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Periaqueductal gray matter dysfunction
in migraine and chronic daily headache
may be due to free radical damage

Abstract The periaqueductal gray
matter (PAG) is at the center of a
powerful descending antinociceptive
neuronal network. We studied iron
homeostasis in the PAG in episodic
migraine patients between attacks
and in chronic daily headache
patients during headache using high-
resolution magnetic resonance imag-
ing (MRI) techniques to map the
transverse relaxation rates R2, R2*
and R2’ in the PAG, red nucleus
(RN) and substantia nigra (SN). R2’
is a measure of non-heme iron in tis-
sues. We hypothesized that repeated
hyperoxia of brainstem structures
observed during migraine may gen-
erate free radical damage over time,
resulting in iron deposition in vul-
nerable tissue. Seventeen patients
diagnosed with episodic migraine
with and without aura (EM), 17 with
chronic daily headache (CDH) and
medication overuse, and 17 normal
adults (N) were imaged with a 3
tesla MRI system. In the PAG, there
was a significant increase in mean
R2’ and R2* values in both the EM
and CDH groups (p<0.05) compared
to normal, but no significant differ-
ence in these values between the EM
and CDH groups, or between
migraine with or without aura in the
EM group. Positive correlations
were found for duration of illness
with R2” in the EM and CDH
groups. Duration of the episodic

migraine stage in the CDH group did
not correlate significantly with R2’,
although the total duration of the
episodic migraine plus daily
headache stages of the CDH group
strongly correlated with R2’. No
effect of age was noted on R2’.
Decrease in mean R2’ and R2* val-
ues also was observed in the RN and
SN of the CDH compared to N and
EM groups (p<0.05), explained best
by flow activation due to head pain.
Iron homeostasis in the PAG was
selectively, persistently and progres-
sively impaired in the EM and CDH
groups, possibly caused by free radi-
cals generated during repeated
migraine attacks. These results sup-
port and emphasize the role of the
PAG in migraine, potentially by
dysfunctional control of the trigemi-
novascular nociceptive system.
Development of CDH out of EM
may be associated with a critical
threshold of iron deposition and drug
withdrawal excitation of the dys-
functional PAG.
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Introduction

The periaqueductal gray matter (PAG) is the center of a
powerful descending antinociceptive neuronal network
[1]. The concentration of transferrin receptors that trans-
port iron in and out of the PAG is the highest of any brain
region [2]; transferrin receptor density may be a marker of
the cellular requirements for iron during oxidative metab-
olism [3]. Those neurons that have high resting iron lev-
els and the potential for iron-induced oxidative stress may
be selectively vulnerable to free radical damage [4]. We
have observed previously that hyperoxia occurs in brain-
stem structures activated during migraine attacks.
Overexpression of transferrin receptors may lead to tissue
iron accumulation and iron-catalyzed free radical cell
damage, accentuated by repeated episodes of hyperoxia
recorded during migraine with or without aura [5, 6]. We
report here increased R2’ values, a sensitive MRI measure
of free iron in brain tissue [7], in the PAG of patients with
episodic migraine with and without aura and with chron-
ic daily headache. These data may reflect impaired iron
homeostasis, possibly associated with neuronal dysfunc-
tion or damage.

Patients and methods

Patients

International Headache Society (IHS) classification guidelines
were used to diagnose episodic migraine without aura (MwoA),
migraine with aura (MwA), and chronic daily headache (CDH)
(>15 headaches/month) due to medication overuse in patients
who had previously suffered episodic migraine without aura [8].
The Institutional Review Board of Henry Ford Health Sciences
Center approved the imaging protocol. All subjects who partici-
pated in the study provided written informed consent prior to the
study.

The first group consisted of 17 patients with episodic
migraine (EM), including 9 MwoA patients and § MwA
patients; 2 men and 15 women aged 23-52 years (mean
age+SD, 33+10 years) were imaged. No migraine attack had
occurred and no medication was taken, either abortive or pre-
ventive, within one week of study. The second group was com-
posed of 17 patients with chronic daily headache (CDH) pre-
ceded by episodic migraine without aura attacks; 3 men and 14
women aged 21-57 years (mean age+SD, 36+10 years) were
imaged. Patients were taking pain medications that included
codeine and butalbital, as well as miscellaneous migraine-pre-
ventive drugs. All patients were experiencing headache at the
time of imaging. The third group studied consisted of 17 healthy
normal adults (N), 7 men and 10 women aged 20-64 years
(mean age+SD, 38+12 years). The difference in the mean age of
the three groups was not statistically significant (p=0.89,
repeated measure ANOVA). The duration of illness was record-

ed for the EM group and the duration of CDH, including previ-
ous years of episodic migraine, was also recorded.

