of TR = 100 ms (c, h), TR = 1000 ms (d, i) and TR = 2000 ms (e, j) are likewise shown for tight coupling (c—e) and slower CBV (h-j). The
resulting BOLD signals (blue, c-e, h-j) are complemented with random white noise yielding noisy BOLD signals (red, c-e, h-j) with SNRy = 250. The signal portion used

for BOLD-FC calculations are marked by green frames.

(m1 = 1.25, f1 = 1.5) as well as characteristic time constants (t, = 2.0s,
t¢ = 2.0s) were chosen according to previous observations and simula-
tions of task responses to rapidly varying stimuli (Simon and Buxton,
2015), which appears plausible for healthy subject’s hemodynamic re-
sponses to intrinsic neuronal activity. With respect to CBF-CBV coupling,
we used o, = 0.2, similar to oy, = 0.18 + 0.02 (Chen and Pike, 2010) that
is commonly accepted for calibrated fMRI applications (Blockley et al.,
2013). With respect to the characteristic time constant 7y, the choices of
tight CBF-CBV coupling, i.e. Ty = 0.0s, and slower CBV response, i.e. T, =
20.0s, were matched to the respective simulation scenarios. Fig. 4 illus-
trates the simulation process for the physiological reference BOLD signals
(i.e., seeds of BOLD-FC) that were generated with different temporal
resolutions (repetition times TR = 100 ms, 1000 ms, 2000 ms) and
assuming either tight coupling between CBF and CBV (Fig. 4b—e) or a
slower CBV response (Fig. 4g-j). Compared to tight coupling, the
BOLD-TCs at slower CBV conditions show characteristic transients (i.e.,
post-stimulus undershoots) in the boxcar portion of the simulated signal
that are known from typical task experiments (Buxton et al., 1998).

While the simulation model will be described in more detail below
(sections 2.2 and 2.3), Fig. 5 and Supplementary Fig. S1 illustrate the
ranges of simulated target BOLD-TCs (i.e., ‘impaired’ targets of BOLD-FC)
by providing incomplete summaries for the cases of slower CBV response
and tight CBF-CBV coupling, respectively. Note that coupling of a boxcar
portion to the synthetic neuronal input activity N(t) was meant to allow
for a prompt assessment of simulated BOLD signal behaviors as illus-
trated in Figs. 4 and 5.

BOLD-FC calculations were performed using the intrinsic signal por-
tions (i.e., the last 200s) only that are framed by green boxes in Figs. 4
and 5 as well as Supplementary Fig. S1 to S4. Note that seed and target
signals from Figs. 4 and 5, respectively, were always simulated consis-
tently, adopting either tight coupling or slower CBV response conditions.

Besides temporal resolution as noted above, we also explored the
influence of noise at four different SNR levels, namely SNR = [1000, 500,

250, 125]. Finally, for each pair of parameters, BOLD-FC, i.e. correlation
coefficient values, were finally calculated for 16x16 different realizations
of added random white noise (p = 1, 6 = 1/SNR), which were then
represented as matrices of CC and p-values for each scenario (Figs. 6-8).

2.2. Neural input signal

Background. Active neuronal populations synchronize in the gamma-
frequency band (i.e., 30-100 Hz), for example during bottom-up sensory
processing (Brosch et al., 2002; Schoffelen et al., 2005; Bastos et al.,
2012), in the alpha-frequency band (i.e., 8-12 Hz), for example to
mediate top-down influences on sensory processing by regulating cortical
excitability (Jensen and Mazaheri, 2010; Mayer et al., 2016), and in the
infra-slow and slow frequency range (<1 Hz), for example reflecting
large-scale coordination of remote processes by cross-frequency coher-
ence and/or slowly propagating global cortical waves (Engel et al., 2013;
Matsui et al., 2016; Mateo et al., 2017; Mitra et al., 2018). The current
study takes these paradigmatic frequency bands to simulate neural input
signals.

Definition of N(t). A continuous oscillatory signal was used to simulate
such modes of neuronal activity and applied as the neural input to the
below described BOLD simulation model. In detail, three different time
series x(t) with the generic form shown in equation (1) were calculated
with frequencies of 60, 10 and 0.05 Hz.

@

A power-to-power cross-frequency coherence relationship was
implemented in which the time series with the lowest frequency (i.e.,
0.05 Hz) modulated the amplitude of the remaining time series (i.e., 60
and 10 Hz). The time-frequency representation (TFR) of the simulated
neural signal was sampled in 2 Hz steps between 6 and 80 Hz using a
Hanning taper with a length of seven times the cycle length and 10 ms
step size. From the resulting TFR, average power was calculated,

x(1) =A,*cos(2xf. + ¢,)
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normalized and zero-padded to extract a single time course N(t). This
signal was coupled to a boxcar portion to allow for prompt assessment of
simulated BOLD signal behavior as illustrated in Fig. 4a.

2.3. Dynamic BOLD simulations

Calculation of dynamic BOLD signals from the above described syn-
thetic input neuronal activity N(t), was based on the Balloon model that
was originally proposed and further developed by Buxton and coworkers
(Buxton et al., 1998; Obata et al., 2004). Our implementation using
Simulink and MATLAB R2019b closely resembles the one presented by
Simon and Buxton, (2015). With respect to nomenclature, we follow this
previous work and stick to their conventions in particular with regard to
expressing changes in dynamic variables relative to baseline values (see
Table 1). In the following, we provide a concise description of the
employed model framework, which is also illustrated in Fig. 1b.

Since we strive to simulate the influence of independent alterations in
oxygen metabolism and hemodynamic parameters on BOLD-FC, it is
important that the respective model inputs can be defined independently.
Following previous work (Buxton et al., 1998; Simon and Buxton, 2015),
dynamic changes in incoming blood flow, fi,(t), and metabolic rate of
oxygen, m(t), relative to baseline, were modeled as linear responses to a
prescribed neuronal input N(t):

fn0) =N () *hy (1) 2
m(t) =N()*hn (1) 3

where the convolution kernels hg,(t) are scaled gamma distributions,

(z=1)
) @

By (1) = Hrm o
with shape parameter z, scaling parameters Hy, and characteristic time
constants Tgp, that take distinct parameters values for flow (f) and
metabolic (m) input functions, respectively (see Table 1).

Emanating from these changes in blood flow (fi;(t)) and oxygen
metabolism (m(t)) (evoked by the prescribed neuronal input N(t)), a
system of coupled differential equations is used to derive relative changes
in deoxyhemoglobin content, g(t), and venous blood volume, v(t), from
which BOLD signal changes relative to baseline (by) are calculated. Since
the extravascular fraction likely accounts for only about 70% of BOLD
signal change at 3T (Li and van Zijl, 2020), we follow the approach of
(Obata et al., 2004), who derived an expression including extra- and
intravascular signal contributions

POZ00 - Vol -+1a)(1 = 4(0) — (s + k)1 —v()] ®
with k; = 4.3vgVoEoTE, ka = ergEoTE, and k3 = ¢ - 1. Besides the frequency
offset of a fully deoxygenated blood vessel, vy = 80.6 s~} (Simon and
Buxton, 2015) and the echo time TE = 30 ms, Eq. (5) requires knowledge
of the intrinsic ratio of blood to tissue signals at rest, € = 0.24, and the
slope defining the dependence of the R2* relaxation rate on blood
oxygenation, ro = 178 sec! (see Table 1 in (Blockley et al., 2009)).
Additionally, we assumed a baseline fractional venous blood volume, Vj
= 0.025, and baseline oxygen extraction fraction, Ey = 0.4 (Leenders
et al., 1990; Ishii et al., 1996; Ibaraki et al., 2008). Given the uncertainty
in € and rp, and in order to investigate the influence of neglecting
intravascular contributions, we also calculated BOLD signal changes
using a purely extravascular BOLD signal model following Simon and
Buxton (2015) (see Supplementary material: Eq. (S1) and Fig. S2 to S7).

