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Abstract
Pain sometimes has a throbbing, pulsating quality, particularly when it is severe and disabling. We
recently challenged the presumption that this throbbing quality is a sensory experience of arterial
pulsations, but were unable to offer an alternative explanation for its rhythmic character. Here we
report a case study of a woman with a history of daily headache consistent with the diagnosis of
chronic migraine, but whose throbbing quality persisted long after the resolution of the headache.
This chronic, daily, and persistent throbbing sensation, in the absence of headache pain, prompted
closer examination for its neurophysiological correlate. By simultaneously recording the
subjective report of the throbbing rhythm, arterial pulse, and high-density electroencephalogram
(EEG), we found that the subjective throbbing rate (48 ± 1.7 bpm) and heart rate (68 ± 2 bpm)
were distinct, in accord with our previous observations that the two are unrelated. On spectral
analysis of the EEG we found that the overall amount of activity in the alpha range (8 to 12 Hz),
or alpha power, increased in association with greater throbbing intensity. In addition, we also
found that the rhythmic oscillations of overall alpha power, the so-called modulations of alpha
power, coincided with the timing of the throbbing rhythm, and that this synchrony, or coherence,
was proportional to the subjective intensity of the throbbing quality. This index case will motivate
further studies whose aim is to determine whether modulations of alpha power could more
generally represent a neurophysiological correlate of the throbbing quality of pain.

Introduction
Descriptions of pain quality, such as throbbing, aching, or sharp pain, provide invaluable
clues to the underlying diagnosis. However, we know very little about the
neurophysiological events underlying these clinically relevant pain qualities. Throbbing,
pulsatile pain is one such quality that has long been presumed to arise in the periphery, as a
sensory experience of arterial pulsations. Accordingly, throbbing pain that is frequently
associated with tissue injury and inflammation, such as post-surgical pain [3], bone fracture
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[12], cervical artery dissection [2], giant cell arteritis [40], and dental pain [44] is often taken
as evidence in support of this presumption.

However, a throbbing quality is also highly prevalent in a range of other pain conditions
more specifically associated with nerve injury, such as carpal tunnel syndrome [22] and
post-herpetic neuralgia [37]. Even isolated lesions affecting the central nervous system, such
as post-spinal cord injury pain [13], post-traumatic brain injury pain [38], multiple sclerosis
[19] and late-onset chronic pain after a thalamic stroke [27] are also associated with
throbbing pain. Isnard and colleagues recently described another compelling example of a
purely central lesion related to throbbing pain in a patient whose episodic sensory seizures
were manifested by a throbbing pain sensation, and whose clinical and electrographic
abnormalities resolved with the ablation of a focal area of cortical dysplasia within the right
posterior insula [21].

The presence of throbbing pain in such a wide range of physiologically distinct conditions
should, by itself, undermine the widely held presumption that the throbbing quality of pain
is a sensory experience of arterial pulsations. In fact, our recent studies of the throbbing
rhythm in patients with migraine [1] and dental pain [34] formally excluded any association
between the rhythm of throbbing pain and the timing of any rhythms that could be derived
from hemodynamic activity, such as venous flow or cerebrospinal fluid pressure. However,
we were unable to offer any evidence for an alternative source for this rhythm. In the present
case report we describe a woman with a resolved history of chronic migraine and chronic
daily headache due to medication overuse, but whose throbbing sensations persisted
chronically, long after the resolution of the chronic daily headache.

In considering the possibility that there is a neurophysiological representation of throbbing
pain, the high temporal resolution of the EEG is ideally suited to follow these rhythmic
events. Among the most consistent neurophysiological correlates of pain are changes in
spectral power at lower frequencies, including the alpha rhythm (8–12 Hz), in clinical pain
[41] as well as in experimental models of pain [4,5,45]. It was also of particular interest that
the subject’s throbbing rate (1 Hz or less) closely approximated the rate of the rhythmic
modulation of alpha power, which has been implicated as having a role in brain signaling in
health and disease, and may also be relevant to the processing of pain [18,48].

