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An almost sinusoidal, large amplitude ~0.1 Hz oscillation in cortical hemodynamics has been repeatedly
observed in species ranging from mice to humans. However, the occurrence of ‘slow sinusoidal hemodynamic
oscillations’ (SSHOs) in human functional magnetic resonance imaging (fMRI) studies is rarely noted or consid-
ered. As a result, little investigation into the cause of SSHOs has been undertaken, and their potential to confound
fMRI analysis, as well as their possible value as a functional biomarker has been largely overlooked.
Here,we report direct observation of large-amplitude, sinusoidal ~0.1 Hzhemodynamic oscillations in the cortex
of an awake human undergoing surgical resection of a brain tumor. Intraoperative multispectral optical intrinsic
signal imaging (MS-OISI) revealed that SSHOs were spatially localized to distinct regions of the cortex, exhibited
wave-like propagation, and involved oscillations in the diameter of specific pial arterioles, indicating that the
effect was not the result of systemic blood pressure oscillations. fMRI data collected from the same subject
4 days prior to surgery demonstrates that ~0.1 Hz oscillations in the BOLD signal can be detected around the
same region. Intraoperative optical imaging data froma patient undergoing epilepsy surgery, inwhom sinusoidal
oscillations were not observed, is shown for comparison.
This direct observation of the ‘0.1 Hz wave’ in the awake human brain, using both intraoperative imaging and
pre-operative fMRI, confirms that SSHOs occur in the human brain, and can be detected by fMRI. We discuss
the possible physiological basis of this oscillation and its potential link to brain pathologies, highlighting its
relevance to resting-state fMRI and its potential as a novel target for functional diagnosis and delineation of
neurological disease.

© 2013 Elsevier Inc. All rights reserved.
Introduction

It is well known that the brain exhibits baseline variations in blood
flow with temporal frequencies between ~0.01 and 0.15 Hz (Fox and
Raichle, 2007). Assumed to have a relatively featureless 1/f-type spec-
trum, and to be tightly coupled to neuronal activity, these fluctuations
are the foundation of so-called ‘resting state functional connectivity
mapping’ (RSFC); an increasingly popular approach to functional mag-
netic resonance imaging (fMRI). The basis of RSFC mapping is the idea
that spatially distinct correlations in the time-course of spontaneous he-
modynamic fluctuations (detected as changes in the fMRI blood oxygen
level dependent signal, BOLD) can be interpreted as maps of large-scale
functional network organization. Suchmapping has been demonstrated
n).

ghts reserved.
in mice (White et al., 2011), rats (Pawela et al., 2008), non-human pri-
mates (Mantini et al., 2011) and humans (Buckner et al., 2008; Fox and
Raichle, 2007) and is increasingly being applied to study the difference
between normal and diseased brain states including early Alzheimer's
disease (Buckner et al., 2009; Sheline and Raichle, 2013), study of
motor deficits in brain tumor patients (Otten et al., 2012), predicting
surgical outcome of epilepsy (Negishi et al., 2011), traumatic brain inju-
ry (Mayer et al., 2011) and schizophrenia (Garrity et al., 2007).

Distinct from these 1/f-type fluctuations, there have also been
reports of a so called ~0.1 Hz, ‘vasomotor’ or slow sinusoidal hemody-
namic oscillation (SSHO) in the brain (Mayhew et al., 1996). These
large oscillations, with amplitudes comparable to the hemodynamic
response to sensory stimulus, are sporadic, but have been shown to
occur in the rat (Golanov et al., 1994; Grosberg et al., 2012; Majeed
et al., 2009; Mayhew et al., 1996; Saka et al., 2010), cat (Spitzer et al.,
2001), awake rabbit (Hundley et al., 1988) and non-invasively in humans
using near-infrared spectroscopy (Elwell et al., 1999; Kolyva et al., 2013;
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Näsi et al., 2011; Obrig et al., 2000; Sassaroli et al., 2012; Schroeter et al.,
2005), and fMRI BOLD (Mitra et al., 1997). In some cases the appearance
of SSHOs in the brain has been linked to distinct physiological condi-
tions or states (Näsi et al., 2011). However, a factor that has confused
interpretation of these observations is the known occurrence of sinusoi-
dal oscillations in systemic blood pressure, also at around 0.1 Hz, in
this case being called ‘Mayer waves’ (Julien, 2006; Mayer, 1876). The
possible influence of systemic blood pressure oscillations on measure-
ments of cortical hemodynamics, particularly non-invasive NIRS
measurements through the intact scalp, (Kvernmo et al., 1998) has
made the true prevalence, cause, mechanisms and neural correlates of
SSHOs unclear.

