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ARTICLE INFO ABSTRACT
Keywords: Stress significantly contributes to cardiovascular diseases such as Takotsubo syndrome (TTS), which mimics an
Quantitative PET imaging acute coronary syndrome without coronary obstruction. TTS is triggered by surgery, trauma, and emergency

2-deoxy-2-['®F]fluoro-D-glucose (FDG)
Takotsubo syndrome

Regional cerebral metabolism

Acute catecholaminergic stress

treatments in patients, and is reproduced in animal models by a catecholamine surge that impacts cardiac
sympathetic innervation. The action of catecholamines on energy metabolism is well documented in the heart,
less so in the brain. We investigated the effects of acute catecholaminergic stress on regional cerebral glucose
metabolism and interregional metabolic organization in a TTS rat model using FDG-PET and quantitative two-
tissue compartment modeling. Adult female rats received a single intraperitoneal injection of isoprenaline
(ISO) (50 mg/kg). Dynamic FDG-PET imaging was performed at baseline, 2 hours (acute phase), and 7 days
(recovery phase) post-injection. Kinetic parameters, namely glucose inflow (K1) and glucose phosphorylation
(k3), were quantified in 58 brain regions. Interregional metabolic coordination, defined as statistically significant
linear correlations between regional kinetic parameters, was assessed across functional brain areas. During the
acute phase, the catecholaminergic surge induced widespread reductions in glucose inflow and regional de-
creases in phosphorylation, particularly in the limbic and sensorimotor areas. During the recovery phase, most
regions remained below baseline. Metabolic coordination increased for glucose inflow in both phases but
declined for phosphorylation, especially during recovery, indicating a disruption of metabolic synchronization.
Persistent changes in brain metabolism imply that mid-to-long-term changes in regional cerebral metabolism
may contribute to long-term TTS consequences.
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1. Introduction

While physiological responses to stress are a built-in behavior
conferring a survival advantage, excessive mental stress can induce
serious cardiac conditions (Arri et al., 2016). As early as the 18™ cen-
tury, the exacerbation of emotions was linked to cardiac conditions such
as angina pectoris (Heberden, 1802). Over the years, numerous studies
have shown that acute and chronic stress can trigger coronary artery
disease, stroke, atrial fibrillation, and other cardiovascular conditions.
Chronic stress also impedes recovery and accelerates disease progression
(Kivimaki and Kawachi, 2015; Dragano et al., 2017; Kivimaki and
Steptoe, 2018), through prolonged systemic inflammation, increased
coagulation, blood clot formation, heightening the risk of plaque rupture
and subsequent ischemic cardiovascular events (Carey et al., 2014;
Kivimaki et al., 2017).

A clinical entity triggered by acute stress known as Takotsubo syn-
drome (TTS; see Table 1 for a complete list of abbreviations used
throughout the manuscript) was recognized in the 1990s in Japan
(Templin et al., 2015). TTS presents as an acute coronary syndrome
following intense stress, but without obstructive coronary artery disease
that predominantly affects women (over 90 % of reported cases) (Gianni
et al., 2006). During the acute symptomatic phase, the TTS heart often
shows an atypical shape with apical ballooning (a “tako-tsubo”, octopus
fishing pot), but coronary angiography shows no sign of arterial
obstruction. Acute TTS may be fatal, though most often cardiac symp-
toms resolve in a few days without noticeable sequelae. However, lon-
gitudinal multicenter studies of this rare syndrome have shown excess
mid- to long-term mortality rates similar to those of ST-segment eleva-
tion acute coronary syndrome, and recurrence rates of approximately 4
% per year (Stiermaier et al., 2016; Ghadri et al., 2018; Scally et al.,
2018; Pelliccia et al., 2019; Wang et al., 2020; Looi et al., 2022; Singh
et al., 2022; Fernandez-Cordon et al., 2023), suggesting that acute stress
induces a silent or difficult-to-detect, slow continuous degradation of the
cardiac function.

The exact mechanism of TTS is still a matter of discussion (Madias,
2024; 2025), but there is a consensus about the cardiac response to acute
mental stress. In response to perceived threats, sensory signals are pro-
cessed by the brain's limbic system, cerebral cortex, and hypothalamus,