Techniques

All MR images were acquired with a 3 tesla, 80-cm (inner diame-
ter) magnet (Magnex Scientific, Abingdon, England) with a maxi-
mum gradient strength of 18 mT/m and 250 ps ramp time. A quad-
rature birdcage head coil was used for imaging.

Multi-slice measurements of R2, R2” and R2* were performed
in a single acquisition using the gradient-echo sampling of free
induction decay and echo (GESFIDE) sequence [9]. The timing of
the echoes in this sequence was identical to that used previously
[7]. A 128x128 imaging matrix with a 220-mm field of view, and
2500 ms repetition time were used for image acquisition. The
imaging time of the entire protocol, inclusive of positioning and
shimming, was approximately 20 min.

Image analysis

The image sets were Fourier transformed and zero-filled to yield
256x256 in-plane images for each of the 176 two-dimensional
images (16 slices x 11 echoes). Maps of R2, R2’ and R2* were
obtained as described in a previous study [7]. Brain tissue segmen-
tation was performed using the iterative self-organizing data analy-
sis technique (ISODATA) [10].

For each subject, all image slices reconstructed from the final
echo (TE/TR=98/2500 ms) of the GESFIDE sequence were
reviewed visually to identify and localize slices containing the
PAG, red nucleus (RN), and substantia nigra (SN). The PAG, RN
and SN were visible in two or more slices for all cases reported in
this study. ISODATA segmentation was used to accurately delin-
eate and identify the entire volume of the PAG, RN and SN. For
each subject, the R2 (1/T2), R2* (1/ T2*) and R2’ (1/T2*-1/T2)
relaxation rates of the RN, SN and PAG were obtained for the left
and right sides separately by projecting the corresponding seg-
mented zones onto the maps. Measurements derived from multiple
slices for each subject were expressed as a weighted average.

Statistical analysis

The relaxation rates, R2, R2’ and R2* of PAG, RN, and SN for
each subject are presented as mean (SD). One-way analysis of
variance (ANOVA) was used to test the null hypothesis of equal-
ity of population means among the three groups; Student’s
paired ¢ test was used to compare the relaxation rates for the
right versus left sides. In addition, ¢ tests were performed intra-
group to compare differences in relaxation rates between the
genders. Correlation analysis also was performed intra-group to
determine the relationship between variables, and Pearson’s
product moment correlation coefficient was calculated to deter-
mine the extent of linear relationship. Significance levels were
set at p<0.05.
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Results

Representative images containing the PAG, RN or SN of a
subject are shown in Fig. 1. ISODATA segmentation and
classification of the different zones are illustrated in Fig. 2.
Representative maps of R2, R2’ and R2* for a section
through the midbrain are shown in Fig. 3.

The R2, R2’ and R2* values obtained for the PAG, RN,
and SN for the N, EM and CDH groups are presented in
Table 1. Using Student’s paired ¢ test, no intra-group side-to-
side differences (left-to-right hemispheres) were noted in the
relaxation rates of the PAG, RN, and SN of any of the
groups. Therefore, results from both sides were pooled.
Also, there were no gender-related differences in the relax-
ation rates of these structures for all three groups. The mean
R2 values among the three groups in the PAG, RN and SN
were not significantly different. Similar results were
observed for both the left and right sides.

