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Abstract

Despite the fact that emotions involve multiple time-varying components, little is known about the
underlying neural basis of these temporal dynamics. In this paper, we assess these temporal dynamics
by using time-varying hemodynamic response functions (HRF) to model BOLD responses to
emotional stimuli. We show that these time-varying HRFs lead to a better fit to the BOLD data and
yield larger areas of significant activation than do conventional gamma-based canonical HRFs. We
also report for the first time that intensity of emotional experience is associated with both magnitude
and duration of brain activation. Specifically, greater negative emotional intensity was associated
with greater magnitude of activation in the occipital cortex and with longer duration of activation in
regions along the cortical midline associated with self-referent processing: the anterior medial
prefrontal cortex and the posterior cingulate cortex. These data significantly advance our
understanding of how the brain processes emotion and suggest that the intensity of a negative
emotional experience is due in part to elaborative self-referent processing that is captured by the
duration of neural activity in cortical midline structures. These data also underscore the importance
of using modeling techniques that will help elucidate the chronometry of both normal and
psychopathological emotional processes.

Keywords
affective chronometry; emotion; fMRI; HRF

Emotional processing involves multiple components, each unfolding in its own time scale
(Davidson, 1998; Gross, 2001). For example, whereas the initial appraisal of the salience or
valence of an emotional event can occur within hundreds of milliseconds (Schupp et al.,
2000), rumination about an emotional event can last weeks (McCullough et al., 2007). Despite
the fact that temporal dynamics have long been a part of emotion theories, little is known about
their neural underpinnings. To date, only a few functional magnetic resonance imaging (fMRI)
studies have addressed the possibility that the neural processes that underlie emotional
functioning may vary differentially across time. Indeed, the results of these few studies
underscore the importance of assessing neural temporal dynamics for understanding both
normal and psychopathological emotional processes, including recovery from threat in
resilience (Waugh et al., 2008) and rumination in depression (Siegle et al., 2002). More
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typically, however, fMRI studies of emotional processing have not examined neural bases of
temporal dynamics. In this paper, we argue that assessing neural temporal dynamics will not
only lead to a better characterization of the underlying blood-oxygen level-dependent (BOLD)
response to emotional stimuli, but will also better elucidate how the brain fundamentally
processes emotion.

Intypical fMRI studies of emotion, a gamma-based (or similar) canonical HRF is used to model
the BOLD response to emotional stimuli. These canonical HRFs are sensitive when the
underlying BOLD response follows a gamma-shaped curve and when BOLD differences
between conditions of interest are a function primarily of the height of activation. When the
BOLD response does not follow this pre-defined shape, however, or when differences between
conditions are due to other parameters of the BOLD response (e.g., time-to-peak, width), using
these canonical HRFs can lead to mis-modeling (Lindquist and Wager, 2007). For example,
true underlying differences in the width of BOLD activation can be mis-modeled as differences
in the height of activation (Lindquist and Wager, 2007).

Our primary premise is that because of the time-varying nature of emotions, modeling the
underlying BOLD response associated with emotional processing requires flexible estimation
of HRFs that can also vary across time. In the current study, therefore, we use inverse logit
(IL) modeling to separately estimate the height, time-to-peak, and width parameters of BOLD
responses (Lindquist and Wager, 2007). Recent simulation studies have demonstrated that
when true differences in these parameters exist in the BOLD data, IL modeling is more accurate
and incurs less cross-parameter bias than do other modeling approaches, including the gamma-
based canonical HRF and its temporal derivative (Lindquist and Wager, 2007). Although these
separate parameters are only loosely indicative of the underlying neural processes hypothesized
to be associated with them (i.e., height -> neural firing rate, width -> duration of neuronal
firing), data from both simulation (Lindquist and Wager, 2007) and functional imaging
(Bellgowan et al., 2003) studies suggest that these associations can be inferred given certain
fMRI design restrictions (see Materials and methods).

One aspect of emotion in particular that would likely benefit from assessing its underlying
neural temporal dynamics is the intensity of emotional experience. People report experiencing
more intense emotional responses when they elaborate on the self-relevance and importance
of the emotional events (Larsen and Diener, 1987). Consistent with this formulation,
neuroimaging studies have shown that the brain regions involved when participants rate
emotional intensity (Heinzel et al., 2005), or when emotional intensity is manipulated (Ochsner
et al., 2004), fall along the cortical midline — the area of the brain associated most consistently
with self-referential thought (Northoff et al., 2006). In these and other fMRI studies examining
emotional intensity, researchers have operated under the reasonable assumption that the
elaboration of self-relevance underlying these intense emotional experiences is reflected by
the height of the BOLD response in these midline regions. There is evidence, however, that
the elaboration of self-relevance that leads to the experience of greater emotional intensity may
be better captured by examining the duration rather than the magnitude of emotional
processing. Investigators have found that emotion duration is a significant predictor of
emotional intensity (Sonnemans and Frijda, 1994), and that both duration and intensity of
emotion are predicted by the frequency of rumination about an event, a principal form of
emotional elaboration (Luminet et al., 2000; Nolen-Hoeksema and Morrow, 1993). Thus, we
should gain important information about the neural processes underlying the experience of
emotion by assessing the width of BOLD activation, a potential proxy for the duration of
emotional processing.