Table 1
Table of abbreviations used and their corresponding definitions.
Abbreviations Definitions
TTS Takotsubo syndrome
STEMI ST-segment elevation myocardial infarction
HPA axis Hypothalamic—pituitary-adrenal axis
SAM Sympathetic-adrenal-medullary system
1SO Isoprenaline (Isoproterenol hydrochloride)
CNS Central nervous system
fMRI Functional magnetic resonance imaging.
MRI Magnetic resonance imaging
FDG 2-deoxy-2-["*F]fluoro-D-glucose
PET Positron emission tomography
FDG-PET 2-deoxy-2-['®F]fluoro-D-glucose positron emission tomography.
K1 Glucose inflow (Unit: ml/ccm/min).
k3 Glucose phosphorylation (Unit: min™)
post-ISO Post-injection of isoprenaline
ECG Electrocardiogram
LV Left ventricular
GLUT1 Glucose transporter type 1
GLUT4 Glucose transporter type 4
BNP B-type natriuretic peptide
CT Computed tomography
3D-OSEM Three-dimensional Ordered-Subsets Expectation-Maximization
PMOD PMOD software
TACs Time-activity curves
AIF Arterial input function
IDIF Image-derived input function
ROIL Region of interest
CBF Cerebral blood flow
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activating  two  principal neurohormonal pathways: the
hypothalamic-pituitary-adrenal (HPA) axis and the
sympathetic-adrenal-medullary (SAM) system (Sarmiento et al., 2024).
The HPA axis triggers the release of cortisol, mediating prolonged stress
responses by modulating metabolism and immune functions. Concur-
rently, the SAM system initiates rapid responses by increasing heart rate
and vasoconstriction, preparing the body for immediate action. These
systems are interconnected; glucocorticoids from the HPA axis enhance
catecholamine synthesis in the SAM system, demonstrating the intricate
feedback loops that regulate stress responses (Herman et al., 2016).
Catecholaminergic surge is the prominent mechanism inducing the
acute signs of TTS, as shown by reports of iatrogenic induction of TTS by
isoprenaline (ISO) administration (Collen et al., 2008; Redfors et al.,
2014; Satyavolu et al., 2022), and by the prevalence of TTS in pheo-
chromocytoma patients (Shams, 2016 ; Xu et al., 2024), and after
different types of physical stress, e.g. surgery or trauma (Nyman et al.,
2019; Laghlam et al., 2023). Accordingly, animal models based on acute
ISO administration accurately recapitulate the TTS syndrome, including
short- and long-term cardiac dysfunction (Hayashi et al., 2023; Yoga-
nathan et al., 2023). It thus appears that a catecholaminergic surge leads
to similar cardiac TTS symptoms via three different routes: mental/e-
motional, physical, and pharmacological stressors.

Considering that (i) TTS mechanisms remain incompletely under-
stood (Ghadri et al., 2018; Wang et al., 2020; Madias, 2024), and (ii)
emerging evidence suggests a strong link between the central nervous
system (CNS) and the heart during the response to acute stress in TTS
(Silva et al., 2019; Khan et al., 2023), it is of interest to analyze the CNS
response to a catecholamine storm to better understand how a single
acute stress event leads to long-lasting cardiac dysfunction. A better
understanding of the response of the brain to the catecholamine storm
may also unveil crucial factors contributing to the persistent vulnera-
bilities observed in TTS patients and contribute to the search for pre-
ventive interventions. Catecholamines (epinephrine and
norepinephrine) initiate a cascade of adaptive and maladaptive re-
sponses aimed at managing stressors. The "fight or flight" mechanism,
first described by Cannon and De La Paz, and Selye's "general adaptation
syndrome" illustrate how the body coordinates complex systems to
maintain physiological stability under stress (Cannon, 1915; Selye,
1950).

Patients with TTS often exhibit altered brain activity in regions
involved in stress and autonomic regulation, such as the amygdala,
hippocampus, and prefrontal cortex, implicating CNS involvement in
TTS onset and severity (Silva et al., 2019; Radfar et al., 2021; Khan et al.,
2023). TTS involving neurological disorders is associated with worse
long-term outcomes (Fernandez-Cordon et al., 2023). Additionally, a
history of neurological disorders (including cerebrovascular events,
neurodegenerative diseases, and epilepsy) predicts in-hospital compli-
cations during TTS admissions (Santoro et al., 2019; 2024). Recent
research has highlighted the neurological dimensions of TTS through
functional magnetic resonance imaging (fMRI) studies, revealing altered
functional connectivity within key brain structures governing emotions,
memory, and autonomic function in TTS patients (Silva et al., 2019;
Templin et al., 2019; Dichtl et al., 2020; Khan et al., 2023). Notably,
these changes persist beyond the acute phase, emphasizing implication
of the CNS in the syndrome. Furthermore, as a highly energy-dependent
organ, the brain relies on a constant supply and utilization of glucose
(Dienel, 2019). A sudden and massive influx of catecholamines could
trigger widespread or region-specific alterations in cerebral glucose
metabolism, potentially affecting autonomic outflow and stress modu-
lation, thereby contributing to both the acute cardiac dysfunction and
the sustained risks associated with TTS.