In the PAG there was a statistically significant increase in
R2’ and R2* values in both the EM and CDH groups
(p<0.05) compared to the normal group (Table 1). No statis-
tically significant differences were noted between the MwoA
and MwA patients so that the results were pooled as the EM

group. There was no significant difference in either the R2’
value or the R2* values between the EM and CDH groups.
For the N, EM and CDH groups, we performed correlation
analysis of the age of the subject with the R2’ value; no asso-
ciation was observed for either group nor for the groups com-
bined (Fig. 4). A positive correlation was noted between the
duration of illness and the increase in R2’ for the EM group
and for the daily headache stage in the CDH group, but no
significant difference between the slopes (Fig. 5). Duration
of the episodic migraine stage in the CDH group did not cor-
relate significantly with R2’ (Fig. 6), although the total dura-
tion of the episodic migraine plus daily headache stages of
the CDH group strongly correlated with R2’ (Fig. 7).

The intercepts of the slopes in Fig. 5 were nearly identi-
cal, 5.57, 5.67. This, plus the higher mean R2’ values in both
headache groups compared to control, may suggest that R2’
values were high at the outset or earliest stages of illness.

No differences in R2” and R2* were observed in the RN
and SN of the EM patients (Table 1). A significant decrease
in R2’ and R2* values of the RN and SN was found in the
CDH patients compared to N and EM groups (p<0.05), but
there was no significant difference in the relaxation rates of
either the SN or RN between the N and EM groups.

PAG

Fig. 1a, b Representative images of PAG, RN and SN of one subject. a Spin-echo MR images (echo time/repetition time (TE/TR), 98/2500
ms) of three contiguous 2.2-mm slices obtained with the gradient-echo sampling of free induction decay and echo (GESFIDE) sequence.
b Magnified view of the center image of a. The hypointense areas correspond to the substantia nigra (SN) and the red nucleus (RN). The
hyperintense area (CA) is the cerebral aqueduct, and surrounding CA is the periaqueductal gray matter (PAG)
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T2 Image

Fig. 3a, b Representative maps
of R2, R2’ and R2* for a section
through the midbrain. a Maps
of the transverse relaxation rates
R2, R2’ and R2* from a single
2.2-mm slice. Image reconstruc-
tion and calculation for these
maps are detailed in the text. b
Enlarged views of the corre-
sponding map detailing the
brainstem structures that were
studied. The red nucleus (RN)
and substantia nigra (SN) appear
hyperintense on the three relax-
ation rate maps. The iso-intense
area surrounding the cerebral
aqueduct (CA) is the periaque-
ductal gray matter (PAG)

ISODATA Segmented Zones

Overlay of Segmented Zones

Fig. 2 Results of ISODATA segmen-
tation and the segmented zones
superimposed on the T2 image
(enlarged view) are displayed in the
top and bottom panels, respectively,
on the right. The T2-weighted spin
echo image (TE/TR, 98/2500 ms) in
the left panel shows a region of the
midbrain containing the cerebral
aqueduct (CA), periaqueductal gray
matter (PAG), red nucleus (RN) and
substantia nigra (SN). Eleven
images, one from each echo of the
GESFIDE pulse sequence, were
used in the computer cluster analysis
(ISODATA) to segment brain tissue.
Each color of the ISODATA seg-
mented image represents a different
cluster with unique properties in fea-
ture space
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Table 1 Transverse relaxation rates R2’, R2* and R2 in the periaqueductal gray matter, red nucleus and substantia nigra of normal adults
and patients with episodic migraine or chronic daily headache. Values are means (SD)

Parameter Control (n=17) Episodic migraine (n=17) Chronic daily headache (n=17)

Periaqueductal gray matter

R2’ 4.33 (0.97) 6.11 (0.88) # 6.36 (1.29) #

R2* 21.11 (1.25) 23.07 (1.53) # 23.58 (1.90) #

R2 17.01 (1.11) 17.10 (1.18) 17.20 (1.65)
Red nucleus

R2’ 14.30 (2.18) 13.80 (1.86) 10.70 (2.33) ¥

R2* 39.10 (2.85) 39.10 (3.07) 34.20 (3.02) f

R2 24.07 (1.62) 25.20 (1.98) 23.60 (1.45)
Substantia nigra

R2’ 15.10 (2.20) 15.00 (1.94) 11.60 (2.96)

R2* 42.50 (3.01) 42.20 (3.27) 36.50 (3.35) T

R2 24.07 (1.62) 25.20 (1.98) 23.60 (1.45)