The differential equations employed to derive dynamic changes in
deoxyhemoglobin content (q(t)) are based on principles of mass and
volume conservation for deoxyhemoglobin and blood, respectively.
Assuming a homogeneous venous compartment, dynamic changes in
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deoxyhemoglobin content g(t) result from changes in CMRO; (m(t)), CBF
(more precisely the rate of blood flow out of the compartment f,,,(t)), and
subsequent expansion of the venous compartment, i.e. venous blood
volume CBV, (v(t)):

@ = i [m(t) *fuur(V) M] (6)

dt o Ty V(l

where 7 is the transit time for blood through the venous compartment.

Equation (7) describes the rate of change of cerebral blood volume
relative to baseline v(t) and models its dependence on the difference
between its current value v(t) and the value it would reach if the system
was allowed to reach a steady state at a given inflow fi;(t)

= 0 -0 @
where 1y is the characteristic time constant of the CBV response and o, is
the exponential flow—volume coupling parameter, originally described to
be 0.38 by Grubb et al. (Grubb et al., 1974). We assume o, = 0.2 as a
standard, similar to a more recent value of o, = 0.18 (Chen and Pike,
2010). Equation (8) models the dependence of the rate change in v(t) on
the difference between inflow and outflow

dv 1
s (i () = foue (1, )] ®

For the missing blood flow out of the system, fo,{(v,t), we finally
employed a relation that assumes viscoelastic effects in the vascular
system (Buxton et al., 1998; Simon and Buxton, 2015)

v\ d

fom‘(t7 V) = <V(t) + TVZ‘;) — T Ll% for 7, >0 (9)
d

Fra(t,9) = v1/* 4 7, d—: for 7, =0 (10

where the vasculature, i.e. the ‘balloon’, initially resists volume changes
but then approaches a new steady-state in accordance with a power law
dependence between blood flow and volume.

Fig. 4 illustrates the simulation process for the reference BOLD-TCs of
seed-based BOLD-FC obtained by convolution of the prescribed neuronal
input signal N(t) (Fig. 4a) with independent hemodynamic response
functions hq(t) and hy,(t) (Fig. 4f) for presumably healthy CMRO2 (m1 =
1.25, T, = 2.0s) and CBF (f1 = 1.5, tr = 2.0s) response parameters
(following (Simon and Buxton, 2015)). This process yields independent
normalized input cerebral blood flow fi;(t) (CBF;,) and metabolic rate of
oxygen m(t) (CMRO5) that are independent from flow-volume coupling
conditions (blue and red curves in Fig. 4b, g). Simulated changes in
venous CBVy (v(t)) (green curves in Fig. 4b, g) and blood flow out of the
tissue CBFqyt (fou(t)) (= CBFj,, cyan curves in Fig. 4b, g) depend on
assumed flow-volume coupling conditions. Resulting BOLD-TCs are
shown for both (1) tight coupling between CBF and CBV (o, = 0.2, T, =
0.0s) (Fig. 4c—e) and (2) slower CBV response (ay = 0.2, Ty, = 20.0s)
(Fig. 4h-j). Fig. 5 and Supplementary Fig. S1 show incomplete summaries
of noise-free simulated BOLD signal time curves for slower CBV response
and tight CBF-CBV coupling, respectively. Note that signal correlations
for BOLD-FC calculations were only performed on the green-rimmed
signal portions (i.e., the last 200s) of simulated BOLD-TCs exhibiting
low frequency oscillations, which also excludes transients resulting from
the border between constant and oscillating neuronal input signal N(t).

3. Results

Fig. 3 presents an overview of both the workflow and, importantly,
the main results of our study - from the investigated parameters (left)
over the three simulated scenarios and BOLD-TCs (left-middle) to the
results with respect to BOLD-FC (right). The simulated physiological (i.e.,
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Summary of noise-free simulated ‘impaired’ BOLD-TCs with slower CBV response for all three scenarios
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Fig. 5. Summary of simulated noise-free ‘impaired’ target BOLD signal time curves (BOLD-TCs) for all three scenarios at slower CBV response (1, = 20 s).
Left: For comparison, the first column (a, e, i) shows the respective physiological reference BOLD-TC, which is actually identical for all three scenarios and replicates
Fig. 4i. Right: Target BOLD-TCs of impaired hemodynamic-metabolic physiology. The top row (Scenario 1 — Amplitude, b-d) shows BOLD-TCs resulting from the
simulated range of changes in evoked CMRO, amplitude (m1) at three different CBF amplitudes (f1). The middle row (Scenario 2 — Delay, f-h) shows BOLD-TCs
resulting from the simulated range of delays in oxygen metabolism (t,,) at three different CBF delays (t¢). The bottom row (Scenario 3 — Coupling, j-1) shows
BOLD signals resulting from the simulated range of delays in CBV responses (t,) at three different flow-volume coupling exponents (o). For plots with multiple
simulated curves, line colors change from dark blue to yellow along the given ranges of m1 (b-d), T, (f-h) and 7, (j-1) as indicated by the color bars. Signal portions
used for BOLD-FC calculations are marked by green frames and correspond to the last 200s.

‘non-impaired’) reference BOLD signal time curves used as seeds of
BOLD-FC are shown in Fig. 4c-e (i.e., tight coupling between CBF and
CBV) and Fig. 4h—j (i.e., slower CBV) for three different temporal reso-
lutions, TR = 100 ms (Fig. 4c,h), TR = 1000 ms (Fig. 4d,i), TR = 2000 ms
(Fig. 4e,j). For the prescribed temporal SNRy = 250, the BOLD-TCs
appear reasonably realistic. The behavior of the simulated BOLD sig-
nals can be best assessed in the initial boxcar portion, where a typical
post-stimulus undershoot can be observed for the signals simulated with
slower CBV response (Fig. 4h-j) but not for tight CBF-CBV coupling
(Fig. 4c-e).

In Fig. 5, referring to BOLD-TCs of physiologically ‘impaired’ target
regions of BOLD-FC, an incomplete summary of noise-free simulated
BOLD-TGCs is given for the case of slower CBF-CBV coupling at TR = 1000
ms, demonstrating a wide variation of BOLD signal amplitudes as well as
shapes. Note that the physiological reference time courses in the first
column are in fact identical and replicate Fig. 4i. In particular, there are
distinct differences between BOLD-TCs across the three different sce-
narios that will be presented in detail below, together with scenario-
specific, distinct FC changes. Summarized in Supplementary Fig. S1,
for the case of tight CBF-CBV coupling, simulated BOLD-TCs look

essentially similar. The most salient difference is the missing post-
stimulus undershoot in the boxcar portion of the signals, but one
should also note the generally lower amplitude of the BOLD signal
changes in the slowly oscillating BOLD-TC portions when tight coupling
is assumed. This difference appears particularly pronounced in the
reference BOLD-TCs (Fig. 5a,e,i vs. Figure Sla,e,i), which induces sys-
tematically lower significances in BOLD-FC in the case of tight coupling
(Fig. 6a—f) vs. slower CBV (Fig. 6g-1). Differences between BOLD-TCs
simulated at different temporal resolutions (i.e., TR = 100 ms, 1000
ms, 2000 ms) are hardly recognizable (data not shown) and are not ex-
pected to impact on the results of BOLD-FC calculations directly, because
the simulated BOLD-TCs were complemented with noise before they
served as target regions Xj; for BOLD-FC—calculations across the three
different scenarios (see Fig. 4 for exemplary noisy BOLD-TCs at SNRg =
250).

