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Abstract

The locus coeruleus-noradrenergic (LC-NA) neuromodulatory system has been implicated in
a broad array of cognitive processes, yet scope for investigating this system’s function in humans is
currently limited by an absence of reliable non-invasive measures of LC activity. Although pupil
diameter has been employed as a proxy measure of LC activity in numerous studies, empirical
evidence for a relationship between the two is lacking. In the present study, we sought to rigorously
probe the relationship between pupil diameter and BOLD activity localized to the human LC.
Simultaneous pupillometry and fMRI revealed a relationship between continuous pupil diameter and
BOLD activity in a dorsal pontine cluster overlapping with the LC, as localized via neuromelanin-
sensitive structural imaging and an LC atlas. This relationship was present both at rest and during
performance of a two-stimulus oddball task, with and without spatial smoothing of the fMRI data, and
survived retrospective image correction for physiological noise. Furthermore, the spatial extent of this
pupil/LC relationship guided a volume-of-interest analysis in which we provide the first
demonstration in humans of a fundamental characteristic of animal LC activity: phasic modulation by
oddball stimulus relevance. Taken together, these findings highlight the potential for utilizing pupil
diameter to achieve a more comprehensive understanding of the role of the LC-NA system in human

cognition.
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Introduction

The locus coeruleus (LC) is a small nucleus in the dorsal pons that exerts powerful effects on
neural processing via secretion of the neuromodulator noradrenaline (NA; Berridge and Waterhouse,
2003; Sara, 2009). Inspired predominantly by studies of single-cell LC activity in animals (e.g. Aston-
Jones et al., 1994; Bouret and Sara, 2004; Clayton et al., 2004; Rajkowski et al., 1994; Rajkowski et
al., 2004), a number of sophisticated theoretical models have been devised that implicate this system
in core neuro-cognitive processes like the regulation of task engagement (Aston-Jones and Cohen,
2005; Bouret and Sara, 2005; Sara and Bouret, 2012; Usher et al., 1999) and learning (Dayan and Yu,
2006; Verguts and Notebaert, 2009; Yu and Dayan, 2005). However, current scope for testing theory-
driven hypotheses of LC-NA function in humans is greatly constrained by a lack of non-invasive
measures capable of indexing changes in this system’s activity. As a consequence, impressive
theoretical developments have not been paralleled by commensurate empirical advances in our
understanding of human LC-NA function.

Pupil diameter has recently emerged as a promising candidate proxy measure for LC activity,
and is being increasingly employed for this purpose (Einhauser et al., 2008; Gilzenrat et al., 2010;
Jepma and Nieuwenhuis, 2011; Kuipers and Thierry, 2011; Murphy et al., 2011; Nassar et al., 2012;
Preuschoff et al., 2011; Smallwood et al., 2011; Smallwood et al., 2012). Indeed, recent studies have
reported that pupil diameter tracks changes in the exploration-exploitation trade-off (Gilzenrat et al.,
2010; Jepma and Nieuwenhuis, 2011) and the uncertainty associated with incoming task-relevant
information (Nassar et al., 2012; Preuschoff et al., 2011) in ways that are generally consistent with
prominent accounts of LC-NA function (Aston-Jones and Cohen, 2005; Yu and Dayan, 2005).
However, the promise of these observations is tempered by the fact that, aside from indirect
pharmacological manipulation (Hou et al., 2005) and an unpublished primate single-unit recording
study (Rajkowski, Kubiak, Aston-Jones [1993] Soc Neurosci Abstr 19:974), no evidence actually
exists to support an anatomical or functional connection between LC neurons and the pupil.

In the present study, we employ simultaneous pupillometry and blood-oxygen-level-

dependent (BOLD) functional magnetic resonance imaging (fMRI) to comprehensively interrogate
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the relationship between fluctuations in pupil diameter and human LC activity, both at rest and during
performance of the classic two-stimulus oddball paradigm. Previous studies employing conventional
fMRI have demonstrated task-related activity in the vicinity of the LC across a range of settings (e.g.
Berman et al., 2008; Kahnt and Tobler, 2013; Krebs et al., 2013; Liddell et al., 2005; Minzenberg et
al., 2008; Mohanty et al., 2008; Raizada and Poldrack, 2007; Schilbach et al., 2011; Schmidt et al.,
2009; Sterpenich et al., 2006; van Marle et al., 2010; Vandewalle et al., 2007). However, the
reliability of these findings has been questioned due to several technical difficulties inherent in
brainstem imaging (Astafiev et al., 2010). Specifically, the majority of previous LC-fMRI studies
have not attempted to precisely localize the LC, have employed image processing techniques that are
ill-suited to the analysis of comparatively small subcortical brain regions, and have failed to control
for physiologically-driven noise in the BOLD signal to which braintstem nuclei like the LC are
particularly sensitive (see Payzan-LeNestour et al., 2013 for a recent exception).

In order to address the above methodological issues, we adopt an approach that utilizes a
combination of precise structural localisation via neuromelanin-sensitive imaging (Shibata et al.,
2006) and a previously published LC atlas (Keren et al., 2009), retrospective statistical control for
sources of physiological noise (Glover et al., 2000), and fMRI analyses with and without spatial
smoothing. This approach allowed us to explore the relationship between pupil diameter and LC

BOLD activity with unprecedented methodological rigour.
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Materials & Methods
Participants
Fourteen healthy, right-handed individuals [age range: 21-48 years; mean age: 29 years (+
7.7); 8 male] participated in the study after providing written informed consent. All protocols were
approved by the Trinity College Dublin School of Psychology Ethics Committee and carried out in
accordance with the Declaration of Helsinki. Four additional participants were tested but excluded

from all analyses after inspection revealed excessive artifacts in their pupil data (see below).