Molecular imaging using 2-deoxy-2-['¢F]fluoro-D-glucose positron
emission tomography (FDG-PET) to assess cerebral glucose metabolism
has not been used outside of preclinical research in TTS (Wang et al.,
2022). In our previous work using a rodent model, we demonstrated that
a single catecholamine challenge induces TTS-like cardiomyopathy,
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accompanied by significant changes in blood biomarkers and cardiac
imaging and provided a robust TTS-model (Yoganathan et al., 2023).
Long-term monitoring revealed that catecholamine-induced cardiomy-
opathy leads to irreversible cardiac alterations, including metabolic
reprogramming and progressive fibrosis. Controlled TTS-like animal
models provide a unique opportunity to investigate these metabolic
changes, and standardized catecholamine administration allows repro-
ducible stress responses.

In the present study, we focus on the immediate and delayed effects
of acute catecholaminergic stress on regional cerebral metabolism, using
FDG-PET imaging with quantitative two-tissue compartmental modeling
in a TTS animal model. We quantify the kinetics of FDG inflow (K1) and
phosphorylation (k3) to determine regional metabolic alterations within
specific brain regions, including areas involved in autonomic regulation
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and emotional processing. We complement the regional analysis with a
metabolic correlation analysis based on interregional associations of
kinetic parameters and explore brain-wide metabolic organization dur-
ing disease progression.

2. Methods
2.1. Animal model

The study was approved by the Animal Ethics Committee of the
French Ministry of Research (approval number: 19-064) and followed
Directive 2010/63/EU of the European Parliament regarding the pro-
tection of animals used for scientific purposes. Because TTS affects
mostly female patients (Gianni et al., 2006), the study was conducted on

Takotsubo type acute stress rat model
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Fig. 1. Experimental design, imaging protocol, and data analysis workflow. A) Takotsubo syndrome (TTS) was induced by a single intraperitoneal injection of
isoprenaline (ISO) (50 mg/kg) in adult female rats, to induce an acute catecholamine surge. In vivo imaging was performed at three time points: baseline (BL), 2
hours post-injection (acute phase, characterized by a transient left ventricular dysfunction), and 7 days post-injection (recovery phase, with functional improvement).
A total of 15 animals were used (n = 5 per time point). B) Dynamic FDG-PET imaging was acquired over 30 minutes in 23 consecutive time frames. C) Brain FDG-PET
was processed using PMOD software (version 3.7, PMOD Technologies LLC, Zurich), including elastic registration to the W. Schiffer rat brain atlas (Schiffer et al.,
2006) for segmentation into 58 cerebral regions. D) A two-tissue compartment model was applied to estimate kinetic constants: K1 (glucose inflow) and k3 (glucose
phosphorylation). E) Metabolic correlation analysis assessed coordinated metabolic responses across brain areas during TTS progression. Pearson’s correlation co-
efficients were calculated between all region pairs using K1 and k3 values. Significant correlations were defined as |r| > 0.9 and p < 0.05. Mass centroids of the
volumes of all brain regions were projected onto 2D planes overlaid on a grey-scale horizontal projection of the W. Schiffer rat brain atlas. Significant correlations
between regions are represented as distinct colored lines for the functional brain areas: parietal (red) Il retrosplenial (green) W, limbic (blue) B, sensorimotor

(cyan) M, audiovestibular (magenta) WM, midbrain (yellow) =, and cerebellar (purple) Bl. White lines indicate significant correlations between regions from
different functional brain areas.
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female healthy 12-week-old Wistar rats (Janvier, Le Genest-St-Isle,
France). The rats were housed in monitored conditions at 25°C with
humidity between 45 % and 85 %, provided ad libitum access to food
(Lignocel) and water, and maintained on a 12-hour light-dark cycle. All
experiments were initiated between 8:30 and 9:30 a.m. and were
consistently conducted by the same experienced personnel to ensure
uniformity in experimental procedures.

Acute stress TTS was induced using a single intraperitoneal injection
of 50 mg/kg ISO (Isoproterenol hydrochloride, Sigma-Aldrich, Ger-
many). The effects of the catecholamine surge observed in TTS patients
(Khan et al., 2023) were controlled at baseline, 2 hours (acute phase
characterized by a transient left ventricular (LV) dysfunction), and 7
days (recovery phase) post-ISO (Fig. 1A) as in Yoganathan et al. (2023).
A set of n=5 animals was studied per time point, totaling 15 rats. We
used different animals at each time point to avoid the risk of carryover
effects or cumulative stress responses, in individual rats. At the end point
of the study, the rats were euthanized via intraperitoneal injection of
Pentobarbital (100 mg/kg, Euthasol, LE VET, Oudewater, Netherlands).
A full characterization and validation of this pharmacologically induced
TTS-like rat model were previously reported by our group (Yoganathan
et al., 2023), demonstrating its ability to recapitulate key clinical fea-
tures of TTS. Briefly, during the acute phase, all rats exhibited physical
signs of a stress-induced cardiomyopathy, including electrocardiogram
(ECG) abnormalities, decreased blood pressure, and heterogeneous
regional LV wall-motion abnormalities (LV apex vs. LV base). This acute
metabolic response was accompanied by a global rise in myocardial FDG
uptake driven by increased K1 and increased glucose transporter type 1
(GLUT1) expression; notably, the insulin-dependent glucose transporter
type 4 (GLUT4) remained unchanged at the acute phase, consistent with
a state resembling myocardial glucose intolerance. Most functional signs
and plasma biomarkers (except B-type natriuretic peptide (BNP)) had
returned to normal by the recovery phase (7d post-ISO). However,
persistent metabolic and structural sequelae remained (including
elevated FDG uptake with activation of anabolic glucose pathways
(hexosamine biosynthetic pathway, and polyol pathway), an increased
phosphorylation rate, high GLUT1/GLUT4 expression, and irreversible
apical tissue and vascular remodeling (diffuse fibrosis, elevated vascular
markers)), thus providing a mechanistic link to the irreversible apical
remodeling observed clinically.

