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Abstract

Cardiorenal syndrome (CRS) involves bidirectional crosstalk between the failing heart and the kidneys.
Depending on the primum movens (primary cardiac or renal injury), systems-based interactions in the
secondary affected organ may include pro-fibrotic signaling, overzealous inflammation, impaired nerve
integrity or overactivity of specific renal transporters mediating glucose absorption. Those
pathophysiological pillars can be investigated by molecular imaging using SPECT or PET agents. Targeted
whole-body molecular imaging may allow for a) systems-based analysis along the heart-kidney axis, b) may
provide prognostic information on longitudinal organ-based functional decline or c) may be used for
guidance of reparative intervention based on peak activation identified on PET (paradigm of cardiorenal
theranostics). We will discuss the current state of translational molecular imaging for CRS, along with

future clinical aspects in the field.

Keywords: cardiorenal, renocardiac, heart-kidney axis, molecular imaging, theranostics, PET, cardiorenal syndrome, organ-organ
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Introduction

Cardiorenal = syndrome  (CRS)  involves
bidirectional crosstalk between the failing heart and
the kidneys, with renocardiac syndrome (RCS)
describing the opposite pathophysiological pathway
[1]. In recent years, multiple pathophysiological
pillars have been identified that initiate and
perpetuate deteriorating cardiac or renal function and
those include, but are not limited to neurohumoral
dysregulation, overzealous inflammation, glucose
absorption and fibrotic remodeling [1].

Determining severity and extent of alterations on
a subcellular level in both the heart and the kidneys
poses a challenge for the referring cardiologist or

nephrologist [1]. As a gold standard, invasively
derived specimens obtained by organ biopsies may be
difficult to obtain, are prone to sampling errors, can
harm the patient and most often, cannot be repeated -
thereby not allowing for longitudinal assessment [2].
Blood-based (liquid) biomarkers can address those
issues, as they can be collected relatively
non-invasively and even be applied for serial
follow-up, but provide no insights on a tissue level
[2]. In this regard, varying conventional imaging
modalities have already been investigated, which are
characterized by respective strengths and limitations.
For instance, ultrasound cannot separate between
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inflammation and fibrotic changes in the kidneys [3],
while computed tomography only provides
morphological information. On magnetic resonance
imaging (MRI), however, renal inflammation is
characterized by increasing apparent diffusion
coefficient values [4] and this imaging technique can
also determine fibrotic changes in the heart and
kidneys [5]. Nonetheless, other afore-mentioned
pathophysiologic pillars in CRS cannot be assessed by
MRI, such as neurohumoral alterations or
glucose-mediated metabolic changes. However, based
on the injected radionuclide, molecular imaging has
the potential to interrogate all of those molecular
characteristics in a non-invasive manner. Moreover,
as radiotracers are applied systemically, this imaging
technique can determine organ-organ crosstalk,
including heart and kidneys [6].

In recent years, various therapeutic strategies
targeting inflammation, neurohumoral or metabolic
alterations in CRS have been developed and yielded
mixed results. For instance, in the CARRESS-HF trial
(Cardiorenal Rescue Study in Acute Decompensated
Heart Failure), ultrafiltration applied to CRS patients
with heart failure (HF) and worsening kidney
function failed to preserve the renal status quo when
compared to intravenous diuretics adjusted to daily
urine output [7]. Other major studies, however, have
focused on renal inhibition of sodium-glucose
cotransporter 2 inhibitor (SGLT2) in the context of
CRS, including DECLARE-TIMI 58 (Dapagliflozin
Effect on CardiovasculAR Events), CANVAS
(Canagliflozin Cardiovascular Assessment Study
Program), and EMPA-REG OUTCOME
(Empagliflozin, Cardiovascular Outcomes, and
Mortality in Type 2 Diabetes) [8-10]. For the latter
trial, a relevant risk reduction of 44% for the doubling
of serum creatinine levels was observed [10], thereby
delaying the need for dialysis by approximately 1 year
[11]. Furthermore, SGLT2 inhibition by dapagliflozin
or empagliflozin significantly reduced the risk for
chronic kidney disease (CKD) progression as well as
HF events in patients with CKD with or without
diabetes [12]. However, despite such optimal
treatment including inhibition of renin-angiotensin
system or SGLT2, residual risk remains high. Among
others, the human monoclonal antibody directed
towards IL-18 also reduced major cardiovascular
events (MACE) in patients with CKD, thereby
indicating a cardioprotective effect in RCS, but failed
to reduce the number of renal events [13]. Taken
together, the varying therapeutic response in CRS
patients highlight an unmet need to non-invasively
identify the compromised target along the cardiorenal
axis and to initiate the most appropriate treatment for
a dual-organ benefit at the right time. In this regard,