In the current study, we compare two HRF modeling approaches in examining whether
modeling emotional intensity with flexible time-varying HRFs provides novel information
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about the neural processes underlying the experience of emotion. Participants viewed
emotional and non-emotional images and rated the intensity of their emotional response to the
images. We use IL modeling to estimate separately the height, time-to-peak, and width of the
BOLD response, although we focus mainly on height and width given our hypotheses below,
and we compare this modeling approach with the more standard gamma-based canonical HRF
approach (GAM) in which only height of BOLD activation is estimated. We hypothesize that
because the IL model estimates time-varying HRFs, it will result in a better fit than the GAM
model to the BOLD responses to the emotional stimuli. We further hypothesize that increased
emotional intensity will be reflected by greater width of BOLD activation in cortical midline
regions associated with elaborating on the self-relevance of emotional stimuli (Heinzel et al.,
2005; Northoff et al., 2006; Ochsner et al., 2004).

Materials and methods

Participants

Twenty-four participants (13 females) were recruited through flyers around Stanford
University’s campus as well as online community postings. Inclusion criteria required that all
participants: (1) were between the ages of 18 and 50 years (M = 33.6, SE= 1.99); (2) had no
reported history of brain injury, social phobia, mania, or post-traumatic stress disorder; (3) did
not meet diagnostic criteria for current generalized anxiety disorder or current major depressive
disorder; (4) had no reported substance abuse within past six months; and (5) had no physical
limitations that prevented them from entering the MRI machine. A limited portion of the data
from 12 of these participants have been presented elsewhere (Hamilton and Gotlib, 2008), but
does not overlap with the data presented in this report. Informed consent was obtained from
all participants, and all aspects of the study complied with ethical standards as outlined by the
Stanford University IRB.

Picture Viewing Task

Participants viewed stimuli during scanning through a mirror directed at a video projector. The
stimuli were selected from the International Affective Picture System (IAPS; Lang et al.,
1997). Each trial consisted of four parts: 1) picture presentation (2s); 2) self-paced picture
affective intensity rating (1 — not intense, 2 —somewhat intense, 3 — quite intense, 4 —extremely
intense); and 3) self-paced affective valence rating of the picture (1 — negative, 2 — neutral, 3
— positive); 4) fixation cross viewing for the remainder of the trial. The trials were 14 seconds
long to provide enough time between pictures for relatively bias-free estimation of width using
the IL model (Lindquist and Wager, 2007). For the affective intensity ratings, participants were
instructed to focus on and rate their emotional response to the pictures.

Each participant viewed 70 normed negative (mean valence: 2.60; range: 1.3 — 3.9), 70 neutral
(mean valence: 5.05; range: 4.3 —5.8), and 70 positive (mean valence: 7.30; range: 6.7-8.3)
pictures over the course of five 588-second scanning runs. Each participant viewed the stimuli
in random order.

FMRI Data Acquisition

BOLD data were acquired with a 1.5 T General Electric Sigha MR scanner. Following scout
scanning, high order shimming was performed over the whole brain until diminishing returns
on image distortion correction were met. Next, BOLD data were acquired with a single channel,
whole-head imaging coil from 24 axial slices using a spiral pulse sequence (Glover and Law,
2001) [repetition time (TR) = 83 ms/slice, echo time (TE) 40 ms, flip angle = 70°, field of view
(FOV) =24 c¢cm, acquisition time = 2000 ms per frame, number of frames = 299 per run]. Axial
slices had 3.75 mm? in-plane and 4 mm through-plane resolution (with 1 mm between-slice

distance). A high resolution structural scan (115 slices, 1 mm? in-plane and 1.5 mm through-

Neuroimage. Author manuscript; available in PMC 2011 January 15.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Page 4

plane resolution, TE = min, flip angle = 15°, FOV = 22cm) was performed following BOLD
scanning runs. Head movement was minimized by using a bite-bar formed with each
participant’s dental impression.

