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Abstract

The hemodynamic response function (HRF), a model of brain blood-flow changes in response to
neural activity, reflects communication between neurons and the vasculature that supplies these
neurons in part by means of glial cell intermediaries (e.g., astrocytes). Intact neural-vascular
communication might play a central role in optimal cognitive performance. This hypothesis can be
tested by comparing healthy individuals to those with known white-matter damage and impaired
performance, as seen in Multiple Sclerosis (MS). Glial cell intermediaries facilitate the ability of
neurons to adequately convey metabolic needs to cerebral vasculature for sufficient oxygen and
nutrient perfusion. In this study, we isolated measurements of the HRF that could quantify the
extent to which white-matter affects neural-vascular coupling and cognitive performance. HRFs
were modeled from multiple brain regions during multiple cognitive tasks using piecewise cubic
spline functions, an approach that minimized assumptions regarding HRF shape that may not be
valid for diseased populations, and were characterized using two shape metrics (peak amplitude
and time-to-peak). Peak amplitude was reduced, and time-to-peak was longer, in MS patients
relative to healthy controls. Faster time-to-peak was predicted by faster reaction time, suggesting
an important role for vasodilatory speed in the physiology underlying processing speed. These
results support the hypothesis that intact neural-glial-vascular communication underlies optimal
neural and cognitive functioning.
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1. Introduction

The hemodynamic response function (HRF) models the time course of the change in blood
flow in response to a brief change in neural activity that is measured with functional
magnetic resonance imaging (fMRI; Kwong et al., 1992; Ogawa et al., 1990, 1992). As
such, in the healthy system, it is generally considered to be a proxy for underlying neural
activity originating in gray-matter. It is known to result from a complex interplay of neurons,
glial cell intermediaries (e.g., astrocytes), and blood vessels that constitute the mechanism
by which neurons communicate their metabolic needs to blood vessels, and by which blood
vessels return oxygen and metabolites to neurons (e.g., Attwell et al., 2010; Cauli and
Hamel, 2010; ladecola, 2017; Lundgaard et al., 2014; Metea & Newman, 2006; Rossi, 2006;
Takano et al., 2006). Thus, in healthy young adults, the HRF actually indexes regional
displacement of metabolically generated deoxyhemoglobin by the flow of oxyhemoglobin
following neural activity in the form of the blood-oxygen-level-dependent (BOLD) signal.

Due to the reliability of the HRF, it assumes a canonical shape in young healthy individuals
(see Fig 1). Thus, most fMRI studies utilize a canonical HRF in analysis (see Lindquist et
al., 2009). However, it is known to vary considerably in aging and disease (e.g.,
Bonakdarpour, Parrish, & Thompson, 2007; D'Esposito et al., 1999; D'Esposito, Deouell, &
Gazzaley, 2003; Hubbard et al., 2016a; Rypma & D'Esposito, 2001; Zou et al., 2011).
Because of the reliance upon neural-vascular communication to produce this canonical
shape (e.g., Buxton et al., 2004; Martin et al., 2006), comparisons between healthy
individuals and those with known neural-vascular coupling compromise would permit
testing of hypotheses regarding the importance of an intact neural-vascular coupling system
to optimal neural and cognitive performance.

In Multiple Sclerosis (MS), the integrity of the glial cell intermediaries, known to facilitate
neural-vascular communication, is damaged (De Keyser et al., 2008; D'Haeseleer et al.,
2011; Gareau et al., 1999; Jukkola et al., 2013; Lassmann, 2003, 2014; Lundgaard et al.,
2014; Mulligan & MacVicar, 2004; Petzold & Murthy, 2011; Trapp & Nave, 2008; Trapp &
Stys, 2009). One potential consequence of this damage is a compromised ability of neurons
to adequately convey their metabolic needs to vasculature, resulting in insufficient oxygen
and nutrient perfusion (see De Keyser et al., 2008; Debernard et al., 2013; D'Haeseleer et al.,
2011). Because reduced white-matter integrity in MS probably disrupts neural-vascular
communicating structures, comparisons to healthy individuals can elucidate the roles of
these structures in the healthy brain, including in neural-vascular coupling.

Ascertaining the best model of the HRF for group comparisons has been debated in fMRI
literature. Several studies have provided evidence for the appropriateness of gamma
functions (e.g., Friston et al., 1998; Maus et al., 2012; cf Lindquist & Wager, 2007;
Lindquist et al., 2009). However, these models rely on the validity of group-equivalence
assumptions regarding HRF shape (e.g., that maximum BOLD signal occurs at a fixed time
point after stimulus onset; but see Henson et al., 2002). Neurocognitive aging research, for
instance, has demonstrated the consequences of HRF between-groups equivalence
assumptions, yielding both false positives and false negatives (Ances et al., 2009; Hutchison

Neuroimage. Author manuscript; available in PMC 2020 April 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Turner et al.