molecular imaging allows quantification of the
current retention capacities of the target in-vivo [6],
which then also opens opportunities for molecular
image-piloted strategies. Reparative interventions can
be commenced at the time of maximum target
expression (derived by PET radiotracer uptake),
which then allows maximization of therapeutic
efficacy and minimization of relevant off-target effects
[6]. As such, the increasing availability of potential
integrated applications of therapy and molecular
imaging may then be exploited for a) systems-based
analysis along the heart-kidney axis, b) prognostic
information on longitudinal organ-based functional
decline or c) guidance of reparative intervention
based on peak activation identified on PET (paradigm
of cardiorenal theranostics).

In the following review article, we will discuss
pathophysiological pillars involved in CRS and
provide a brief overview of SPECT and PET
radiotracers that can visualize respective targets on a
subcellular level along the heart-kidney axis (Figure
1). Moreover, we will discuss future applications of
this imaging technique for CRS patients in clinical
practice.

Inflammation and Pro-Fibrotic
Remodeling

In patients after myocardial infarction (MI) and
HF exerting renodepressing effects, normal tissue
repair is characterized by initiation of inflammatory
pathways, followed by pro-fibrotic cells triggering
wound healing processes in the heart and kidneys.
Prolonged activation of pro-inflammatory/-fibrotic
cells can exacerbate acute kidney injury (AKI) post-MI
(2). Along the cardiorenal axis (CRA), the healing
characteristics of recruited phagocytes may then be
self-perpetuating, culminating in deleterious effects.
Relative to controls, plasma of CRS Type 1 patients
(defined as acute HF leading to AKI) revealed a
distinctive time line of early increase of
pro-inflammatory cytokines including interleukin
(IL)-6 and tumor necrosis factor (TNF)-a [14].
Moreover, compatible with CRS Type 1, MI in mice
triggered an acute rise in creatinine, which was
accompanied by an increased renal expression of
pro-inflammatory molecules including vascular cell
adhesion molecule-1 (VCAM-1), and transforming
growth factor (TGF)-p. That, however, was in contrast
to late-stage chronic HF resulting in CKD (CRS Type
2). Mice euthanized later in the time-course showed
increasing periglomerular and peritubular fibrosis in
the kidneys with increased markers of collagen
deposition, most likely caused by oxidant stress
resulting in fibroblast activation [15]. Accordingly,
anti-inflammatory therapies emerged as a novel
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Figure 1. Overview of selected radiotracers used to decipher target expression along the heart-kidney axis. ['23]]-meta-iodobenzylguanidine (['2I]mIBG),

[''C]meta-  hydroxyephedrine  ([''C]HED), FI8

N-[3-Bromo-4-(3-['8F]fluoro-propoxy)-benzyl]-guanidin

(['8F]LMIT195),  2-Butyl-5-[''C]methoxymethyl-6-

(1-oxopyridin-2-yl)-3-[[2-(1 H-tetrazol-5-yl)biphenyl-4-ylJmethyl]-3H-imidazo[4,5-b]pyridine ([''C]JKR31173), '8F-labeled valsartan (['8F]FV45), 2-deoxy-2-['8F]fluoro-D-Glucose
(['8F]FDG), ¢8Ga-labeled FAP inhibitor ([¢8Ga]FAPI04), Ipha-methyl-4-deoxy-4-['8F]fluoro-D-glucopyranoside (['8F]Me-4FDG), 11C-methyl-D-glucoside ([''C]JMDG). Created

with biorender.com.

