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Changesin bodily states, particularly those mediated by the autonomic nervous system, are crucial
to ongoing emotional experience. A theoretical model proposes a first-order autoregulatory
representation of bodily state at the level of dorsal pons, and a second-order experience-dependent
re-mapping of changesin bodily state within structures such as cingulate and medial parietal
cortices. We tested these anatomical predictions using positron emission tomography and a human
neurological model (pure autonomic failure), in which peripheral autonomic denervation prevents
the emergence of autonomic responses. Compared to controls, we observed task-independent
differencesin activity of dorsal ponsand context-induced differencesin cingulate and medial
parietal activity in PAF patients. An absence of afferent feedback concerning autonomically
generated bodily states was associated with subtle impairments of emotional responsesin PAF
patients. Our findings provide empirical support for a theory proposing a hierarchical representation

of bodily states.

Emotional, cognitive and physical behaviors mediated by the
central nervous system are integrated with peripheral changes in
bodily states. Moreover, physiological changes in bodily state
directly influence emotional expression ! and cognitive func-
tions such as decision-making? and memory®. At a broader
level, emotions may be subsumed within homeostatic mecha-
nisms that underlie survival of the organism?°. In a theoreti-
cal model® based on neurological observations, prime emphasis
is given to the cerebral representation of bodily states as a sub-
strate for emotions and conscious awareness. Fundamental
components of the model are first-order autoregulatory map-
pings and second-order re-mappings of bodily states conse-
quent upon behavioral experience. The dorsal pons is proposed
to support first-order mapping of bodily state, because of its
involvement in homeostatic regulation mediated via afferent
information from the body. The model also proposes that
somatosensory areas, the somatosensory cortices and insula,
contribute to this primary representation of bodily states. In
contrast, cingulate and medial parietal cortices are critical com-
ponents in second-order mappings of experience-dependent
changes in body states.

Here we tested specific predictions arising from these theo-
retical considerations. We compared the state-dependent region-
al brain activity in healthy human subjects with activity in
subjects with pure autonomic failure (PAF)®. PAF is an idiopathic
disorder acquired in middle age that only affects the peripheral
autonomic nervous system. Subjects with PAF cannot modulate
their bodily state via the autonomic nervous system because of
peripheral autonomic denervation, but have no other neurolog-
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ical deficit (sensory or motor). Consequently, there is no inte-
grated central feedback of information concerning autonomic
changes that are normal accompaniments of ongoing behavior®.
Peripheral autonomic denervation results in a failure of neuro-
genic control of circulation, the cardinal feature of which is ortho-
static (postural) hypotension due to an inability to activate
sympathetic pathways to engender vasoconstriction during grav-
itational challenges®3. Additionally, subjects with PAF do not
generate heart rate and blood pressure increases during effort-
ful exercise or mental arithmetic (stressor tasks)® and do not
increase circulating catecholamines during physical or emotion-
al challenge®. These subjects have absent sympathetic skin con-
ductance responses to emotive and orienting stimuli®, and have
diminished pupilliary reflexes'?. Through histological evidence,
PAF has been associated with Lewy bodies in peripheral auto-
nomic ganglia!!, but its cause is unknown®. PAF is distinguished
from central neurodegenerative causes of autonomic failure (such
as multiple system atrophy or Parkinson’s disease with autonomic
failure) by normal life expectancy®’, and by the absence of clin-
ical and hormonal'2 indicators of central neurological degener-
ation. Similarly, gross and pervasive disturbances in attention or
emotional functioning have not been documented during clini-
cal observations, although subtle abnormalities in subjective
emotional experience may exist. Consequently, PAF provides a
unique lesion-deficit model to examine the involvement of spe-
cific brain areas in the first and second-order representation of
bodily states.