2.2. Imaging protocol

Dynamic PET imaging (Fig. 1B) of cerebral metabolism was obtained
in non-fasted rats anesthetized with 2.7 + 0.6 % isoflurane in medical
air. To ensure the reliability of our FDG-PET results and allow for a
rigorous comparison between post-ISO groups, we imposed careful and
continuous monitoring of rat physiological conditions. The isoflurane
anesthesia rate and heating system were adjusted continuously
throughout the imaging session to ensure that the respiratory rate and
the body temperature were stable and comparable across all experi-
mental groups (including baseline) (see Supplementary Data 1). Body
weight and blood glucose levels were measured before and 2 hours after
ISO injection. Each rat received an intravenous injection of 32.2 + 1.8
MBq of FDG in 0.4 mL saline. To enable PET attenuation correction,
whole-body images were acquired via computed tomography (CT) scan
using a nanoScan PET-CT scanner (Mediso Medical Imaging Systems,
Hungary). PET data were collected in list mode and binned using a 5 ns
time window, with a 400-600 keV energy window and a 1:5 coincidence
mode. Data was reconstructed using the Tera-Tomo reconstruction
software (Three-dimensional Ordered-Subsets Expect-
ation-Maximization (3D-OSEM) based manufactured customized
reconstruction algorithm) with expectation maximization iterations,
scatter, and attenuation correction. Dynamic PET imaging was per-
formed over 30 minutes, with data reconstructed into 23 frames of
different durations: 30 seconds, 6 x 5 seconds, 4 x 10 seconds, 6 x 30
seconds, 3 x 120 seconds, and 4 x 300 seconds.
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2.3. Image processing methodology and statistical analysis

A comprehensive dynamic FDG-PET image analysis of the brain was
performed using PMOD software (version 3.7, PMOD Technologies LLC,
Zurich). To ensure anatomical precision and consistency across subjects,
the analysis involved semi-automatic elastic registration to W. Schiffer’s
reference rat brain atlas (Schiffer et al., 2006), segmenting the brain into
58 distinct regions (see Supplementary Data 2 for the list of brain re-
gions) (Fig. 1C). Temporal FDG uptake profiles within these 58 delin-
eated brain regions were computed using a two-tissue compartment
model to derive the time-activity curves (TACs) representing the mean
FDG uptake kinetics in each region. To extract the arterial input function
(AIF) (representing the radiotracer concentration in arterial blood for
each animal), an image-derived input function (IDIF) was employed as a
non-invasive alternative. For this purpose, a region of interest (ROI) was
manually delineated in the vena cava on a dynamic PET frame acquired
approximately 60 + 5 seconds after FDG bolus injection (Lanz et al.,
2014), a time point at which vascular activity was distinguishable, and
the IDIF was derived from the vena cava time-activity using the model of
Alf et al. (2013):

% — 051 x e—0.1447><t(min) + 03 X e—0.00206><t(min) + 08 (1)
b

where A, denotes plasma activity, and Ay denotes whole blood activity.

A two-tissue compartmental kinetic analysis based on the TACs and
the derived IDIF yielded the kinetic constants reflecting glucose meta-
bolism: K1 describing blood to tissue inflow, and k3 describing the
phosphorylation of FDG by hexokinases (Fig. 1D). These two descriptors
of FDG kinetics in 58 cerebral regions at three different time points (n =
5 animals per time point) yielded a comprehensive database of 1740
descriptors, i.e., 2 metabolic descriptors (K1 and k3) x 5 rats per time
interval x 3-time intervals x 58 regions, which was used to analyze
regional cerebral metabolic during disease progression. Metabolic
changes between the acute and recovery phases were assessed on a ce-
rebral region-wise basis against the pre-stress mean values using uni-
variate Student’s t-tests. Statistical significance was determined with a
confidence level of 95 % (i.e., p-value < 0.05). To quantify significance,
we expressed the results as normalized z-scores, reflecting significant
deviations from the pre-stress values normalized by the standard
deviations.