Page 3

etal., 2013a,b; Lindquist et al., 2009; Mohtasib et al., 2012; Pasley et al., 2007; Restom et
al., 2007; cf. Aizenstein et al., 2004; Buckner et al., 2006; D'Esposito et al., 1999, Huettel,
Singerman, & McCarthy, 2001). Canonical HRF modeling may not be any more appropriate
in MS-healthy comparisons than in young-old comparisons. Greater variation in underlying
hemodynamic systems seen in groups such as older adults (Hutchison et al., 2013a,b;
Tsvetanov et al., 2015) and MS patients (DeLuca et al., 2008; Pantano et al., 2005; Rocca et
al., 2002; Wegner et al., 2008; cf. Genova et al., 2009; Hubbard et al., 2016a; Lee et al.,
2000; White et al., 2009) challenges the assumptions necessary for use of canonical HRFs in
group comparison studies. In this way, HRFs derived from the use of a canonical function
could be biased in their characterization of the BOLD signal response (cf. Calhoun et al.,
2004; Handwerker, Ollinger, & D'Esposito, 2004).

Such bias could underlie the diversity of results that have been observed in BOLD-fMRI of
MS. Some studies have observed MS-related increases in BOLD signal of motor cortex
during finger tapping (e.g., Pantano et al., 2005; Rocca et al., 2002; Wegner et al., 2008) and
prefrontal cortex during a processing speed task (e.g., DelL.uca et al., 2008), while others
have observed MS-related decreases in motor cortex BOLD signal during finger tapping
(e.g., Hubbard et al., 2016a; Lee et al., 2000; White et al., 2009) and prefrontal cortex during
a processing speed task (e.g., Genova et al., 2009). Increases in BOLD signal have been
suggested to reflect adaptive reorganization (e.g., Bonnet et al., 2010; Kern et al., 2012), but
the underlying mechanisms remain poorly understood.

One solution to this problem involves HRF modeling techniques that minimize shape
assumptions, such as spline interpolation (Carew et al., 2003; Gibbons et al., 2004; see also
Glover, 1999; Gouette, Nielsen, and Hansen, 2000; Wink, Hoogduin, & Roerdink, 2008).
Instead of fitting a single pre-conceived function to measured data points by minimizing
squared error, the spline interpolation method used in this study modulates the shape of a set
of (polynomial) basis functions to smoothly connect the measured data points (called knots)
in piecewise fashion with the overall curvature of the entire set of functions minimized
(Ramsay, 2006).

MS-related damage to white-matter structures might cause neural dysconnectivity and
vascular change (Bonzano et al., 2009; Dineen et al., 2009). Law and colleagues (2004), for
instance, showed reduced cerebral blood flow and prolonged transit time in MS patients'
white-matter. Inability of astrocytes to mediate vasodilation in MS leads to neural-vascular
communication deficits in and around active transient lesions (Carmignoto & Gémez-
Gonzalo, 2010; De Keyser et al., 2008; Metea & Newman, 2006). Blood flow changes at
transient-lesion sites persist after exacerbation resolution (Ge et al., 2005; Haselhorst et al.,
2000). Thus, transient lesions leave in their wake white-matter dysfunction, resulting in
disruption of cortical transmission necessary for efficient cognition, vascular-dependent cell
metabolism, and the magnetic signature vital to fMRI known as the BOLD signal.

Cerebral vascular dynamics are known to be altered in MS (Brooks et al., 1984; Lycke et al.,
1993; Mulholland et al., 2017; Rashid et al., 2004; Sun et al., 1998; Swank, Roth, & Woody,
1983). However, based on what is known about MS neuropathology, these dynamics
probably reflect microstructural damage to glial cell intermediaries in white (i.e., fibrous
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astrocytes) and gray matter (i.e., protoplasmic astrocytes). Global reductions in perfusion of
oxygen and metabolites (De Keyser et al., 2008; Debernard et al., 2013) probably result
from astrocyte dysfunction (e.g., Blanco, Stern, & Filosa, 2008; Brosnan & Raine, 2013; De
Keyser et al., 1999; D'Haeseleer et al., 2011; Takano et al., 2006). One study (Marshall et al.,
2014) has shown MS-related cerebrovascular reactivity reductions, but this phenomenon
probably results from chronic vasodilation secondary to elevated nitric oxide concentration
in cerebral tissue (e.g., Brown 2007, 2010; Brown & Bal-Price, 2003; Brown & Borutaite
2002; Su et al., 2009).