The following sections describe the overall behavior of both simu-
lated BOLD-TCs of target regions of BOLD-FC (Fig. 5) and BOLD-FCs
themselves (Fig. 6) across the parameter spaces of the three different
scenarios outlined in Fig. 2. The behavior of BOLD-FC, i.e. the correlation
coefficients (CC-values) and their significance levels (p-values), is shown
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Influence of different neurovascular coupling scenarios on BOLD-FC

Tight CBF-CBV Coupling

Scenario 1 - Amplitude

(a  CC=[-0.39..0.42] (b)
1.6 N W 04 8.0 'l
HE ]

Scenario 2 - Delay
CC = [-0.38...0.40] (©)
RN G B0 e v

Scenario 3 - Coupling

CC =[-0.19...0. 43]
04 0.400 FTT T 04

02 _ 0.2 - 02 _
= = 0275 ﬂii\’sﬁﬂﬂllll >
= > HEENCSAENEEREEE
8 " §7 oo EiiSRARSRRRISRE |

Q %) Q

8 O 0.150 @A 3
-0.2 -02 —HH -0.2
04 04 0.025 0

05 20 35 50 65 80 0.0
'_m
(e) (f

0.05 8.0 : 0.05 0.400 0.05

& 004 — 65 on 0.04 004

-— 11 = ~
5 g . % <
4 003F 50 003 E 0%7° 003 >
- ooz§ .,-35— S 002 2° 002§
1.2 i T g i ’ i 0.150 S
Az 001 & 20FC" 0.01 001 &
10 TEE 0 05 0 0.025 0
1.0 1.1 12 13 05 20 35 50 65 80
m1 T T
m \'
Slower CBV Response
Scenario 1 - Amplitude Scenario 2 - Delay Scenario 3 - Coupling
(9) CC = [-0.56...0.61] (h) CC = [-0.55...0.59] (u) CC =[-0.28...0.55]
16 0.4 0.4 04
02 _ 02 _
10 'é s o &
8 8
0.2 0.2
04 04
"05 20 35 50 65 80
Tm
K
0.05 ' go 3 0.05
004 — 65 -‘.- 004
003F  s0f 7 003 >
‘6‘ [N o ;
002 2 35 0.02 2
© ©
> >
001 & 20 [ 001 &
0 0.5 L Y| 0

m

05 20 35 50 65 80

Fig. 6. Influence of different neurovascular coupling scenarios on BOLD-FC. Matrices of correlation coefficients (CC), reflecting seed-based BOLD-FC (a-c, g-i),
and corresponding p-values (d-f, j-1) for correlations between ‘non-impaired’ seed BOLD-TCs and ‘impaired’ BOLD-TCs of target regions. Three different parameter
spaces (i.e., scenarios) were explored for either tight coupling (a—f) or slower CBV (g-1): scenario 1: amplitude (left), scenario 2: delay (middle), and scenario 3: coupling
(right). Results are shown for a temporal resolution of TR 1000 ms and SNRy = 250 with 16x16 different random white-noise realizations for each pair of investigated
parameter values. The yellow line in panels (a) and (g) indicates where the flow-metabolism coupling ratio n = (f1-1)/(m1-1) ~ 1.3. The location of the seed reference
time curve in the respective parameter spaces is indicated by yellow squares. Matrices of CC values representing BOLD-FC are uniformly scaled between —0.4 and +
0.4. For each scenario, the individual range of CC values is noted in the title of each CC matrix. Matrices of p-values are truncated at p = 0.05, rendering voxels with

insignificant correlations white.

in Fig. 6 for the assumptions of tight CBF-CBV coupling (Fig. 6a—f) and
slower CBV response (Fig. 6g-1). The influence of both different SNR
levels (Fig. 7) and temporal resolutions (Fig. 8) on BOLD-FC is then
demonstrated for scenario 1 assuming slower CBV responses.

3.1. Scenario 1 — amplitude: influence of CBF and CMRO, amplitude
changes on BOLD-TCs and BOLD-FC is simple

The overview of main results in Fig. 3 shows that the dependence of

BOLD-FC on CMRO; and CBF amplitude is simple: For a given CMRO;
amplitude, BOLD-FC changes from negative to positive FC with
increasing CBF amplitude, and increasing CMROy amplitude simply
shifts this dependence linearly. A detailed look (Fig. 6a,g) reveals, that
for the case of missing flow response (f1 = 1, along the x-axis), CC-values
(i.e. BOLD-FC) become increasingly negative with increasing CMRO5
amplitude (m1 = [1-1.3]), while for distinct CMRO, amplitudes, CC-
values go from negative to positive with increasing CBF amplitudes.
These areas with negative and positive BOLD-FC are separated by a zone
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Influence of SNR for Scenario 1 — Amplitude: Slower CBV Response
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Fig. 7. Influence of different signal-to-noise ratios on BOLD-FC simulations. Correlation coefficients (CC), reflecting BOLD-FC (a-d) and p-values (e-h) for
scenario 1: amplitude, assuming slower CBV response. The ‘non-impaired’ physiological reference BOLD-TC and the range of ‘impaired’ target BOLD-TCs were
simulated at four different noise levels, SNR = 1000 (a, e), SNR = 500 (b, f), SNR = 250 (= SNRy) (c, g) and SNR = 125 (d, h), with 16x16 different random white-
noise realizations for each pair of investigated parameter values. Note that Fig. 7c,g, corresponding to SNR = 250, duplicates Fig. 6g,j. The location of the seed
reference time curve in the parameter space is indicated by a yellow square in each plot. Results are shown for a temporal resolution of TR = 1000 ms. Matrices of CC
values representing BOLD-FC are scaled between —0.4 and + 0.4. For each scenario, the individual range of CC values [minimum ... maximum] is noted in the title of
each CC matrix. Matrices of p-values are truncated at p = 0.05, rendering voxels with insignificant correlations white.

Influence of temporal resolution for Scenario 1 — Amplitude: Slower CBV Response
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Fig. 8. Influence of temporal resolution on BOLD-FC simulations. Correlation coefficients (CC), reflecting BOLD-FC (a-c) and p-values (d—-f) for scenario 1:
amplitude, assuming slower CBV response. The ‘non-impaired’ physiological reference BOLD-TC and the range of ‘impaired’ target BOLD-TCs were simulated for three
different temporal resolutions, namely at TR = 100 ms (a, d), TR = 1000 ms (b, €) and TR = 2000 ms (c, f). Note that Fig. 8b,e, corresponding to TR = 1000 ms,
duplicates Fig. 6g,j. The location of the seed reference time curve in the parameter space is indicated by a yellow square in each plot. Results are shown for SNRy = 250
with 16x16 different random white-noise realizations for each pair of investigated parameter values. Matrices of CC values representing BOLD-FC are scaled between
—0.4 and + 0.4. For each scenario, the individual range of CC values [minimum ... maximum] is noted in the title of each CC matrix. Matrices of p-values are truncated
at p = 0.05, rendering voxels with insignificant correlations white.

with CC-values around zero. For tight coupling, this zone extends along a TCs (Fig. 5b—d, Supplementary Fig. S1b-d). In the case of missing CBF
diagonal (marked by a yellow line) where the flow-metabolism coupling response (f1 = 1, Fig. 5b and S1b), all BOLD signal changes (relative to
ratio n = (f1-1)/(m1-1) = 1.3, while for slower CBV response, the zone baseline) are negative, while all signal changes are positive at the
with zero CC values rather extends around n =~ 1. maximum CBF amplitude of 60% (f1 = 1.6, Fig. 5d and S1b). At an in-

This pattern can easily be understood from the behavior of the BOLD- termediate CBF response of 20% (f1 = 1.2), BOLD signal changes vary



M.E. Archila-Meléndez et al.

from positive to negative with increasing CMRO; amplitude (ml1 =
[1-1.3], Fig. 5c and S1c). Generally, the target BOLD-TCs with positive or
negative BOLD signal changes are perfectly in phase or opposite phase
with the reference BOLD-TCs. Accordingly, the correlations of these
target BOLD-TCs (Fig. 5b—d and Supplementary Fig. S1b-d) with the
reference BOLD-TC (seeds S, Fig. 5a and Supplementary Fig. Sla) are
significantly positive or negative in the upper left and lower right corners
with maximum CBF and CMRO- amplitudes (Fig. 6a,d,g,j), respectively.
Between those extreme cases lies a diagonal area, where the fractional
increases in CBF hardly surpasses the fractional increases in CMROa, i.e.
where n ~ 1.3 and 1.0 for tight coupling (Fig. 6a) and slower CBV
(Fig. 6g), respectively. In this area, BOLD signal changes are negligible in
comparison to noise, resulting in non-significant correlations with CC-
values around zero. Comparing BOLD-FC behavior simulated for the as-
sumptions of either tight coupling (Fig. 6 a,d) or slower CBV (Fig. 6 g,j), it
can be seen that absolute values of correlation coefficients (ranges are
noted in the titles) are higher for the slower CBV response and the area
with non-significant correlations is also clearly smaller (white diagonal
area in Fig. 6j vs. extended areas of non-significant correlations in
Fig. 6d). This accords with the generally lower BOLD signal changes
observed when assuming tight CBF-CBV coupling as mentioned above
(compare Fig. 4c—e vs. 4h-j and Supplementary Fig. S1b-d vs. Fig. 5b-d).

