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Abstract
Prolonged visual stimulation results in neurophysiologic and hemodynamic adaptation. However,
the hemodynamic adaptation appears to be small compared to neural adaptation. It is not clear
how the cerebral metabolic rate of oxygen (CMRO2) is affected by adaptation. We measured
cerebral blood flow (CBF) and CMRO2 change in responses to peripheral stimulation either
continuously, or intermittently (on/off cycles). A linear system’s response to the continuous input
should be equal to the sum of the original response to the intermittent input and a version of that
response shifted by half a cycle. The CMRO2 response showed a large non-linearity consistent
with adaptation, the CBF response adapted to a lesser degree, and the blood oxygenation level
dependent (BOLD) response was nearly linear. The metabolic response was coupled with a larger
flow in the continuous condition than in the intermittent condition. Our results suggest that
contrast adaptation improves energy economy of visual processing. However BOLD modulations
may not accurately represent the underlying metabolic nonlinearity due to modulation of the
coupling of blood flow and oxygen metabolism changes.

1 Introduction
Prolonged exposure to a stimulus alters how subsequent stimuli are perceived. Adaptation is
a form of neural plasticity that is ubiquitous in the sensory systems. Different forms of
adaptation are present throughout the visual processing pathway (Clifford et al., 2007; Kohn,
2007). Adaptation may occur at different timescales (Bao & Engel, 2012; Patterson, Wissig,
& Kohn, 2013). Intrinsic synaptic and neuronal mechanisms and extrinsic network
interactions may be important for adaptation (Dhruv, Tailby, Sokol, & Lennie, 2011;
Ghisovan, Nemri, Shumikhina, & Molotchnikoff, 2008; Sanchez-Vives, Nowak, &
McCormick, 2000).

It has been suggested that adaptation optimizes neural coding efficiency (Adibi, McDonald,
Clifford, & Arabzadeh, 2013; Attneave, 1954; Cortes et al., 2012; Gutnisky & Dragoi, 2008;
Wark, Lundstrom, & Fairhall, 2007; Webster, 2011). Neural computations are energy
intensive (Attwell & Iadecola, 2002; Howarth, Gleeson, & Attwell, 2012) and the structural
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and functional organization of the cortex are subject to metabolic constraints (Herculano-
Houzel, 2011; Laughlin, 2001; Levy & Baxter, 1996). Adaptation may thus serve as a
mechanism to reduce the metabolic cost of sensory processing and improve energy
efficiency of neural computations.

Adaptation to the contrast of a visual stimulus occurs at multiple levels (Solomon, Peirce,
Dhruv, & Lennie, 2004) and affects responses of the majority of neurons in early visual
areas (Crowder et al., 2006). Adaptation to contrast has been demonstrated in human visual
cortex using BOLD fMRI (Gardner et al., 2005), although in several instances BOLD fMRI
has failed to reveal the underlying neural adaptation in primary visual cortex (Boynton &
Finney, 2003; Murray, Olman, & Kersten, 2006; Weigelt, Limbach, Singer, & Kohler,
2012). However, the interpretation of BOLD adaptation is complicated by the complex
nature of the BOLD response. Because the BOLD response depends on the combined
changes in cerebral blood flow (CBF) and cerebral metabolic rate of oxygen (CMRO2),
BOLD adaptation necessarily involves a combination of CBF and CMRO2 adaptation.
While we expect the CMRO2 adaptation to follow the neural adaptation, CBF adaptation
may not. The steady-state relationship between BOLD and CMRO2 modulation is
predominantly determined by the neurovascular coupling ratio (n=ΔCBF/ΔCMRO2). Both
bottom up and top-down inputs to early sensory areas can affect the coupling between
metabolic and hemodynamic activity (Liang et al., 2013; Moradi, Buračas, & Buxton, 2012).
Even when such effects are minimized, BOLD-fMRI could misrepresent metabolic
adaptation if neurovascular-coupling changes with prolonged stimulation.