We used positron emission tomography (PET) to compare
neural activity in nine subjects with PAF with activity in eight
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Fig 1. Physiological changes during task performance. (a) Group data (mean and standard error) showing changes in mean arterial blood pressure
(MAP) during performance of effortful stressor tasks and corresponding low-grade tasks in controls (white bars) and subjects with PAF (black bars).
Blood pressure differed between stressor and low-grade tasks in controls (p < 0.005, for exercise tasks, t;; = 4.94; for arithmetic tasks t;y = 3.19),
but not PAF subjects (p > 0.05, for exercise tasks, t;o = 0.24; for arithmetic tasks t,; = 1.13). There was a significant task-by-diagnosis interaction
(F; = 6.8, p < 0.001). (b) Changes in heart rate during performance of stressor tasks and corresponding low-grade tasks in controls (white bars) and
PAF subjects (black bars). Heart rate differed between stressor and low-grade tasks in controls (p < 0.005, for exercise tasks, t,; = 3.45; for arith-
metic tasks t,, = 4.48), but not PAF subjects (p > 0.05, for exercise tasks, t;, = 0.57; for arithmetic tasks ;5 =0.93). There was a significant task-by-

diagnosis interaction, F; = 3.0, p < 0.05).

matched controls (healthy normal subjects) during performance
of stressor and control tasks. Two types of these tasks were done,
isometric handgrip and covert mental arithmetic, to examine
commonalities in functional neuroanatomy associated with
autonomic responses that are independent of systems dedicat-
ed to motor execution!3 and phonological processing!*. Low-
grade control conditions were also done (light handgrip and
counting) as a baseline for each class of stressor task!'>. Com-
pared to controls, we observed task-independent differences in
activity of dorsal pons and context-induced differences in cin-
gulate and medial parietal activity in PAE Our findings provide
empirical support for a theory proposing a hierarchical repre-
sentation of bodily states.

a

ResuLts

In control subjects, stressor tasks evoked increased sympathetic
activity and decreased parasympathetic activity, raising blood
pressure and heart rate®!3, Though PAF subjects reported simi-
lar effort ratings as controls during the stressor tasks, they did
not experience increases from baseline heart rate or blood pres-
sure (Fig. 1).

To identify neuroanatomical substrates supporting first-order
representations of bodily state, we tested for task-independent dif-
ferences in regional activity, by doing a conjunction analysis!®!7 for
group differences that were expressed across all four tasks. In this
analysis, there was significantly greater activity in dorsal pons
(p < 0.05, corrected) in PAF subjects as compared to controls

Fig. 2. Increased activity in pons in PAF subjects.
(a) Significant between-group differences in regional
cerebral activity determined by conjunction analysis
across the four experimental tasks. Group data,
reflecting significantly greater activity in dorsal pons
(peak Talairach x, y, z coordinates®’, -2, —30, —32;
Z = 6.83, p < 0.05 corrected) in PAF subjects than
controls, is depicted on axial, coronal and parasaggi-
tal sections of a standard template image derived
from one subject. Above these sectionsare z, yand x
coordinates. (b) Cerebral blood flow responses in
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(Fig. 2). This regional difference was expressed across
all tasks and was therefore not confounded by group-
by-task interactions (Fig. 3). Critically, this pontine
region encompassed pontine reticular, periaqueductal
and parabrachial nuclei, which are proposed as spe-
cific sites for first-order autoregulatory functions.
Additionally, significant task-independent differences
in activity between PAF subjects and controls were
found in somatosensory cortices, right insula, right
parietal lobe, caudate nucleus and extrastriate visual
cortices (p < 0.05, corrected; Table 1).

Our second analysis addressed the question of
regional brain activity representing context-specific
changes in bodily states. We examined for differen-
tial group activity during tasks that normally cause
changes in bodily states, through testing for an inter-
action between diagnosis and task. For between-
group analysis, we used conjunction analysis to
determine differences in regional brain activity that
reflected effort-induced changes in bodily state
(stressor versus low-grade tasks) that were common
to both exercise and mental arithmetic tasks. PAF
subjects had significantly less activity than controls
(p < 0.05, corrected) in left medial parietal/posteri-
or cingulate region during stressor versus low-grade
tasks (Fig. 3b). Conversely, PAF subjects had signif-
icantly greater activity than controls in right ante-
rior cingulate during stressor versus low-grade tasks
(p < 0.05, corrected; Fig. 3a). We did not observe
significant differences in the activity of thalamus or
superior colliculus between PAF subjects and con-
trols in analysis of contextual differences in region-
al activity, despite predictions that these brain areas
contribute to second-order representations of bod-
ily states (Table 1).

articles

Table 1. Differencesin regional brain activity between PAF subjects
and controls: comparison with differences predicted by theoretical
model.