BOLD Data Analysis: Preprocessing

BOLD images were slice-time corrected using the thirteenth axial slice as the reference slice.
Images were then motion corrected using a Fourier interpolation procedure (3dvolreg) from
the AFNI imaging analysis suite (Cox, 1996). Data for which sudden movement did not exceed
1mm were not corrected further. Scans for which sudden movement was greater than 1mm
were corrected with AFNI’s 3dDespike, an algorithm that replaces data from individual high
motion acquisitions with data estimates from an outlier insensitive multi-parameter model of
the fMRI time series. Data were then spatially smoothed with a Gaussian kernel (full width at
half maximum = 4 mm) and high-pass filtered with a frequency criterion of one cycle per
minute. Next, the data were converted to units of percent signal change and temporally
smoothed with a 6s exponential kernal. Finally, the BOLD data were warped to a common
template space (Talairach and Tournoux, 1988) and converted to SPM analyze format for the
IL analysis.

Functional analysis

The trials were categorized according to each participant’s idiographic responses to the
pictures. For pictures that the participants identified as positive or negative, we categorized
their reactions as being high in intensity (intensity rating of 3 or 4; HiNeg, HiPos) or low in
intensity (intensity rating of 1 or 2; LoNeg, LoPos). The final category consisted of pictures
that participants identified as neutral. Eight participants were excluded from the positive
emotion intensity analyses because they had an insufficient number of HiPos trials (< 5). When
examining the influence of affect intensity on brain activation, researchers often use parametric
modulation as a regression approach (e.g., Phan et al., 2004) in which intensity values are
convolved with an HRF and regressed against the data. This approach, however, relies on the
use of a canonical HRF for which affect intensity values vary along a single parameter: height.
In the IL model, we estimated multiple parameters for each HRF and did not want to impose
constraints on which parameter could covary with affect intensity. Therefore, we separately
estimated the parameters of each HRF for each picture type (e.g., HiNeg) and used post-
estimation statistical analyses to examine the relations between these parameters and affect
intensity.

IL modeling—SPM2 (Wellcome Department of Cognitive Neurology) was used, along with
custom routines, to estimate the HRF to each picture type in each voxel. For the IL modeling
approach, three parameters (height, time to inflection, and slope of inflection) were estimated
for each of the IL functions using an optimization algorithm that minimized sum of squares
error (SSE). For this optimization algorithm, we chose to use a fast deterministic solution
(instead of stochastic solution, which is slower but less prone to finding local minima) with
convergence after 2000 iterations. To balance flexibility with parameter interpretability, we
chose the initial parameters (Vo= 2.5, 2.5, .2, 1.3, 5, .7, 8) to match the shape of a 12 TR (24s)
canonical gamma-based HRF, and the boundary limits of the parameters (V|p:yp = .05:6, 1:5,
0:2,.01:2, 2.5:7.5, .05:3, 3:10) wide enough to flexibly capture time-varying components of
the HRF, but narrow enough to avoid fitting the HRF to noise. The resulting IL functions were
then summed to create the HRF from which the height (H), time-to-peak, and width at half-
height (W) of the BOLD responses were estimated.

Gamma modeling—~For the gamma modeling approach, we used SPM2’s canonical HRF,

consisting of a mixture of two gamma functions. We used the same optimization algorithm
described above, but allowed only a single parameter — height — to vary.
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We adopted a two-step statistical approach to classify significant voxels. First, to identify
voxels that were responsive to intense affect, we created linear contrasts (1 0 -1) in H and W
for positive and negative pictures: [HiNeg vs. LoNeg vs. neutral], [HiPos vs. LoPos vs. neutral].
1 For the group analysis, we used robust regression at the 2nd level (Wager et al., 2005) to
conduct random effects analyses on the linear contrasts. Robust regression minimizes the
influence of outliers at a small cost in power relative to ordinary least squares when statistical
assumptions are met. To constrain our analyses to potential sites of interest, we used a large
‘emotional brain” mask derived from a meta-analysis of emotion fMRI studies (Wager et al.,
in press). Results for the initial linear contrasts were thresholded using a combined cluster size
and per-voxel threshold of .005 to render a cluster-level corrected p-value of .05 (based on
Monte Carlo simulations; Ward, 2000). This led to a minimum cluster size of 8 voxels for the
‘emotional brain” mask.

In the second step, we conducted follow-up pairwise t-tests between trial-types (e.g., HiNeg
vs. LoNeg, LoNeg vs. neutral) for the clusters that showed a significant linear contrast effect.
Together with the initial linear contrasts, these follow-up tests were necessary to determine
whether these clusters were responsive to the intensity of the affect (e.g. HiNeg > LoNeg) or
toany level of affect (e.g. HiNeg = LoNeg). For these follow-up t-tests, results were thresholded
at a bonferroni-corrected p < .01 (a = .05/ 5 tests).

To compare the gamma model (GAM) to the inverse-logit model (IL), we fitted each
participant’s estimated HRF for each model to his or her time-series data and calculated the
sum of squares error (SSE). Next, at the group level, we performed a pairwise t-test between
the SSE from the GAM and IL models and thresholded the results at the same level reported
above (p <.005, k = 8).