Methods
Recording session

The subject refrained from taking any acute pain medications during the 72 hours prior to
the evaluation day. As was customary for the subject, the throbbing intensity increased
markedly as the day progressed. She recorded the psychophysical properties of the throbbing
quality, while we simultaneously recorded the arterial pulse. In addition, we performed high-
density EEG recordings in two sessions each lasting 5 minutes, one at mid-day and the other
at the end of the afternoon. Each of these recording sessions was primarily a resting-state
session with her fixing her gaze at a visual fixation target. A short task period was inserted
into each session during which she pressed a key on an instrument panel to indicate the
throbbing rhythm. Based on the relative intensity of the throbbing intensity experienced by
the subject, the two EEG recording sessions were referred to as “weak” and “strong”
intensity throbbing sessions, respectively.

EEG recordings
The electroencephalogram (EEG) was recorded using a 128-channel BioSemi Active
System at a sampling rate of 1024Hz. The visual fixation target was delivered using E-Prime
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software and the psychophysical responses were registered using a Berisoft EXKEY
microprocessor logic pad.

Data preprocessing and spectral analysis
EEG data were preprocessed as follows: (1) bandpass filtering with cutoffs set at 0.53 and
50Hz and downsampling to a frequency of 250Hz, (2) re-referencing each channel against
the average reference, (3) using independent component analysis (ICA - EEGLAB 7.2
tutorial, sccn.ucsd.edu/eeglab) to remove muscle artifacts, movement artifacts and excessive
eye blinks. To mitigate the impact of volume conduction, we used BESA 5.2 to transform
voltage time series into current source density (CSD) time series.

The overall power spectra associated with weak or strong throbbing (Figure 1A) is the
average power spectra from all channels for both recording sessions. We also created a
topographic map of the channel-by-channel difference in average alpha power (Figure 1B)
using EEGLAB software. The statistical significance of the difference was assessed by
paired t-test.

Rhythmic modulation of alpha power
In order to calculate the dynamic changes in alpha power, we applied a moving window of
500 ms in duration to the CSD time series, stepping forward in 4 ms increments. The
spectral power within each window was calculated using the multitaper method (Mitra &
Pesaran 1999) and integrated between 8 to 12Hz to yield alpha power. The resulting
calculations describe a time series of alpha power with a sampling rate of 250 Hz, whose
rhythmic fluctuations we term the modulation of alpha power (Figure 1C).

Coherence between rhythmic modulation of alpha power and throbbing events
In order to compare the rhythmic modulation of alpha power to the sequence of reported
throbbing events, we transformed the record of reported throbbing events from a series of
discrete key presses into a continuous waveform by convoluting the sequence of discrete
events with a Gaussian kernel. The synchrony between the alpha power time series and the
reported throbbing events was determined by measuring the coherence between these two
waveforms (Figure 1D), where the window length was set at 10 s and the overlap was half
the window length. We tested the significance of the coherence between the throbbing
rhythm and the rhythmic modulation of alpha power, by comparing it to the null hypothesis,
which was comprised of a large distribution of coherence values derived from pairing the
recorded sequence of throbbing events with random samples of alpha power time series of
equal length from the recording of resting state.

We assessed the change in alpha synchrony at the cortical network level by computing the
coherence between the modulations of alpha power from all pairwise combinations of
posterior channels during each of the two 5-minute resting state sessions (Figure 1E). The
window length was 25 s and the overlap was half the window length.

Case History and Results
Case History

The subject was a 56-year old clinical psychologist with a prior headache history consistent
with the ICHD-II diagnosis of migraine without aura [20], consisting of episodic throbbing
frontal head pain accompanied by nausea, photophobia and phonophobia. The usual triggers
included stress, lack of sleep, wine, and skipped meals, and she obtained substantial and
consistent relief from oral sumatriptan. Her present clinical history began at the age of 49
when she was disabled by chronic low back pain due to multi-level degenerative disc
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disease, obtaining only partial pain relief on a daily regimen of oxycodone. However,
concurrent with this chronic back pain and opioid use, the subject developed a chronic daily
headache, consisting of dull holocephalic pressure, from which she no longer obtained
complete relief from sumatriptan, NSAIDS, and caffeine containing combination analgesics.