Optimal cognitive performance could depend on the integrity of the neural-glial-vascular
system. Studies employing increased oxygen availability (i.e., hyperoxia) have demonstrated
that increases in perfusion (mediated by intact neural-glial-vascular function) are associated
with decreases in neural activity (Xu et al., 2012) and improvements in cognitive
performance (Chung et al., 2006). Such relationships implicate neural efficiency as a
mechanism underlying processing speed, the speed with which an individual can execute
elementary cognitive operations (Rypma et al., 2006; Salthouse, 1992). Cognitive slowing is
the most commonly observed neuropsychological deficit in MS patients, and is primarily
indexed by processing speed measures such as the Digit Symbol Substitution Task (DSST;
Strober et al., 2014). Variation in this basic ability is thought to mediate higher-order
cognitive functions (e.g., working memory and reasoning; Ackerman et al., 2002; Rypma et
al., 2006; Rypma & D'Esposito, 1999; Rypma & Prabhakaran, 2009; Salthouse, 1996;
Vernon, 1983). Thus, comparisons between MS patients and healthy controls could elucidate
the role of neural-glial-vascular function in processing speed.

In this study, we utilized a modeling approach not dependent on the validity of shape
assumptions to quantify differences between a healthy group and one with known neural-
vascular compromise that probably affects the canonical shape of their HRF (i.e., MS
patients; Hubbard et al., 2016a). Thus, we tested two hypotheses. The first was that HRF
shape metrics (as measured by peak amplitude and time-to-peak) will differ between MS
patients and controls. The second was that these HRF shape metrics will be more associated
with processing speed in MS patients than in controls. On one hand, the finding that multiple
HRF metrics account for variance in task performance would indicate widespread disruption
of the neural-glial-vascular system. The finding of a single HRF metric accounting for this
variance, on the other hand, would isolate a relationship between a specific component of
the neural-glial-vascular system and cognition. Our findings suggest that the canonicality of
the HRF indexes the health of the neural-glial-vascular system necessary for optimal
cognitive performance. Thus, a canonical HRF reflects a healthy neural-vascular coupling
system, critical to supporting neural function. Deviations from canonicality, and their
relationships to performance, may index the extent to which the integrity of this system is
compromised.

2. Methods

2.1. Participants

A total of fifty-five participants were enrolled in this study. Twenty-five healthy controls
were recruited from the greater Dallas-Fort Worth Metroplex, and thirty relapsing-remitting
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MS patients were recruited from the University of Texas Southwestern Medical Center
(UTSW) Clinical Center for Multiple Sclerosis. All participants provided informed written
consent prior to scanning, and all were compensated financially for their participation.
Procedures were jointly approved by Institutional Review Boards of both UTD and UTSW.

Participant recruitment was designed to age- and sex-match controls to patients, and neither
attribute was significantly different between groups (see Table 1). All participants had
normal or corrected-to-normal vision (one patient did report a previous history of optic
neuritis, but vision was normal at scan time). Patients had neither experienced an
exacerbation nor had been treated with corticosteroids for at least one month prior to
scanning. Eighty-two percent of patients indicated a history of immunomodulatory therapy
(i.e., interferon beta, glatiramer acetate, and/or natalizumab). Average time from initial
diagnosis for MS patients was 153.19 months (SEM = 14.72; n= 27). Several participants
were excluded for the following reasons: use of a psychostimulant prior to the fMRI scan
(one MS patient), history of taking medication for seizures (one healthy control), and a
failure to align functional MRI data with a standardized brain template (one healthy control,
one MS patient; see section 2.4). Data analysis was then possible for the remaining fifty-one
participants (/patient = 28; /lcontrol = 23).

2.2. Experimental Paradigm

Participants underwent fMRI scanning during performance of two tasks. The first was a
simple and commonly-employed sensorimotor button-press task (BPT). An event-related,
fixed-paced experimental design was used to minimize the effects of differences in RT
between groups on the HRF. Stimuli presentations were broken up by jittered rest periods of
durations of 14+1 seconds, in which a white fixation cross was displayed on-screen. In this
event-related paradigm, participants were instructed to press thumb-buttons bilaterally and
simultaneously as rapidly as possible after onset of a radial black-and-white checkerboard
flickering at 6 Hz for 500 ms. There were 20 trials in total.