Behavioral data

Participants rated a greater percentage of pictures as HiNeg (M = 19.1%, SE = 1.4%) than
LoNeg (M = 13.4%, SE = 1.4%), t(23) = 2.17, p = .04, but a lower percentage of pictures as
HiPos (M = 7.8%, SE = 1.4%) than LoPos (M = 25.5%, SE = 1.8%), t(23) = 6.57, p <.001.
Participants rated LoNeg pictures (M = 1.81, SE = .03) as more intense than they did LoPos
pictures (M =1.61, SE =.06), t(23) = 3.33, p = .003, both of which were rated as more intense
than were neutral pictures (M = 1.36, SE = .05), ts(23) = 7.30, 3.80, ps < .001 for LoNeg and
LoPos, respectively.?

Neuroimaging data: IL model

Negative emotion intensity—Several brain regions that have been implicated in emation
processing showed significantly greater height of activation to the high intensity negative
(HiNeg) vs. neutral pictures, including dorsal MPFC (dMPFC), insula, thalamus/mid-brain,
posterior cingulate cortex (pCC), and occipital cortex (Table 1; Figure 1). Pairwise t-tests
revealed, however, that most of these regions showed greater height of activation to any level
of affect. Only a region of the inferior occipital cortex exhibited greater height of activation to
HiNeg than to LoNeg pictures.

LA true omnibus statistical test for three variables would also include quadratic contrasts (1, —2, 1) in addition to the linear tests. None
of the quadratic tests was significant for any parameters for either emotional valence. Therefore, we decided to focus on the linear tests
as our main contrasts of interest.

Although some participants were excluded because they had insufficient HiPos trials in the neuroimaging analyses, the behavioral data
for all participants are presented here.

Neuroimage. Author manuscript; available in PMC 2011 January 15.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Waugh et al.

Page 6

Regions that showed significantly longer width of activation to the HiNeg (vs. neutral) pictures
included the anterior MPFC (aMPFC), anterior insula, thalamus/mid-brain, pCC and middle/
superior temporal gyrus (Table 1; Figure 1). Consistent with our hypothesis, the cortical mid-
line regions (aMPFC, pCC) discriminated HiNeg from LoNeg pictures by exhibiting longer
width of activation to the more intensely emotional negative pictures. The thalamus also
showed this pattern.

There was substantial overlap between the regions that showed greater height and longer width
of activation to the HiNeg than to the neutral pictures. For example, a conjunction analysis
indicated that 30 of the 67 voxels showing longer width of activation to the HiNeg pictures
also exhibited greater height of activation. There was a dissociation, however, between height
and width in the MPFC. There was no overlap between the dMPFC, which showed greater
height of activation, and the aMPFC, which showed greater width of activation. Even at the
lower threshold of the pairwise t-tests, the aMPFC is the only region from both the height and
width analyses that did not exhibit significantly greater height of activation to the HiNeg
pictures (Figure 1).

Positive emotion intensity—Greater height of activation to the high intensity positive
pictures (HiPos) vs. neutral pictures was found in the ventral anterior cingulate cortex, inferior
frontal gyrus, mid-insula, thalamus, superior temporal gyrus, hippocampus, and middle
occipital gyrus (Table 2). In contrast to the results obtained with negative emotion intensity,
most of these regions (except superior temporal gyrus and middle occipital gyrus)
discriminated emotional intensity by exhibiting greater height of activation to the HiPos than
to the low intensity positive (LoPos) pictures.

There were no regions that exhibited a longer width of activation to the HiPos than to the LoPos
pictures.

Gamma model

Negative emotion intensity—There was extensive overlap among the regions that
exhibited greater height of activation to the HiNeg pictures in the GAM model and those in
the IL model (Table 3). The only differences were the addition of the precuneus and the
omission of superior temporal gyrus in the GAM model. Also similar to the IL model results,
the only regions that showed differences in height of activation to the HiNeg and LoNeg
pictures were two posterior perceptual regions (fusiform gyrus, inferior occipital gyrus).

Positive emotion intensity—Unlike the results from the IL model, there was only one
region — inferior frontal gyrus — that showed significantly greater height of activation to the
HiPos pictures in the GAM model. Similar to the IL model results, however, this region also
exhibited greater height of activation to HiPos than to LoPos pictures.

IL vs. GAM—Consistent with our hypothesis that the IL model would fit the data better than
would the GAM model, all but 3 of 8215 voxels showed less sum of squares error (SSE) with
the IL model, t(8214) = 50.04, p < .0001. Even when submitting the SSE data to statistical
thresholding, 5,363 voxels showed significantly better fit for the IL model than for the GAM
model, and no voxels showed the reverse pattern (Figure 2).