At age 53, she underwent a multi-level laminectomy and stabilization of the L2–3, L3–4,
and L4–5 intervertebral spaces, which together with continued physical therapy, resulted in
a successful outcome for her chronic back pain. However the patient’s headache and daily
opioid use continued until age 54, when the presumptive diagnosis of Medication Overuse
Headache [20] prompted the withdrawal from all abortive medications, including opioids,
triptans, NSAIDs, and caffeine. She also discontinued estrogen replacement therapy. The
chronic daily headache gradually remitted over months, and by age 55 she returned to a
stable baseline of episodic migraine attacks at a frequency of less than two per month, with a
full or near-complete treatment response to oral sumatriptan.

However, despite the remission of her chronic daily headache, she noted the persistence of a
chronic throbbing, pulsatile sensation located symmetrically in the frontal and bitemporal
regions of her head. This sensation was present at all times, though the sensation became
more intense at the end of the workday. At those times especially, the throbbing sensation
was intrusive and distracting. There were no other provocative maneuvers, such as bending,
coughing, valsalva, or physical exertion, though the throbbing sensation was aggravated by
agitation and strong emotions. Leading up to and during the episodic migraine attacks, the
throbbing sensation also became much more intense, but had the same rhythmic qualities.
The only known palliative technique that she could find was through distraction, such as
with vigorous physical activity. She reports that on occasion, should she pause from physical
activity to note it, the rate and rhythm of the throbbing quality did not change appreciably.

An extensive imaging workup failed to reveal evidence for an arteriovenous fistula, cerebral
sinus stenosis, or other abnormality that could account for a pulsatile tinnitus. Medication
trials that included naproxen, sumatriptan, atenolol, verapamil, topiramate, valproic acid,
and gabapentin provided no meaningful benefit or relief from the throbbing sensation. It was
notable that atenolol produced a symptomatic bradycardia without any effect on the rate or
quality of the throbbing sensation. At one year follow up from the time of evaluation and
two years from the onset of symptoms, the subject continues to experience this throbbing
sensation daily.

The subject expressed a strong interest in the neurophysiological basis of her present
condition, and was offered the opportunity to characterize her throbbing experiences through
traditional psychophysical and electrophysiological recording methods.

Psychophysical recording
The experience of throbbing on the day of the recording was typical for the subject, in which
the throbbing intensity was relatively modest in the morning and had much greater intensity
at the end of the afternoon. The subject practiced recording the rhythm of the throbbing
perceptions into a digital recording device in the morning prior to the simultaneous
recording of the EEG (see Methods). During the two afternoon EEG recording sessions,
there was an interval increase in the subjective intensity of the throbbing experience, yet
there was only modest variation in the rate of throbbing, at 44 and 48 bpm, respectively. In
addition, the overall subjective throbbing rate of 48 ± 1.7 bpm was significantly slower than
the subject’s regular heart rate of 68 ± 2 bpm (p<0.005, paired t-test).
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Throbbing intensity influences alpha power
We compared the overall EEG spectral power between weak and strong throbbing
conditions. Figure 1A shows the power spectra from a representative parietal-occipital
channel, which demonstrates that the overall alpha power (8–12Hz) was higher in the
session associated with the stronger throbbing pulsations. When represented topographically
as the percent change in alpha power over the whole scalp, the increase in alpha power was
significant (p<0.01), and most prominent over the posterior channels (Figure 1B).
Concurrent with an increase posterior alpha power, we observed a decrease in alpha power
over frontal electrodes (p< 0.01).

Throbbing pulsations synchronize with rhythmic modulation of alpha power
We also noted that the magnitude, or power, of alpha oscillations fluctuated over time in a
rhythmic fashion, and that these fluctuations were in synchrony with the reported throbbing
pulsations (Figure 1C). The coherence between the reported throbbing events (see Methods)
and the simultaneously recorded rhythmic fluctuations of alpha power from the parietal-
occipital lead (PO3) was significantly higher during the period associated with a strong
subjective experience of throbbing (coherence=0.35), compared to that associated with the
subjectively weak experience of throbbing (coherence=0.25, p<0.05). In addition, the
coherence values from both of these states were stronger than those derived from a large
sample of randomly chosen epochs from the resting state recording overlaid onto the record
of throbbing events (p<0.05). Other electrodes over both posterior and frontal cortices
exhibited similar effects.

