
of m.3243A�G mutation load in urinary epithelium
is a better predictor of outcome than the present gold
standard of skeletal muscle tissue. We believe that
urinary epithelium completely replaces muscle bi-
opsy as the most suitable tissue for the initial diag-
nosis in patients suspected of harboring the

m.3243A�G mutation. We have adopted this ap-
proach in our practice, and believe that if this ap-
proach were to become widespread, then countless
patients would avoid the need to undergo an un-
necessary muscle biopsy.
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NEURAL SIGNATURES IN PATIENTS WITH
NEUROPATHIC PAIN
The mechanisms by which neural signals are encoded
to produce conscious sensations remain a central
question in neuroscience. Invasive recordings from
human brain structures in vivo give us the opportu-
nity to study neural correlates of these sensations.
Pain is a sensation fundamental to survival and its
subjective nature in the clinical setting makes it diffi-
cult to quantify. It remains without direct objective
neuronal correlates. Here we describe an 8–14 Hz,

spindle-shaped neural signal present in both the sen-
sory thalamus and periaqueductal gray area (PAG) in
humans that directly correlates to the subjective re-
porting of pain intensity.

Local field potentials (LFPs) recorded by deep
brain macroelectrodes reveal the ensemble activity
of neuronal groups in particular brain regions.1

The oscillatory amplitude of such ensembles is
proportionate to the degree of synchrony with
which they oscillate.2 Properties of oscillations in-
cluding their synchrony, frequency, and corre-

Table Comparison of Newcastle Mitochondrial Disease Adult Scale clinical
score with m.3243A>G heteroplasmy level in blood, skeletal muscle,
and urinary epithelium

Patient
ID Age, y*

Clinical
score

Blood
heteroplasmy (%)

Muscle
heteroplasmy (%)

Urine
heteroplasmy (%)

1 33 3 2 4 4

2 45 7 1 11 8

3 78 25 N/A 29 30

4 45 39 16 32 91

5 33 27 14 35 14

6 60 52 6 39 55

7 32 4 1 41 18

8 35 3 8 47 22

9 38 21 8 50 54

10 54 4 14 52 51

11 47 29 2 53 54

12 36 1 14 56 72

13 38 6 16 58 55

14 58 32 24 66 52

15 31 16 16 66 57

16 58 43 N/A 67 60

17 30 1 15 67 62

18 30 50 71 71 96

19 27 5 36 71 52

20 30 32 N/A 71 96

21 63 18 18 76 49

22 41 84 13 81 82

23 50 20 22 87 74

24 29 23 35 87 80

*Refers to the age of the patient at the time that the urine and blood samples were taken
and clinical score assessed.
N/A � not available.
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Figure Local field potential changes in different pain states

(A) 10-Hz spindle-shaped activity in the ventroposterolateral nucleus of the thalamus in a patient with chronic neuropathic poststroke pain. The three
graphs represent three bipolar channels of the same electrode (four contacts). Note the onset of each period of activity as indicated by the orange arrows
on the x-axis as well as the relative pain that the patient was experiencing, as indicated by the colored overlay (green � moderate pain [VAS � 5/10], blue �

severe pain [VAS � 9/10]). (B) Comparison of spindle–nonspindle activity in each nucleus showed a significant exponential correlation between VAS and
spindle activity. Each point represents a different patient (15 electrodes in 12 patients, as 3 had PAG and VPL). R2 � 0.67, �2 � 0.00373. (C) Time-
frequency analysis of local field potentials during pain. This shows a 1-second segment of the power spectrum of the local field potentials recorded from
the sensory thalamus in a patient with intense pain (VAS � 8/10). Based on time-variant autoregressive modeling, this time-frequency distribution demon-
strates the changes in dominant frequencies during a 1-second burst of spindle activity over time. It demonstrates the maximum power of approximately
8 –10 Hz with entry from high frequency to low frequency during the 1-second burst of spindle activity. This provides an individual signature of pain for this
patient. Frequencies above 20 Hz have been omitted for clarity. (D) Mean power spectral changes for each nucleus. Power spectra showing the dominant
frequencies for each nucleus in two conditions. In the nonpain condition, patients were at rest. In the painful condition, pain was evoked using an ice-cold
stimulus on the skin of the affected part. Pain increases power in the 8 –12 Hz frequency in the PAG and 17–30 Hz in the sensory thalamus. Light-colored
lines show 1 SD of the mean. VAS � Visual Analogue Score; PVG � periventricular gray area; PAG � periaqueductal gray area; VPL � ventroposterolateral.
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sponding power spectra vary both between brain
structures and dynamically, depending upon the
activity performed.3

Methods. Twelve patients (11 male, 1 female) un-
derwent deep brain stimulation for treatment of
chronic neuropathic pain. Etiology was as follows;
poststroke pain (4), phantom limb pain (3), facial
pain of various causes (4), and brachial plexus injury
(1). Nuclei targeted were periaqueductal gray (PAG)
alone in 3 patients, ventroposterolateral/medial nu-
cleus of the thalamus (VPL/VPM) in 6 patients, and
both in 3 patients. This was decided upon based on
clinical grounds (in general, sensory thalamus was
avoided if the patient had had a thalamic stroke).
Three patients had both nuclei implanted as stimula-
tion of the first did not show convincing pain relief
intraoperatively. Mean age was 51.6 years (range
35–74 years).

LFPs were recorded postoperatively. The experi-
ment was started with 10 minutes of rest before re-
cording. Recording of LFPs then lasted 10 minutes,
during which time Visual Analogue Score (VAS) of
pain was recorded every 60 seconds. This protocol
was repeated three times for each patient, on 3 sepa-
rate days.

Results. The most prominent finding was character-
istic spindle-shaped bursts of increased amplitude at
approximately 10 Hz (slightly different in different
subjects, range 8–14 Hz, mean 10 Hz) in both the
sensory thalamus and PAG concomitant with subjec-
tive awareness of pain (figure, A). Statistical analysis
revealed a significant increase in the number of bursts
and increasing VAS for each individual subject as
well as an increased ratio of burst-time to non-burst-
time activity in the pain state (figure, B). Plotting
burst activity against the background power spec-
trum of LFP activity over a finite time course reveals
an individual neural signature of pain for each sub-
ject (figure, C). In general, power spectra reveal that
there is a significant rise in the 8–12 Hz activity in
the PAG and a rise in the 17–30 Hz activity, i.e., beta
frequency, in the sensory thalamus (figure, D).

Discussion. Noninvasive electrophysiologic and
functional neuroimaging technologies have, until
now, provided the most convincing evidence of
changes in human brain activity associated with
pain.4 They have also enhanced understanding of
whole brain responses to deep brain stimulation.5 Al-
though previous studies have looked at electrical cou-
pling between brain nuclei in pain,6 they have not
revealed convincing characteristic waveforms that
may represent pain perception. These previous stud-

ies have suggested 0.2–0.4 Hz frequency changes in
the sensory thalamus in the pain state, but these fre-
quencies were reduced during analgesia induced by
periventricular gray area stimulation and this fre-
quency is rather close to that of respiration. The cor-
relation of the pain spindles in the thalamus may be
explained by the fact that they represent direct activ-
ity in a relay nucleus. In the PAG, they are harder to
understand as this is an antinociceptive area but they
may be due to the “pain inhibits pain” mechanism of
diffuse noxious inhibitory controls on which the
PAG has been shown to have an influence.7 Our find-
ings are significant in that not only do they provide a
direct neural signature of a subjective conscious state
but they may also allow for objective measurements and
predictions of the relative level of subjective pain. We
intend to investigate these preliminary findings in a
more methodical and robust manner.
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