Behavioural Protocols

All participants underwent a resting-state scan first and performed a visual oddball task
second. During rest, participants were instructed to relax, think of nothing in particular and maintain
fixation for 8 minutes at a centrally presented crosshair (subtending 0.65 degrees of the visual angle).
The oddball task is a simple attentional paradigm with well-characterized effects on pupil diameter in
humans (Gilzenrat et al., 2010; Murphy et al., 2011) and LC activity in non-human primates (Aston-
Jones et al., 1994; Rajkowski et al., 1994; Rajkowski et al., 2004). Participants were instructed to
maintain fixation at a centrally presented cross (purple against a dark-grey background approximately
matched for luminance, subtending 0.65 degrees of the visual angle) and monitored a series of
sequentially presented standard and target stimuli (purple circles with diameters subtending 3.2 and
1.6 degrees of the visual angle, respectively). Target detection was indicated via speeded, right-
handed thumb-press using a two-button MRI-compatible response box. All stimuli were presented for
75 ms, and targets were pseudorandomly interspersed throughout the task such that they constituted
20% of the total number of trials. The inter-stimulus interval varied pseudorandomly between 2.5 and
3.5s, with a total of 79 targets and 317 standards over the entire task. The stimulus array was designed
to ensure a minimum inter-target interval of 10s. The total duration of the oddball task was
approximately 20 minutes, with no breaks. All stimuli were realized using the Cogent 2000 toolbox

for Matlab, and presented through the eye-tracker apparatus (see below).
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Magnetic Resonance Imaging and Preprocessing

Participants lay supine in an MRI scanner (Philips 3T Achieva; 8-channel head coil). Initially,
high-resolution images of the LC were acquired using T1 turbo-spin-echo (TSE) structural scans
(Shibata et al., 2006) with scan resolution of 256 mm x 204 mm, in-plane resolution of 0.35 mm x
0.35 mm, field of view (FOV) = 180 mm x 23 mm x 180 mm, echo time (TE) = 10 ms, repetition time
(TR) =500 ms, and flip angle = 90°. Each scan consisted of fourteen 1.6 mm-thick axial slices with
no gaps, and took approximately 8 minutes. Each participant’s LC acquisition volume was aligned via
the mid-sagittal slice of a localizer scan. All participants then underwent two separate echo-planar-
imaging (EPI) scanning runs for resting-state and oddball fMRI data acquisition, containing 240 and
613 volumes and lasting 8 mins and 20.4 mins, respectively. For both runs, the FOV covered the
whole brain, 224 mm x 224 mm (64 x 64 voxels), and 39 axial slices were acquired with a voxel size
of 3.5 mmx 3.5 mm x 3.5 mm (0.3 mm slice gap), TE =30 ms, TR =2 s, flip angle = 90°. Lastly, a
high-resolution T1-weighted anatomic MPRAGE image [FOV = 230 mm, thickness = 0.9 mm, voxel
size = 0.9 mmx 0.9 mmx 0.9 mm] was acquired for the whole brain.

Preprocessing of MRI data was performed using SPM 8 (www.fil.ion.ucl.ac.uk/spm). EPI
data quality tests were initially conducted by assessing the mean and standard deviation of signal time
courses and visual inspection of mean and variance images. All EPI data collected passed these tests.
Images were realigned to correct for motion artifacts, slice-time corrected to the middle temporal
slice, and normalized to the International Consortium for Brain Mapping (ICBM) EPI template using
the unified segmentation approach (Ashburner and Friston, 2005). Data were then resliced to a voxel
resolution of 2mm-isotropic. For all analyses with spatially smoothed data (see Results section), a
Gaussian kernel of 6 mm full width at half maximum (FWHM) was applied to all EPI images.

All T1 TSE images were co-registered to their corresponding whole brain structural images
and warped into standard Montreal Neurological Institute (MNI) space using the same normalisation
parameters applied to the EPI data. Once all images were in the same space, we created a group-
average T1 TSE image (Figure 1) that could later be used for precise anatomical localisation of

functional effects in the dorso-rostral brainstem.
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Pupillometry

Pupil diameter was recorded continuously from the left eye at rest and during task using an
iView X MRI-SV eye-tracker (SMI, Needham, MA) at a sampling rate of 60Hz. Pupillometric data
were acquired via fibre-optic goggles with an integrated infrared camera. The goggles were affixed to
the MRI scanner head coil and simultaneously used for the presentation of all stimuli.

Noisy and unreliable pupil data represented a crucial potential source of error when
attempting to model the pupil/LC relationship. Pupillometric data were therefore subjected to the
following stringent pre-processing steps offline: (1) A participant was excluded from all analyses if
they provided a raw pupil dataset in which 25% of samples either contained amplitudes of less than
1.5 mm or represented a change in amplitude of greater than 0.075 mm relative to the directly
preceding sample (n = 4). (2) For the remaining participants (n = 14), eye-blinks and other artifacts
were removed using a custom linear interpolation algorithm that restricted interpolation to periods of
data loss shorter than 1 second. (3) Data were segmented into epochs from 0 to +2 s relative to the
acquisition onset of each fMRI volume. Within each epoch, amplitude (any sample < 1.5 mm) and
variability (any sample £ 3 s.d. outside the epoch mean) thresholds were applied to identify artifactual
samples which survived Step 2. An average pupil diameter measure was then calculated for the
corresponding volume by taking the mean across the remaining non-artifactual samples in that epoch
(mean proportion: rest = 98.4%, s.d. = 2.11%; task = 95.58% s.d. = 6.11%). This step is equivalent to
time-locking the continuous pupil data to the onset of fMRI data acquisition and downsampling to the
temporal resolution of the EPI sequence (0.5 Hz) using only clean data samples. (4) Mean pupil
diameter for any epoch characterized by > 40% artifactual samples (mean proportion of epochs: rest =
1.07%, s.d. = 2.16%; task = 3.98%, s.d. = 6.78%) was replaced via linear interpolation across adjacent
clean epochs.