In another critical control of whether the coupling between the EEG and the subjective
report was an artifact of the motor task, we applied the same analysis of the rhythmic
modulations of alpha power to the somatosensory/premotor region (electrodes C3/C5),
where we found a coherence value of 0.08, which was not significantly higher than the null
hypothesis (p>0.3).

To further examine the synchrony between the rhythmic fluctuations of alpha power and the
simultaneous record of throbbing events, we measured the variability of the time lag
between each throbbing event and the nearest peak of the alpha power time series, and found
that the mean time lag was smaller during the strong throbbing session (0.24 sec) compared
to the weak session (0.43 sec), which matched the patient’s own subjective report that the
accuracy of her reports were greater during the strong throbbing session. In the session
associated with strong throbbing, the average interval between adjacent throbbing events
was 1.25 +/− 0.05 sec, which is close to the average interval between adjacent peaks in the
rhythmic modulations of alpha power (1.20 +/− 0.49 sec), whereas in the session associated
with the weak experience of throbbing, the average interval between adjacent throbbing
events was 1.44 +/−0.11 sec, which is larger compared to the average interval between
adjacent alpha power peaks of 1.18 + /− 0.45 sec.

Throbbing intensity modulates large-scale network synchrony
Concurrent with the increase in overall alpha power seen in Figure 1B, the pairwise
coherence among the posterior EEG channels is also enhanced in the session with intense
throbbing across a wide range of frequencies (Figure 1E). The increase in coherence is
significant under the paired t-test (p<0.01). A similar increase in coherence was also found
among the frontal channels.
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Discussion
Sufferers of migraine headache often describe a range of somatosensory experiences that
persist well after the resolution of the acute head pain. Those with chronic migraine also
report migrainous symptoms that persist beyond the episode of head pain, such as
photophobia, nausea, vertigo, or tinnitus [10], but a persistent throbbing, pulsatile sensation
in the absence of pain is uncommon. However, the history of chronic daily headache
associated with several well-recognized risk factors for chronic migraine, followed by its
resolution following the effective management of these risk factors, provides a compelling
clinical context for this unusual symptom.

Another term that could be used to describe this symptom might be “pulsatile tinnitus”, the
term strongly implying the auditory perception of rhythmic, turbulent blood flow. However,
extensive radiographic studies failed to find a vascular etiology, and in the present case there
was no correspondence to arterial pulse. However, it may be of interest to hypothesize a
clinical distinction between this migrainous throbbing experience, which is unrelated to
arterial pulse, and pulsatile tinnitus, which is generally understood to have a vascular
etiology. However, this operational distinction needs to be formally tested in a broader
clinical context.

There are two other persistent rhythmic somatosensory symptoms that we are aware of with
a close association with migraine. The first is a report of oscillating hyperacusis occurring
prior to the onset of a migraine attack, termed “oscillocusis” by Whitman and Lipton [49],
though this was a transient, self-limited event, best characterized as migraine aura. Second is
the so-called mal de debarquement, a chronic illusory perception of a swaying, rocking or
bobbing motion triggered by a prolonged exposure to passive rhythmic movement, such as
riding on a boat [8]. However, the physiological basis for this chronic, rhythmic,
somatosensory disorder could be of great relevance in that mal de debarquement is
associated with changes in resting state metabolic activity and functional connectivity in
areas of the brain associated with self-perception and somatosensory processing, such as the
insula, amygdala, and middle temporal gyrus [9].

Non-invasive neurophysiological approaches such as EEG (as well as
magnetoencephalography – MEG) represent important, clinically accessible, opportunities
to understand fundamental aspects of somatosensory processing, including pain [18].
Investigators have reported complex changes in neuronal activity in those with chronic
neurogenic pain [41] as well as in association with acute migraine [6,11,14,47], many
features of which have been replicated in studies of acute experimental pain in healthy
subjects [5,45]. Recent studies have found that local somatosensory region activity at
gamma (30–100 Hz) frequencies correlate with pain intensity [42,50], while complex
changes at lower frequencies may suppress resting activity in the alpha and beta (8–25 Hz)
frequencies [39] or at least contribute differentially to differences in these ratings of pain
intensity [43]. However, these studies have not investigated whether there are distinct
neurophysiological properties underlying the individual perceptual qualities of pain.