The second task involved a version of the Digit Symbol Substitution Task (DSST), modified
for use in the fMRI environment (Rypma et al., 2006). In each trial, participants viewed a
key of nine digit-symbol pairs and one probe digit-symbol pair for 4000 ms (see Fig 2).
Participants were asked to indicate as quickly and accurately as possible via left- or right-
thumb button-press whether the probe digit-symbol pair matched one of the digit-symbol
pairs in the key. Inter-trial intervals were jittered at 0, 2, 4, and 6 second intervals. Accuracy
and reaction time (RT) were recorded. RT was calculated for both groups only for correct
responses. Further, as a measure of external validity, we examined processing speed
performance outside of the fMRI environment. There were 225 total trials across three runs
(75 trials per run).

After scanning, participants completed a battery of neuropsychometric tests outside the
scanner environment to characterize the samples. This battery included the Symbol Digit
Modalities Test (SDMT) from the Wechsler Adult Intelligence Scale, Third Edition (WAIS-
I11; Wechsler, 2008), the Paced Auditory Serial Addition Task (PASAT; Gronwall, 1977),
Trail Making Tests A & B (Tombaugh et al., 1998), and a box completion task (Salthouse,
1996). MS patients also completed several assessments commonly administered in MS
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research, including the Modified Fatigue Impact Scale (MFIS; Fisk et al., 1994) and the
Expanded Disability Status Scale (EDSS; Bowen et al., 2001).

2.3. Scanning Parameters

Neuroimaging data were collected at the UTSW Advanced Imaging Research Center using a
Philips 3 Tesla MRI scanner (Philips Medical Systems, Best, The Netherlands) with an 8-
channel SENSE head coil. Structural data were acquired using a T1-weighted MPRAGE
pulse sequence, using the following parameters: 160 slices/volume, sagittal slice orientation,
12° flip angle, 256 x 204 matrix. The scan lasted a total of 237 seconds. Functional data
were collected using gradient-echo echo planar imaging with the following parameters: echo
time (TE) = 30 ms, repetition time (TR) = 2000 ms, 39 transverse slices with no slice gap
acquired in interleaved fashion, voxel dimensions of 3.43 mm x 3.43 mm x 4.00 mm, 70°
flip angle, 64 x 64 matrix. Functional scanning for both tasks lasted 18 minutes and 12
seconds in total. Additionally, a T2-fluid attenuated inversion recovery (FLAIR) image was
acquired for each participant (except for one MS patient and one control) with the following
parameters: TE = 125 ms, TR = 11000 ms, 33 5-mm transverse slices with no gap, 1 x 1
mm? in-plane resolution, 120° refocusing angle, 352 x 212 matrix. The T2-FLAIR image
allowed for quantification of lesion burden in MS patients. For a detailed description of T2-
FLAIR image processing and results, see the Supplemental Materials, section S.1.

2.4. Data Processing Pipeline

Functional data were converted from the Philips PAR/REC proprietary format into the
HEAD/BRIK format used by AFNI (Analysis of Functional Neurolmages; Cox, 1996). The
functional volumes were then preprocessed to correct for slice timing and realigned to the
initial functional volume using a rigid-body transformation to minimize effects of participant
motion in the scanner. Motion parameter files for each scanning run were reviewed to ensure
motion did not exceed half the length of one voxel on its shortest side (1.71 mm). The
MPRAGE structural image was skull-stripped, and functional volumes were aligned to the
MPRAGE image. Functional data were then high-pass filtered (0.015625 Hz), eliminating a
significant portion of the noise spectrum (< .008 Hz), and spatially smoothed using a
Gaussian kernel (FWHM = 6 mm) to increase the signal-to-noise ratio of the data. Extra-
cranial noise was removed by masking out voxels that were either located outside of the
anatomical brain region or exhibited a high degree of functional signal loss. Participants'
structural scans were warped to the Colin TTN27 template, and participants' functional data
were then warped to their structural scans within Talairach space using the @auto_tlrc
program in AFNI. Spatial normalization allowed for demarcations of regions of interest
(ROIs) using standard stereotaxic coordinates. All functional and anatomical data were
visually inspected before and after preprocessing for artifacts and data processing issues.
Preprocessed functional data were then analyzed for each participant using a general linear
model (AFNI's 3dDeconvolve command; Ward, 2000).