2.4. Coordinated regional metabolic responses in brain areas

Interregional coordinated metabolic responses were assessed by
computing statistical associations between regional metabolic parame-
ters, following approaches adapted from Grosch et al. (2021) and
Jamadar et al. (2021). Briefly, Pearson correlation coefficients (|r|) were
calculated between all pairs of brain regions for each kinetic constant
(K1 and k3) at baseline, acute, and recovery phases. Significant corre-
lations (|r| > 0.9, p < 0.05) were interpreted as indicators of coordinated
metabolic behavior. The resulting correlation matrices were structured
as lower triangular matrices, excluding diagonal elements to avoid
self-correlations. Brain regions were categorized into functional brain
areas (parietal, retrosplenial, limbic, sensorimotor, audiovestibular,
midbrain, and cerebellar), and the number of statistically significant
correlations between brain regions belonging to each functional area
was quantified (Fig. 1E).

3. Results
3.1. Cerebral FDG uptake during the acute phase of TTS
Fig. 2 shows z-score normalized deviations of FDG kinetic constants

after ISO administration across brain regions, relative to their pre-stress
values. During the acute phase of TTS (blue bars in Fig. 2), both K1 and
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Fig. 2. Univariate analysis of metabolic constants K1 and k3 across brain regions during TTS progression. Relative changes in metabolic constants are expressed as
normalized z-scores from t-tests (p-value < 0.05), comparing pre-stress with the acute phase (2h) and pre-stress with the recovery phase (7d) (n = 5 rats per phase).
Anatomical brain regions were grouped into separate functional areas for the right and left hemispheres and for non-lateralized regions. Blue bars: acute phase
relative to pre-stress levels; green bars: recovery phase relative to pre-stress levels. Red dashed vertical lines denote significance thresholds (t-test).

k3 decreased broadly, with statistically significant reductions in 19 of 58
regions for K1 (33 %) and 9 regions for k3 (16 %). The largest K1 and k3
declines occurred in bilateral parietal and retrosplenial cortices and in
structures of the limbic and sensorimotor areas. These findings indicate
a widespread but region-specific metabolic depression, with glucose
delivery from blood to tissue (i.e., K1) being more affected than phos-
phorylation (i.e., k3) during the acute catecholaminergic surge. Com-
plete regional statistics are provided in Supplementary Data 3.

3.2. Cerebral FDG uptake during the recovery phase of TTS

During the recovery phase, one week after ISO challenge (green bars
in Fig. 2), most brain regions maintained reduced K1 relative to their
pre-stress values, as indicated by persistent negative z-scores. Although
metabolic suppression remained widespread, attenuation of K1 re-
ductions was observed in 60 % of regions, while 40 % showed further
decreases, suggesting a heterogeneous recovery dynamic across brain
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regions. Statistically significant reductions in K1 were identified in 11
regions (19 %).

Regarding k3 during the recovery phase, one week after ISO chal-
lenge, most regions showed reduced values relative to baseline. How-
ever, the overall magnitude of changes was smaller than during the
acute phase, and statistically significant reductions in k3 were found
only in 2 regions (3 %). Interestingly, the most significant changes for
both K1 and k3 were predominantly localized in the limbic and senso-
rimotor areas, which are both composed of a large number of regions.

3.3. Coordinated regional metabolic responses in brain areas

We then examined the degree of coordination, defined as the number
of significant interregional correlations between the metabolic
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responses within functional areas. The analysis focused on the regions
with the largest absolute deviations of K1 and k3 relative to the pre-
stress baseline, namely the limbic and sensorimotor regions (Fig. 3).

In the acute phase, the limbic area exhibited a substantial increase in
coordinated K1 responses, with the number of significant correlations
rising from 215 to 303 (+41 %), indicating enhanced synchronization of
glucose inflow. In contrast, coordinated k3 responses markedly
declined, from 294 to 149 (-49 %), reflecting disrupted coupling of
glucose phosphorylation across limbic regions. The sensorimotor area
showed a smaller increase in K1 correlations (from 32 to 34; +6 %) and a
notable decrease in k3 correlations (from 35 to 15; -57 %).