3.2. Scenario 2 - delays: influence of CBF and CMRO; delays on BOLD-
TCs and BOLD-FC is complex

The overview in Fig. 3 already shows that the dependence of BOLD-
FC on CMRO; and CBF temporal delays is complex: CBF and CMRO,
delays exert ‘non-linear’ effects on FC. For small CMRO5 delays, we found
that BOLD-FC changes from positive to negative FC with increasing CBF
delays, but for large CMRO; delays positive FC simply diminishes with
increasing CBF delay. A detailed look (Fig. 6b,h) reveals, that around the
reference flow delay (t¢ = [1-2]s, along the x-axis), CC-values (i.e. BOLD-
FC) are positive for all CMRO,, response delays (ty, = [0.5-8.0]s), where
the area of positive CC-values shows a marked constriction around the
reference CMRO;, delay (1, = [1-2]s). For low CMRO;, delays (1, < 4s),
CC-values go from positive to negative with increasing CBF delays (t¢ >
3s). Again, these areas showing positive and negative correlations are
separated by transitional areas with CC-values around zero, but here
extended areas with negligible correlations exist when both character-
istic time constants (T, Tf) are larger than about 4s.

This complex pattern can be understood from the more complex
BOLD signal behaviors that result from variable delays in CMRO; and
CBF responses, i.e. variations in characteristic time constants (ty, Tf), for
tight CBF-CBV coupling (Supplementary Fig. Sle-h) as well as slower
CBV response (Fig. 5e-h). In general, marked transients occur, the more
CMRO, and CBF changes get out of phase with increasing differences
between characteristic time constants 1, and 1. Correlations of these
target BOLD-TCs (for tight coupling: Supplementary Fig. S1f-h and
slower CBV: Fig. 5f-h) with the reference BOLD-TC (i.e., seed S, for tight
coupling: Supplementary Fig. Sle and slower CBV: Fig. 5e) are signifi-
cantly positive in the parameter space centered on t¢ = 2s and increasing
with Ty, For 1f >~ 4s on the other hand, significantly negative correla-
tions are observed, centered on the reference value (1, = [0.5-4]s,
(Fig. 6b,e,h,k). In between, getting broader towards the upper right
quadrant, exists an extended area with non-significant correlations (i.e.,
CC-values near zero), where both characteristic time constants t,, and t¢
are larger than about 4s. According to Supplementary Fig. S1gh, and
Fig. 5gh, these are areas where BOLD signal changes in the slowly
fluctuating intrinsic signal portion converge to zero with increasing tp,.
Comparing BOLD-FC behavior between tight coupling (Fig. 6 b,e) or
slower CBV (Fig. 6 h,k), it can be seen that absolute values of correlation
coefficients (ranges are noted in the titles) are higher for the slower CBV
response (Fig. 6h vs. 6b) and the area with non-significant correlations is
also clearly reduced for the case of slower CBV response (Fig. 6k vs. 6€),
while differences in BOLD-TCs are less pronounced compared to the
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change in the amplitudes scenario 1 (compare Supplementary Fig. S1f-h
vs. Fig. 5f-h).

3.3. Scenario 3 - coupling: influence of flow—volume coupling on BOLD-
TCs and BOLD-FC is simple and small

The overview in Fig. 3 already indicates that the influence of CBF-
CBV coupling on BOLD-FC is relatively minor: Changes in CBF-CBV
coupling have almost no effect on FC. A detailed look on Fig. 6¢ and i
reveals that positive correlations prevail with little influence of CBV
delay (ty) for low flow-volume coupling exponents o, < 0.2. Only for
strong CBF-CBV coupling (o, > 0.2) and short characteristic time con-
stants (ty < 5s), CC-values, i.e. BOLD-FC, are markedly reduced.

Again, this can be understood from the behavior of BOLD-TCs. With
respect to variations in the flow-volume coupling exponent o, and the
characteristic time constant for the CBV response 1y, the simulated BOLD-
TCs do not vary a lot, especially for low ay, i.e. weak CBV responses, and
high 1y, i.e. long delays in CBV responses (Fig. 5i-1), while BOLD signal
changes converge towards zero for high «, and low t,. With regard to
BOLD-FC, this is mirrored by extended areas of significantly positive CC
values (Fig. 6c,f,i,]). For slower CBV response (Fig. 6i,1), only a compa-
rably small area with a, > 0.2 and 7y < 5 shows non-significant corre-
lations (Fig. 6¢,i), where negative CC values result from noise because
from the BOLD-TCs it is clear that a combination of large ay (i.e. high CBV
response amplitudes) and short 1, results in negligible BOLD responses.
When comparing BOLD-FC behavior between tight coupling (Fig. 6c,f)
and slower CBV (Fig. 6i,1), the absolute values of correlation coefficients
(ranges are noted in the titles) are clearly higher for the slower CBV
response (Fig. 6h vs. 6b) and the area with non-significant correlations is
clearly extended for the case of tight coupling (Fig. 6k vs. 6e), while the
BOLD-TCs show notable differences in amplitude (compare Supplemen-
tary Fig. S1j-1 vs. Fig. 5j-1).

3.4. Influence of SNR on BOLD-FC

The influence of temporal SNR on correlation coefficients and cor-
responding p-values is explored in Fig. 7 for scenario 1, i.e. changes in
CBF and CMRO;, response amplitudes, assuming a slower CBV response.
It can be seen that the overall behavior of positive correlations for high
CBF amplitudes at rather lower CMRO; and negative correlations for
high CMRO, amplitudes at lower CBF, is preserved throughout
(Fig. 7a-d) though absolute CC-values decrease from about 0.93 at SNR
= 1000, to about 0.35 at SNR = 125. However, while the areas with
significantly positive or negative correlations are separated by only a
narrow diagonal area at SNR = 1000, this area with non-significant
correlations widens with decreasing SNR (Fig. 7e-g). At SNR = 125
finally, the area of non-significant correlation extends across the whole
parameter space (Fig. 7h). Qualitatively similar behavior can be observed
for SNR variations for scenarios 2 and 3 (data not shown).

3.5. Influence of temporal resolution on BOLD-FC

The influence of temporal resolution, corresponding to the image
sampling repetition time (TR) of BOLD-TCs, on correlation coefficients
and corresponding p-values is explored in Fig. 8, also for scenario 1, i.e.
changes in CBF and CMRO, response amplitudes, and assuming a slower
CBV response. It can be seen that the overall behavior of positive cor-
relations for high CBF amplitudes at rather lower CMRO, and negative
correlations for high CMRO, amplitudes at lower CBF, is preserved
throughout (Fig. 8a—c) and absolute CC-values increase from about 0.47
at TR = 100 ms, to about 0.63 at TR = 2000 ms. However, while the areas
with significantly positive or negative correlations are separated by a
relatively narrow diagonal area at TR = 100 ms, the diagonal area with
non-significant correlations expands with increasing TR (Fig. 8d-f). At
TR = 2000 ms, the area of non-significant correlations about duplicated
compared to TR = 1000 ms (Fig. 8f vs. 8e). Qualitatively similar behavior
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can be observed for TR variations for scenarios 2 and 3 (data not shown).