ROIs were delineated in Talairach space using the AFNI Talairach Daemon. This method
yielded a cortical map of three bilateral ROIls: Brodmann's area 4 (BA 4; Brodmann,
1909/2006), composed of precentral gyrus/primary motor cortex, BA 17, composed of
striate cortex/primary visual cortex, and BA 9, composed of dorsolateral prefrontal cortex.
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ROI selection was determined a prioriand motivated by each region's involvement in the
tasks participants completed in the scanner, based on comparable tasks used in previous
studies that measured BOLD in primary motor cortex (e.g., Aguirre, Zarahn, & D'Esposito,
1998; D'Esposito et al., 1999; Handwerker, Ollinger, & D'Esposito, 2004), primary visual
cortex (e.g., Boynton et al., 1996; Dale & Buckner, 1997; Handwerker, Ollinger, &
D'Esposito, 2004), and prefrontal cortex (e.g., DeLuca et al., 2008; Genova et al., 2009;
Hubbard et al., 2016b; Leavitt et al., 2011; Rypma et al., 1999, 2006, 2007; Turner et al.,
2016).

2.5. HRF Spline Fitting

The spline-fitting method used a finite number of basis functions to permit modeling of
participant-specific HRFs, without requiring assumptions that the contour of individual
participants' HRFs conform to a canonical shape. The HRF was modeled from baseline
during a window of time beginning at stimulus onset using cubic Hermite spline
interpolation, fitting piecewise functions for each participant HRF and overall group HRF
using BOLD signal calculated at eight time-points, spaced equally at intervals of two
seconds (1 TR). These parameter estimates represented percent signal change from baseline,
beginning at stimulus onset (ty) and extending 14 seconds (t7) past the initial event (e.g.,
Dale and Buckner, 1997). This resulted in a maximal fit of the function to the data (/2 =1 in
all cases) and resulted in smooth curves approximating each HRF, within unilateral and
bilateral ROIs for each task.

2.6. HRF Shape Differences

Canonicality—A canonical HRF is one that follows the general contour of a standard
impulse response function. One caveat to using an approach that minimizes shape
assumptions is that non-canonical HRFs are possible, depending on the time course of the
BOLD signal. HRFs were categorized as either canonical or non-canonical using the
following criteria. A function was deemed canonical unless it met any one of the following
criteria to be deemed non-canonical: (1) the spline-fit function contained more than three
critical points (i.e., the points at which the slope of the fit function changes direction), (2) the
spline-fit function contained only a single critical point, or (3) the maximum of the function
occurred beyond the second critical point.

Metrics—We used two metrics to isolate quantifiable differences in overall HRF shape (see
Fig 1). The first metric was peak amplitude, the critical point of the HRF with the maximum
value. The second metric was time-to-peak (TTP), the point in time at which each HRF
reached peak amplitude. Metrics were calculated using MATLAB code written by one of the
authors (MT). Because spline functions can exhibit increased curvature nearer to boundary
knots (tg and t7), HRF metrics for each group and individual participant were visually
inspected to ensure each metric was appropriately measured.
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3.1. Performance

RT data for the BPT were analyzed for 45 of the 51 participants, as equipment failure caused
loss of data for six participants (/patient = 3; Mcontrol = 3)- Patients and healthy controls
showed similar performance on the BPT as measured by RT (Mpgtient = 386.26 [ SEM =
9.54] vs. Mcontrol = 374.37 [SEM = 16.67]), {43) = .65, p=0.520. DSST performance
accuracy was not significantly different between MS patients and healthy controls (Mpatient
=93.24% [SEM = .010] vs. Mcontrol = 94.97% [SEM = .004]), £36.90) = -1.51, p=0.141.
MS patients were significantly slower on the DSST compared to healthy controls (Mpatient =
1804.00 [ SEM = 61.64] vS. Mcontrol = 1595.11 [SEM = 57.64]), £49.86) = 2.42, p< 0.019.
Results of tests from the neuropsychometric battery are listed in Table 1.

3.2. HRF Shape and Performance

Individual and group HRFs modeled in each ROI during both BPT and DSST performance
are illustrated in Fig 3.

Canonicality—A two-proportion Z-test revealed a significantly greater rate of non-
canonical HRFs across all regions (visual, motor, and prefrontal cortex) in MS patients
(Ppatient=32.14%, 95% CI [28.21%, 36.34%]) and controls (Pcontroi=25.12%, [21.18%,
29.51%]), Z = -2.358, p< 0.018. These results support our hypothesis that MS-related
neural-vascular coupling changes are reflected in the shape of the HRF. In subsequent
analyses, we quantitatively assessed HRF shape differences to ascertain precisely which
metrics differed between groups.

Metrics—To test each of our hypotheses, that (1) HRF canonicality (as measured by peak
amplitude and TTP) will differ between MS patients and controls, and (2) HRF metrics will
be more associated with processing speed in MS patients than in controls, we utilized
multiple regression to predict each HRF Metric from Group and RT separately for BA 4 and
BA 17 during BPT performance, and for BA 9 during DSST performance.