During the recovery phase, the number of K1 correlations in the
limbic area remained high (n=300, +40 % vs. baseline), suggesting
persistent coordination of glucose inflow. However, k3 coordination

A

K1

k3

300
250
200
150 -
100

Numbers of correlations

BL 2h 7d

BL 2h 7d

B Baseline (BL)

K1

k3

Acute phase (2h)
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|r| = 0.9 and p — value < 0.05

L: Left R:Right

Fig. 3. Coordinated regional metabolic responses across stress phases, grouped by functional areas (BL: baseline; 2h: acute phase; 7d: recovery phase). A) Bar plot
showing the number of statistically significant interregional correlations (|r| > 0.9, p < 0.05) between cerebral regions for the kinetic parameters K1 (glucose inflow)
and k3 (glucose phosphorylation), calculated using Pearson’s correlation analysis (n = 5 rats per phase). Correlations are grouped and color-coded by functional

brain areas: parietal (red) ll, retrosplenial (green) I, limbic (blue) I, sensorimotor (cyan) M, audiovestibular (magenta) I, midbrain (yellow)

, and cerebellar

(purple) . B) Spatial representation of these significant correlations, overlaid on a grey-scale horizontal projection of the W. Schiffer rat brain atlas (Schiffer et al.,
2006). Colored lines are the coordinated metabolic responses within one functional area (colors are the same as in A). White lines indicate significant correlations

between regions from different functional brain areas.
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dropped sharply (n=93, -68 %), indicating a breakdown in the syn-
chronization of phosphorylation processes. In the sensorimotor area, K1
correlations further increased slightly (n=36, +13 %), while k3 corre-
lations remained reduced (from 35 to 19; -46 %).

Discussion

ISO administration is used in animal studies to induce a pharmaco-
logical stress that recapitulates the major cardiac signs of TTS (Godsman
et al., 2022; Yoganathan et al., 2023; Zulfaj et al., 2024). In the present
study, we show that, in addition to the changes in cardiac metabolism
and function (Yoganathan et al., 2023), ISO induces significant alter-
ations of cerebral glucose metabolism, both immediately (acute effect, 2
hours post-ISO) and after apparently complete recovery (recovery
phase, 7 days post-ISO). Specifically, we observe widespread reductions
of K1 constant during the acute phase, indicating decreased FDG
transport from blood to brain in multiple regions. Though less pro-
nounced, K1 reductions persist into the recovery phase, demonstrating
that a single acute catecholaminergic stress has a sustained impact on
brain glucose dynamics.

Glucose is the brain’s primary energy substrate, supporting essential
neuronal functions such as neurotransmitter synthesis and cellular ho-
meostasis. Under physiological conditions, neuronal activity, cerebral
blood flow (CBF), and glucose metabolism are tightly coupled, forming
the basis of neurovascular and neurometabolic regulation (McKenna
et al., 2012). FDG-PET kinetic modeling is a well-established technique
to quantify cerebral glucose metabolism, yielding measurements of K1
and k3, the surrogate parameters for glucose cellular delivery and
phosphorylation, respectively. Low K1 reflects decreased glucose de-
livery to brain tissue, which may result from altered transporter func-
tion, reduced vascular flow, or low metabolic demand. The persistence
of altered K1 and k3 values into the recovery phase suggests that the
catecholaminergic surge produces long-lasting disruptions in cerebral
glucose metabolism after stress-induced signs have returned to normal.
Since ISO is cleared from the blood in a few hours, changes in FDG ki-
netics seven days after its administration indicate delayed and
long-lasting changes in brain metabolism. Although a transient impact
on CBF or blood-brain barrier permeability during the acute phase
cannot be entirely excluded, previous studies have provided limited
evidence for significant or lasting changes in these parameters (Mitchell
et al., 1975; Olesen et al., 1978; Murphy and Johanson, 1985; Olesen,
1986). Therefore, K1 and k3 changes reflect downstream effects on
glucose transporter expression or intracellular glucose-processing
pathways that persist well after the catecholamine levels have
returned to normal values.

Acute phase reductions in both K1 and k3 were particularly promi-
nent in brain regions involved in autonomic regulation and emotional
processing: in the limbic and sensorimotor areas, associating the
catecholamine-induced stress with hypometabolism shown by quanti-
tative regional FDG-PET imaging. Sparse interhemispheric asymmetries
were also observed in specific regions. The asymmetry observed in K1 in
the acute phase, with a selective increase in the left nucleus accumbens,
reflects an acute, lateralized neurovascular response. This is likely
driven by the differential and asymmetric engagement of adrenergic
receptors on the microvasculature, impacting CBF and glucose delivery
in this limbic area following the peripheral catecholamine challenge
(Raichle et al., 1975). In contrast, the asymmetry observed in k3 sug-
gests a lateralized neurometabolic failure. The right cerebral hemi-
sphere, particularly the prefrontal cortex, is known to exert dominant
regulatory control over the sympathetic nervous system. The reduced k3
indicates a profound metabolic exhaustion or active functional sup-
pression in this key top-down control circuit as it attempts to manage the
overwhelming sympathetic stress (McKlveen et al.,, 2015). These
persistent, sustained metabolic alterations, especially the asymmetric
functional disruption in right-hemisphere circuits governing stress
regulation, offer a plausible metabolic basis for the chronic cognitive
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and emotional disturbances reported in TTS patients. Moreover, the
observation that patients with pre-existing neurological disorders
experience worse long-term outcomes after TTS admission suggests that
an acute, lateralized metabolic collapse in the frontal regulatory system
could create a lasting vulnerability, contributing to increased long-term
morbidity and mortality in this susceptible TTS population.