The product of this preprocessing regime was a pupil diameter vector for each scanning run
which was equal in length to the total number of volumes for that run. This vector was convolved with
the informed basis set (canonical hemodynamic response functon [HRF] and its temporal and

dispersion derivatives; Friston et al., 1998) to yield three pupil regressors of interest per participant.



Murphy et al. Pupil diameter and locus coeruleus activity

This step was taken to account for the possibility that the BOLD responses of brainstem nuclei like
the LC are not well-modelled solely by the canonical HRF (Wall et al., 2009).

In addition to our use of the averaged measure of pupil diameter outlined above, we also
carried out pupil-fMRI analyses that were constructed around stimulus-locked pupillometric indices
derived from the task run. These further analyses, which were designed with a view to disentangling
phasic versus tonic aspects of the peri-LC BOLD signal (Gilzenrat et al., 2010; Murphy et al., 2011)
and probing whether stimulus-evoked BOLD activity (see below) was modulated by single-trial pupil

metrics, are reported in greater detail in the Supplementary Materials.

Physiological Recording

Functional imaging of the LC and adjacent brainstem nuclei is particularly susceptible to
multiple kinds of physiological artifact, including quasi-periodic BOLD oscillations introduced by
cardiac rhythms and respiration (Harvey et al., 2008). A tension exists between removing these
extraneous sources of variance from the BOLD time-series and yielding a reliable signal from brain
regions whose activity correlates with pupil diameter: pupil diameter and heart rate are both affected
by changes in sympathetic nervous system activity, and therefore likely share at least some of their
total variance. To explore the extent to which removal of heart rate and respiratory signals affected the
results of our pupil-fMRI analyses, we implemented retrospective image correction (RETROICOR;
Glover et al., 2000). This method assigns cardiac and respiratory phases to each volume in each
participant’s fMRI time-series post-hoc, and controls for their effects statistically in the first-level
general linear model (GLM). Pre-processing of pulse oximetry and respiration band signals (sampled
at 500 Hz) was carried out using the PhLEM toolbox (Verstynen and Deshpande, 2011). Pulse
oximetry time-series were band-pass filtered (0.6-2.0 Hz; Butterworth filter) to isolate cardiac
information and respiration band signals were filtered using a Gaussian smoothing kernel with a 400
ms FWHM. Timings of individual peaks, which correspond to maxima in local blood oxygenation in
pulse oximetry and peak expansions of the diaphragm in respiration band, were identified using an
automated peak detection algorithm (the peakdet function in Matlab;
http://www.billauer.co.il/peakdet.html) and the inter-peak intervals were transformed into phase-time.

7
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This phase information could then be used to estimate the dominant Fourier series of the respective
signals and their first harmonics, the sine and cosine components of which were downsampled to the
temporal resolution of the EPI sequence (0.5 Hz) and included as regressors of no interest in the
GLM. This procedure therefore yielded a total of eight physiological regressors (four cardiac, four

respiratory).

Statistical Analysis

First-level single-subject analyses involved the construction of one GLM for each run (rest
and task). For a given run, the three pupil diameter regressors for that run constituted the only
regressors of interest in the model. Residual effects of head motion were controlled for by using the
six head motion parameters estimated during the realignment stage of image preprocessing as
regressors of no interest. Two separate control analyses were also devised by constructing variants of
this simple GLM. In the first, the eight regressors of no interest derived from the analysis of pulse
oxymetry and respiration band data were included in the model in order to correct for physiological
noise. In the second, a time-series representing the mean BOLD activity in a mask of area 17 (V1,
Amunts et al., 2000) was entered as an additional regressor of no interest in order to exclude the
possibility that any observed relationship between pupil diameter and LC could be explained by
variations in visual activity. In all of the above, a high-pass filter was employed with a cut-off period
of 128 seconds in order to remove low frequency drifts from the fMRI time-series, in addition to a
first-order autoregressive function to account for serial autocorrelations (Smith et al., 2007). To
determine voxels significant at the group level in each model variant, t-contrasts for each pupil
regressor were incorporated into random-effects analyses (one-way repeated-measures analysis of
variance [ANOVA], three levels of Pupil/Basis-Function). All statistical parametric maps (SPMs)
were thresholded at p < 0.001 uncorrected for display purposes, and all reported results survived peak-
level cluster-wise false discovery rate (FDR) correction for multiple comparisons (p < 0.05) unless
indicated otherwise. A binary image representing overlap between the thresholded SPMs from rest-