Peak Amplitude: In MS patients, peak amplitude was reduced compared to healthy controls
in BA 17 during BPT performance, and in BA 9 during DSST performance. During BPT
performance, there was a significant main effect of Group in BA 17, F(1,41) = 7.71, p<
0.008. During DSST performance there was a significant main effect of Group in BA 9,
F(1,47) = 10.77, p< 0.002 (see Fig 4). No other effects were significant (all ps > 0.05).

TTP: In MS patients, TTP was longer compared to healthy controls only in BA 9 during
DSST performance. There was a significant main effect of Group, F(1,47) = 6.27, p< 0.016.
TTP was also longer for slower participants than faster participants. There was a significant
main effect of RT, F = 4.77, p< 0.034. This effect was greater in the MS group than in the
control group. There was a significant Group x RT interaction, F = 5.78, p< 0.020 (see Fig
4).
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Medication effects: Multivariate analysis of variance was used to determine whether MS
immunomodulatory medications significantly affected any HRF shape metrics. Across all
tasks, regions, and metrics, no significant effects of medication were observed (all ps > 0.05,
uncorrected).

4. Discussion

In this study, we compared BOLD-HRFs between MS patients and controls without existing
parametric canonical models. This approach allowed us to assess differences between
characteristics of HRFs while minimizing shape assumptions that could bias the ability to
estimate BOLD signal. Results suggested a greater likelihood for the HRFs of MS patients
to exhibit a departure from canonicality compared to healthy controls. Additionally, analysis
of HRF metrics revealed attenuated peak amplitude and greater TTP in task-related ROIs in
MS patients relative to controls. Prefrontal TTP was the sole measure predicted by
individual differences in processing speed. Specifically, faster TTP was predicted by faster
RT, suggesting an important role for vasodilatory speed in processing speed. Based on the
fact that BOLD signal measures relative venous deoxyhemoglobin concentration, and that
deoxyhemoglobin concentration changes in response to functional hyperemia, the different
HRF shape metrics could reflect the critical role that glial cells play in neural-vascular
coupling as moderators of nutrient perfusion in response to neurometabolic demand in
healthy brains.

The HRF shape characteristics that we compared between MS patients and healthy controls
are known to be uniform and reliable in the healthy brain (e.g., Aguirre, Zarahn, &
D'Esposito, 1998; Boynton et al., 1996; Buckner, 1998; Friston et al., 1998; Lindquist et al.,
2009). Such reliability reflects the integrity of glial (e.g., astrocytes; see Haydon &
Carmignoto, 2006; Petzold & Murthy, 2011; Rossi et al., 2006; Takano et al., 2007; and
passive diffusion mechanisms; see Cauli & Hamel, 2010) and vascular structures (e.qg.,
endothelium, smooth muscle cells; e.g., Chen et al., 2014; Davis et al., 1998; Hoge et al.,
1999; Hutchison et al., 2013a,b; Stefanovic et al., 2004) that facilitate changes in
neurometabolic demand. Reductions in this integrity, as we observed in MS, underscore the
importance of mechanisms that (1) allow neurons to feed forward their metabolic needs to
vasculature via communicating structures (e.g., Attwell et al., 2010; Hillman, 2014), and (2)
allow vasculature to feed back oxygen and nutrients to neurons via glial cells (e.g., Lee et
al., 2012; Rinholm & Bergerson, 2012), ultimately facilitating neural performance (and, the
current results suggest, cognitive performance).

In this study, we tested the hypothesis that dysfunction in underlying physiology in MS
could be indexed by departures of HRF shape from canonicality. HRF canonicality was
preserved at a greater rate in healthy controls than in MS patients (a group for which glial
disruption is known; see Brosnan & Raine, 2013; De Keyser et al., 2008; D'Haeseleer et al.,
2011; Gareau et al., 1999; Jukkola et al., 2013; Lassmann, 2003, 2014; Lundgaard et al.,
2014; Mulligan & MacVicar, 2004; Trapp & Stys, 2009). Interestingly, HRF variability in all
regions tested was greater in healthy controls relative to MS patients (see Fig 3). This
finding might reflect a floor effect in MS patients, where smaller task-related excursions
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from baseline might result in a narrower envelope through which HRFs may vary across
time.