In summary: Overall, amplitude changes in CBF and CMRO induce a
change in sign with BOLD-FC values changing in a largely linear way,
while the dependence of BOLD-FC on temporal delays in CBF and CMRO»
responses shows more complex behavior with more extended areas of
vanishing BOLD-FC especially for long characteristic time constants (tp,
T¢ > 4s). CBF-CBV coupling on the other hand appears to exert only minor
influence on observed BOLD-FC. Our simulations also demonstrate that
SNR and temporal resolution do not critically influence the dependence
on metabolic and hemodynamic parameters but would in practice affect
the statistical significance of detecting BOLD-FC.

4. Discussion

Based on dynamic simulations of BOLD signal time curves (BOLD-
TCs), elicited by a synthetic neuronal input signal with low frequency
amplitude modulations, we demonstrate a crucial impact of neuro-
vascular coupling on BOLD-FC. Specifically, we investigated correlations
between simulated BOLD-TCs of defined physiological reference signals
used as ‘non-impaired’ seeds, and ‘impaired’ target regions for a wide
range of physiological alterations, including prescribed changes in
CMRO,, CBF, CBV amplitudes, delays and coupling. The dependence of
BOLD-FC on CMRO; and CBF amplitudes is straight forward with, at a
given CMRO, amplitude, an almost linear transition from negative to
positive BOLD-FC with increasing CBF amplitude. The influence of
CMRO; and CBF response delays on BOLD-FC is relatively complex but
also gives rise to areas (in the parameter space) with distinct positive and
negative BOLD-FC, while CBF-CBV coupling appears to exert rather
minor influence. In comparison to tight coupling, a slower CBV response
appears to clearly benefit detection of significant BOLD-FC, especially for
scenarios 1: amplitude and 3: coupling. In addition, significant effects of
SNR and temporal resolution, i.e. TR, on BOLD-FC were present but
smaller than those of physiological variables and their change. In sum-
mary, to the best of our knowledge, these results provide first evidence —
in terms of simulation experiments — that distinct alterations in neuro-
vascular coupling have characteristic effects on BOLD-FC. Data suggest
that aberrant BOLD-FC of brain disorders with neurovascular coupling
changes such as aberrant perfusion or vascular reactivity, do not only
reflect aberrant neural activity but also widely ignored brain vessel and
hemodynamic-metabolic physiology.

4.1. Influence of CMRO,, CBF and CBV amplitudes, delays, coupling, SNR
and temporal resolution on BOLD-TCs and BOLD-FC

Calculated BOLD-FC (Fig. 6) distinctly depends on simulated physi-
ological alterations across the three investigated parameter spaces, which
are defined by varying CMRO; and CBF response amplitudes (Scenario 1)
and delays (Scenario 2) as well as CBF-CBV coupling (Scenario 3). In
general, observed BOLD-FC is explained by the characteristic BOLD-TCs
of both seed and target regions (Figs. 4 and 5, and Supplementary Fig. S1)
and especially their temporal or phase relationship. In more detail, our
BOLD-signal model yields - in line with previous studies — an increase in
BOLD signal relative to baseline, when the CBF increase surpasses the
CMRO;, increase (Ogawa et al., 1993). Otherwise, a CMRO, increase
surpassing the CBF increase results in a decrease in BOLD signal relative
to baseline (Griffeth and Buxton, 2011). Along with the slowly oscillating
nature of continuous neural input to the neuro-vascular coupling system,
continuous oscillatory or fluctuating BOLD signals arise with character-
istic phase shifts due to differences in response amplitudes (Scenario 1),
response delays (Scenario 2) or CBF-CBV coupling (Scenario 3). With
respect to resulting BOLD-FC from seed and target BOLD-TCs, signifi-
cantly positive or negative BOLD-FC values are observed when the target
BOLD-TCs — with sufficiently large amplitudes — are either in phase or in
opposite phase with the reference seed BOLD-TCs, respectively. In the
following, specific details are discussed for each scenario.

Scenario 1. For CMROy and CBF amplitude variations, the relation
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between observed BOLD-FC values (Fig. 6a,g) and underlying BOLD-TCs
(i.e. seed (Fig. 5a) and targets (Fig. 5b—d)) is especially clear, because
they merely affect amplitude and sign of the BOLD signal changes rela-
tive to baseline. Accordingly, depending on whether the CBF amplitude
surpasses the CMRO, amplitude or vice versa, the resulting BOLD signal
changes relative to baseline (i.e. BOLD response, as we abbreviate this
effect in the following) are either positive or negative, respectively. In
line with a more detailed steady-state BOLD signal model (Griffeth and
Buxton, 2011), BOLD responses vanish for the case of tight coupling,
when the CBF-CMROs, coupling ratio n = (f1-1)/(m1-1) ~ 1.3 (see yellow
line in Fig. 6a). For the case of slower CBF-CBV coupling on the other
hand, BOLD responses rather vanish for n &~ 1. Additional simulations
showed that the BOLD signal zero crossing occurs at a CBF-CMRO,
coupling ratio n =~ 1 for CBV time constants 1, > 10s, where CC-values
slightly increase with longer t, values (data not shown). This can be
understood by considering, that a dynamic model under tight coupling
conditions rather behaves like a steady state model, whereas in the case
of slower CBV, the delayed CBV response facilitates a faster (somehow
uncoupled) CBF-driven BOLD response.

Since the delay constants were chosen identical (ty, = tf = 2s), the
resulting BOLD-TCs in the target regions (Fig. 5b-d, Supplementary
Fig. S1b-d) are always perfectly aligned either in phase (for positive re-
sponses) or in opposite phase (for negative responses) to the reference
seed BOLD-TC (Fig. 5a, Supplementary Fig. S1a). With respect to BOLD-
FC (Fig. 6a,g), this causes two distinct types of areas (in the parameter
space) with significantly positive (high CBF amplitudes) and negative
(high CMRO, amplitudes) BOLD-FC values. The transitional zone of non-
significant BOLD-FC along the diagonal, is caused by the amplitudes of
the BOLD responses converging to zero (Fig. 5b), wheren ~ 1.3 or 1 for
the cases of tight coupling or slower CBV, respectively (Fig. 6a,g). BOLD-
FC also depends on CBF-CBV coupling, (compare Fig. 6a vs. 6g), where a
slower CBV response favors a stronger BOLD-FC due to a higher BOLD
response; because when the CBV response is too slow to follow the
oscillatory input, this rather results in an elevated baseline CBV with only
minor temporal changes (compare Fig. 4b vs. 4g). This observation fits
previous simulation results (Simon and Buxton, 2015) and supports the
notion of Lewis and coworkers (Lewis et al., 2016) that ‘a new vascular
baseline’ could favor the detection of faster BOLD dynamics. On the other
hand, a slow CBV response may as well favor the detection of BOLD re-
sponses to short stimuli (or singular intrinsic neuronal events) when CBF
raises quickly, while the delayed CBV response remains small to negli-
gible. This effect can be gleaned from Fig. 4g, when comparing the strong
delayed CBV response to the initial 20 s block stimulation vs. the weak
CBV oscillations relative to the elevated baseline. This view is supported
by results of Drew et al. (Drew et al., 2011; see their Fig. 2) that could
qualitatively be reproduced by our simulation model assuming slower
CBV conditions (data not shown).

Remarkably, BOLD-FC for target BOLD-TCs that are identical to the
reference seed BOLD-TC (ml1 = 1.25, f1 = 1.5, indicated by a yellow
square in the parameter spaces of CC-values in Figs. 6-8) do not yield
highest correlations, suggesting that detection of significantly positive
BOLD-FC always benefits from increased CBF response amplitudes,
which fits with previous results (Liang et al., 2013). Significantly nega-
tive BOLD-FC on the other hand, requires that the CBF response ampli-
tude lies well below the CMRO> response amplitude (i.e., n < 1, Fig. 6b,e,
h,k).