In this studywe present the direct observation of a ~0.1 Hz, spatially
distinct cortical hemodynamic oscillation in an awake human undergo-
ing brain tumor resection, acquired using intraoperative multi-spectral
optical intrinsic signal imaging (MS-OISI). Intraoperative imaging data
collected on a second subject, who was undergoing epilepsy surgery
and did not exhibit SSHOs, is shown for comparison. We characterize
the spatiotemporal properties of the SSHOs observed in subject 1,
identifying correlated oscillations in the tone of pial arterioles, and dem-
onstrating that the SSHOs exhibit wave-like properties within affected
regions of the cortex.We further show that a similar ~0.1 Hz oscillation
was detected in fMRI BOLD data acquired in the same subject, four days
prior to surgery.

We conclude that although only observed here in one subject, SSHOs
can occur in the human, awake brain and are measurable via fMRI. We
discuss the possible mechanistic underpinnings of SSHOs and their
potential importance for diagnostics and RSFC mapping.

Methods

Multi-spectral optical intrinsic signal imaging (MS-OISI)

This study utilized MS-OISI, a technique which uses a camera to
acquire images while the cortical surface is illuminated with specific
wavelengths of light. Changes in measured light intensity correspond
to changes in absorption due to changes in the concentrations of oxy-
and deoxy-hemoglobin ([HbO] and [HbR] respectively) (Bouchard
et al., 2009;Hillman, 2007).MS-OISI images represent a 2D, superficially
weighted sum of these hemodynamic signals from the pial vasculature
and the deeper microvasculature of the parenchyma, and can also be
used to calculate dynamic changes in vascular tone (Tian et al., 2011).
Since the first human intraoperative OISI study (Haglund et al., 1992)
researchers have primarily focused on human intraoperative mapping
of eloquent cortex (Prakash et al., 2009; Suh et al., 2010), perfusion
assessment (Hecht et al., 2013), and neurovascular coupling changes
in epileptogenic cortex (Haglund and Hochman, 2004; Zhao et al.,
2007). One distinction of our method relative to earlier human work
was our choice not to utilize glass to immobilize the cortex. All of our
recordings were made quickly and simply via a standard Leica M720
surgical microscope without compromising the sterile surgical field.
Brain motion was overcome by using highly uniform illumination and
post-hoc image registration as described further below.

Optical data acquisition

All human subject procedures were reviewed and approved by the
Columbia University Institutional Review Board. In both patients, a
craniotomy was performed to expose the brain under propofol
anesthesia. The region of brain exposedwas determined by the patient's
medical condition, but in both cases was centered on the posterior
frontal lobe.

Human subject 1
Images were acquired using sequentially strobed, filtered blue,

green, and red light emitting diodes (LEDs, 470, 530, and 625 nm,
respectively: M470L2, M530L2, and M625L2; Thorlabs, filters: NT67-
027 (blue), NT67-031 (green), Edmund Optics). Strobed illumination
was synchronized with high-speed monochrome camera acquisition
(AVT Pike F-032B) mounted onto the surgical microscope (Leica
M720). Data was recorded using our open-source SPLASSH optical
imaging software (Sun et al., 2010), and was collected at 20 frames
per second (fps) equivalent to 6.67 fps per wavelength with 480 ×
640 pixel resolution over a ~3 × 3 cm field of view.

Human subject 2
Images were acquired using a color camera (Ikegami MKC 505)

mounted on the surgical microscope (Leica M720). White light illumi-
nation was provided by the microscope's built in xenon arc-lamp
(400 W). To gain spectral isolation for blue, green and red channels,
we placed a triple-bandpass filter (Semrock FF01-457/530/628-25)
before the camera. Filter cutoff properties were chosen to match the
spectral response of the camera. Color data was recorded using the
microscope's acquisition software (Med X Digital Recording System
V6) and was collected at 30 fps per wavelength with a 480 × 640
pixel resolution over a ~3 × 3 cm field of view. This system
corresponded to a later, improved version of our first intrasurgical
MS-OISI set-up, but has been independently tested to ensure that it
yields equivalent data to the system used for subject 1.