# Significantly elevated (p<0.05) compared to control group
T Significantly reduced (p<0.05) compared to control group
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Fig. 4 Correlation analysis of age (for combined control and migraine subjects) with R2’ value. The slope of the regression line is not

significant
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Fig. 5a, b Correlation analysis of the
duration of illness with R2’ value. a

Duration of illness (years)

a 9 EM group. Correlation coefficient,
85 | EM r=0.65 (p=0.0052). b CDH group.
i r=0.71 (p=0.0053). Intercepts of the
8 regression line are 5.6698 ms™! for EM
’3 75 | and 5.5659 ms'! for CDH. There is no
g significant difference between the
E 7+ slopes of the regression lines of the EM
E and CDH groups
65
L
¢6le ©®
) y = 0.0385x + 5.6698
53 h ° r = 0.65, p = 0.0014
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Fig. 6 Correlation analysis of
the duration of the episodic
phase (EM) of attacks in CDH
patients with the R2’ value.
The slope of the regression
line is not significant

v=0.1038x +5.7614
r=0411,p=0.184

6 8
Years of EM
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v =0.0713x +5.0657
0.77, p=0.00347
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Fig. 7 Correlation analysis of the duration of the episodic and chronic headache phases of the CDH group with the R2’ value. Unlike for
the episodic phase (Fig. 6), there is now a significant slope of the regression line

Discussion

Raskin, Hosobuchi and Lamb first drew attention to the
potential for PAG dysfunction in migraine, observing that
patients with PAG electrode implantation for chronic pain
sometimes developed headache resembling migraine [11]. A
discrete sclerotic lesion in the PAG caused severe headache
in a single case report [12]. In positron emission tomogra-
phy (PET) studies during spontaneous migraine without
aura, increased blood flow was measured in mesencephalic
regions that possibly reflected PAG, dorsal raphe nuclei
(DRN), and locus ceruleus (LC) activation, raising consid-
eration of a brainstem “generator” of migraine attacks [13].

The midbrain PAG is an anatomically heterogeneous,
functionally diverse region of densely layered neurons sur-
rounding the aqueduct of Sylvius [14]. Receiving input from
the frontal cortex and hypothalamus, and projecting to the
rostral ventromedial medulla thence to the medullary and
spinal dorsal horn, the PAG is the center of a powerful
antinociceptive network. Furthermore, the PAG can be con-
sidered a major nodal point in the central nervous system
(CNS), regulating autonomic adjustments to antinociceptive
and behavioral responses to threat [15].

These observations prompted study of iron homeostasis
in the PAG of migraine patients; elevation or decline in tis-
sue iron is associated with altered cellular function [2].
Using high-resolution MRI techniques, we have mapped

transverse relaxation rates R2, R2’ and R2* in episodic
migraine (EM) patients and in patients with chronic daily
headache (CDH) and compared them to normal controls.
Increase in R2’ is specific to deposition of non-heme iron in
tissues [7]. Decrease in R2’ and R2* reflects the influence of
free iron from deoxyhemoglobin [5, 6].

Iron levels were equally elevated in the PAG of migraine
with or without aura. Not only was a significant increase in
tissue non-heme iron found in both episodic migraine and
the daily headache groups compared to controls, but levels
increased with the duration of illness. Because there was no
influence of age in any group, our data suggest that iron
accumulation over time in the episodic migraine and CDH
groups may be caused by repeated headaches. The intercept
values of the correlation analyses in both migraine groups
also support the possibility that tissue iron values were high-
er than normal at the outset in migraine-susceptible individ-
uals, suggesting that high iron in the PAG may be funda-
mental to the cause of migraine.

Decreased R2” and R2* of RN and SN were recorded in
the CDH patient group, best explained by activation and
hyperoxia of these structures caused by headache during the
study. Activation of the RN and SN was observed previously
using fMRI-BOLD [5]; the precise reasons remain to be estab-
lished but include both nociceptive and autonomic dysfunc-
tion. The PAG showed no evidence of similar activation to the
RN and SN in the CDH group, possibly because of dysfunc-
tion or because high tissue non-heme iron may have attenuat-
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ed changes in fMRI-BOLD signal. Such attenuation plus less
flow activation during the mild to moderate headache of CDH
may explain the absence of activation in contrast to the PET
studies during an acute migraine episode [13].