therapeutic option in patients with cardiorenal
diseases [16]. In patients, modulation of inflammation
has been recently tested in a post-hoc analysis of the
CANTOS (Canakinumab Anti-Inflammatory
Thrombosis Outcomes Study) trial, which was
designed as an intent-to-treat analysis in 10,061 adult
patients with recent MI and systemic inflammation
(defined as elevated high sensitivity c-reactive protein
[hsCRP] >2 mg/L). Patients with moderate CKD
(estimated glomerular filtration rate [eGFR] <60
ml/min/1.73 m2) treated with the IL-1p selective
antagonist canakinumab demonstrated a significantly
reduced risk of MACE. The largest benefit was
observed in patients with a robust anti-inflammatory
response to the first dose (on-treatment hsCRP levels
<2 mg/l), thereby emphasizing the critical role of
appropriate patient selection and timing of treatment
[13]. Besides that, Ziltivekimab a human monoclonal
antibody directed against the IL-6 ligand is currently
evaluated in the phase 3 clinical trial ZEUS in patients
with CKD, prevalent atherosclerotic cardiovascular
disease, and elevated CRP [17]. Hence, a more
sophisticated ~ clinical ~ strategy = of  limiting
anti-inflammatory therapy exclusively to responders
might improve therapeutic efficacy for bifunctional
cardiorenal outcome [18].

In recent years, the C-X-C motif chemokine
receptor 4 (CXCR4) and its known natural ligand

SDFl-alpha have gained attention, as they mediate
migration of leukocyte subpopulation to the injured
myocardium post-MI [19]. Thackeray and coworkers
reported on the use of CXCR4-targeting PET probe
[8Ga]PentixaFor in a murine MI model,
demonstrating increased uptake in area of ischemic
injury 3 days after the acute event, followed by
dissipation of the biomarker signal at day 7, which
was also correlated to leukocyte infiltration
determined by flow cytometry [20]. The same
research group observed improved left ventricular
ejection fraction (LVEF) in mice treated at the peak
PET signal at day 3, but not at day 7, indicative of the
capability of chemokine receptor PET to guide
anti-inflammatory cardiac repair [21]. In human, the
CXCR4 PET signal varied substantially among
patients, also suggesting that CXCR4-targeted
molecular imaging can identify patients that benefit
from treatment [21]. Those considerations are further
fueled by a recent study showing that patients with
increased in vivo CXCR4 expression in the area of
ischemic injury were also at greater risk for
developing MACE during follow-up [22]. Chemokine
receptor PET, however, allows for systemic read-out
of other organs involved in the systemic immune
response, and thus, in mice after MI, radiotracer
uptake in the bone marrow, spleen or lymph nodes
was proportional to [®¥Ga]PentixaFor uptake in the
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infarct territory [22]. The kidneys, however, are also
characterized by increased leukocyte infiltration [23]
and thus, a recent translational study investigating
parallel heart-kidney inflammation after acute MI
using CXCR4-directed PET was carried out. Murine
CXCR4 PET signal in the injured myocardium
correlated with renal radiotracer accumulation
(Figure 2A-C), which was proportional to CD68
positive macrophages [24]. Potentially providing
evidence of the subsequent on-set of inflammation in
both organs over time, the renal CXCR4 PET uptake at
7 days post-MI emerged as more predictive of
functional cardiac decline (assessed by LVEF) when
compared to the infarct signal [24]. In 96 patients with
MI who were imaged with CXCR4-directed PET
immediately after the acute event, comparable
cardiorenal systemic networking was observed, as
CXCR4 signal in the infarct territory was linked to
renal and splenic radiotracer accumulation (Figure 2
D,E). Moreover, preliminary data also showed that
the cardiac PET signal may identify patients at
increased risk for worsening renal function post-MI,
suggesting a potential role for image-piloted
therapeutic approaches to preserve (cardio)renal
function after acute MI [24]. Further evidence on a
systems-based organ-organ networking analysis
based on inflammatory-directed imaging will be
provided by results of a currently recruiting
prospective phase 2 study, which will image
optimally treated acute MI patients using
[¢8Ga]PentixaFor PET to determine the predictive
value of organ uptake (including kidneys) for LVEF
decline during one-year follow-up (LOMI trial,
NCT05519735).