Optical data analysis

Post-operatively, ‘elastix’ image registration software (Klein
et al., 2010) was used to correct MS-OISI data for motion artifacts
due to the patient's head movement, brain motion caused by heart
rate and respiration, and slight microscope motion. Elastix was
used to apply non-rigid, bspline-based registration, or where appro-
priate, rigid registration transformations with supervision to ensure
that registration-related errors were not introduced into the data. All
subsequent analysis and visualization was performed using Matlab
™. Monotonic trends resulting from evaporation of moisture from
the cortical surface (Lavine et al., 2011), were removed from the
raw data prior to conversion into ΔHbO and ΔHbR as detailed
below. Correlation images were generated by using corr, Fourier
maps show the log of the time-course power spectrum calculated
using pwelch, and plotted ‘power spectra’ are shown as the absolute
values of the Fourier transform using abs and fft Matlab functions
(R2012a).

All optical imaging data was converted to ΔHbO and ΔHbR and
ΔHbT = ΔHbO + ΔHbR by using the modified Beer–Lambert law
with wavelength-dependent path-length factors derived from Monte
Carlo modeling (Bouchard et al., 2009; Hillman, 2007). Hemoglobin
extinction coefficients were calculated for each system's measured
blue, green and red spectral bandwidths based on data collated by
Prahl (1998).

fMRI data acquisition

fMRI datawas acquired on subject 1, four days prior to surgery, using
a 3.0 T magnetic resonance scanner (GE Healthcare Signa HDxt with 8
channel HD Brain Coil). Head movement was restricted using a pillow
and foam, and earplugs were used to attenuate scanner noise and
maximize subject comfort. During functional imaging, the subject was
instructed to close her eyes, but to stay awake and remain as still as
possible while performing a left hand motor task during acquisition
consisting of a 20 second hand grasp followed by 20 seconds of rest.
Data consisted of a total of 80 multi-slice T2*-weighted volumes
acquired with a gradient echo-planar sequence using axial slice
orientation (39 slices, slice thickness = 5 mm, spacing = 0 mm, field
of view = 21 cm2, phase field of view 1.00 cm2, frequency = 64 Hz,
phase = 64, repetition time = 2000 ms, echo time = 30 ms, flip
angle = 90°). A T1 magnetization prepared rapid gradient echo
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sequence was also acquired in the same session for co-registration with
functional data.

fMRI data analysis

Acquired T2* data was pre-processed using FEAT (fMRI Expert
Analysis Tool, version 6.00, part of FSL) (Jenkinson et al., 2002) with
processing limited to time-interpolation between slices and motion
correction. Co-registration between functional and anatomical data
was performed manually to avoid registration confounds due to low
T1 contrast in the tumor region. Power spectra are shown as the
absolute values of the Fourier transform of extracted T2* signals.

Results

Direct observation of ~0.1 Hz oscillation in the awake human cortex

Subject 1 was a 35 year old female undergoing a repeat craniotomy
for resection of a right posterior medial frontal lobe oligodendroglioma.
During intrasurgical optical imaging, the subject was awake and
engaged in performing a hand motor task by pushing a button for the
duration of an auditory cue (3 s on, 3 s off). Although the subject
was performing a task during MS-OISI acquisition, intrasurgical
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Fig. 1. Direct observation of the 0.1 Hz hemodynamic oscillations in the awake human brain. (
interest (ROIs) indicated. (B) 4 corresponding time courses showing ΔHbT, ΔHbO and ΔHbR dy
shown in B. Green arrow indicates SSHO at ~0.1 Hz. (D) Log–log abs(FFT) plot over a wider freq
arrow, breathing (0.4 Hz) with a thin blue arrow and the SSHOwith a green arrow. (E) Fourier
white dashed ovals (stars indicate artifacts from specular reflections). (F) Fourier image at 0.1
Supplemental Movie M1 shows the full time-course of the ΔHbT image for the data shown he
somatosensory evoked potential monitoring via a strip electrode and
pre-operative fMRI data (Fig. 4) confirmed that the receptive field for
this task was not within the surgical field of view (see Fig. 4).