Interpretation of BOLD adaptation is further complicated by dynamic aspects of
hemodynamic signals underlying BOLD modulations (Richard B Buxton, 2010, 2012).
Hemodynamic responses are nonlinear for very short stimulus durations (Gu, Stein, & Yang,
2005; Uludağ et al., 2004; Yeşilyurt, Uğurbil, & Uludağ, 2008), possibly reflecting transient
dynamics of cerebral blood flow and volume changes in cerebral cortex (Birn & Bandettini,
2005; Z. Liu et al., 2010). To minimize transient hemodynamic nonlinearity it is imperative
to examine adaptation on a time scale that is longer than the cerebral arteriovenous transit
time.

We examined adaptation of CBF, CMRO2 and neurovascular coupling to prolonged
stimulation using combined CBF and BOLD measurements while subjects were exposed to
peripheral continuous or intermittent flickering gratings. In both conditions the visual
system adapts to a fixed contrast level and adaptation builds up over time (Greenlee,
Georgeson, Magnussen, & Harris, 1991). In the intermittent condition, the stimulation
epochs are interleaved with blank periods allowing partial recovery from adaptation whereas
the continuous condition maximizes adaptation. The intermittent condition was used to
predict the response to the continuous condition. The difference between predicted and
observed response to the continuous stimulus was then attributed to the effect of adaptation.
That is, adaptation is operationally defined for each metric (BOLD, CBF, and CMRO2) as
the difference between predicted and observed response to the continuous stimulus. Of these
three measures, CMRO2 adaptation likely represents adaptation of evoked neural activity
response to the stimulus (assuming a tight coupling between neural processing and oxidative
metabolism (Hall, Klein-Flüge, Howarth, & Attwell, 2012)), whereas CBF adaptation likely
represents a combination of hemodynamic non-linearity and adaptation of the mechanism by
which neural signals drive blood flow (Attwell & Iadecola, 2002). The balance between
CMRO2 and CBF adaptation would determine BOLD adaptation and how well it reflects
adaptation of neural activity (i.e., CMRO2 adaptation).
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Two different contrast levels were tested. High contrast stimulation increases signal to noise.
However, the neural and/or hemodynamic response may saturate at high magnitudes of
activity. Therefore low contrast stimulation was included for comparison.

Our primary finding was that contrast adaptation was stronger for CMRO2 than CBF, with
the combined effects producing minimal net BOLD adaptation. These data suggest that the
BOLD signal alone is only weakly sensitive to neural adaptation, despite a pronounced
adaptation of CMRO2.

2 Methods
2.1 Participants

The institutional review board at the University of California San Diego approved the
experimental protocol. After obtaining written informed consent six volunteers (age 27–37,
two females, all subjects naïve except FM) participated in the experiment.

2.2 Scan Parameters
A multi-pulse pseudo-continuous arterial spin labeling sequence (Shin, Liu, Wong,
Shankaranarayanan, & Jung, 2012) (Optimized-MP PCASL, TR=3.5 s, 1600 ms tag
duration at the level of internal carotid and vertebral arteries, 1400 ms post labeling delay)
with a dual-echo gradient echo (GRE) spiral readout (TE1=3.2 ms, TE2=32ms, flip angle
90°, FOV 24 cm, matrix 64 × 64, eight 7-mm slices with 0.5 mm gap centered around the
Calcarine sulcus) was used to simultaneously acquire cerebral blood flow (CBF) and BOLD
responses in a 3 Tesla GE Signa Excite 3T whole body MRI scanner using the body coil for
transmission and an 8-channel head coil receiver.

2.3 Stimuli and Task
Participants fixated at the center of the display and were presented with peripheral grating
stimuli using a block design paradigm. A cognitively engaging fixation task (unrelated to the
peripheral stimuli of interest) was used to control attention and eye-movements.

The display (1024×768@60 Hz, approximately 22°×16° visual angle via back projection)
comprised a small red central fixation point (0.15°) over mid-gray background. Black digits
(0.6°) appeared superimposed on fixation at 2 Hz (300 ms on, 200 ms off) in a
pseudorandom order. Participants were instructed to fixate at the center of the screen and
perform a one-back memory task on digits appearing at fixation to control attention during
the whole run.