and task-based pupil analyses was created to determine significant voxels common to both runs.
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A series of volume-of-interest (VOI) analyses were also conducted, without physiological
correction, to explore LC effects related to stimulus relevance in the oddball task. The primary VOI
was defined by masking a previously published LC atlas (Keren et al., 2009; 2-SD version) with the
dorsal pontine cluster identified in the earlier pupil diameter analysis of task runs (see Results
section), and the principle eigenvariate of time-courses in all overlapping voxels (n = 18) was
extracted for each participant (Friston et al., 1996). Hence, we leveraged our earlier analysis of brain
regions that relate to fluctuations in pupil diameter to derive a ‘functional localizer’ for the LC that
had greater spatial and functional specificity than the LC atlas considered as a whole (Saxe et al.,
2006). Each VOI time-course was also ‘adjusted’ by an F-contrast from the first-level GLMs which
included all three pupil diameter regressors — this step effectively partials out any variance in the VOI
signal related to regressors of no interest in the first-level GLMs (in this case, related to head
movement). Each participant’s adjusted VOI time-course then acted as the dependent variable in a
multiple regression model in which the onsets for each stimulus type (targets and standards) were
modelled separately by convolving event delta functions with the informed basis set (yielding six
independent variables). Onsets for miss trials (mean = 2.50, s.d. = 2.35) and false alarms (mean =
1.64, s.d. = 1.78) were not included. This approach yielded beta-weights that indicated the extent to
which each stimulus-type drove activity in the LC VOI. These were subjected to a two-way repeated-
measures ANOVA (Stimulus-type [Target, Standard] by Basis Function [Canonical, Temporal,
Dispersion]) to test for a main effect of stimulus-type. When betas for a given participant were
multiplied by their appropriate basis functions, the linear sum within-stimulus-type of the resulting
waveforms provided an estimate of the evoked BOLD response to each stimulus-type. The peak of
estimated BOLD responses to targets, measured in a 4s window centred on the latency of the grand-
average peak, was used in the reported between-subjects correlational analysis (Pearson’s r; see
Results section). Lastly, identical procedures were also employed for two control VOI analyses. In the
first, the VOI consisted of all voxels within the LC atlas (Keren et al., 2009) that did not overlap with
the pupil-derived dorsal pontine cluster (n = 25). In the second, a VOI with an identical voxel count to
that used in the primary VOI analysis (n = 18) was located to the anterior part of the pontine crossing

tract, a white matter tract adjacent to the LC.
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Finally, a subset of the above statistical analyses were carried out on both spatially smoothed
and unsmoothed fMRI data in order to investigate the effect of spatial smoothing on the observed

results.

Localization

Anatomical details of significant clusters were obtained by superimposing the SPMs on the
T1 canonical single-subject image from the MNI series, and both the average brainstem T1-TSE
image and the binary LC atlas (Keren et al., 2009; 2-SD version) were co-registered to this template
for precise LC localisation. Results were checked against normalized T1 images of each subject, and
the SPM anatomy toolbox (Eickhoff et al., 2005; Eickhoff et al., 2006; Eickhoff et al., 2007) was used

to establish cytoarchitectonic probabilities where applicable.
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Results

The present study explored the relationship between fluctuations in pupil diameter and BOLD
activity in humans, with an emphasis on probing the link between pupil diameter and BOLD signals
localized to the LC. We first report the results of a standard fMRI analysis, employing spatial
smoothing without correction for physiological noise. Because both spatial smoothing and
physiological noise can potentially obscure estimates of LC BOLD activity, we then report separate
analyses with retrospective correction for physiological noise (Glover et al., 2000) and without the use
of a spatial filter. Finally, we utilize information gleaned from these primary investigations to inform

a volume-of-interest analysis of the effect of oddball stimulus-relevance on LC BOLD activity.

Whole-brain Pupil Diameter Analyses

Analysis of spatially smoothed fMRI data without physiological correction revealed that pupil
diameter at rest was correlated with BOLD activity in a circumscribed cortico-subcortical network of
brain regions (Figure 2A; Table 1). Crucially, a cluster was identified in the dorsal pons that exhibited
considerable overlap with a previously published LC atlas (Keren et al., 2009) — 40% of total atlas
space (17 voxels) fell within the pontine cluster bounds (Figure 2B). Other brain areas identified at
rest included visual cortex, medulla, right insula cortex and bilateral anterior cingulate cortex (ACC).
During oddball task performance, pupil diameter correlated with BOLD activity in a more spatially
extensive region of dorso-rostral pons extending into midbrain (Figure 2A,C; Table I). Again, this
cluster overlapped with the LC atlas, occupying 42% of atlas space (18 voxels). Pupil diameter also
correlated with areas of visual cortex, superior colliculus and bilateral thalamic nuclei during task
performance. A cluster localized to ACC was also identified during task, though this did not survive
correction for multiple comparisons (p = 0.08, FDR-corrected). A binary map showing regions of
conjunction between rest- and task-based analyses confirmed that only clusters in dorsal pons
(overlapping with 21% of the LC atlas; 9 voxels) and visual cortex were common to both (Figure 2A).
Furthermore, a control analysis in which primary visual cortex activation was regressed out of the

BOLD signal revealed that the relationship between pupil diameter and dorsal pontine BOLD activity
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was almost entirely preserved, suggesting that the observed relationship between pupil diameter and
the peri-LC BOLD signal is not mediated by changes in visual activity (Figure S1; Table SI).

Although the direction of the relationship between pupil diameter and dorsal pontine BOLD
activity cannot be ascertained from the above analysis, this information can be obtained by combining
the beta coefficients for each level of the informed basis set into an estimated pupil-related BOLD
response (see Supplementary Materials). Application of this procedure revealed that the estimated
peri-LC BOLD responses for both rest and task runs were consistently positive, indicating that the
relationship between pupil diameter and LC BOLD activity is also positive (Figure S2).

We also augmented our primary analyses by implementing the RETROICOR method (Glover
et al.,, 2000) to control for effects of potentially extraneous physiological signals (heart rate,
respiration) on the observed BOLD time-series. The initial findings were largely recapitulated, pupil
diameter being found to correlate with BOLD activity in a circumscribed cortico-subcortical network
at rest (visual cortex, ACC, insula, medulla) and during task performance (visual cortex, thalamus,
midbrain; Figure S3, Table SII). Most importantly, the observed correlation between pupil diameter
and peri-LC BOLD activity was again present and its spatial extent was unaffected by the
implementation of physiological correction.