Scenario 2. For CMROy and CBF delay variations, the patterns of
BOLD-TCs are more complex. At immediate CBF response (t¢ = 0.5s), the
amplitude of BOLD-TCs increases with T, and reaches a plateau for Ty,
>= 2.0s (Fig. 5). With increasing tf, the minimum BOLD response always
occurs around T ~ T, where for 1 >~ 4.0s, the range of 1, values,
leading from small to negligible BOLD responses, increases (see Fig. 5g
and h). With respect to BOLD-FC, these patterns of BOLD-TCs result in
two distinct types of areas with positive and negative BOLD-FC. Positive
BOLD-FCs prevail around t¢ =~ [1-2]s (for all t,) with a clear constriction
around T, ~ [1-2]s, where strongest correlation values occur for either
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shortest (t, = 0.5 s) or prolonged (t, =~ [3.5-8]s) CMRO; delays
(Fig. 6b,h). Negative BOLD-FC, on the other hand, centers around T, ~
[1-2]s for 1¢ > 3.5s. In-between these areas of positive and negative
BOLD-FC, slightly above the diagonal (where ¢ = t,) and in the upper
right quadrant (where both 7y, T, >= 4s) exists a (transitional) zone with
non-significant BOLD-FC. The extension of areas with significant BOLD-
FC is larger for slower CBF-CBV coupling. It is also worth noting that
there are areas, especially along the axis, i.e. for 7 = 0.5s and 1, = 0.5s,
where BOLD signal changes are reasonably large but BOLD-FC values are
still small and non-significant. In these areas, low BOLD-FC is due to
phase shifts between the respective BOLD-TCs and the reference seed.
Interestingly, the reference BOLD-TC with identical delays, i.e. T =t =
2s, lies close to the regime of non-significant BOLD-FC, implicating that
at an presumably normal CBF response delay, detection of BOLD-FC
would benefit from either an immediate or a delayed CMRO; response
in the target region. Whereas, according to our simulations, significant
negative BOLD-FC would require a delayed CBF response (Fig. 6b,e,h,k).
With respect to the observed pattern, the extension of areas showing
negative and positive BOLD-FC values at T, ~ 2s and t¢ ~ 2s, respec-
tively, implies that their location depends on the reference values
assumed for simulations. In addition, the observed pattern in the (t¢, Tp,)
parameter space may also depend on properties of the neuronal input, i.e.
periodicity. This issue clearly needs further investigations.

Scenario 3. With respect to CBF-CBV coupling, BOLD-TCs show a rather
simple pattern. Specifically, either weak, i.e. low oy, or delayed CBV
responses, i.e. long 7, (essentially causing an elevated baseline as dis-
cussed above), favor large BOLD signal changes for rapidly oscillating
stimuli (Fig. 5i-1). This is explained by the fact that synchronous increases
in CBV effectively counteract positive BOLD responses (Ogawa et al.,
1993). Thus, low CBV changes or an elevated CBV baseline benefit the
detection of BOLD-FC for rapidly oscillating signals in accordance with
(Lewis et al., 2016; Simon and Buxton, 2015). With respect to BOLD-FC,
scenario 3 is characterized by extended areas showing positive correla-
tion, where in contrast to tight coupling, significant BOLD-FC values
clearly prevail for the case of slower CBV (Fig. 6¢,f,i,1). Only for strong
CBF-CBV coupling (a, >~ 0.2) and 7, <~ 5s those are clearly diminished.
With respect to timing aspects, a delayed CBV response is most
commonly observed (Hillman et al., 2007; Drew et al., 2011; Kim and
Kim, 2011; Simon and Buxton, 2015), but there is recent evidence of Liu
and coworkers that CBV might also be following rapid CBF changes (Liu
et al., 2019). However, in the light of our simulation results and those of
others (Simon and Buxton, 2015; Lewis et al., 2016), low amplitude CBV
oscillations could also be observed in the case of delayed CBV response.
In either case, since recent results indicate values below 0.2 for o, (Chen
and Pike, 2010; Wesolowski et al., 2019), our results imply that CBF-CBV
coupling most likely plays a minor role for the detection of BOLD-FC.

Signal-to-Noise ratio and temporal resolution. The effects of SNR and
temporal resolution on BOLD-FC are simple in comparison to the effects
of changes in the investigated physiological variables. However, it is
important to note that the parameter spaces explored in the current
simulation study are relatively broad. Thus, in practical settings, low SNR
and temporal resolution might still be highly important factors hindering
successful detection of BOLD-FC especially in subjects with rather mild
impairments. At lower SNR, the decrease in BOLD-FC values is explained
by a higher noise level as compared to the underlying BOLD signal’s
amplitude (Fig. 7). Regarding the effect of temporal resolution (Fig. 8),
absolute BOLD-FC values remained relatively similar across the explored
TR values but the areas of non-significant BOLD-FC decreased for higher
temporal resolution. This increase in significance in the current simula-
tions was mostly due to an increase in statistical power, as the number of
data points increased with increasing sampling rate (i.e., reduced TR).
Thus, the influence of SNR and temporal resolution mainly resulted in a
parametric modulation of BOLD-FC’s strength with decreasing CC-values
for both lower SNRs and sampling rates. This behavior is consistent with
the strength of functional connectivity values documented with high-
field fMRI and at high sampling rates (Setsompop et al., 2016;
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Preibisch et al., 2015).

4.2. Implications for BOLD-FC studies in patients with brain diseases
causing aberrant neuro-vascular coupling

BOLD-FC is widely applied for studying brain diseases, and alter-
ations in BOLD-FC - both positive and negative — have been reported for a
wide range of diseases from neurodegenerative diseases such as Alz-
heimer’s disease to neuropsychiatric disorders such as schizophrenia or
major depression (Zhou et al., 2010; Lim et al., 2014; Greicius et al.,
2004; Sorg et al., 2007; Zhang and Raichle, 2010; Manoliu et al., 2014;
Avram et al., 2018; Brandl et al., 2019). Most of these BOLD-FC changes
have been interpreted as changes in the underlying neuronal activity or
in connectivity between brain areas. Our results, however, suggest that
aberrant BOLD-FC in disorders associated with significant
hemodynamic-metabolic changes might be explained at least partly by
concomitant hemodynamic-metabolic changes. Remarkably,
hemodynamic-metabolic changes have been independently demon-
strated for most of above-mentioned disorders from Alzheimer’s disease
(Alexopoulos et al., 2012; Ostergaard et al., 2013; Riederer et al., 2018)
to schizophrenia (for review (Katsel et al., 2017)), suggesting that
aberrant BOLD-FC might be partly linked with aberrant
hemodynamic-metabolic brain features. This link underscores the high
relevance of accounting for hemodynamic and metabolic changes in
studies of neuropsychiatric disorders.