Finally, when comparing the regions that exhibited greater height of activation to the HiNeg
pictures in either the IL or GAM model, there was a substantial number of voxels (355) that
showed significant effects in both models. It is important to note, however, that the IL model
yielded many more unique voxels (397) than did the GAM model (109). Indeed, compared
with the GAM model, the IL model yielded larger clusters of significant voxels in 16 of the 19
total regions from the HiNeg and HiPos analyses (Table 4).
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Discussion

A primary goal of affective neuroscience is to understand how the brain processes emotion;
importantly, however, much of affective neuroscience has not addressed the temporal features
inherent in emotional processing. The data from the current study suggest that, relative to
traditional canonical HRF approaches, modeling fMRI data with flexible, multiple-parameter
models that characterize independent temporal features of the BOLD response may better
inform us about the chronometry of affective processing. We compared the canonical gamma-
based HRF, which models only the height of BOLD activation, and the IL model (Lindquist
and Wager, 2007), a flexible time-varying HRF able to capture differences in the width and
time-to-peak in addition to differences in the height of the BOLD response. When modeling
the BOLD response to emotionally intense stimuli, the IL model showed a remarkably better
fit than the gamma-based HRF model. The IL model also revealed a more extensive network
of brain regions associated with processing emotionally intense stimuli by identifying regions
that responded with longer width of activation, a temporal feature the canonical HRF model
is unable to assess. Even when estimating height of activation, the IL model detected a greater
number of significant voxels, possibly due to increased sensitivity for detecting peaks whose
onset varied from voxel to voxel.

Beyond additional information about where emotional intensity is processed in the brain,
assessing neural temporal dynamics also revealed information about how emotional intensity
is processed in the brain. When participants viewed negative emotional images, most of the
brain regions (except for a portion of the occipital cortex) that showed greater height of
activation did not differentiate between high- and low-intensity emotional reactions to those
images. Instead, this discrimination between high and low emotional intensity was found in
regions along the cortical midline (aMPFC, PCC) that showed longer activation width. These
cortical midline regions are associated with self-relevant processing (Northoff et al., 2006;
Ochsner et al., 2004), supporting our hypothesis that processing emotional intensity is due in
part to the elaboration of self-relevant processing (Larsen and Diener, 1987). Importantly, there
was a dissociation between height and width of the activation in the medial prefrontal cortex,
with a more dorsal region exhibiting increased height of activation and a more ventral/anterior
region showing longer width of activation. These adjacent regions are theorized to be involved
similarly in self-referent processing (Amodio and Frith, 2006). Our results suggest the
possibility that within the broader region associated with self-mentalizing, the more dorsal
regions are involved in the identification that a stimulus is self-relevant, whereas the more
ventral regions are involved in elaborating on this self-relevance.

We did not directly assess the self-relevance of stimuli in this study; our interpretation of the
data, therefore, requires further examination. For example, functional neuroimaging studies
are, by their nature, correlational. Consequently, to elucidate the direction of the relation
between self-referent processing and emotional intensity, behavioral studies are needed in
which these variables are manipulated and their reciprocal effects are assessed. In addition, it
isimportant to note that the cortical midline structures that were found to show longer activation
width in the current study (especially the aMPFC) are involved in a broader social cognition
network including thinking or reflecting about others and as well as about oneself (Amodio
and Frith, 2006). It is possible, therefore, that the longer width of activation in these structures
may have been a result of elaborating on the emotions and thoughts of people depicted in the
stimuli. Another possibility is that these cortical midline structures were not associated with
elaboration of self- or other-referent processing, but instead, reflected elaborated processing
of other facets of the emotional images, such as their visual salience and/or complexity.
Although we consider the self-referent processing interpretation more parsimonious and
consistent with previous findings, these alternative explanations should be considered until
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future experimental studies are conducted in which the self-relevance of emotional stimuli is
manipulated and both emotional intensity and neural temporal dynamics are assessed.

Assessing neural temporal dynamics also revealed potentially integral information about how
the brain processes positive emotion. First, the IL model detected nine times more significant
voxels in six additional regions than did the gamma-based model. This suggests that canonical
HRFs mis-model the underlying BOLD response to positive emotional stimuli, and that
modeling these responses with time-varying HRFs is critical to understanding how the brain
processes positive emations. Second, unlike the case with negative emation, there were no
regions that showed longer width of activation to positive emotional images (vs. neutral
images). Consequently, increasing positive emotional intensity was associated only with
greater height of activation. This lack of longer activation width to positive emotion may be
because these images induced less elaborative processing than did the negative emotional
images. This formulation is consistent with findings that positive emotions are typically weaker
and less immediately impactful than are negative emotions (Baumeister et al., 2001), and that
positive emotions induce broader and less self-focused thinking (Fredrickson, 1998). Indeed,
participants in the current study rated a smaller percentage of pictures as being high in intense
positive emotion than they did any other category, and rated positive pictures as less intense
than they did negative pictures. Future investigations should induce stronger positive emotions
that are more likely to induce elaborative self-relevant processing (e.g., showing pictures of
babies to their mothers; Nitschke et al., 2004) to elucidate neural temporal dynamics that may
underlie positive emotions.