Peripheral stimuli (checkerboards flickering at 3 Hz, 10% or 80% of the maximal display
contrast, subtending 1–10° eccentricity) were presented either continuously for 45.5 s (13
TRs), or intermittently as three epochs of 7.583 s on and off duration (Figure 1). Participants
were instructed to ignore the peripheral stimuli. Each stimulation epoch was followed by 56
s blank period.

Each subject performed four low-contrast and 2–4 high-contrast runs. The initial 14 s (4 TR)
of each run was discarded. Baseline (no peripheral stimulation) was acquired for 49 s at the
beginning (head) and end of each run (tail). Each run comprised two continuous and two
intermittent blocks (Figure 1), with the order of presentation counterbalanced across runs.

The stimuli were presented using Matlab psychophysics toolbox (Brainard, 1997).
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2.4 Analysis
The blurring of spiral images caused by field inhomogeneities was corrected based on an
iterative algorithm (Sutton, Noll, & Fessler, 2003). Functional images were coregistered and
corrected for subject motion during and between scans using AFNI (Cox, 1996).
Physiological noise correction was performed using cardiac and respiratory data collected
during the scan with a method based on RETROICOR (Glover, Li, & Ress, 2000; Restom,
Behzadi, & Liu, 2006). The first four TRs (14 s) of each run were discarded. BOLD and
CBF were calculated from the second and first echo, respectively, using the surround
subtraction method (T. T. Liu & Wong, 2005). The data was analyzed in Matlab using in-
house developed software (Behzadi, 2006).

Activation maps were generated from the corrected data using a general linear model
(GLM). A region of interest (ROI) was defined from the intersection of active voxels for
both BOLD and flow maps for each subject (thresholded at p<0.05). Isolated clusters
smaller than 3 voxels were excluded. Activity time courses were obtained by averaging
BOLD and flow across all voxels within the ROI. Time courses were then normalized by
dividing by the temporal average of the initial (head) and final 49 s (tail) of each run. This
ROI-based analysis was used because voxel-wise normalization is impractical for flow data
due to low signal within a voxel relative to thermal noise. Both BOLD and flow data were
processed in a similar fashion.

Evidence for adaptation was examined in two related ways. First, the net magnitude of a
response (BOLD or CBF) was taken as the mean value of that parameter during a window
from one to 13 TRs (3.5 – 45.5 s) after onset of the stimulation for each condition
(intermittent versus continuous) and contrast level (low versus high) for each subject.
Shifting the integration window by ±1 TR did not affect our conclusions. This window
included the full response to each set of stimuli, and for a simple linear response the net
magnitude for the continuous response would be expected to be 100% larger than the net
magnitude for the intermittent response because the stimulus is on for only half of the
interval in the intermittent stimulus. A value of this ratio less than 100% is a sign of
adaptation effects. Second, the intermittent response was shifted by half a cycle and added to
the original response to produce a linear prediction for the continuous response. A measured
response to the continuous stimulus that is less than the predicted response calculated from
the intermittent stimulus also is taken as a sign of adaptation effects.

2.5 CMRO2 estimation
A modified Davis model (Davis, Kwong, Weisskoff, & Rosen, 1998; Griffeth & Buxton,
2011) was used to estimate the metabolic response.

Where b, f, and r represent normalized BOLD, flow, and CMRO2, M is a scaling parameter,
and alpha and beta are constants (α = 0.16, β = 1 based on (Griffeth & Buxton, 2011)). The
scaling parameter was estimated for each subject from the data by assuming a fixed
neurovascular-coupling ratio for all subjects for the high contrast continuous condition
(nHC).
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where fHC and bHC denote the normalized cerebral blood flow and BOLD response in the
high contrast continuous condition, and rHC = 1 + (fHC − 1)/nHC. The assumed high contrast
neurovascular-coupling ratio was varied from 1.4 to 30 (Results are shown for nHC=2.5).
The estimated metabolic responses are

2.6 Adaptation index
Adaptation index was quantified as the difference of non-adapted (intermittent response) and
adapted (continuous response) divided by the average response of the two conditions. An
adaptation index of zero implies linearity: doubling the duration of stimulation would double
the evoked response integrated over time. A positive adaptation index implies a sub-linear
response, whereas a negative adaptation index implies a super-linear response. If the
response reaches its maximum with intermittent stimulation, the adaptation index would be
one.