The LC has a rostro-caudal extent of 12-17 mm, and a within-plane diameter of just 2.5 mm
(Fernandes et al., 2012). By allowing adjacent voxels to contribute to the estimated signal, application
of spatial smoothing to the fMRI data therefore increases the likelihood that the BOLD time-series of
voxels localized to the LC are contaminated by noise from surrounding neural tissue. To address this
issue, we also explored the relationship between pupil diameter and BOLD activity derived from
unsmoothed fMRI data. These analyses yielded a more constrained array of brain regions compared to
those identified when spatial smoothing was employed (Figure 3A; Table I1). At rest, only a cluster in
visual cortex survived whole-brain correction for multiple comparisons. Subsequent small-volume
correction using the LC atlas as a mask revealed that BOLD activity in 7% of the total LC atlas (3
voxels) was significantly correlated with changes in pupil diameter (p < 0.05, FWE-corrected). For
the task run, clusters in visual cortex and dorsal pons/midbrain survived whole-brain correction for
multiple comparisons. The latter was found to overlap with 16% of the LC atlas (7 voxels). Hence,

12
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although the spatial extent of the relationship between pupil diameter and LC BOLD activity was
diminished when spatial smoothing was not applied to the fMRI data, a significant relationship
between pupil diameter and BOLD activity in a subset of LC voxels persisted.

Why did pupil diameter appear to show a weaker and more spatially limited relationship to
LC BOLD activity at rest compared to during task performance? One possible explanation is that task
engagement is associated with large dilatory responses in the pupil (Figure 4A) and evoked responses
in the LC (see below). On the other hand, variability in pupil diameter, and indeed the LC BOLD
signal, may be too low at rest to achieve a reliable estimate of the strength of the relationship between
the two. In support of this possibility, our downsampled tonic pupil diameter time-courses were found
to be significantly less variable at rest than during task performance (mean within-subject standard
deviation at rest = 0.33 £ 0.12 mm; mean standard deviation during task = 0.41 + 0.14 mm; paired-

samples t-test: ti3 = 3.60, p = 0.003; Figure 4B).

Volume-of-interest Stimulus-type Analysis

A cardinal characteristic of single-cell LC activity in non-human primates is a robust phasic
response to target stimuli in the oddball task (Aston-Jones et al., 1994; Rajkowski et al., 1994;
Rajkowski et al., 2004), though this phenomenon has yet to be demonstrated in humans. In a series of
VOI investigations, we sought to leverage the information gleaned from the primary pupillometry-
fMRI analyses reported above to explore possible oddball stimulus-type effects on the LC BOLD
response. These VOI analyses were carried out on both smoothed and unsmoothed fMRI data, without
physiological correction.

For the task-run datasets with spatial smoothing, the primary VOI of interest was defined by
masking the LC atlas (Keren et al., 2009) with the dorsal pontine cluster identified in the earlier pupil
diameter analysis of those datasets. Regression coefficients for each level of the informed basis set
within each stimulus-type showed a main effect of stimulus-type (F113 = 10.81, p = 0.006), and the
corresponding estimated BOLD responses indicated that target stimuli evoked a larger LC response

than standard stimuli (Figure 5A,B). In addition, between-subjects correlations revealed that larger

13



Murphy et al. Pupil diameter and locus coeruleus activity

target-evoked BOLD responses within this VOI were robustly associated with faster mean response
times (RTs) across subjects (r =-0.72, p = 0.004; Figure 5C).

To explore the specificity of these stimulus-evoked BOLD responses to the pupil-localized
LC cluster, control VOI analyses were also carried out on (1) all remaining voxels in the LC atlas, and
(2) an LC-adjacent region of the pontine crossing white matter tract. Regression coefficients for both
control VOlIs revealed only non-significant trends toward main effects of stimulus-type (remaining
LC atlas: F1,13 = 3.69, p = 0.08; white matter control region: F113 = 4.66, p = 0.05), driven largely by
greater regression coefficients for temporal and dispersion HRF derivatives in the target condition
(Figure 5D,G). Indeed, in contrast to the primary VOI analysis, the estimated waveforms for both
VOlIs failed to show any significant effects of stimulus-type around the time of the peak BOLD
response in each condition (Figure 5E,H). Furthermore, peak target-evoked BOLD response
amplitudes in each control VVOI did not correlate with mean RT across subjects (remaining LC atlas: r
= -0.36, p = 0.21; white matter control region: r = 0.16, p = 0.58; Figure 5F,I). Finally, a multiple
regression model with mean RT as the dependent variable and peak target-evoked BOLD responses
from each of the three VVOIs as predictor variables yielded a significant regression coefficient only for
the primary LC/pupil overlap VOI (Boveriap = -0.90, p = 0.011; Bremaining = 0.27, p = 0.38; Pwwm = 0.07, p
= 0.73). This indicates that variance unique to the target-evoked BOLD responses in the primary
‘overlap’ VOI was predictive of between-subjects variation in mean RT.

Application of the above VOI analysis procedure to the unsmoothed fMRI data (see
Supplementary Materials) similarly revealed that oddball stimulus-type effects were specific to the
region of overlap between the LC atlas and pupil-localized dorsal pontine cluster, and not present in
the remainder of the LC atlas (Figure S5). However, the between-subjects correlation of target-evoked
LC activity with mean RT was not observed in the unsmoothed data.

Pupil diameter is phasically modulated by task-relevant stimuli (Beatty, 1982), and we
observed such an effect in response to target stimuli in the oddball task (Figure 4A). It may therefore
be possible that our pupil diameter time-course only correlated with BOLD activity in brain areas
related to the processing of stimulus relevance, and that this subsequently biased the above VOI
analyses of stimulus-type effects. The observation that our continuous, downsampled pupil diameter

14
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time-courses from the task runs only correlated significantly with BOLD activity in dorsal
pons/midbrain, thalamus and visual cortex speaks against this possibility — if these signals primarily
reflected the processing of stimulus relevance, they would be expected to correlate with activity in a
broader network of brain regions (e.g. Bledowski et al., 2004; Mantini et al., 2009; see Figure S5).