Peak amplitude was lower in MS patients compared to healthy controls, possibly reflecting
reduced vascular dilation (e.g., Devor et al., 2005; Metea & Newman, 2006), or a reduced
proportion of oxygen extracted from capillary blood (e.g., Griffeth & Buxton, 2011; Hyder
etal., 2001; Lu & Van Zijl, 2005; Trapp & Stys, 2009). TTP was higher in MS patients
compared to healthy controls, possibly reflecting a delay of the system to reach maximal
oxygen perfusion. This delay could be due to either disrupted glial vasodilatory signaling
(e.g., Bonakdarpour, Parrish, & Thompson, 2007; Devor et al., 2005; Metea & Newman,
2006), or to differences in the efficiency of oxygen extraction from capillaries (e.g., Griffeth
& Buxton, 2011; Hyder et al., 2001; Lu & Van Zijl, 2005; Trapp & Stys, 2009).
Immunomodulatory medications did not exert significant effects on any of these metrics.
These results suggest that canonical HRFs reflect intact neural-glial-vascular
communication, oxygen extraction, and vascular compliance, fundamental to optimal
functional hyperemia, neural efficiency, and cognitive performance.

It is worth noting that significant complexity accompanies interpretation of BOLD-HRFs in
the context of underlying neural-vascular activity (e.g., Lindquist & Wager, 2007; Lindquist
et al., 2009). Measurement of the HRF occurs on a time scale three orders of magnitude
greater than that of underlying neuronal activity (Logothetis, 2002). Heterogeneity in the
evolution of the HRF through time exists across cortical regions (Aguirre, Zarahn, &
D'Esposito, 1998; Handwerker, Ollinger, & D'Esposito, 2004), wherein the relationship
between BOLD signal and underlying neural activity is sometimes linear (e.g., Boynton et
al., 1996), but sometimes nonlinear (e.g., Birn, Saad, & Bandettini, 2001; Martindale et al.,
2005). More advanced techniques, such as calibrated fMRI (that measures both BOLD and
cerebral blood flow and permits calculation of cerebral oxygen metabolism; e.g., Hutchison
et al., 2013) or combined EEG-fMRI, will be needed to assess the validity of these
hypotheses.

The hypothesis that intact communication between neurons, glia, and vasculature is essential
to optimal neural performance is supported by relationships we observed between HRF
shape metrics and behavioral performance. MS-related physiologic dysfunction reflected in
non-canonical HRFs impairs neural performance and, the present results suggest, efficient
cognitive performance. While group differences were found in both HRF metrics, processing
speed performance exclusively predicted TTP in prefrontal cortex. Further, the effect of
processing speed performance was stronger in MS patients than in healthy controls as
evidenced by a significant Group x RT interaction effect. This result suggests the hypothesis
that mechanisms underlying HRF latency (e.g., delay in functional hyperemia) play a larger
role in speed of processing (an ability known to be central to general cognitive performance;
Salthouse, 1996; Vernon, 1983) than those underlying peak amplitude (e.g., oxygen
extraction).

Earlier work from our lab (Rypma et al., 1999, 2006, 2007; Turner et al., 2016), and from
others (e.g., Bachman et al., 2010; Boone et al., 1998; DeL.uca et al., 2008; Genova et al.,
2009), has localized processing-speed ability to prefrontal cortex, a region not known for
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frank MS lesions. This result is consistent with others showing that MS pathology exerts
pervasive deleterious effects well beyond white-matter lesion sites. Previous research has
demonstrated that global attenuation in fractional anisotropy predicted HRF peak amplitude
in visual and motor cortex, whereas lesion location in MS patients did not (Hubbard et al.,
2016a). This result, combined with our finding that lesion burden was not related to
behavioral performance (see Supplemental Material), suggests that MS-related damage is
not limited to lesioned regions, and instead represents dysfunction occurring at a system-
wide level. Further work using more advanced white-matter imaging techniques (such as
diffusion kurtosis imaging; see e.g., Lu et al., 2006) will be needed to better characterize
white-matter-HRF relationships.

There are several caveats to interpretation of our results. First, much remains to be
elucidated about MS pathophysiology, which limits the confidence with which we can
provide a straightforward interpretation of altered HRF shape. However, strong relationships
between HRF shape measures and performance provide compelling evidence that altered
hemodynamic processes in instances of white-matter compromise have consequences for
cognition. Second, the standard-space analyses that we employed to facilitate like-to-like
spatial between-groups comparisons may not account for cortical gray-matter atrophy often
seen in neurodegenerative diseases such as MS (Azevedo & Pelletier, 2016; Calabrese et al.,
2007, 2009; Fisher et al., 2008; Fisniku et al., 2008; Geurts & Barkhof, 2008; Geurts et al.,
2012; Pirko et al., 2007; Vercellino et al., 2009). Calibrated imaging work shows that altered
gray-matter metabolism in MS is related to white-matter compromise (Hubbard et al., 2017;
see also Varga et al., 2009). More work is certainly needed to disentangle relative influences
of white- and gray-matter on HRF shape and cognitive performance. Third, the MS patients
scanned in our study were permitted to take their regular courses of medications (e.g.,
glatiramer acetate, interferon-beta, natalizumab) on the day of their scans. Although we did
not observe significant effects of these medications on the HRF, effects of these medications
on the BOLD signal remain unknown. Additional work is certainly needed to pursue
answers to these unresolved questions.