The subject was imaged three times over the course of the MS-
OISI imaging session. The optical imaging field of view is shown in
Fig. 1A. Fig. 1B shows time courses of changes in HbO, HbR and
HbT extracted from the 4 regions of interest (ROIs) shown in
Fig. 1A for one run (data for the other two runs are shown in Supple-
mental Figs. S1 and S2). A distinct 0.1 Hz, sinusoidal oscillation in
ΔHbO, ΔHbR and ΔHbT is observed in two of these four ROIs, with
the strongest oscillation towards the bottom right of the field of
view. The power spectra of the ΔHbT time-courses show a promi-
nent peak at ~0.1 Hz (Figs. 2C–D). Additional peaks in the power
spectrum correspond to the patient's heart rate (~2.0 Hz) and respira-
tion (~0.4 Hz) frequencies, as confirmed by anesthesia physiological
monitoring.

Fig. 1E shows a ‘Fourier image’, produced by calculating the spectral
power of the time-course of each pixel at a given frequency, in this case:
0.1 Hz (Kiviniemi et al., 2000). The resulting image reveals 3 distinct
oscillating regions, highlighted with white dashed ovals in Fig. 1E. A
Fourier image away from the 0.1 Hz peak, at 0.15 Hz (Fig. 1F), shows
no discernible regions, and confirms that regional localization is specific
to the 0.1 Hz SSHO.
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Non-sinusoidal hemodynamic fluctuations in human cortex (subject 2)

Subject 2 was a 36 year old male undergoing electrode grid place-
ment surgery to locate epileptic foci in the right posterior frontal lobe.
The patient was sedated with propofol anesthesia during imaging and
no seizure activity was noted during optical recordings. Fig. 2B shows
time-courses of ΔHbR, ΔHbO and ΔHbT for 4 ROIs, along with their
power spectra (Figs. 2C–D). As confirmed by anesthesia records, a
heart rate peak at ~1 Hz, and its harmonic at ~2 Hz, along with a
respiration related peak at ~0.17 Hz can be seen for all ROIs, but no
0.1 Hz or similar peak is present. Time courses are markedly different
form the time courses in Fig. 1B for subject 1, showing clear low
frequency fluctuations, but without a periodic sinusoidal shape.
Figs. 2E–F show Fourier images generated at 0.1 Hz and 0.15 Hz. No
defined regions oscillating at ~0.1 Hz are discernible. This data confirms
that the 0.1 Hz oscillation observed in subject 1 was not a function of
an exposed-cortex craniotomy, optical imaging or analysis techniques.

Spatiotemporal and vascular properties of the 0.1 Hz hemodynamic
oscillation

Intraoperative MS-OISI provides the opportunity to closely examine
the features of the 0.1 Hz hemodynamic oscillation in the human brain.
To ascertain the spatial properties of the oscillation observed in subject
1, a Pearson correlation coefficient image was generated (Fig. 3A) by
correlating the ΔHbT time course seen in ROI 3 in Fig. 1B with the
time course of each pixel in the ΔHbT image time-series. This time
course was chosen because of its highest spectral power at 0.1 Hz. The
resulting correlation image (Fig. 3A) reveals the distinct spatial localiza-
tion and extent of the seeded 0.1 Hz oscillation. Note that the relative
phase of the oscillation in this region causes it to be isolated from the
other SSHO regions identified in the Fourier image Fig. 1E. Magnifying
the area with the highest correlation reveals fine vascular structure
shown in Fig. 3B. Notably, small vessels under the large central vein
are seen to be a continuous part of the ~0.1 Hz oscillating vascular
network (arrows in Figs. 3B, C).