In deciphering (pro-)fibrotic expression, recent
years have seen an unprecedented success of
fibroblast activation protein (FAP)-directed PET
agents, many of which are FAP inhibitors (FAPI),
mainly in oncology [25]. After acute MI, overzealous
inflammatory response can cause aggregation of
structural proteins of the extracellular matrix,
followed by fibrotic remodeling [26]. After
approximately 11 days post-M], a recent human study
reported on increased FAPI uptake in the ischemic
myocardium. The fibrotic PET signal exceeded late
gadolinium enhancement signal and was negatively

associated with later LVEF, indicating that
FAPI-targeted imaging can provide additional
information beyond conventional morphological

modalities and may be of predictive value [27]. A
recent study investigated the potential of FAPI PET to
identify fibrosis, thereby potentially omitting invasive
procedures for the detection of kidney fibrosis. In a
head-to-head comparison with other non-fibrotic PET
radiotracers, only [®®Ga]FAPI uptake in the renal

parenchyma was inversely proportional to GFR
values, suggesting a specific binding for this PET
agent in the renal cortex [28]. Also demonstrating the
potential of monitoring kidney fibrosis, Unterrainer et
al. reported on a patient after renal artery occlusion
who exhibited increased fibrotic uptake in an
(ischemic) area at risk at the lower-pole of the kidney.
Ex vivo analysis then revealed activated fibroblasts in
this region [29]. Although investigations along the
cardiorenal axis are missing to date, those studies in
the infarcted heart and kidney suggest that FAPI PET
may serve as a biomarker of the fibrotic extent and
remodeling in both organs after myocardial or renal
infarction. The role of fibrosis-targeting radiotracers
may then include evaluation of fibrotic changes in the
kidneys to guide novel renal fibrosis decreasing
therapeutics, e.g., the transforming growth
factor-inhibiting GW788388 [30]. As such, FAPI PET
could then close the gap between potential preclinical
anti-fibrotic phenotypes and beneficial treatment in
patients, as preceeding interrogation of renal fibrosis
in both organs would allow for improved timing of
treatment [31].

Neurohumoral Dysregulation

After acute MI, neurohumoral alterations can
substantially contribute to HF, including overactivity
of the sympathetic nervous system (SNS) and renin
angiotensin-aldosterone system (RAAS) [32]. After
M], the neurotransmitter norepinephrine (NE) is not
consistently cleared from the synaptic cleft at the
nerve terminal, which then contributes to remodeling
of the left ventricle, followed by the development of
congestive HF (CHF) [32]. In addition, dysregulation
of the SNS and RAAS after cardiac damage is also
thought to play a prominent role in exacerbating renal
impairment, including hypo-uresis [1].