Imaging studies of MS commonly focus on the involvement of white-matter. Other
populations feature differences in white-matter structure relative to healthy young-adult
brains. White-matter volume is known to decline, for instance, even as a consequence of
healthy aging (e.g., Bartzokis et al., 2003; Bennett et al., 2010; Gunning-Dixon et al., 2009;
Salat, Kaye, & Janowsky, 1999). Degradation of white-matter integrity is also observed in
cases of neurodegeneration other than MS, including Alzheimer's disease (Acosta-
Cabronero et al., 2010; Bozzali et al., 2002), Parkinson's disease (Hattori et al., 2012; Rae et
al., 2012), and amyotrophic lateral sclerosis (Abrahams, Leigh, & Goldstein, 2005; Zhang et
al., 2007). Further, a prominent hallmark of healthy brain development in children is
maturation of white-matter (e.g., Barnea-Goraly et al., 2005; Klingberg et al., 1999; Mabbott
et al., 2006; Nagy, Westerberg, & Klingberg, 2004). These groups also exhibit cognitive
performance differences relative to healthy young adult controls. Such cognitive
performance differences provide further evidence for the importance of intact neural-
vascular coupling to intact neural performance, and in turn, cognitive performance.
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Conclusions

We isolated differences in HRF metrics between MS patients and healthy controls to assess
how HRF shape differed between groups, and to assess the extent to which departures from
a canonical HRF shape were related to performance differences. The use of an approach that
(1) compared healthy individuals to a group with known white-matter damage, and (2)
minimized assumptions regarding HRF shape, made this assessment sensitive enough to
isolate group differences that might not have been apparent if a standard impulse response
function had been used. HRF shape was significantly altered between groups, and was
related to processing speed differences. Together, these results provide support for the
hypothesis that alterations to glial cell intermediaries are associated with neural-vascular
coupling deficits, that are in turn related to reductions in neural function and processing
speed. Neural-glial-vascular communication might form the basis for optimal neural
performance, and provide a plausible physiological mechanism for processing speed
differences between healthy younger, older, and diseased groups.
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Figure 1.

Canonical hemodynamic response function (HRF), a model of the change in blood-oxygen-
level-dependent signal through time.
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Figure 2.
Sample stimuli from a single trial of the DSST.
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Figure 3.

Individual and group HRFs modeled in bilateral (A) BA 4 during BPT performance, (B) BA
17 during BPT performance, (C) BA 4 during DSST performance, (D) BA 9 during DSST
performance, and (E) BA 17 during DSST performance. Individual HRFs are in lighter blue
(healthy controls) and orange (MS patients), and group HRFs are darker, bolder curves.
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Figure 4.
Relationships between performance (as measured by RT on the DSST) and (A) peak

amplitude and (B) TTP in bilateral BA 9. Lines represent the best fit to the data using least-
squares linear regression. Healthy controls are in blue, and MS patients are in orange.
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Participant demographics, neuropsychometric performance, and MS disease measures.

Table 1

Characteristic Healthy controls (n =23) MS patients (n=28) p-value
Age, mean (SEM) 42.13 (2.56) 47.36 (2.04) n.s.
Sex, n (%)

Male 6 (26.09%) 5 (17.86%) -

Female 17 (73.91%) 23 (82.14%) n.s.
Handedness

Right 23 (100%) 28 (100%) -
SDMT, mean correct (SEM) 58.26 (1.44) 51.88(2.52)  0.046
PASAT, mean correct (SEM) 49.96 (1.69) 4584 (2.28)  0.176
Box completion, mean correct (SEM) 55.65 (2.04) 46.60 (2.41)  0.009
Trails A, mean RT (SEM) 21.07 (1.09) 2751 (2.04) 0.013
Trails B, mean RT (SEM) 40.98 (1.95) 64.99 (9.43)  0.028
EDSS, mean score (SEM) - 2.78 (0.35) -
MFIS, mean score (SEM) - 28.65 (2.49) -
Lesion burden, mean volume in mm3 (SEM) - 15264.60 (2521.91)
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