Nonetheless, in order to further rule out the possibility that the VOI results were biased in
favour of detecting task-relevant BOLD responses, we repeated the analysis using the region of
overlap between the LC atlas (Keren et al., 2009) and the dorsal pontine cluster identified at rest as
the primary VOI (17 voxels). A control VOI analysis was again carried out using all remaining voxels
in the LC atlas (n = 26). In keeping with the initial findings, regression coefficients for the primary
‘overlap’ VOI showed a significant main effect of stimulus-type (F113 = 8.67, p = 0.011) whereby
target stimuli yielded larger coefficients compared to standard stimuli. This effect was reflected in the
magnitude of the estimated BOLD responses, with targets evoking a consistently larger response than
standards around the time of the waveform peaks (4-6 seconds post-stimulus). In contrast, regression
coefficients for the control VOI again only trended toward a significant main effect of stimulus-type
(F113 = 4.54, p = 0.05) driven by the temporal and dispersion derivatives, and the estimated
waveforms failed to show any stimulus-type effects within the relevant time window. These findings
mirror our previous VOI results, and suggest that the initial analysis was not biased in favour of
detecting stimulus-type effects.

Lastly, we conducted a series of whole-brain voxel-wise analyses that explored both the
average effect of oddball stimulus relevance on the BOLD response, and whether this evoked activity
was modulated by event-related single-trial measures of pupil dilation (see Supplementary Materials
and Figure S5). Neither method yielded any significant effects in the vicinity of the LC. Hence, the
pupil-informed VOI approach we adopted above appeared to be uniquely sensitive to the effect of

oddball stimulus relevance on peri-LC BOLD activity.
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Discussion

We report a correlation between continuous pupil diameter and BOLD activity in a
circumscribed cortico-subcortical network of brain regions, both at rest and during performance of the
two-stimulus oddball task. Importantly, pupil diameter was found to positively correlate with BOLD
activity in the rostral LC, as localized via both neuromelanin-sensitive structural imaging (Shibata et
al., 2006) and a previously-published LC atlas (Keren et al., 2009). This finding was robust to
correction for the effects of cardiac and respiratory activity on the BOLD time-series (Glover et al.,
2000), and persisted in a smaller subset of LC voxels when no spatial smoothing was applied to the
fMRI data. The comprehensive nature of our analyses, across two different paradigms and with and
without the use of physiological correction and spatial smoothing, is unprecedented amongst existing
human LC imaging studies (e.g. Kahnt and Tobler, 2013; Krebs et al., 2013; Minzenberg et al., 2008;
Raizada and Poldrack, 2007; Schmidt et al., 2009; van Marle et al., 2010), and highlights the stability
of the observed relationship between pupil diameter and BOLD activity localized to the LC.

Our results constitute the first functional neuroimaging evidence that lends support to the use
of pupil diameter as an indirect index of human LC activity. While several previous studies have
combined pupillometry with fMRI (Critchley et al., 2005; Johnstone et al., 2007; Siegle et al., 2003;
Sterpenich et al., 2006), a link between BOLD activity localized to the LC and concurrently-recorded
pupil diameter has not been reported previously. Two features of our analyses may account for the
present demonstration of a pupil-LC relationship. First, we devised a continuous, averaged metric of
pupil diameter that was not locked to any task-relevant event, and thus stands in contrast to the event-
related pupil dilation measure typically employed by previous pupillometry-fMRI studies. While
evoked pupil dilation has been proposed to reflect the LC phasic response (Gilzenrat et al., 2010), our
continuous measure likely confers several key advantages in the context of attempts to link pupil
diameter and peri-LC BOLD activity: it is less susceptible to the effects of trial-by-trial noise; it yields
many more observations for analysis, thus improving statistical power; and, it incorporates tonic
variation in the pupil diameter time-course, which may exhibit a clearer relationship to the dynamics

of the low-frequency BOLD signal. Indeed, we did not observe any significant effects in the vicinity
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of the LC in a series of supplementary analyses leveraging single-trial, event-locked pupillometric
indices, thus highlighting the unique sensitivity of our continuous measure to peri-LC BOLD effects.
One apparent limitation of our continuous pupil measure is that it cannot be used to address the
question of whether our observed pupil-LC BOLD coupling is driven by tonic neural activity, phasic
activity, or some combination of the two. Unfortunately, supplementary analyses of single-trial pupil
metrics that may dissociate both aspects of LC firing (e.g. Gilzenrat et al. 2010) failed to shed light on
this question.

A second feature of our approach that likely augmented our sensitivity toward revealing a
pupil-LC relationship centered on our use of the informed basis set for modeling BOLD responses
(Friston et al., 1998). The informed basis set affords high flexibility when attempting to model the
likely heterogeneous HRFs of different cortical and subcortical brain regions (Handwerker et al.,
2004; Wall et al., 2009). Sole use of the canonical HRF, by contrast, may serve as a poor template for
the LC BOLD response, and this possibility has not been taken into account by previous studies
combining pupillometry and fMRI. A related advantage conferred by the informed basis set is that it
provided a conservative method by which to compensate for any possible lag between the continuous
pupil diameter and BOLD time series: By allowing a degree of flexibility in peak latencies of the
estimated BOLD responses, convolution with the informed basis set likely diminished the negative
impact of signal lag on the strength of the observed relationships. It remains possible, however, that
quantifying the effect of signal lag by systematically interrogating the pupil-LC relationship at a
variety of temporal offsets may yield even more robust effects than those reported here.