To explore these vessels further,we analyzedwhether the correlated
fluctuations in ΔHbT corresponded to variations in vessel diameter.
Vessel diameter calculations were carried out on the raw 530 nm
reflectance data, registered using the rigid instead of the non-rigid
transformations to avoid vessel motion removal caused by non-rigid
registration. Time courses of the changes in HbT and vessel diameter
are plotted in Fig. 3D, and show a close correlation of 0.83 between
the two signals. We conclude that these vessels are pial arterioles
undergoing rhythmic vasomotor dilation and constriction (Grosberg
et al., 2012).

Further exploring the observed SSHOs, upon inspection of movies of
ΔHbT, distinct epochs were noted in which the 0.1 Hz oscillation
appeared to propagate across the cortex as a spatial wave
(see Supplemental Movie M1, Supplemental Figs. S1–S2). This wave
behavior is visible in the kymograph in Fig. 3E, which shows the
detected ΔHbT signal along a line within the field of view as a function
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of time. For the first few cycles of the SSHO, the wave can be seen to be
propagating in a medial to lateral direction, as is most common across
all three runs acquired in this subject (see Supplemental Figs. S1 and
S2). However, the kymograph also shows that at certain times, oscilla-
tions can travel and merge in different ways. Fig. 3G shows the relative
phase delays of SSHOs in four different ROIs during ~50–60 second
epochs for all three trials showing clear directional propagation. Phase
delays were calculated by cross correlating HbT time courses from
ROIs 2,3 and 4 with the HbT time course from ROI 1 and extracting the
time value corresponding to the largest correlation in the nearest cycle
around 0, for each of the 4 time course pairs.
Pre-operative fMRI in subject 1

fMRI data was acquired on subject 1 four days prior to surgery to
assess the location of the left hand motor region in relation to the
tumor. The patient performed a similar left hand motor task during
fMRI acquisition as during intrasurgical imaging, although at a slower
repetition frequency (20 s on, 20 s off).
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to extract time-courses from the uppermost surface of the tumor/cortex
corresponding to the exact area of our intraoperative recordings.
However, ROI 2 was selected from the superior edge of the left hand
motor area, at the posterior edge of our optical imaging field of view,
and in addition to exhibiting a small stimulus response exhibits very
similar 0.1 Hz BOLD oscillations to those observed intraoperatively
(Fig. 4E, power spectrum 4G). ROI 3 is a region from the cortex contra-
lateral to the tumor, and while exhibiting slow fluctuations in BOLD
(Fig. 4F) can be seen to have a featureless 1/f spectrum with no peak
at 0.1 Hz (Fig. 4G).
Discussion

Slow sinusoidal 0.1 Hz hemodynamic oscillations, or SSHOs in
humans have been reported previously using both NIRS and fMRI
BOLD (Mitra et al., 1997; Obrig et al., 2000). However, the prevalence
and importance of SSHOs have been questioned, particularly in relation
to contamination from systemic blood pressure fluctuations (Ferguson,
2003; Kvernmo et al., 1998). Using intraoperative MS-OISI we recorded
optical reflectance signals directly from the superficial layers of the
awake human cortex, unobstructed by confounds from the scalp and
skull. The substantially higher spatiotemporal resolution of MS-OISI
compared to NIRS and fMRI measurements allowed analysis of time
courses of ΔHbO, ΔHbR, ΔHbT and vasomotion dynamics, demonstrat-
ing that observed SSHOs were associated with distinct networks of pial
arterioles. Visualization of SSHOs propagating as a traveling wave
within discrete regions of the cortex suggests that the oscillation is
not a manifestation of systemic blood pressure ‘Mayer waves’. fMRI
data acquired in the same patient prior to surgery revealed that similar
~0.1 Hz SSHOs could be observed as fluctuations in the raw BOLD
signal.

Since our data demonstrates that localized 0.1 Hz oscillations in
cortical hemodynamics can occur in the awake human brain, and that
these oscillations can be detected by fMRI, the physiological basis of
these oscillations, and how to interpret them, becomes a key question.
Of particular importance is whether 0.1 Hz hemodynamic oscillations
in the brain are neurogenic; driven by a specific neuronal state or
sequence of activity, or whether oscillations are myogenic; driven by
the vasculature itself independent of neuronal activity. We propose
that our findings, combined with the evidence detailed below, suggest
that 0.1 Hz oscillations are primarily myogenic.
Prior studies suggest neurovascular uncoupling during SSHOs