It is noteworthy that, in the preclinical TTS model used here, stress
was induced by a peripheral pharmacological challenge, and not by a
CNS-borne emotional stressor as in the so-called “broken heart syn-
drome”. This is a clear indication that the regional metabolic alterations
reported here are a consequence of cerebral dysfunction induced by the
circulating catecholaminergic surge, and/or by its consequences outside
the CNS. Even more surprising, during the recovery phase, a parallel
decrease in both K1 and k3 was observed, particularly in the limbic area,
which raises the question as to why there is a lack of compensatory
mechanisms able to restore local metabolic balance in the CNS, possibly
creating long-lasting altered neuronal activity and/or glial support after
the initial catecholaminergic stress.

Metabolic correlation analysis revealed a significant divergence be-
tween K1 and k3 in the interregional metabolic associations throughout
the progression of TTS. Regarding K1, the number of significant corre-
lations between brain regions increased during both the acute and re-
covery phases relative to pre-stress, suggesting a global synchronization
of glucose distribution. Concerning the acute phase, this is likely due to
the systemic action of high ISO concentrations in the blood during stress,
but there is no obvious explanation for its continuation, even dimmed at
later times during recovery. In contrast, for k3 there was a sustained
decrease in interregional correlations in both phases, indicating a
breakdown of intracellular metabolic coordination of phosphorylation
processes, suggesting heterogeneity of glucose metabolism across brain
regions. These changes were most prominent in the limbic and senso-
rimotor areas, in line with their key functional role in the response to
stress. Taken together, these findings reveal a pattern of prolonged
stress-induced metabolic disruption that not only persists but is char-
acterized by a globally decreased but more metabolically coordinated
glucose inflow between regions, while phosphorylation capacity re-
mains uncoordinated and globally decreased. Whether this pattern
represents dysfunctional dynamic remodeling of the metabolic archi-
tecture of the brain and is linked to neuronal and/or glial metabolic
dysfunction remains to be determined. It is interesting to parallel this
observation with the fact that in cardiac tissue, using the same model,
alternative pathways of glucose utilization are activated (Yoganathan
et al., 2023).

Previous studies have shown functional (Silva et al., 2019; Templin
etal., 2019; Dichtl et al., 2020; Khan et al., 2023) and metabolic (Radfar
et al., 2021; Suzuki et al., 2021) alterations in brain regions involved in
emotional processing and autonomic control in TTS patients. In retro-
spective analyses of FDG-PET scans, Tawakol and colleagues reported a
greater risk of subsequent cardiovascular events (Tawakol et al., 2017)
and TTS (Radfar et al., 2021) in patients who had high resting-state
amygdala activity, suggesting that perceived stress was a cardiovascu-
lar risk factor, at least in cancer patients. In a tour de force follow-up
study of 4 TTS patients imaged at 2-4 days (“acute” phase) and 29-40
days (recovery phase), Suzuki et al. (2021) performed similar
FDG-PET imaging and showed a reversible increase of amygdala
activation.

Our results are in line with fMRI studies in TTS patients (Silva et al.,
2019; Templin et al., 2019; Khan et al., 2023) showing reduced activity
(Templin et al., 2019), connectivity (Silva et al., 2019), and anatomical
anomalies (Khan et al., 2023) in TTS patients, mostly in cerebral areas
covering the limbic system and the autonomic nervous system. They are
also in apparent contradiction with brain FDG-PET studies in TTS pa-
tients that reported increased amygdala activity (Radfar et al., 2021;
Suzuki et al., 2021), while we show sustained glucose hypometabolism
in our TTS animal model. Several reasons may explain this discrepancy.
Firstly, the TTS-inducing trigger is different in our model (peripheral
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administration of catecholamine) and in patients (mental stress centrally
originating in the CNS). Secondly, the animal model yielded direct
measurements of cerebral kinetic constants K1 and k3, reflecting cere-
bral uptake and phosphorylation of glucose, while the clinical mea-
surements were based on ratios of amygdala to total brain uptake of FDG
at a fixed time point, one hour post FDG injection, as reported by Radfar
et al. (2021), not mentioned in Suzuki et al. (2021). Thirdly, several
small studies have shown a discrepancy called “inverse flow mismatch”
in TTS patients between metabolism assessed by FDG-PET and flow
assessed by nuclear imaging of myocardial perfusion (Bybee et al.,
2006), reviewed in Testa and Feola (2014). It would be interesting to use
MRI-PET techniques to test whether this is also the case in TTS patients
or animal models.