Regions supporting first-order representation of bodily state

Observed*
D orsal pons (—2,-30,-34)%

Predicted
Dorsal pons
Hypothalamus and basal forebrain -
Somatosensory cortex L somatosensory cortex (-36,—1 2,42)8
R somatosensory cortex (—56,-20,22)%
Insula Rinsula (32,14,0)8
- R inferior parietal lobule (44,-30,38)8

R superior parietal lobule (38,-66,34)8
- Extrastriate visual cortices

L middle temporal gyrus (-52,-22,-4)8

R fusiform gyrus (56,-74,8)8

L lingual gyrus (-12,-70,-4)#
- Caudate/putamen (20,16,4) (-14,18,6)%
- Cerebellum (38,-42,-44) (—48,-44,-26)%

Regions supporting second-order representation of bodily state

Observed?
R anterior cingulate (8,10,36)8

Predicted

Cingulate/medial parietal lobe
L posterior cingulate (—4,-56,38)%

Thalamus -

Superior colliculus -

*p < 0.05, corrected for whole brain, tp < 0.05 corrected for predicted regions.
# PAF > controls, Scontrols > PAF.

Our study focuses on the neuroanatomical predictions of a
theoretical model®. However, this model also suggests that per-
turbations in the representation of bodily states of arousal may

z=36mm

z=34mm z=38mm

z=36mm z=40mm
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influence emotional experience!>3. Thus, as a consequence of
absent autonomic responses, PAF patients might be expected to
show subtle emotional deficits. PAF patients were free of primary
psychological disorder; thus, we tested for the possibility of sub-
tle emotional change by rating PAF patients on scales of general
disability'® and emotional function'. Although the PAF patients
who underwent PET scanning were significantly disabled com-
pared to healthy controls (mean + s.d., PAF patients versus con-
trols, 6.8 + 3.5 versus 1.7 + 3.6, ;5 = 2.8, p < 0.05), they did not
experience expected symptoms of anxiety (PAF patients versus
controls, 10.7 £ 5.3 versus 8.8 £ 3.9, 1;5 = 0.89, p = 0.38), even
when more subjects than those in the imaging study were studied
(PAF patients, n = 28 versus controls, n = 15, 11.3 £ 5.9 versus

Fig. 3. Between-group differences in activity: interaction with effort.
(a) Significantly greater anterior cingulate activity (circled, peak x, y,
z coordinates, 8, 10, 36, Z = 4.48, p < 0.05, corrected for volume of
regions predicted by the theoretical model to support second-order
representations of bodily states, that is, cingulate, thalamus, superior
colliculi in PAF subjects compared to controls, mapped onto three con-
secutive axial sections of a standard template image derived from one
subject. Vertical (z) coordinates are shown above each slice image.
(b) Significantly greater posterior cingulate/medial parietal lobe activity
(circled, peak x, y, z coordinates, -4, —56, 38, Z = 4.51, p < 0.05, cor-
rected for predicted regions) in controls relative to PAF subjects,
mapped onto three consecutive axial sections of a standard template
image derived from one subject.

209



-

i} © 2001 Nature Publishing Group http://neurosci.nature.com

i © 2001 Nature Publishing Group http://neurosci.nature.com

articles

8.7+ 3.3,t5= 1.6, p=0.12). At clinical interview, PAF patients
reported differences in their emotional reactions to stimuli and
situations. On statements designed to probe subjective emotion-
al experience, there was a trend for PAF patients to rate themselves
as feeling less emotional than controls, which was significant when
the larger groups were compared (PAF patients versus controls,
33+0.6 versus 8.6 + 1.0, t4; = 2.1, p < 0.05). However, these dif-
ferences in subjective affective experience could be attributable to
physical disability, rather than autonomic failure per se. We there-
fore compared PAF patients to another group of neurological
patients (people with idiopathic Parkinson’s disease, IPD) who,
unlike PAF patients, did not have clinically significant dysau-
tonomia, but who were equally disabled (that is, the two groups
were matched for disability). PAF patients were significantly less
anxious than IPD patients (PAF versus IPD, 10.7 £ 5.3 versus
16.1 £ 6.3,1,4= 2.2, p < 0.05). Moreover, in larger samples of both
PAF (n = 28) and IPD patients (n = 13), PAF patients had lower
ratings of anxiety (F'= 4.3, p < 0.05) and rated more strongly state-
ments such as “I can no longer feel sad,” and, “I have lost my abil-
ity to feel emotional,” (respectively, F= 5.8, p < 0.01 and F= 10.8,
p < 0.01) when disability scores were treated as confounding
covariates. These latter statements explicitly reflected subjective
emotional responses to situations.