2.7 BOLD simulation
The complex dynamics of the BOLD signal and its dependence on the cerebral blood
volume (CBV) change could result in additional temporal non-linearities. To examine
dynamic CBV effects we simulated BOLD response in the absence of flow and CMRO2
adaptation using a detailed biophysical BOLD model (Griffeth & Buxton, 2011). A
compliant balloon model (R B Buxton, Wong, & Frank, 1998) was used to calculate
dynamic volume changes in arterioles, capillaries, and venules. Simulations were performed
with different assumptions about the magnitude and rate of volume change in each vascular
compartment. Specifically, volume dynamics was assumed to be in the form of

Volume normalized to its baseline value is denoted by v, α is the Grubb’s constant, and τ
denotes the viscoelastic time constant (2 s for artery, either 3 s or 30 s for vein). To simulate
CBV change that is predominantly arterial (venous), α was set to 0.7 (0.12) for arterial, 0.1
(0.1) for capillary, and 0.2 (0.5) for venous compartment. Normalized flow and metabolic
response were set to 0.1 and 0.04 (giving a neurovascular coupling ratio of 2.5).

3 Results
The BOLD and flow signals in the region of interest in the occipital cortex were modulated
with stimulation (Figure 2). Both signals rise quickly after stimulus onset (a positive signal
is evident in the first TR), returning rapidly to baseline (or below baseline) following
stimulus offset. A post-stimulus BOLD undershoot is observed although a flow undershoot
is not clearly present in every condition.
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The modulation of BOLD and CBF is larger with continuous stimulation than with
intermittent stimulation and increases with stimulus contrast (F3,15=29.6 for flow,
F3,15=40.1 for BOLD, Tukey-Kramer post-hoc test p=0.06 for BOLD response to
intermittent low versus high contrast stimulation, p<0.05 for all other comparisons).

The input function in the continuous condition (Figure 1) is by construction equal to the sum
of the input function for the intermittent condition and a version of that input function
shifted by 7.583 s. Consequently, a linear system’s response to the continuous input would
be equal to the sum of the original response to the intermittent input and a version of that
response shifted by 7.583 s. The linear model predictions (gray) and observed modulations
(thick black line) are compared in Figure 2.

The flow modulations behave in a sub-linear fashion: the average observed flow modulation
evoked by continuous stimulation (thick black curve) is less than the predicted linear-model
response for both low and high-contrast stimuli. Continuous stimulation increases the net
average flow response during the stimulation window compared to the intermittent condition
by 51% for both low and high contrast stimuli (20.2 vs. 13.4 and 29 vs. 19.2 percent signal
change averaged across participants, respectively; Figure 4).

In comparison, continuous stimulation increases the net average BOLD response by 94% for
low- and 96% for high-contrast stimuli (0.94 vs. 0.48 and 1.44 vs. 0.74 percent signal
change, respectively). The observed and predicted BOLD modulations match closely. There
is a suggestion of a small deviation from linearity in the first 25 s of the BOLD response
with high contrast stimuli followed by an opposite and apparently larger effect in the next
20–25 s. A possible small deviation from linearity during the post-stimulus undershoot is
noted. However, these effects are not invariably present across observers.

An adaptation index (AI) was calculated for each subject, defined as the difference between
the predicted and observed response normalized by the average of the two. Figure 3
compares adaptation indices for BOLD, flow, and oxygen metabolism (CMRO2). Flow
demonstrates significant adaptation for both low- (AI = 0.25±0.09) and high-contrast stimuli
(AI = 0.26+0.12, mean ± standard deviation) (two-tailed t-test t5>5.4, p<0.01 for both
conditions). BOLD adaptation is not significantly different from zero (t5=−0.79, p=0.47 for
low contrast, t5= −0.49, p=0.64 for high contrast).