Notably, image correction for cardiac and respiratory activity had little impact on the
identified relationship between pupil diameter and the peri-LC BOLD signal. This observation
appears to argue in favor of the validity of findings from previous imaging studies that have reported
functional effects in the vicinity of the LC but have not attempted to control for physiological
artifacts. Nonetheless, subcortical BOLD signals in particular can be strongly affected by sources of
physiological noise (Harvey et al., 2008), and it will be important for future LC imaging studies to

verify that any observed effects are robust to these.
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In addition to the observed relationship with peri-LC BOLD activity, pupil diameter was
found to correlate with activity in a relatively sparse network of cortical and subcortical brain regions
that included ACC, insula and medulla (rest), thalamus and midbrain including the superior colliculus
(task), and visual cortex (both runs). Evidence exists to suggest that several of these identified brain
regions are functionally coupled with the LC-NA system. For example, implication of the ACC and
insula cortices is in agreement with the strong anatomical (Arnsten and Goldman-Rakic, 1984; Jodo et
al., 1998; Gompf et al., 2010) and functional (Minzenberg et al., 2008; Ullsperger et al., 2010)
connectivity between these regions and the LC (see also Aston-Jones and Cohen, 2005), whereas
thalamus has previously been postulated to act as a relay between the LC and neocortical cognitive
control systems (Sturm and Willmes, 2001). Similarly, the ventral medulla projects profusely to LC
(Aston-Jones et al., 1986), and has been hypothesized to mediate the relationship between the LC and
pupil diameter (Nieuwenhuis et al., 2010). Such observations hint at the possibility that cognitively-
relevant fluctuations in pupil diameter are determined by a constrained cortico-subcortical brain
network, of which the LC is an integral part. We also note that, for both rest and task runs, the dorsal
pontine activation cluster extended rostral and medial to the LC proper. This finding may be driven by
correlations between pupil diameter and the activity of several autonomic nuclei residing in this
general area that are known to directly regulate pupillary dynamics (e.g. the Edinger-Westphal
nucleus; Szabadi and Bradshaw, 1996).

In a series of volume of interest (VOI) analyses, the region of overlap between the LC atlas
(Keren et al., 2009) and the dorsal pontine cluster that correlated with pupil diameter during task
performance exhibited a greater evoked response to target stimuli than to standards. This observation
constitutes the first demonstration in humans of a cardinal characteristic of animal LC activity: phasic
modulation by stimulus-relevance on the oddball task (Aston-Jones et al., 1994; Rajkowski et al.,
1994; Rajkowski et al., 2004). Notably, the same stimulus-type effect was absent when all remaining
voxels in the LC atlas were employed in a separate analysis. These findings were replicated both
without spatial smoothing, and when the dorsal pontine cluster identified at rest was used to define the
respective VOIs. The latter result indicates that the observed LC sensitivity to oddball stimulus
relevance persisted even when the VOI was derived from pupil data collected independent of task
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performance. At the between-subjects level, larger evoked LC BOLD responses to target stimuli were
reliably associated with faster mean response times. This finding is consistent with a core tenet of the
adaptive gain theory of LC-NA function that phasic LC activity expedites appropriate responses to
behaviorally-relevant stimuli (Aston-Jones and Cohen, 2005), and again was restricted to the area of
overlap between the LC atlas and the task-derived pontine cluster. However, these between-subjects
effects were absent when spatial smoothing was not applied to the fMRI data. We note that it was not
possible given our task design to disentangle the extent to which target-evoked BOLD responses
reflect simple ‘novelty’ processing as opposed to processes related to the behavioural relevance of the
stimulus. Future studies could investigate this further by including infrequent non-target stimuli as
part of the oddball task (e.g. Bledowski et al., 2004).

Why did pupil diameter only covary with activity in the rostral LC, and why was the effect of
oddball stimulus-type on LC BOLD activity only present in this specific region? One possibility is
that our findings could reflect a distinct subpopulation of LC neurons that selectively correlate with
pupil diameter and are uniquely sensitive to stimulus-relevance. While this possibility is intriguing,
two sources of evidence derived from animal LC physiology suggest that this may not be the case.
First, the ventral medulla, hypothesized to mediate the relationship between LC activity and pupil size
(Nieuwenhuis et al., 2010), does not exhibit selectivity in its projections to rat LC along a rostro-
caudal axis (van Bockstaele et al., 1998). Second, the monkey LC phasic response to target oddball
stimuli is a stereotyped, LC-wide phenomenon (e.g. Aston-Jones et al., 1994), which does not support
an argument for differentiation among LC neurons’ phasic sensitivity to stimulus-relevance. In fact,
previous LC imaging studies have rarely reported peri-LC clusters that are larger than those reported
here (e.g. Kahnt and Tobler, 2013; Krebs et al., 2013; Minzenberg et al., 2008; Raizada and Poldrack,
2007; Schmidt et al., 2009; van Marle et al., 2010), which may reflect the fact that fMRI of brainstem
nuclei like the LC is subject to a low signal-to-noise ratio even after extensive image pre-processing
(Barry et al., 2013; Harvey et al., 2008). This in turn suggests another plausible explanation for the
spatially constrained nature of our LC functional effects: Pupil diameter correlations and stimulus-

type effects were not observed where LC voxel time-series were particularly noisy. Indeed, a control
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VOI analysis localized to the LC-adjacent pontine crossing white matter tract revealed moderate
stimulus-evoked responses in this region, suggesting considerable contamination by noise.

A further consequence of this high degree of noise is that our data likely underestimate the
true strength of the pupil-LC relationship, and are therefore unable to provide an accurate assessment
of how well pupil diameter actually indexes LC activity. A rigorous analysis of the strength of this
relationship using direct cellular recordings in animals will be an important next step in establishing
pupil diameter as a robust indirect measure of LC activity. In spite of these issues, however, our VOI
analyses do offer encouragement for researchers in search of avenues to overcome the signal-to-noise
difficulties inherent in LC functional imaging, by suggesting that pupil diameter might be used to
isolate LC voxels with the most reliable signals.