Discussion
Our neuroimaging findings support the theory of a proposed hier-
archical organization, and specified neural substrates involved in
representing current and dynamically changing bodily states®. The
wider relevance of this theoretical model lies in its suggestion that
the most fundamental level of awareness (‘proto-self’) is sup-
ported by a first-order representation of bodily state in dorsal pon-
tine nuclei controlling both wakefulness and homeostasis, and in
regions such as insula and somatosensory cortex, which provide a
primary cortical representation of bodily states>2, We observed
differential activity in dorsal pons, right insula and somatosenso-
ry cortex associated with a pathological condition that leads
(because of the peripheral autonomic denervation in PAF) to an
uncoupling of central efferent control and afferent feedback of
autonomic responses. In the pons, task-independent differential
activity was present in a dorsal region that encompassed nuclei
involved in control and representation of autonomic responses?!,
in particular, the parabrachial nucleus?>2? and periaqueductal
gray?*. Group differences in dorsal pons activity, commonly
expressed across task, are consistent with a proposal that the pons
has homeostatic involvement in autonomic regulation, and does
not provide context-specific representation of peripheral arousal.
Task-independent differences were also observed in somatosen-
sory cortex and insula, regions proposed to support cortical map-
ping of bodily states®. In particular, there is evidence that the insula
is implicated in the representation of afferent visceral and auto-
nomic information!3232% and, in the right hemisphere,
somatosensory cortex and insula are implicated in emotional rep-
resentations2’. Moreover, our findings in PAF subjects are con-
sistent with the proposal that somatosensory regions contribute
to a first-order, context-independent mapping of afferent viscer-
al and autonomic information about bodily states’.
Task-independent regional differences between PAF and con-
trol subjects were evident in areas not predicted by the theoreti-
cal model. These regions included the caudate nucleus and right
parietal, temporal, extrastriate visual and cerebellar cortices.
Autonomic arousal modulates activity in right parietal lobe and
extrastriate visual cortices?®. The task-independent activity dif-
ferences in these areas may reflect a functional reorganization in
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PAF subjects resulting from lack of feedback modulatory influ-
ences from bodily states of autonomic arousal. We did not
demonstrate task-independent differences in activity in basal
forebrain and hypothalamus, which are also suggested to con-
tribute to the first-order representations of bodily states. This
may reflect the notion that the autoregulatory function of these
regions is, with respect to hormonal regulation of bodily state,
largely intact in PAF subjects.

The interaction between diagnosis and task (stressor versus
low-grade tasks) enabled examination of the functional neu-
roanatomy underlying second-order representations that reflect
experience-induced changes in bodily states. This second-order
account provides a dynamic re-mapping of the physical state of
the organism in response to current behavioral and environmen-
tal contexts, drawing on representations of salient stimuli and
events’. First-order representation may be influenced by the sec-
ond-order account, as may sensory brain regions contributing
information about objects and events relevant to it. The cingulate,
using sensory, motor and attentional inputs, may fulfill this role
through integration of information concerning bodily states?>30,
The posterior cingulate and adjacent medial parietal lobe were sig-
nificantly less active in PAF subjects than in controls for stressor
versus control tasks. Both posterior cingulate and medial parietal
cortex are putative components supporting the second-order
account of organism/object relations’. Although the theoretical
model does not explore the different contributions of anterior and
posterior cingulate regions to second-order mapping of bodily
state, a functional reciprocity has previously been suggested
between the ‘evaluative’ posterior cingulate and the ‘executive’ ante-
rior cingulate® . The evaluative function of the posterior cingulate
in monitoring sensory events (including in our experiment, periph-
eral autonomic arousal) is likely to be important for emotion and
awareness. Our findings suggest that posterior cingulate/medial
parietal lobe may provide the neural substrate for a mapping of
the contextual relationship of bodily states.