We conducted quantitative analysis of BOLD and flow data and estimated CMRO2
modulation. Assuming a nHC of 2.5 for the high contrast continuous stimulation, modulation
of CMRO2 activity is significantly larger with high contrast stimulation than with low
contrast stimulation and with continuous stimulation than with intermittent stimulation
(F3,15=10.98 p<0.001, post-hoc p<0.05 for all comparisons). CMRO2 adaptation is
significant for both low- (AI = 0.45±0.09) and high-contrast stimuli (AI = 0.54±0.05). The
adaptation index for oxygen metabolism was greater than for flow (F3,15=13.32, p<0.001,
post-hoc p<0.05 for both low- and high-contrast, Figure 3). The adaptation index did not
depend on stimulus contrast.

Similar results were obtained when different values of nHC were tested (range = 1.4 – 30).
CMRO2 adaptation was significant for both low-contrast (p≤0.0003, two-tailed t-tests) and
high contrast (p≤0.0003) stimuli and was greater than adaptation of flow regardless of nHC
(p≤0.002 for low-contrast, p≤0.012 for high contrast). Prolonged stimulation modulated the
neurovascular coupling parameter n (p≤ 0.03 low-contrast, p≤0.009 high-contrast). Contrast
level also modulated the neurovascular coupling parameter, similar to a previous study
(Liang et al., 2013), although this was significant consistently only for the continuous
stimulation (p≤0.016).
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We verified that our results are not statistically biased by the choice of ROI (Poldrack,
2006). The high contrast data were reanalyzed using an ROI defined independently based on
the low contrast runs. There was significant adaptation of flow (p<0.01) and CMRO2
(p≤0.0006 for nHC=1.4 – 30), but not BOLD (p>0.6). CMRO2 adaptation was greater than
flow adaptation (p≤ 0.017) for all values of nHC tested.

To examine whether the choice of model used to estimate metabolic response alters our
analysis we reanalyzed our data using the original Davis model (Davis et al., 1998), and two
other models with different assumptions about the form of BOLD non-linearity (Obata et al.,
2004; Sanganahalli, Herman, Blumenfeld, & Hyder, 2009) (See Moradi et al., 2012
Supplementary Material for details). In all models, CMRO2 adaptation was significant for
both high and low contrast regardless of the assumed value of nHC. One of the models
(Obata et al., 2004) was not compatible with nHC <2.04 (resulting in a negative BOLD
scaling parameter), and for this model the difference between flow and CMRO2 adaptation
was marginally significant for nHC =2.04 and high-contrast stimulus (p=0.0502) and was
significant (p<0.05) for low contrast stimulus and/or nHC = 2.05 – 30. CMRO2 adaptation
was significantly greater than flow adaptation in all other models regardless of nHC (range =
1.4 – 30).

A potential confounding effect in these estimates of CMRO2 change is the possibility of
different venous CBV changes for the continuous and intermittent stimuli. To gain insight
about the potential effect of dynamic changes in venous blood volume we simulated our
experiment using a detailed biophysical model of BOLD signal with different assumptions
about the magnitude and rate of blood volume changes (Figure 5). While venous CBV
changes add dynamic features to the response, depending on the magnitude and time
constant of the CBV changes, these features do not produce significant BOLD temporal
non-linearity that would lead to a mis-identification of adaptation.

4 Discussion
4.1 Adaptation of flow and CMRO2

In this experiment the BOLD and CBF responses to a continuous stimulus and an
intermittent stimulus covering the same total duration were compared to test for adaptation
effects in human visual cortex. Because the intermittent stimulus is on for only half of the
net duration, a purely linear response (i.e., with no adaptation effects) is expected to increase
by 100% in the continuous condition compared to the intermittent condition. An increase of
less than 100% was taken as evidence of adaptation. Continuous stimulation increased the
net flow response compared to the intermittent condition by approximately 51% for both
low and high contrast stimuli, consistent with significant effects of adaptation. In contrast,
the corresponding BOLD response ratio was 94% and 96% for the low- and high-contrast
stimuli, suggesting little effect of adaptation (these numbers were not significantly different
from 100%, the expected value in the absence of adaptation).