Despite numerous reports of SSHOs in animalmodels, the physiolog-
ical basis of SSHOs in the brain has barely been explored. While several
recent studies have found electrophysiological correlates to slow
hemodynamic fluctuations in fMRI BOLD at b0.1 Hz (Drew et al.,
2008; Leopold et al., 2003; Lőrincz et al., 2009; Nir et al., 2008), only a
small number of studies have specifically noted the relationship
between neuronal activity and the ~0.1 Hz hemodynamic oscillation.
One recent study using combined spectrophotometry and electrophys-
iology to study neurovascular coupling in the visual thalamus of a cat,
and reported spontaneous SSHOs at 0.14 Hz, which were inducible by
chloralose anesthesia and could be temporarily blocked by systemic
administration of adrenaline or acetylcholine (Rivadulla et al., 2011).
The authors demonstrated a marked breakdown in the relationship
between local neural activity and blood flow when oscillations were
present. Another study using laser Doppler to measure blood flow com-
bined with electroencephalography (EEG) in rats during isoflurane-
induced neuronal bursting, noted that in instances when ‘strong
sinusoidal’ hemodynamic fluctuations at around 0.1 Hz arose following
sharp blood pressure changes, correlations between neuronal and
hemodynamic measures were abolished (Golanov et al., 1994).
Is there something special about 0.1 Hz?

It is well known that isolated blood vessels, from the brain and
peripheral vasculature across species can exhibit spontaneous rhythmic
‘vasomotor’ oscillations in tone in the frequency range of 0.05–0.2 Hz
(Aalkjær et al., 2011; Aalkjær and Nilsson, 2005; Fujii et al., 1990;
Oishi et al., 2002; Peng et al., 2001; Stefanovska, 2007). In the past
10 years, this phenomenon has been studied in detail (Aalkjær et al.,
2011), and ~0.1 Hz has been identified as a characteristic frequency
for arterioles from diverse locations and species (Bouskela and
Grampp, 1992; Haddock et al., 2002; Setchell et al., 1995). In isolated
vessels, vasomotion at ~0.1 Hz has been shown to correspond to
synchronization of the intermittent release of calcium within vascular
smooth muscle cells (Aalkjær et al., 2011). While the mechanisms
initiating this synchronization, and the cyclic process that sustains the
oscillation are not well understood (Aalkjær and Nilsson, 2005;
Haddock and Hill, 2005; Kapela et al., 2012), a range of different factors
have been shown to lead to this synchronous state. These include
conditions where microcirculation is at the lower end of the systemic
autoregulatory pressure range (Ren et al., 1994; Schmidt et al., 1992),
peripheral arterial occlusion disease (Schmidt et al., 1993), and in
patients after compression therapy (Pekanmäki et al., 1991). The ampli-
tude and frequency of vasomotion has been shown to be temperature
dependent (Setchell et al., 1995), and affected by local changes in PO2

and pH (Bouskela and Grampp, 1992). Most reports of vasomotion in
peripheral vessels conclude that it is myogenic in origin, driven by the
properties of the vessels themselves in response to external conditions
(Bouskela and Grampp, 1992).

Are all brain SSHOs the same?

SSHOs have been observed in the brain in awide range of conditions.
Some have dismissed SSHOs as a consequence of anesthesia, abnormal
blood pressure, sudden blood pressure changes, or an artifact of
non-physiological open cortex surgical conditions (Golanov et al.,
1994; Jones et al., 2005; Julien, 2006; Nakai and Maeda, 1999). Nitric
oxide (NO) blockers and ketamine anesthesia have also been noted to
induce marked enhancement of SSHOs in animal models (Ances et al.,
2010; Dirnagl et al., 1993; Spitzer et al., 2001). Further studies have
reported anomalous, low frequency periodic oscillations in brain blood
flow in a range of pathological conditions including neuroleukemia,
hydrocephalus and glioma (Kiviniemi et al., 2000; Wang et al., 2008).
However, SSHOs have also been observed non-invasively in healthy
awake humans using both NIRS and fMRI (Elwell et al., 1999; Mitra
et al., 1997; Obrig et al., 2000).