In contrast to decreased posterior cingulate/medial parietal
activity, increased anterior cingulate activity was manifest dur-
ing effort (in PAF) when peripheral autonomic responses were
not integrated with ongoing behavior. In other words, the absence
of a mapping of afferent information about autonomic changes
in bodily state is expressed in a relative increase in anterior cin-
gulate activity. This right anterior cingulate area encompassed a
region we previously identified as covarying with increases in
measures of cardiovascular arousal in young healthy subjects'>.
Our observations in this pathological group are consistent with
right anterior cingulate expressing an ‘executive role’ for the inte-
gration of autonomic responses with behavioral effort, reflect-
ing dynamic reciprocity with the posterior cingulate/medial
parietal region. We suggest that the anterior cingulate is abnor-
mally active in PAF when representations in posterior cingulate of
afferent information about changes in bodily states are uncou-
pled from the appropriate behavioral context. Anterior cingulate
activity is associated with both attention2%-3! and representation
of emotional experience?2, and the concept of a second-order
mapping implies a redundancy in the representation of self, atten-
tion and emotion.

By studying perturbations consequent to an uncoupling of
integrated autonomic responses in PAF, our findings provide data
regarding the neural substrate for dynamic representations of
bodily states. The data provide preliminary evidence of an asso-
ciation between peripheral autonomic failure and subtle differ-
ences in subjective emotional experience. However, the extent of
affective impairments is expected to be limited by the existence of
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established ‘as if’ representations, and the integrity of sensory
feedback regarding other emotion-related bodily responses>.
There are important non-autonomic pathways of afferent infor-
mation that contribute to representation of the physical struc-
ture of the organism?, and these are intact in PAFO. Although
feedback of autonomic responses is likely to provide a major
matrix for on-going representation of bodily states during emo-
tional behavior, it must be emphasized that PAF is acquired late
in life, when established patterns of emotional behaviors may be
less dependent on direct peripheral feedback. Moreover, the pres-
ence of intact hormonal regulatory processes, normal skeleto-
motor emotional reactions and the integrity of afferent pathways
relevant to information about these axes of bodily states is likely
to be sufficient to prevent major emotional deficits in subjects
with PAE

In healthy individuals, autonomic responses provide a cru-
cial index of bodily states in support of emotion3--3 and atten-
tion3*. The proposal that objective feeling of emotion is closely
related to mechanisms of bodily homeostasis highlights the
importance of further investigation of emotional impairments
in patients with pure autonomic failure. The neurophysiological
evidence provided in the present study of PAF patients is in
accord with data from normal subjects showing that emotional
states involve brain regions that contribute to regulation of inter-
nal bodily states33. The overlap in regions includes pons,
somatosensory cortices, insula, caudate nucleus, and anterior
and posterior cingulate cortices. Thus, our observations in
patients support a neurological model of emotion and con-
sciousness, emphasizing a hierarchy of self-representations root-
ed in a nested mapping of physical states of the body.

M EeTrHoDS

Subjects. Nine subjects (5 female; mean age + s.d., 66 + 6 years, right-
handed) with established diagnoses of PAF’ (greater than five years of
symptoms of orthostatic hypotension and dysautonomia, without clinical
evidence of non-autonomic pathology or central neurological degenera-
tion, as in cerebellar signs or parkinsonism) were recruited after full clin-
ical assessment, together with eight healthy right-handed age-matched
controls (4 female; 65 + 9 years; one female control was excluded after
discovery of an asymptomatic brainstem malformation). All subjects gave
full, informed, written consent to take part in a study approved by the
Joint Research Ethics Committee of the National Hospital for Neurology
and Neurosurgery and the Institute of Neurology.