In more detail, our simulation results demonstrate distinct changes of
seed-based BOLD-FC when CMRO,, CBF and CBV amplitudes, delays and
coupling in the target regions deviate from the ‘non-impaired’ reference
BOLD-TC. Reduced CMRO; and CBF response amplitudes can be expected
in pathologies where brain tissues are restricted in their ability to adapt
either oxygen metabolism or perfusion to increased metabolic demands.
This is likely to be the case in either neurodegenerative (Iadecola, 2004;
Fleisher et al., 2009; Alexopoulos et al., 2012; Peca et al., 2013; Riederer
et al., 2018; Gottler et al., 2019) or vascular diseases (Derdeyn et al.,
2002; Bouvier et al., 2015; De Vis, Petersen et al., 2015; Gersing et al.,
2015; Cogswell et al., 2017; De Vis, Bhogal et al., 2018; Gottler et al.,
2019), where reduced oxygen and glucose metabolism as well as a
reduced cerebrovascular reactivity has been detected. Recent studies also
provided first evidence that physiological changes, i.e. reductions in CVR
and CBF, indeed contribute to explaining BOLD-FC changes observed in
patients with Moyamoya disease (Liu et al., 2017) and Alzheimer’s dis-
ease (Gottler et al., 2019). From animal studies, there is also evidence
that cerebral glucose consumption during somatosensory stimulation is
not altered when CBF response is blocked (Cholet et al., 1997), implying
intact neuronal activity might be present in spite of perfusion impair-
ments. According to our simulation results (Fig. 6a,g), it is likely that
reductions in BOLD-FC, reported in patients with reduced perfusion and
CVR are at least in part due to exhausted vascular reserve capacity. Based
on our results, one might also hypothesize that reduced oxygen con-
sumption at preserved CVR would induce highly significant positive
BOLD-FC, conditions that might be fulfilled in schizophrenia (Katsel
et al., 2017).

Alterations in CMRO, and CBF responses delays can likewise be ex-
pected to occur in neurodegenerative or vascular diseases, where espe-
cially delays in perfusion have frequently been reported (Kawano et al.,
2016; Khalil et al., 2017; Richter et al., 2017; De Vis, Bhogal et al., 2018;
Kaczmarz et al.,, 2018). Recent work also provided evidence that
flow-metabolism coupling is altered even in individuals with asymp-
tomatic vascular disease (Gottler et al., 2019). According to our simu-
lations, delayed perfusion, i.e. increased CBF response delay t¢, would
cause reduced and finally negative BOLD-FC (Fig. 6b,h). By comparing
cross correlation-based delay analyses of rs-fMRI to contrast agent based
measures, arterial delays up to 9s have been demonstrated in patients
with Moyamoya disease (Christen et al., 2015) and stroke (Lv et al.,
2013). Interestingly, accounting for vascular delays was found to impact
on BOLD-FC in Moyamoya patients (Christen et al., 2015) as well as
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healthy subjects (Chang et al., 2008). A delay in CMRO5 response, on the
other hand, would rather imply stronger positive BOLD-FC. While there
is some evidence that post stimulus undershoots lasting for tens of sec-
onds in task fMRI might also be caused by prolonged elevation of CMRO,
instead of elevated CBV alone (Hua et al., 2011; Mullinger et al., 2017), a
pathological delay in CMRO; response, however, would be much more
difficult to substantiate.

Alterations in CBF-CBV coupling, i.e. reduced CBV responses, would
be expected to occur in brain tissues with exhausted vascular reserve
capacity, while long delays might be present in areas with delayed
perfusion due to vessel occlusions (De Vis, Petersen et al., 2015; Kawano
et al., 2016; Cogswell et al., 2017; Richter et al., 2017; De Vis, Bhogal
et al., 2018; Kaczmarz et al.,, 2018). According to our simulations,
reduced amplitudes and long delays of CBV responses would rather
benefit detection of BOLD-FC, since our simulations yield significant
positive BOLD-FC across almost the entire parameter space (Fig. 6¢,f,i,1).

Taken together, our results imply that BOLD-FC is most likely
compromised in a number of pathophysiological conditions that go along
with alterations especially in CMRO; and CBF response amplitudes and
delays. Thus, an interpretation with respect to underlying neuronal ac-
tivity might be misleading and measures to account for neurovascular
coupling alterations need to be taken in order to improve fidelity of
BOLD-FC and disentangle the vascular from the neural contributions,
especially in pathology.

Since the BOLD signal depends on the interplay of CBF and CMROa,
its quantitative interpretation crucially depends on a better under-
standing of energy metabolism (Herman et al., 2009; Buxton, 2010;
Hyder et al., 2011; Hyder and Rothman, 2012; Hyder et al., 2013). One
possibility might be an absolute quantification of oxygen metabolism,
which besides 1°0-based positron emission tomography (Leenders et al.,
1990; Ishii et al., 1996; Ito et al., 2004; Ibaraki et al., 2008), would also
be possible with more accessible MRI techniques either based on gas
challenges, i.e. dual-calibrated fMRI (Gauthier and Hoge, 2013; Wise
et al., 2013; Merola et al., 2016; Germuska et al., 2019; Germuska and
Wise, 2019) or quantification of the BOLD effect (Yablonskiy and
Haacke, 1994; Yablonskiy, 1998; Qin et al., 2011; Guo and Wong, 2012;
Lu et al., 2012; Christen et al., 2013; Hirsch et al., 2014; Stone and
Blockley, 2017). However, measurement of absolute CMRO; is chal-
lenging, and current methods either suffer from missing spatial (Qin
etal., 2011; Guo and Wong, 2012; Lu et al., 2012) or temporal resolution
(Christen et al., 2013; Hirsch et al., 2014; Stone and Blockley, 2017).

4.3. Issues regarding the validity of neuronal and BOLD signal modeling
for resting-state BOLD-FC

How biologically realistic is our model approach simulating the in-
fluence of metabolic-hemodynamic coupling on BOLD-FC?

Neuronal input model — signal generation, slow oscillations, and
neural FC. All of our simulations are based on a simple synthetic input
signal with low frequency amplitude modulations as neuronal input. This
simplified model ignores a more detailed neuronal basis of BOLD signal
time curves and eventually BOLD-functional connectivity. Recent studies
use more realistic models to simulate the underlying neural activity un-
derpinning resting state BOLD-TCs or derived BOLD-FC (Ritter et al.,
2013; Zalesky et al., 2014; Sanz-Leon et al., 2015; Schirner et al., 2018).
Furthermore, we did not realistically account for (infra-) slow neural
fluctuations; instead, we realized slow fluctuations by 0.05 Hz amplitude
modulation of faster oscillations. Based on the observed spectrum of
dynamical regimes and timescales in spontaneous cortical activity
(Sanchez-Vives and Mattia, 2014) and in particularly its functional
connectivity, coherent slow neural fluctuations are discussed to be
generated either by synchronicity of remote fluctuations and/or by phase
co-activity of propagating global waves (Matsui et al., 2016; Mitra et al.,
2018). We justify our simplified approach of neuronal input modeling
because the major focus of our study is on the investigation of the impact
of profound hemodynamic impairments on BOLD-FC. Nevertheless, the
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interplay between neuronal and hemodynamic impairments clearly
needs further investigation, which requires more realistically generated
neuronal input signals.

BOLD-signal model

(i) Task-based BOLD signal model: With respect to dynamic simulations
of the BOLD signal, we use a rather simple model that was conceived for
modeling BOLD-fMRI responses to tasks (Buxton et al., 1998; Buxton
et al., 2004; Obata et al., 2004; Simon and Buxton, 2015). In contrast to
Simon and Buxton (2015) who successfully modeled the dynamic be-
haviors of rapidly oscillating signals accounting for extravascular signal
contributions only, we decided to employ the BOLD signal model derived
by Obata et al. (Obata et al., 2004) that additionally includes intravas-
cular contributions. This model is thought to better fit the reality because
at 3T extravascular contributions account for only about 70% of the
observed BOLD signal changes (Li and van Zijl, 2020). However, this
advantage might not take full effect because additional model parameters
are needed that are not really well know. Therefore, we additionally
performed simulations using the purely extravascular signal model as
employed by Simon and Buxton (2015) (see supplementary material). A
direct comparison shows that the overall patterns are similar, which in-
creases confidence in the general validity of our results. Nevertheless,
further studies with more refined and well-defined models are needed.
For example, the extension of a more detailed steady state signal model
(Griffeth and Buxton, 2011) to dynamic simulations would perhaps
reveal additional effects and produce other interesting dynamics.
Furthermore, there are a number of other hemodynamic models that
might also be considered, e.g. (Friston et al., 2000; Behzadi and Liu,
2005; Kong et al., 2004).