As noted previously, the concentration of transferrin
receptors that transport iron in and out of the PAG is the
highest of any brain region [2]. Morphine injected into the
PAG down-regulates transferrin receptors, indicating that
PAG iron content also may be influenced by nociceptive
activity [16]. Transferrin receptor density may be a marker of
the cellular requirements for iron during oxidative metabo-
lism [3]. High tissue iron levels may suggest that the PAG is
abnormally metabolically active in migraine, even between
episodic migraine attacks, or has a higher density of meta-
bolically active neurons. These may be the factors that
explain a high PAG iron early in migraine history, inferred
from the high intercept values found in both patient groups.
This did not explain the accumulation of iron over time, how-
ever. Irrespective, this emphasizes functional differences in
the PAG in migraine subjects compared to normals.

Accumulation of iron in the PAG with the increasing
burden of attacks and duration of illness may be explained
by iron-catalyzed free radical cell damage, accentuated by
repeated episodes of hyperoxia during migraine attacks [5,
6]. PAG iron levels were equally abnormally high in the
episodic migraine and CDH patients. Our original concept
was that iron accumulation would be a marker of progres-
sive PAG dysfunction and responsible for evolution of
episodic to chronic head pain, i.e. transformed migraine. No
differences were found between the EM and CDH groups
with respect to levels of tissue iron and its accumulation
with the duration of illness to support this hypothesis. In the
CDH group, however, the episodic migraine stage before the
beginning of daily headache was not associated with iron
increase, but the total duration of illness was strongly asso-
ciated. This suggests a critical threshold in time for iron
accumulation before CDH develops. Either this gives rise to
more frequent triggering of migraine headache or PAG dys-
function could enhance the susceptibility of migraine
patients to develop drug-induced rebound or chronic daily
headache [17]. This is compatible with the concept of with-
drawal excitation of the PAG associated with opioid addic-
tion and its behavioral consequences [18].

Increased PAG iron levels were common to migraine
with or without aura. Currently conceived as due to spread-
ing depression triggered in hyperexcitable occipital cortex

[6], migraine aura is difficult to explain on the basis of PAG
dysfunction. Nevertheless, experimental PAG stimulation
produces widespread increase in cortical blood flow that is
NO-mediated [19]. Also, the dorsal raphe component of the
PAG sends diffuse serotonergic projections to the cerebral
cortex and vessels that could influence neuronal excitability
and vasomotor control [20]. It remains to be determined if
these ascending projections contribute to hyperexcitability or
in some way alter the threshold for triggering migraine aura.

Directly implicating PAG dysfunction as a cause of
headache through interruption of its normal anti-nociceptive
function seems plausible. During attacks of migraine without
aura, Weiller et al. [13] observed consistent increases in
regional cerebral blood flow in brainstem regions that cov-
ered PAG, midbrain reticular formation and the locus
ceruleus. Activation continued despite alleviation of
headache with treatment. Accordingly, the authors postulated
that these centers were “generators” of migraine headache.
However, the PAG is at the center of a major nociceptive sys-
tem so that activation should be associated with alleviation of
headache, particularly by gating the ascending flow of pain
impulses to the thalamus [21]. Although the functions of the
PAG are complex, presumably, a dysfunctional PAG is
unable to switch-on effective nociception in the trigemino-
vascular system when a migraine attack is triggered. This
calls into question the concept of the PAG as an active gen-
erator of migraine, unless there are regions of PAG that acti-
vate pain because of aberrant function. In this regard, PAG
dysfunction might alter the balance of descending influence
of “on/off” neurons on pain transmission, enhancing the “on”
pain-facilitating network [1].

Finally, epidemiological evidence for decreased preva-
lence of migraine attacks in the majority of older subjects may
argue against permanent structural change in the PAG [22],
and accordingly against its critical role in migraine. But shifts
in factors that govern the threshold for migraine attacks may
be extrinsic to PAG dysfunction, such as estrogen fluctuations
or altered responsiveness of the neurovascular networks that
activate migraine or are activated during migraine [23]. Again,
this supports the existence of triggers of migraine lying outside
the domain of the PAG, as well as a dysfunctional PAG that
cannot respond effectively by switching on pain suppression.
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