Because the BOLD response depends on the combined changes in flow and oxygen
metabolism, this divergence of the CBF and BOLD responses in terms of adaptation effects
is likely due to adaptation effects on the CMRO2 response. The combined CBF and BOLD
data were used to estimate the underlying adaptation of CMRO2 using current models of the
BOLD effect. Quantitative analysis of our data reveals that the adaptation effects for the
CMRO2 response are even greater than for the CBF response. The CMRO2 response reflects
the overall energy costs of the underlying neural activity change, and so is likely to be a
better indicator of neural adaptation than either the BOLD or CBF response. The exact
magnitude of adaptation depends on the analysis model and assumptions about the CBF/
CMRO2 coupling ratio nHC. However, the degree of adaptation for CMRO2 is larger than

Moradi and Buxton Page 7

Neuroimage. Author manuscript; available in PMC 2014 November 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



flow adaptation for all models tested. Adaptation of BOLD, flow, and CMRO2 are compared
in figure 3 for nHC =2.5.

A disproportionately larger adaptation of oxygen metabolism compared to flow adaptation
explains the discrepancy between flow and BOLD adaptation, as shown by these
calculations. Flow and CMRO2 changes have opposite effects on the BOLD signal, and the
BOLD response depends strongly on the flow/metabolism ratio. In this case the adaptation
of the CBF response alone would have created an adaptation effect in the BOLD response if
the CMRO2 response adapted to the same degree. However, because the adaptation of
CMRO2 was more pronounced, the BOLD response in the adapted condition was increased,
counteracting the effect on the BOLD response due to CBF adaptation alone. For the
observed flow/metabolism ratios, differential flow and CMRO2 adaptation effects cancel,
producing little net adaptation of the BOLD response for both low and high contrast stimuli.
Our results may explain prior studies failing to demonstrate BOLD adaptation in the primary
visual cortex (Boynton, Engel, Glover, & Heeger, 1996; Boynton & Finney, 2003).

4.2 Time-scale of hemodynamic non-linearity
BOLD non-linearity has been demonstrated at short timescales (Miller et al., 2001; Pfeuffer,
McCullough, Van de Moortele, Ugurbil, & Hu, 2003; Vazquez & Noll, 1998; Wager,
Vazquez, Hernandez, & Noll, 2005). Transient hemodynamic effects may contribute to such
a non-linearity (Friston, Josephs, Rees, & Turner, 1998; Friston, Mechelli, Turner, & Price,
2000; Gu et al., 2005). Using stimulation durations (7.58 s in intermittent condition) that are
longer than the blood transit time in cortex (approximately 4 s) we tried to minimize the
interplay between changes in volume of different blood compartments and changes in
oxygenation of flowing blood.

4.3 CMRO2 estimation
CMRO2 modulations can be estimated from the BOLD and CBF data using a calibrated
technique (Nicholas P Blockley, Griffeth, & Buxton, 2012; Davis et al., 1998) by
performing additional scans typically using hypercapnia and measuring the BOLD scaling
parameter. This approach assumes that the neurovascular coupling for hypercapnic changes
is known, usually assuming no modulation of metabolism in hypercapnia. More generally, if
the neurovascular coupling for one of the conditions is known, the CMRO2 responses to
other conditions can be calculated. Here, we assume that the neurovascular coupling for high
contrast continuous stimulation (nHC, see methods) is known and is the same for all subjects.
The advantage of this approach is that a separate calibration is not needed. Neurovascular
coupling has better reproducibility and similar inter-observer variability compared to the
BOLD scaling factor (Leontiev & Buxton, 2007). Since the results might depend on the
initial assumption of nHC we validated our conclusions for a wide range of nHC. We also
validated our findings using other metabolic response models (Davis et al., 1998; Obata et
al., 2004; Sanganahalli et al., 2009).

Accurate estimation of CMRO2 requires accounting for the effect of cerebral blood volume
(CBV) on BOLD signal. Slow change in the venous fraction of CBV has been reported with
prolonged stimulation (Kim & Kim, 2011) but not with short stimulation (Kim, Hendrich,
Masamoto, & Kim, 2007). Increased venous CBV is thought to represent passive dilation of
high compliance venules driven by increased blood flow (R B Buxton et al., 1998;
Mandeville et al., 1999). In the intermittent condition the blank interval between
stimulations is short compared to the time needed for CBV to return to baseline (N P
Blockley, Francis, & Gowland, 2009), therefore we expect a slow CBV response to build up
with multiple stimulations in a similar fashion to CBV modulation with prolonged
continuous stimulation. Simulations using a balloon model demonstrate that the effect of
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CBV changes on BOLD response in the intermittent and continuous conditions are
proportional to flow changes regardless of the time constant of volume change (Figure 5).
Therefore errors in calculation of CBV due to slow volume change would likely not affect
the adaptation index. Even if the venous CBV change in the continuous condition is
disproportionally large compared to the intermittent condition, the actual CMRO2 response
to continuous stimulus would be smaller than our estimate and therefore CMRO2 adaptation
would be even larger, strengthening our conclusions.