Experimental design. Subjects did pseudorandomized repetitions of four
experimental tasks'>, two of which replicated clinical stressor tests for
assessing autonomic function’, namely, isometric handgrip exercise (44%
of maximal squeeze strength), and mental arithmetic (serial subtractions
of seven, covert during data acquisition). The control exercise task was
a low-grade effortless handgrip (5% of maximal squeeze). For the men-
tal arithmetic control, subjects were required to count covertly from a
preset value. Task instructions were displayed on a video monitor. To
qualitatively assess subjective effort, and ensure accurate performance of
the mental arithmetic condition, subjects were systematically debriefed
after performance of each task repetition about subjective difficulty and,
in the case of the (covert) mathematics conditions, what number they
had reached. Heart rate and blood pressure were measured at set times
during task performance (just before scan trigger, and at the end of the
data acquisition) using Sentron (Bard Biomedical, Lombard, Illinois).
Average mean arterial blood pressure (MAP) and heart rate (HR) were
calculated for each condition in each subject.

PET scan acquisition and analysis. Scans of the distribution of H,°0
were obtained using a Siemens/CPS ECAT EXACT HR+ PET Scanner
operated in high-sensitivity three-dimensional mode. Subjects received
350 Mbgq of H,'30 over 20 s through a right antecubital cannula for each
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of the scans, and activity was measured during a 90-s time window while
the subjects did the tasks. The PET images comprised i, j and k voxels
(2 X2 x3 mm) with a 6.4 mm transaxial and 5.7 mm axial resolution
(full width at half maximum). The data were analyzed with statistical
parametric mapping (SPM99)3, implemented in Matlab (Mathworks,
Sherborn, Massachusetts). Structural magnetic resonance scans from
each subject were coregistered to the PET data following realignment of
the PET time series. All the scans were then transformed?° into a stan-
dard stereotaxic space®’. The scans were smoothed using a Gaussian fil-
ter set at 12 mm full width at half maximum. The regional cerebral blood
flow measurements were adjusted to a global mean of 50 ml/dl/min.
Between-group differences were examined using random-effects analy-
ses!”. First, to test for task-independent group differences in activity, a
design matrix was constructed for analysis of task-by-group interactions,
and conjunction analysis!®!7 was used to determine commonalities in
activity across all tasks. Subsequently, the interaction between diagno-
sis and task, testing for between-group differences during performance of
effortful versus effortless tasks, was examined by constructing a design
matrix for the analysis of subject-by-condition interactions. In this analy-
sis, commonalities were identified between exercise and mathematics
contrasts to determine between-group differences that emerged during
effort per se. As SPM corrects for the entire volume, and to avoid Type
2 errors for a priori regions of interest, small volume correction was done
and significance was corrected for volume of region of interest (that is,
cingulate and cingulate + medial parietal, thalamus and superior colliculi)
in the examination of diagnosis-by-effort interaction. Thus, we tested
specific brain areas predicted a priori using a highly conservative ran-
dom-effects analysis, thereby ensuring that Type 1 errors were unlikely to
have occurred.

Evaluation of subjective emotional experience. Our original screening
excluded any subject with overt present or past psychiatric disorder. We
used standard clinical screening tools to rate physical disability (Activi-
ties of Daily Living Questionnaire, ADL!®) and anxiety symptoms
(Hamilton Anxiety Scale, HAMA'?) in PAF patients and controls who
took part in the PET imaging study. In addition, because physical symp-
toms are a likely confounding factor in the analysis of mood symptoms,
we also compared PAF patients with nine patients with idiopathic Parkin-
son’s disease (IPD) who were matched with the PAF patients on degree of
disability, indexed by the ADL!S, We also expanded our analysis to include
larger groups of PAF patients (n = 28), controls (n = 15) and IPD patients
(n = 13). In this expanded comparison between PAF and IPD patients,
disability (ADL) score was treated as a confounding covariate. More
selective assessments of subjective emotional awareness were carried out
at the clinical interview. Additionally, subjects were asked to rate state-
ments related to specific affective symptoms expected to arise from
absence of autonomic emotional responses. Subjects rated (using a 5-
point Likert scale) four accuracy statements: “I can no longer feel sad-
ness,” “I have lost my ability to feel emotional,” “I feel distant from
everyone,” and “I feel I can no longer control my emotions.”
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