The distinctive frequency of SSHOs suggest that each of these diverse
conditions shares some common property. Based on the considerations
above, we hypothesize that SSHOs might be an outward indication that
some factor of normal hemodynamic regulation in the brain has been
altered,whether by a transient physiological or attentional state, a phar-
macological agent or a local or global pathology. We posit that 0.1 Hz
may be a uniquely important frequency, noting that the time-constant
of its cycle is highly consistent with the functional ‘hemodynamic
response function’, which typically peaks 3–4 s after the onset of a
stimulus (Kruggel and von Cramon, 1999); suggesting that 0.1 Hz
might be the brain's hemodynamic natural frequency. Observations of
SSHOs in the brain during periods of low blood pressure or flow, or
sudden changes in blood pressure would be consistent with observa-
tions of vasomotion in the peripheral vasculature (Sakurai and Terui,
2006; Schmidt et al., 1992). NO inhibitors and ketamine could both be
expected to induce an imbalance in the normal regulation of cerebro-
vascular tone (Anis et al., 1983; Attwell et al., 2010; Harrison and
Simmonds, 1985). In the case of pathologies; situations in which any
component of the neurovascular unit or autoregulatory system
including endothelial cells, smooth muscle cells, astrocytes or neurons
themselves might be damaged or impaired could potentially result in
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SSHOs. For example, glioma cells have been shown to spread via migra-
tion along the vasculature (Farin et al, 2006), a disruptive action that
could easily interfere with the local vasculature's ability to maintain
normal tone. We note that the patient in whom we observed SSHOs
was undergoing resection of a recurrent oligodendroglioma. Both the
cellular presence of the tumor, and perfusion deficits caused by
compression or stretching of overlying cortex (depicted in Figs. 4H–J)
could potentially account for the presence of SSHOs.

While requiring further investigation, we infer that the appearance
of SSHOs might represent a departure from normal neurovascular
coupling.

Implications for interpretation of functional imaging studies and functional
diagnostics

From the first demonstration of functional connectivity MRI (fcMRI)
in the human sensorimotor cortex (Biswal et al., 1995), RSFC algorithms
have commonly applied a low-pass cutoff filter at ~0.08 Hz (Fox et al.,
2005) with the intent of removing artifacts from human breathing
frequencies. However, the proximity of this cut-off to 0.1 Hz makes it
possible that SSHOs, if present, could have a major influence on RSFC
related analysis. To date, the presence of this oscillation in resting
state fMRI has rarely been noted or specifically analyzed, so its preva-
lence and relevance to RSFC results in different pathologies have
not been explored (Murphy et al., 2013; Wang et al., 2008). fcMRI is
increasingly being applied to pathological states including acute and
chronic stroke (Grefkes and Fink, 2011), Alzheimer's disease (Sheline
and Raichle, 2013), and traumatic brain injury (Mayer et al., 2011); all
conditions in which SSHOs could feasibly arise, and all conditions in
which alterations in resting state networks have been demonstrated.

While SSHOs could potentially confound conventional interpreta-
tion of resting state fMRI data, our findings present the exciting oppor-
tunity that SSHOs themselves could be markers of neurovascular
abnormalities, and thus early markers of disease or prognosis. Our
observation of SSHOs in a patient with a recurrent oligodendroglioma
both presurgically via fMRI and then intraoperatively using MS-OISI
suggests that SSHOs could provide important new, previously unex-
plored biomarkers, detectable non-invasively via conventional fMRI
BOLD techniques (Wang et al., 2008).

Since BOLD is primarily sensitive to HbR, it is important to note that
in our optical recordings, HbR represented a smaller contribution than
changes in HbT (Fig. 1B), likely due to the strong arteriolar contribution
to SSHOs (Fig. 2B). We also note that identifying regions exhibiting
0.1 Hz oscillations in fMRI data acquired at 0.5 Hz required careful
examination of the data's power spectra since at low sample rates, it
can be challenging to distinguish a sinusoidal 0.1 Hz wave from both
normal baseline fluctuations and aliasing. Nevertheless, regions
exhibiting a distinct 0.1 Hz wave were clearly detected in our data, in
some cases prominently, confirming that it is possible to detect SSHOs
using fMRI.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.neuroimage.2013.10.044.
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