4.4 Modulation of neurovascular coupling
A notable aspect of our result is that prolonged stimulation increased the neurovascular
coupling ratio n compared to intermittent stimulation (Figure 4). We had previously shown
that n is affected by stimulus contrast (Liang et al., 2013) and top-down effects related to
attention (Moradi et al., 2012). Our results are consistent with the hypothesis that blood flow
is driven in visual cortex by both metabolic activity and feed-forward input from neural
activity. In the continuous condition the metabolic response is reduced due to adaptation, but
the flow is still driven by continuous retinal input, resulting in a large n. Adaptive
modulation of neurovascular coupling suggests that a linear relationship between
hemodynamic signals and neural activity is not always the case. Our findings point to
distinct aspects of metabolism that are coupled differently to blood flow. The observed
changes in blood flow are the cumulative effect of different underlying hyperemic
responses. If the relative contribution of these hyperemic responses remain the same (or if
they change in a way that cancel out the effect of each other) a linear relationship between
the average neural activity within a cortical region and hemodynamic activity (Heeger, Huk,
Geisler, & Albrecht, 2000; Hyder et al., 2010; Logothetis, Pauls, Augath, Trinath, &
Oeltermann, 2001) will be observed.

4.5 Effect of region of interest
One of the limitations of our study is that we did not separate responses in different visual
areas. Lack of adaptation of BOLD signal may indicate a relatively large contribution of
signal originating in V1 compared to other areas that demonstrate BOLD adaptation
(Boynton & Finney, 2003). It is possible that the subset of the ROI that adapts the most to
prolonged stimulations could have a lower n than the rest of the visual cortex. Large voxel
size, low ASL signal to noise, and low-frequency drifts in BOLD signal limit our ability to
examine differences between distinct subpopulations of neurons that may be otherwise
resolvable using conventional or high-resolution BOLD fMRI.

4.6 Relationship between neural and fMRI adaptation
Contrast adaptation is best demonstrated both psychophysically and in single cell recordings
using high contrast stimuli for adaptation and low contrast stimuli for testing (Albrecht,
Farrar, & Hamilton, 1984; Sclar, Lennie, & DePriest, 1989). It is more difficult to
temporally separate response to adapting and test stimuli in fMRI than in electrophysiology.
We used the same contrast for both adaptation and test, similar to repetition suppression
paradigms (Grill-Spector & Malach, 2001; Larsson & Smith, 2012). Doing so enabled us to
simplify the analysis, eliminating the need to explicitly separate the responses. However, our
paradigm might elicit a combination of heterogeneous neuronal adaptation effects (Weigelt,
Muckli, & Kohler, 2008), and our results might not directly correlate to prior
electrophysiological studies of specific forms of adaptation. Top-down attention may
confound activity evoked by repeating the stimulus (Henson & Mouchlianitis, 2007; Larsson
& Smith, 2012; Yi, Kelley, Marois, & Chun, 2006), which was minimized by instructing
observers to divert attention from peripheral stimuli and engaging them in a cognitively
demanding central fixation task.
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4.7 BOLD nonlinearity
Generally BOLD is a non-linear function of increasing blood flow with a finite ceiling
(Griffeth & Buxton, 2011; Simon, Griffeth, Wong, & Buxton, 2013). For a small change
from baseline, the relationship between BOLD and flow is approximately linear. Continuous
stimulation increases flow response compared to the intermittent condition by approximately
51%. Therefore, the BOLD response is expected to increase at most by 51% (if the response
is small and not approaching the ceiling). As a corollary, the relative BOLD response
increase is expected to be larger for the low-contrast stimulus than for the high contrast
stimulus because the response to high contrast stimulus is closer to the BOLD response
ceiling. However, the BOLD response increased 94% for low- and 96% for high-contrast
stimuli, near the value of 100% corresponding to no adaptation. That is, BOLD adaptation is
considerably less than expected from underlying blood flow changes.