As noted above, some discrepancies existed between the results observed with and without
spatial smoothing: When no smoothing was employed, the spatial extent of the LC-pupil relationship
was diminished, particularly in the rest condition, and the between-subjects correlation effect was
absent. Which, then, is the more appropriate approach? In terms of minimizing the contribution of
adjacent brain regions to the observed LC BOLD signal, omitting spatial smoothing is clearly
preferable. However, smoothing also offers some distinct advantages, such as improving statistical
power by enforcing the parametric assumptions of random field theory, and importantly, diminishing
the negative effects of small between-subjects normalization differences on group-level analyses. The
latter point is particularly salient for small structures located deep in the brainstem, like the LC, where
individual differences in location in standardized space likely persist even after application of
sophisticated normalization techniques. We therefore view both smoothed and unsmoothed analyses
as complementary, and convergent upon our primary conclusion that pupil diameter correlates with
BOLD activity in at least a subset of LC-localized voxels.

Nonetheless, the promise of this observation should be accompanied by several caveats. First,
a proportion of LC neurons are intermingled with cells belonging to predominantly cholinergic
pontine nuclei such as the laterodorsal tegmental nucleus (Mesulam et al., 1989) which, like the LC,
play important roles in the regulation of arousal. Disentangling the unique relationships between pupil
diameter and these cell groups is not feasible with fMRI. Second, fMRI images of higher spatial
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resolution than that employed presently would be more suited to ruling out the possibility that the LC-
localized BOLD signal is contaminated by activity from other neighbouring brainstem nuclei. Both
considerations, coupled with the previously-mentioned prospect of individual differences in LC
location even after image normalization, highlight the fact that conclusions regarding the extent to
which our observed dorsal pontine effects are specific to LC must remain tentative. Future studies
should therefore seek to replicate the correlation between pupil diameter and LC activity at finer fMRI
image resolution (e.g. Minzenberg et al., 2010) and, more importantly, via single unit recordings in

animals.
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Conclusions
The present results provide important support for the increasing use of pupil diameter as a
tractable, non-invasive index of LC activity. We have also leveraged the relationship between pupil
diameter and LC BOLD activity to provide the first demonstration in humans of phasic LC
modulation by stimulus relevance in the classic two-stimulus oddball paradigm. Taken together, these
findings highlight the exciting potential for utilizing pupil diameter to achieve a more comprehensive

understanding of the role of the LC-NA system in human cognition.
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Figures

Figure 1. Anatomical localization of the LC. A, Spatial extent of the binary LC atlas (Keren et al.,

2009; displayed in black) overlayed onto a canonical whole brain image. B, Multiple axial slices
(highlighted in sagittal image in A), of the group-mean high-resolution T1 TSE structural image.

White arrows highlight position of LC nuclei.
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Figure 2. Relationship between pupil diameter and spatially smoothed BOLD activity. A, Whole-

brain map showing brain regions whose spatially smoothed BOLD activity co-varied with pupil

diameter at rest, during oddball task performance, and the overlap between both runs. B, Dorsal

pontine activation cluster from the rest run (hotter colours indicate higher F-values) overlayed on the

group-mean high-resolution T1 TSE structural image and highlighting overlap with the LC atlas

(Keren et al., 2009). C, Dorsal pontine activation cluster from the task run. Same format as B. For A,

B and C, images shown are thresholded at p < 0.001 uncorrected, and all regions survived topological

FDR correction for multiple comparisons (p < 0.05).
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Figure 3. Relationship between pupil diameter and BOLD activity without spatial smoothing. A,
Whole-brain map showing brain regions whose unsmoothed BOLD activity co-varied with pupil

diameter at rest, during oddball task performance, and the overlap between both runs. B, Dorsal

pontine activation cluster from the task run (hotter colours indicate higher F-values) overlayed on the

group-mean high-resolution T1 TSE structural image and highlighting overlap with the LC atlas
(Keren et al., 2009). At rest, no dorsal pontine voxels survived whole-brain correction for multiple
comparisons. For A and B, images shown are thresholded at p < 0.001 uncorrected, and all regions

survived topological FDR correction for multiple comparisons (p < 0.05).
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Figure 4. Characteristics of the pupillometric signals. A, Grand-average stimulus-evoked responses in
pupil diameter during oddball task performance. The original pupillometric time-course (sampled at
60 Hz) was epoched around stimulus presentation using mean pupil diameter over the 500 ms pre-
stimulus as a baseline. Shaded area represents S.E.M. B, Within-subject variability in the continuous,
down-sampled pupillometric time-series employed in the fMRI analyses. Error bars indicate S.E.M.;

pupil diameter was more variable during the task run compared to the rest run (p = 0.003).
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Figure 5. Volume of interest (\VOI) analyses of the effect of oddball stimulus relevance on evoked LC

BOLD responses with spatial smoothing. A, Parameter estimates for target versus standard stimuli at

each level of the informed basis set (C: canonical HRF; T: temporal derivative; D: dispersion

derivative), where the VOI was defined by the overlap between the LC atlas and the dorsal pontine

cluster identified during the task run (‘LC/Pupil Overlap’). Error bars indicate S.E.M. B, Estimated

BOLD responses for the LC/Pupil Overlap VOI, time-locked to stimulus onset. Shaded area

represents S.E.M., black lines indicate latencies at which stimulus-type effect was statistically

significant (p < 0.05, uncorrected). C, Between-subjects correlation of response time (RT) with peak

target-evoked BOLD response amplitude in the LC/Pupil Overlap VOI. D, E, F, Parameter estimates,
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estimated BOLD responses and between-subjects correlation for a control VOI defined by all
remaining voxels in the LC atlas. Format same as A, B and C, respectively. G, H, I, Parameter
estimates, estimated BOLD responses and between-subjects correlation for a second control VOI
defined by an LC-adjacent region of the pontine crossing white matter tract. Format same as A, B and

C, respectively. **p < 0.01; "*p > 0.2.
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