The mechanisms underlying alpha rhythm are not fully understood, but are thought to
involve the intrinsic bursting properties of neurons supporting thalamocortical signaling
[17,32], and whose disruption, or dysrhythmia, may be the basis for certain neurogenic pain
disorders [18,48]. In turn, slow modulations of EEG activity in the alpha band are thought to
be of great relevance to brain function because these large-scale, brain-wide network
oscillations appear to be the basis for communication between distant but functionally
related regions of the brain [28–30,36]. Accordingly, a functional role for these slow
oscillatory activities in somatosensory processing is emerging, as they predict perceptual
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acuity and performance [31] by a mechanism that appears to involve the synchronization of
local fast neuronal activity between different brain regions, so-called cross-frequency
coupling [7,24]. Some of this data suggests that the amplitude of the alpha rhythm can be
modulated by the phase of the delta rhythm (0 to 3 Hz) [16,24], though we did not find
evidence for the synchronization between the delta rhythm and the throbbing rhythm in this
subject.

Recent simultaneous fMRI-EEG studies demonstrate that alpha power can be modulated by
various large-scale brain networks [25,26,33] and suggest its potential as a biomarker for
some clinical conditions [35,46]. Our finding that alpha power fluctuations are synchronized
with the rhythm of throbbing events, and that the degree of synchrony correlates with
throbbing intensity, is significant not only because these rhythmic modulations of alpha
power may represent a neuronal signature of the experience of throbbing pain, but also
because it affirms a role for these large-scale network properties in the processing of pain.

The general relevance of these observations can only be addressed with further confirmation
in more typical cases of migraine, as well as in other throbbing pain conditions. This is of
particular relevance in this case as the association between throbbing and either pain or
migraine remains circumstantial. In addition to this, there are two other notable limitations
of this case report. First, the subject reported rhythmic throbbing events by pressing an
instrument key, which raises the possibility of an artifact due to motor activation. Although
we are unable to completely exclude this possibility, it is unlikely to be significant because
the synchrony between the sensorimotor channels and throbbing rhythm is low and is not
correlated with throbbing intensity. The second limitation is that, because the EEG
technique has limited spatial resolution, it is difficult to resolve the contribution from
individual brain regions, especially those regions that are not in close proximity to the
surface electrodes.

Future work will focus on reproducing these findings and on overcoming these
methodological and technological hurdles, which we hope will reveal a more detailed
picture of the neurophysiological events underlying the experience of throbbing pain. It is
hoped that these insights may one day lead to clinically meaningful benefits, such as the
development of neurophysiological markers identifying subpopulations most amenable to
existing therapies, or novel neuromodulatory strategies with clinical applications to chronic
pain [23].
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Summary

This patient with migraine developed a persistent sense of throbbing, without pain. Her
EEG describes what may be a neurophysiological correlate of the throbbing quality.
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Figure 1.
Spontaneous alpha power (power between 8–12Hz) is modulated by the intensity of the
throbbing sensation. (A) Power spectra from a parietal-occipital channel. (B) Topography of
the percentage change in alpha power calculated at each electrode by (Astrong−Aweak)/Aweak,
where A stands for alpha power. (C) The point process of reported throbbing onset is plotted
as vertical lines on which alpha power time series in PO3 channel was superimposed during
stronger throbbing session. (D) Coherence around 0.7 to 1Hz between the alpha power time
course and the throbbing reporting events in (C). The coherence is significant compared to
random permutation (p< 0.05) under either weak or strong throbbing session. (E) Coherence
of amplitude envelop of alpha oscillation was calculated between pairwise posterior
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channels, and then averaged. The temporal dynamic of alpha powers is more synchronous
when stronger throbbing sensation was reported. The difference between two conditions is
significant under paired t-test across channels (p<0.01).
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