Our results should not be interpreted as evidence of linearity or additivity of the BOLD
response. BOLD non-linearity may occur at timescales different from what is measured
using the adaptation index. We did not try to optimize our paradigm or analysis to maximize
BOLD adaptation and our sample size is relatively small, thus our ability to resolve a small
BOLD non-linearity is limited. Interestingly, BOLD responses decrease over time in all
conditions (Figure 2). This negative trend may be construed as adaptation. However, both
continuous and intermittent conditions demonstrate very similar trends, suggesting that the
mechanism underlying decreased BOLD response over time does not appreciably recover in
the 7.58s inter-stimulus intervals. Moreover, since the flow responses show a noticeably
smaller change over time, if the decrease in BOLD signal is attributed to a change in
metabolism it should imply an increase in CMRO2 over time in all conditions (opposite of
adaptation). Our results illustrate how BOLD fMRI could underestimate or overestimate the
underlying metabolic adaptation.

5 Conclusion
Visual adaptation improves efficiency of visual processing not only in terms of improving
coding efficiency and removing redundancy, but also decreases the metabolic cost and
improves energy economy of neural computations. As a result of adaptation, the sensory
system becomes more sensitive to subsequent changes in inputs. Our results suggest that the
visual system may also adapt to preserve metabolic resources for subsequent processing.
Importantly, our results also show that adaptation of the BOLD response significantly
underestimates the underlying adaptation effects on blood flow and oxygen metabolism.
Quantitative fMRI methods, focusing on determination of the CMRO2 response, provide an
fMRI window that is a step closer to neural activity, and in this study led to a different
conclusion about neural adaptation than what was indicated by the BOLD data alone.
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Highlights

Prolonged visual stimulation results in adaptation of cerebral metabolic rate of
oxygen

Adaptation also manifest as a sub-additive non-linearity of cerebral blood flow
response

CMRO2 adaptation is greater than flow, pointing to modulation of neurovascular
coupling

BOLD response depends strongly on the flow/metabolism ratio

Differential adaptation of flow and metabolism cancels their effect on BOLD
response
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Figure 1.
Schematic diagram of timing of the peripheral stimulation. The order of presentation of
intermittent and continuous epochs was counterbalanced across the runs. A central fixation
task was presented throughout the whole run.
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Figure 2.
Average flow and BOLD response time-courses for continuous (thick black curve) and
intermittent (thin black curve) conditions. The observed response to intermittent stimulation
was then used to predict the response for a linear system to the continuous stimulation (gray
curve). A systematic difference between the predicted response and observed response to
continuous stimulation would be an evidence of non-linearity, which may be due to
adaptation. Top row, low contrast stimulus. Bottom row: high contrast stimulus.
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Figure 3.
Adaptation index (ordinate) for BOLD, flow, and oxygen metabolism for low- (gray) and
high-(black) contrast stimuli. Error bars indicate SEM (across observers).
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Figure 4.
The relationship between BOLD and flow responses to continuous (solid symbols) and
intermittent (open symbols) stimulation. Black square: high contrast. Red circle: low
contrast. The right plot depicts the same responses relative to the response to the high
contrast continuous stimulation for each subject. The curves depict theoretical relationship
between BOLD and flow changes for constant neurovascular coupling ratios of 2 and 2.5.
Error bars indicate SEM (across observers).
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Figure 5.
Simulated BOLD responses to intermittent (left column) and continuous (right column)
stimulation without adaptation of flow and metabolism. The response to continuous stimulus
predicted from intermittent response is plotted for comparison (open symbols). Top row and
bottom row depict different assumptions about the distribution of CBV change (arterial
versus venous dominant change, respectively). Two curves in each subplot represent
different assumptions about the time course of venous blood volume change (τ). a.u.,
arbitrary unit (corresponding to BOLD modulation due to increasing flow by 100%).
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