These results have implications for a wide range of studies examining both normal and
psychopathological emotional processes. A particularly salient example is emotion regulation.
In fMRI studies of emation regulation, successful down-regulation is typically measured as
decreases in the intensity of emotional experience coupled with regions in which height of
activation also decreases (e.g. Ochsner etal., 2002). Recent data suggest, however, that emotion
regulation can also influence the timing of neural activity (Goldin et al., 2008). Our data
complement these findings and suggest that studies of emotion regulation should also assess
potential decreases in the width of activation as a result of successful decreases in emotional
intensity. This is especially important given that gamma-based HRF models may erroneously
interpret true decreases in width of activation as decreases in height of activation (Lindquist
and Wager, 2007).

One field of inquiry that has shown significant advances in assessing neural temporal dynamics
is the examination of the temporal dynamics of emotional experience underlying
psychopathology (Larson et al., 2006; Siegle et al., 2002). For example, phobia is associated
with the faster onset of amygdala activity to threatening images (Larson et al., 2006), and
depression is characterized by prolonged amygdala response (Siegle et al., 2002). The current
study can make significant contributions to this literature by providing a flexible modeling
technique that can be easily applied to studies examining the neural temporal dynamics of
emotional processing in psychopathology.

The relation between neural temporal dynamics and BOLD temporal dynamics is still unclear
because there is only an indirect relation between neuronal firing and BOLD response
(Logothetis and Wandell, 2004). The coupling between neuronal firing and BOLD relies on a
wide range of factors, including aspects of stimulus type and duration (Logothetis and Wandell,
2004), inter-neuron coupled firing within a population of neurons (Nir et al., 2007), and the
saturation of the vascular response over time (Vazquez et al., 2006). Recent studies have found
that a high-band gamma local field potential (LFP) is highly coupled with BOLD response
(Nir et al., 2007), and that this LFP can be assessed at a much higher temporal resolution than
BOLD (Edwards et al., 2005), thus offering a more finely tuned assessment of neural temporal
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dynamics. It is important to note, however, that the coupling between neuronal firing rate and
LFP is subject to many of the same factors as the coupling between neuronal firing rate and
BOLD (e.g., inter-neuron correlations; Nir et al., 2007).

Although the relation between neural temporal dynamics and BOLD temporal dynamics
remains unclear, there is evidence that temporal characteristics of the BOLD response maps
onto temporal properties of psychological processes. For example, Bellgowan et al. (Bellgowan
et al., 2003) found that the onset and width of BOLD activation corresponded to when and for
how long a word was processed. Therefore, although we may not yet be able to map the
activation width differences in the current study onto underlying differences in neuronal firing
duration, the results of Bellgowan et al.’s study allow us to propose mapping these width
differences onto psychological processes — in this case, elaboration of self-relevant processing.

In summary, researchers have long acknowledged that emotions evolve over time. We
hypothesized that time-varying HRFs more accurately capture these temporal dynamics of
emotional processing than do canonical HRFs. The present data supported this hypothesis and
showed that compared with the canonical gamma-based HRF, the IL model (one such time-
varying HRF) modeled variations in emotional intensity with less error and with more robust
detection of significantly active brain regions. In addition, only the IL model was able to detect
regions with differing widths of activation. Assessing this temporal component of the BOLD
responses provided novel insight into how the brain processes emotional intensity by showing
that greater negative emotional intensity was associated with longer width of activation in
regions along the cortical midline. These data have implications for future examinations of the
neural temporal dynamics of both normal and psychopathological emotional processes.

Abbreviations

BOLD blood-oxygen level-dependent

fMRI functional magnetic resonance imaging
HRF hemodynamic response function

IL inverse logit
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(yellow), and both (orange) to the HiNeg (vs. neutral) pictures. The line graphs are the estimated
HRFs from the aMPFC and dMPFC, which show non-overlapping differences in activation
width and height, respectively (shown in the bar graphs). All error bars are standard error of
the mean. Solid lines above bars represent significant differences at p < .01.
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Figure 2.

Brain regions showing significantly better fit (less SSE) of emotional responding to the BOLD
data using the inverse-logit model (IL) vs. the gamma-based canonical HRF model (GAM).
No regions showed poorer fit with the IL model. The line graph provides an example of the
better fit associated with the IL model than the GAM model by highlighting responses to the
high intense negative images in the left insula.

Neuroimage. Author manuscript; available in PMC 2011 January 15.



Page 14

Waugh et al.

'70°>d
.