Furthermore, we assume parameters for modeling presumably
healthy BOLD-responses to rapidly oscillating stimuli that were derived
from observations of task responses in healthy subjects (Simon and
Buxton, 2015). Buxton et al. (Buxton et al., 2014) noted that variations of
the CBF-CMRO; coupling ratio n have a strong effect on observed BOLD
responses. Based on findings of quantitative fMRI studies, they claim that
an empirical pattern appears to emerge: (1) if stimuli are modulated to
create a stronger response (e.g., increasing stimulus contrast), CBF is
modulated more than CMRO.; (2) if the brain state is altered such that
the response to the same stimulus increases (e.g., by modulating atten-
tion, adaptation, stimulus contrast, or excitability), CMRO5 is modulated
more than CBF. These findings lead them to speculate that the variability
of the CBF-CMRO; coupling ratio may reflect different proportions of
inhibitory and excitatory evoked activity, potentially providing a new
window on neural activity in the human brain. These issues are poten-
tially also relevant for the neurovascular coupling in the context of
spontaneous ongoing neuronal activity.

(ii) Resting-state BOLD fluctuations: While there is an ongoing debate
how intrinsic BOLD activity relates to underlying electrical neuronal ac-
tivity, there are strong indications that BOLD signal changes caused by
underlying spontaneous electrical activity, are indeed caused by mech-
anisms similar to task-based fMRI. More precisely, spontaneous increases
in neuronal activity have been shown to precede increases in arteriolar
diameter (Mateo et al., 2017) and BOLD signal (He et al., 2018). This
indicates that assuming a positive BOLD signal coupling to spontaneous
neuronal activity is reasonable. In animal studies, Mateo (Mateo et al.,
2017) and He (He et al., 2018) found time lags of about 2 s between the
increase of electrical neuronal activity and increases of arteriolar diam-
eter or CBV, respectively, while venular BOLD response was slightly more
delayed (2.30 & 0.19s and 1.76 + 0.14s) (He et al., 2018). This indicates
that intrinsic neuronal activity might elicit rather fast hemodynamic re-
sponses at rest. Faster hemodynamic responses were also detected by
Lewis et al. (Lewis et al., 2016) when investigating BOLD signal changes
elicited by contrast modulated visual stimuli at 0.2 Hz, 0.33 Hz, and 0.5
Hz. Based on biophysical model simulations, their results could be
explained if rapidly varying stimuli elicit faster BOLD responses (Lewis
et al., 2016), which also fits with previous results of (Simon and Buxton,
2015) and very recent work of Kim et al., 2019.
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While these previous studies suggest rather rapid hemodynamic re-
sponses, there is limited data available on the specific changes of CMRO;
as well as CBF and CBV amplitudes and delays in pathology. While it
appears plausible, that vascular and neurodegenerative diseases induce
metabolic and vascular impairments causing conditions with vanishing
CMRO; and CBF response amplitudes, there is less reliable information
with respect to delay constants. While macrovascular perfusion delays up
to 9s have been observed in Moyamoya disease (Christen et al., 2015)
and stroke (Lv et al., 2013), it is not clear whether and how delays on the
microvascular level, as for example demonstrated by (Chow et al., 2020),
might additionally influence BOLD-FC. Much more difficult to obtain is
information on metabolic time constants. To the best of our knowledge,
we could not find any information about that. Therefore, we chose a
rather wide range of temporal dynamics for CMRO3 as well as CBF and
CBV amplitudes and delays to cover the range of potential pathophysi-
ological alterations as comprehensively as possible. Our results indicate
that especially the slower CBF-CBV coupling scenarios essentially intro-
duce a baseline shift in CBV that benefits the detection of rapidly oscil-
lating synthetic neuronal inputs. This fits with indications that CBF-CBV
coupling plays a minor role in the vascular response to either short (Kim
et al., 2019) or rapidly oscillating stimuli (Lewis et al., 2016), which
could be considered predictive for hemodynamic responses elicited by
intrinsic neuronal activity.

(iii) Steady state resting-state BOLD-model: Our simulations rely on a
model that strictly assumes changes in neuronal activity as increases from
a pre-stimulus baseline, while Bennett et al. propose a model (Bennett
et al., 2018), which more directly relates the BOLD signal to neuronal
activity, both above and below baseline (Bennett et al., 2018). This al-
lows to better account for transient BOLD signals especially with regard
to detailed investigations on the role neuronal activity can play with
regard to post-stimulus undershoot and overshoots. Their relation of
CMROs to mean neuronal firing rate is based on previous work (Hyder
et al., 2013). This influence of neural activity levels without stimulation
certainly needs to be studied in more detail for example by implementing
such models within more realistic neural simulation frameworks (San-
z-Leon et al., 2015).

Modeling confounds. Our simulations completely ignore the influ-
ence of additional confounding factors with regard to BOLD-FC such as
cardiac and respiration-related fluctuations (Birn et al., 2006; Chang and
Glover, 2009; Whittaker et al., 2019), macrovascular contributions (Tak
et al., 2015; Zhu et al., 2015), and other sources (Triantafyllou et al.,
2011). We expect that the introduction of structured noise causes addi-
tional spurious correlations and interactions with the described effects of
impaired physiology. For cardiac and respiratory confounds, complex
interactions are especially expected at commonly used TRs of 1s to 2s,
and in areas of the parameter space where correlations due to the pre-
scribed neuronal input vanish, e.g. where n &~ 1-1.3. While these issues
certainly also deserve closer investigation, and simulation approaches
offer the possibility to relatively easily explore for example the influence
of TR, the investigation of related effects lies beyond the scope of this
study.

Spatial aspects. In this work, we did not consider any spatial aspects
of BOLD-FC though spatiotemporal dynamics are crucial for the emer-
gence of local and global brain networks at rest (Melie-Garcia,
Sanabria-Diaz and Sanchez-Catasis, 2012; Ruiz-Rizzo et al., 2020). We
opted not to include spatial information to limit the number of factors
that might influence CC-values, thus enabling a closer characterization of
rather local hemodynamic and metabolic effects of neurovascular
coupling on BOLD-FC. However, it is known that CBF exhibits
non-homogeneous changes across brain areas in healthy subjects gener-
ating characteristic brain patterns (De Luca, Beckmann et al., 2006).
Furthermore, it has been reported that spatial CBF connectivity patterns
are specifically altered in brain pathology. For example, patients with
schizophrenia have been shown to exhibit regionally increased and
decreased CBF values as well as group-specific brain network topology
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changes compared to healthy controls and their non-affected first-grade
relatives, respectively (Cui et al., 2017). These findings emphasize the
relevance of exploring spatial aspects of CBF and CMRO, dynamics,
especially since several networks, e.g. attention and default mode, are
supplied via different flow territories, which may also change the timing
of CBF fluctuations via different arrival times and their respective
network topologies.

5. Conclusion

Our results demonstrate that alterations in neurovascular coupling
are relevant for aberrant resting-state BOLD-FC. The pronounced effects
of metabolic and vascular dynamics on BOLD-FC as demonstrated by our
current modeling study emphasize the necessity to better characterize
metabolic-hemodynamic impairments. A more thorough understanding
of these alterations will improve the interpretation of BOLD-FC studies in
general, and in particular in pathology. At the current state, our recom-
mendation would be to complement BOLD-FC studies, at least of at-risk
patient populations, with perfusion and oxygenation sensitive MRI, and
to additionally consider this hemodynamic-metabolic information when
interpreting BOLD-FC results. In cases where this is not available, we
recommend careful interpretation of BOLD-FC results considering pre-
vious findings about hemodynamic-metabolic changes. In our opinion,
accurate modeling of the hemodynamic-metabolic context will be
important for a better understanding of the interplay between neuronal-
vascular-hemodynamic components of intrinsic BOLD-FC and, particu-
larly, for the evaluation of aberrant BOLD-FC in brain diseases with
vascular-hemodynamic impairments.
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