Further research on TTS is needed to define the potential benefit of
measuring cerebral glucose metabolic constants in TTS. This may be
useful to address the molecular mechanisms underlying persistent
metabolic alterations, therefore possibly predicting the risk of long-term
neuropsychiatric sequelae in TTS patients. Eventually, it could lead to
the identification of novel therapeutic targets aimed at preserving brain
function and improving long-term outcomes in vulnerable populations.

We confirm here our previous results obtained in cardiac FDG-PET
studies in the same animal models (Yoganathan et al., 2023), showing
that an acute catecholamine surge triggers a cascade of events leading to
long-term changes in glucose handling by tissues, including the CNS.
Several mechanisms can be called upon to explain the action of pe-
ripheral catecholamine on cerebral metabolism. Firstly, the cardiac
dysfunction characterized by basal hypercontractility and apical aki-
nesia may contribute to the impairment of cerebral metabolism, acute
myocardial dysfunction leading to systemic metabolic dysregulation
affecting both the heart and brain. Secondly, systematically altered
glucose handling could influence cerebral metabolism through neuro-
humoral mechanisms or altered autonomic regulation. Thirdly, the
involvement of specific brain regions, particularly within the limbic
system, may also be related to the regional distribution of adrenergic
receptors. It has been shown that the apex of the LV, the cardiac region
in which akinesia is most frequently observed during TTS, has a higher
density and sensitivity of p-adrenergic receptors (Lyon et al., 2008). The
limbic system includes the amygdala, hippocampus, and insula, and is
known to play major roles in emotional processing and autonomic
nervous system control. It is therefore tempting to suggest that
dysfunctional cerebral metabolic remodeling may reflect hypoactivation
or a low compensatory response in these regions. Indeed, clinical studies
have reported a high frequency of pre-existing neurological disorders in
TTS patients, which have increased short- and long-term mortality rates
relative to patients without such condition (Herman et al., 2016; Cam-
mann et al., 2021; Suzuki et al., 2021; Leissner et al., 2025). Persistent
hypometabolism and disrupted metabolic coordination, particularly
within the limbic system, may provide a metabolic basis for the cogni-
tive and emotional disturbances frequently observed in TTS patients.

Study limitations. The use of an animal model to mimic human TTS
has several limitations. Firstly, the induction of TTS by the administra-
tion of catecholamine is only one of the several types of triggers inducing
TTS in patients, and it does not encompass the broader spectrum of
triggering factors (mental or physical stress, neurological or systemic
events). Here, the catecholaminergic surge, the common mechanism of
TTS, whatever its triggering factor, has a peripheral origin in contrast to
acute mental stress originating from the CNS or even peripheral physical
stress, e.g., surgery, stroke, bleeding, giving birth, among others.
Moreover, the model omits common comorbidities of mid- to late-life
patients (e.g., hypertension, diabetes, obesity) and uses young adult
female rats, whereas clinical TTS is most prevalent in post-menopausal
women. Secondly, in animals, FDG-PET imaging was performed under
anesthesia, which may modulate FDG uptake and thereby influence the
cerebral response to a catecholaminergic challenge. However, by miti-
gating this effect through continuous physiological monitoring and
carefully titrating anesthetic depth and temperature to maintain stable,
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comparable conditions across groups, we are confident that the observed
differences in FDG uptake represent genuine biological changes induced
by acute stress rather than confounding effects of anesthesia. Thirdly,
cerebral connectivity is lower in rodents than in humans, and, finally, it
cannot be excluded that regional connectivity differs between the two
species. However, fMRI studies agree with our results and suggest that
metabolic changes are an important aspect of TTS.

The translation of our results in an animal model to the clinical sit-
uation deserves caution, considering the multifactorial etiology of TTS.
Our experiments deliberately target a single critical mechanism, the
acute catecholaminergic surge and its metabolic sequelae in regional
cerebral metabolism. Further studies in human patients are needed to
confirm our preclinical results.

4. Conclusion

In summary, anomalies of cerebral glucose utilization are a central
and persistent feature of the response to acute catecholaminergic stress
in the rat model of TTS. Cerebral hypometabolism and disrupted inter-
regional coordination of metabolic activity occur early and persist
beyond behavioral signs of recovery, suggesting that the brain remains
metabolically altered long after the peripheral symptoms have subsided.
These findings support the importance of including cerebral metabolic
measures in experimental models of stress cardiomyopathy and under-
score the potential role of bidirectional brain-heart interactions in TTS
pathophysiology. They also advocate for a holistic approach to TTS to
recognize its potential to compromise both cardiac and cerebral func-
tions. Integrated care strategies that explicitly address the interplay
between the heart and brain may be crucial for optimizing long-term
recovery and well-being in TTS patients (Hovgaard et al., 2019).
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