‘700" >d

‘7000" >d

X¥¥

'snAB [esodwa) Jouadns = 9 S ‘snJAB [elodwa) a|ppiw = 9 |\ ‘BJnsul = 'su| :xal09 [ejuoiyaid
|e1paw JoLigue = D4 dIAe (X31109 [e1di220 a|ppIll = 290N X8109 [eNd1990 Jouajul = 9901 ‘SNIAB [eiodwa) Jouajul = 9] | ‘SnIAB wioyisny = 5'sn4 ‘xal0d aye[nbuld Jouslsod = DDd ‘snwiefeys = ‘JeyL ‘sniAb
|eluo.y Jouajul = 94 ‘sniAB jesodwa) Joiadns = 91 S (xa1109 [ejuoigaid Jeipaw jesiop = D4dIAP ‘sadmoald aanefau Alisusiul mo| = BaNoT ‘saimaid aanebau Ajsuaiul ybiy = BaNIH ubo| asiaAul = ] 210N

€22 T w78 »39E ST wxxf0'L 01 [T'89-'S5—  OLS/OLN
«ITE «L6¢ 9L X80 92'0 K9 v €07 20d
80 «96°C SEE wxx €8 T wxxl LS 6 T ‘TeuL
h €c w06 VT 170 07V T2 L-yT'Sh- odI/su
ST w8V, SEL 802 50 982 €1 ET'L1'e Dddie
YIpIMm o) «cmo_“—_cm_m S191SN|D
150 €8T £E0€ 112 «18¢ ol 0'G 6T z-'s1-'6¢ 2201
15T 20T 14 £8CE S0'T o 0'L £y 6T'T.—'EY 290N
16'T 821 wxxC8 w79V 18T s 06 CT get ZT'19-"25 20
9T T L50€ £v'e 1T L 4 e 0T-'9S—'Sh—  OLI/9'sNd
8.0 £C8C wxxC0'S 597 zL0 «x8ET zT GE'Sh—'S— 22d
150 £CE L9 w39 9 Sv'T VL8 slz £'Tz-"7- TeyL
900 zeT Vo't «xOEV eT'T L 6¢ 8-'z'ov e|nsu|
9T 100 6°0 wnn IS 150 x0T ras 81'8'Ly o4l
£96C 6T LV w357 150 wxx€C L 09T e TT'TY- e|nsu
70 SLT v9'T x9S 200 w97 6 0z-'sT'zy 9IS
££8°C 80'T LTEE w7V v10 wrx 79 S 91 £2'87' O4dIAP
1618y J0J JuedIHIUBIS SIBISND
|eJInaN BaNoT |eJInaN |eJInaN BaNoT |eJIinaN (z'A*x)
< BaNo] < BaNIH < BaNIH < BaNo] < BaNIH < BaNIH S[9XOA 131u8) uoibay
(3) sdL ur ypIm (3) aBueyo reubis 94 ur ybisH Jasn|o

sainoid [ennau ueyl aAnebau asusiul ybiy 01 uoireAnIe JO YIPIM Jo/pue 1ybiay Jarealb Ajjuediyiubis aney o1 japow 1 ay1 Aq umoys suolbay

NIH-PA Author Manuscript

T 3lqel

NIH-PA Author Manuscript

NIH-PA Author Manuscript

Neuroimage. Author manuscript; available in PMC 2011 January 15.



Page 15

Waugh et al.

‘10 >d
x
‘100" >d
*¥

‘7000" >d

X¥¥x

'snJAB [endio90 |eipaw = 200 ‘sndwesoddiy = "ddiH ‘snwefeyl = eyl ‘ejnsui = 'suj
‘snJAB [esodwia) Joadns = 9 S ‘snJAB [eluoly JoBjul = -] X81109 31eInBuld JoLIBUE [e]IUBA = DDA 'sainald aAnIsod asusul Mo| = S0407 saundid aanisod asuaiul ybiy = sodiH ‘1160 asianul = | "810N

IPIM Jog JuedIIUBIS s18IsN|D

$131SN|0 JUEd1IUBIS ON

vz £8°0 v5Z ok e a4 8 8'€/-'v5— 20N
100 v6'0 v0'T 6T0 w08V 0rS 8 8-'02—'92 ddiH
980 1E0 170 Sv'z LBLE wxxd9 S 0z v'02—'8— ‘leuL
120 90 0 88’1 089,909 e 8'5' v o41/sul
€0 VL0 69°0 LLT€ 082 w9 T vZ-'s'Ty 9IS
et 88'C 9’ v0'T w87 xxC1'S 12 aT's'LY ol
9T €0 T 802 LE8€ 0TS ST z-'1¢'8 20VA
Y618y 104 JuedILIUBIS SIRISN|D
[eainaN BaNo JeJInaN [eaInaN [edInaN [edInaN (z'A'x)
<5040 < sodIH < sodIH <0407 < SOdIH < SOdIH JaguinN 191U3D uoifay
(3) sdL ur ypim (2) abueyo reubis 94 ur bIsH SI3XOA

sainoid [esinau uey) aanisod asusjul Yybiy 01 UOIRAIIOR JO YIPIM Jo/pue 1yBiay Jareall Apuedipiubis aney 01 [spow ] 8yl Ag umoys suoibay

NIH-PA Author Manuscript

NIH-PA Author Manuscript

c?9lqel

NIH-PA Author Manuscript

Neuroimage. Author manuscript; available in PMC 2011 January 15.



Page 16

Waugh et al.

70" >
‘100" >d

‘7000" >d
x

d
x
x¥

XX

"1se43U09 3y} uo Buipuadap sainioid aAnisod Jo aalebau Alsuaiul ybiy = ow307 ‘1sesuod ayy uo Buipuadap sainioid aanisod 1o aanebau Alsuaiul ybiy = ow3iH 10N

120 . . 1 LTV SNIAD [e)u0I JoLaju|
[eJINBN “A BAINISOd
86T 191 wx09'S 9 81'zL-"2y [end1290 3IPPIN
7k4 v5'Z w95 0T vl TT'89-'26— [end1000 3|ppIA/IeIodwa L 31pPIN
€T £LTE wrx VS 4) T'89-'Tv [end1000 JoLiajul/feioduwa L 3|ppIN
6T ST'0 ¥x18€ 8 1€',6—8— snaundalgd
81z £69°€ wxxSlV g 6—'v5—"Sh— SnIAB [eloduua) JOLIaJu/WI0YISN
%€'T 21T RS x4 9E'Er—"v— are|nbuId Jouasod
wxxd9 S T wxx700T 6171 v're—"2- UreJg-pIA/SNUE[eY L
7T 66°0 £00°€ 8 6TV LY snJAB [ejuol) JoLiagu|
6v'Z 80 w079 16 v—"0T'68— e|nsu
€6 ST £E9€ o1 9-'yT'L€E e|nsu|
902 20T sl 05 44 0Z'6%'T— D4dIA Joueiuy
lennaN ‘A aAlrefaN
|eJinaN ow307 [eJinaN

<ow3o7] <ow3IH < ow3IH JaquinN (z'Ax) 183uaD uoibay

(2) abueyo [eubis 94 ul 1ybraH SI9XOA

saimoaid [ennau 'sa annisod pue aanebau Alisusjul ybiy 01 44H ewweb ayy Buisn uoneanae uediubis yim suoibay

NIH-PA Author Manuscript

NIH-PA Author Manuscript

€9lqel

NIH-PA Author Manuscript

Neuroimage. Author manuscript; available in PMC 2011 January 15.



Page 17

Waugh et al.

ewiwed = \vO ‘60| asiaAul = | 810N

Tl 8 8 €L vS— snIAB [endio00 alppIN
i 8 8- 0c— 9¢ sndwesoddiH
l 0C % 0c— 8- snwejey
Tl A 8 g - SnIAD [eJuo1 JoLIaJUI/RINSUI-PIIN
il 1T vz S 144 [elodwsa] Jonadng
Tl at z- 1€ 8 D0V [BlIUBA
Tl 4! 12 (VA9Ke12 (L (v) v SnJAB [euoly Jouaju|
[eJInaN ‘A 8AllISOd
WV 8 (te) (25-) (8-) snaundaid
1 6 0Z— T a7 snJAB [elodwsy Joredng
all 9 £ (81) 6T (eL-) 1L~ (ev) ev [ENd1920 3lppIA
il L eet (trer (89-) 29—  (2G-)2G—  rendiooQ a|ppiiN/Ielodwa L B|PPIN
Bl A5 61 (1) z- (89-) GL— (Tv) 6€ [endiod0 Jouaul/felodwa L SIPPIN
all €€ e (6-)01—  (¥$-) 95—  (Gv-) Sv— snIAB |esoduway JoLiajul/wiogisn4
WV 114 T (9¢) g (ev-) sv— () 5- aje|nburd Joisisod
il 6T 7k e (vz-) 12— (2-) v- ureJg-piAl/snuerey L
all 8 4 (61) 8T ()8 ) Ly SNUAB |euo.y JoLIagu|
Tl 16 09T () e~ (on1r (6e-) TV e|nsu|
Bl 01 6¢ (9-) 8- (Ca9k4 (28) ov e[nsu|
AV 44 91 (02) €2 (6v) 8 (e Od4dN Joualuy

|edInaN ‘A annebaN

VO 'sA 1 NVO all z A X
(s|axoA) azis 181sn|D (WD) 11 :S81RUIPI00D uoibay

"(pauasaud si ybiay Ajuo) sjapow 1 pue VO ayl Buisn 1uealyiubis punoy suoibal ayj Jo uostiedwo)
¥ a|qel

NIH-PA Author Manuscript NIH-PA Author Manuscript NIH-PA Author Manuscript

Neuroimage. Author manuscript; available in PMC 2011 January 15.