Cardiac innervation can be closely monitored by
means of molecular imaging. After storage in
presynaptic NE vesicles, the firing impulse at the
nerve terminal causes extraction into the synaptic
cleft, leading to further neurotransmission via
postsynaptic adrenoreceptors. This process can be
visualized by radiotracers imitating this physiological
route of NE, such as the SPECT radiotracer
[123]]-meta-iodobenzylguanidine (['®I]mIBG) [33]. In
patients with HF, the disrupted neurotransmission
and missing reuptake via the NE transporter (NET)
into the pre-synapse is then characterized by absent
radiotracer accumulation in the myocardium (Figure
3). Globally assessed impaired cardiac nerve integrity
using SPECT technology then allows for identifying
patients at increased risk for fatal events in HF [34].
Aiming to identify potential cardiorenal interaction in
the failing heart, Verschure et al. showed that
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['PIlmIBG-determined  cardiac nerve integrity
emerged as a better predictor for cardiac death than
GEFR [35]. Marsico and coworkers recently reported
that increased myocardial denervation assessed by
[2IlmIBG was associated with more severe GFR
reduction when compared to subjects with normal
renal function, thereby further emphasizing the
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Figure 2. Cardiorenal C-X-C motif chemokine receptor 4 (CXCR4)-directed PET imaging using [¢8Ga]PentixaFor in mice (A-C) and patients (D, E) after
myocardial infarction (MI). (A) [¢8Ga]PentixaFor revealed intense CXCR4 uptake early after Ml (day [d] I, day 3) in the infarct territory (short axis) and no relevant signal
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at later stages (day 7, week [wk] 6). Respective splenic and renal images (coronal axis) showed paralleled radiotracer decline over time. Quantitative evaluation provided by
myocardial infarct to remote activity ratio (B) and renal [¢8Ga]PentixaFor signal (in %ID/g, C) confirmed visual findings with significant decline of in-vivo CXCR4 expression
already at d7 relative to dI post-MI. Maximum intensity projection (MIP) of [¢8Ga]PentixaFor in a patient early after Ml revealed intense uptake in the infarct region, spleen and
parenchyma of the kidneys (D). Peak standardized uptake values (SUV;eax) in the infarct region showed significant association with renal and splenic uptake (E), indicative for
systemic immune response (as demonstrated by hematopoietic organ activation) and cardiorenal inflammatory interaction. Right ventricle (RV), left ventricle (LV), Spleen (S), L
(Left), R (Right), K (Kidney). Adapted with permission from [24], copyright 2021 IvySpring.
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Figure 3. Norepinephrine (NE) transporter (NET)-directed molecular using ['22IJmIBG planar scintigraphy. In healthy patients (upper row, left), NE is cleared
from the synaptic cleft in presynaptic nerve terminal once a firing impulse has arrived. In heart failure patients, neurotransmission is characterized by a compromised reuptake
mechanism (upper row, right). Mimicking the physiological pathway of NE, the ['22[JmIBG signal is then diminished in HF patients (lower row, right), while the radiotracer signal
is intense in healthy individuals (lower row, left). Dotted circles indicate myocardium. SNS = sympathetic nervous system. Created with biorender.com.

Relative to SPECT, however, 18F-labeled PET
radiotracers allow for more precise assessment of the
reduced cardiac innervation, mainly due to improved
spatiotemporal resolution [38]. Of note, recent years
have witnessed the introduction of those
second-generation molecular imaging radiotracers for
assessing neurohumoral function, including a
non-invasive read-out of the current status of the
RAAS and SNS. For the latter system, the novel PET
probe ['8F]AF78 provided a precise reflection of NET
activity, ~—as  the  NET  blocking  agent
phenoxybenzamine led to diminished uptake in the
myocardium [39]. Based on the clinically used drug
valsartan, the radiotracer  @-fluoro-valsartan
(['®F]FV45) targeting the RAAS allows for
determination of AT1 receptor expression. In this
regard, valsartan was used as a “cold” blocking agent
in rats, which led to diminished renal ['¥F]FV45
accumulation, thereby suggesting selective interaction
of this radiotracer with the AT1 receptor in the
kidneys [40]. Although human reports are missing to
date, those promising results render [F]JFV45 as a
promising  second-generation  18F-labeled = PET

radiotracer for deciphering neurohumoral interaction
along the heart-kidney axis.

SGLT2 - Beyond Glucose Lowering

Sodium-glucose cotransporter-2 (SGLT2)
inhibitors have demonstrated benefits that extend
beyond  glucose-lowering  efficacy, including
protective mechanisms capable of slowing or
preventing the onset of long-term cardiovascular and
renal complications [41]. SGLT2 is a protein located in
the proximal tubules of the kidneys, responsible for
the reabsorption of the majority of filtered glucose
from the renal tubular lumen back into the
bloodstream [42]. Respective inhibitors can cause
increased excretion of glucose in the urine and
subsequently lowering blood glucose levels.

SGLT2 inhibitors, such as empagliflozin and
dapagliflozin, have shown significant cardiovascular
benefits in multiple large-scale cardiovascular
outcome trials [43]. These benefits encompass
reductions in MACE, hospitalization for HF, and
cardiovascular mortality. SGLT2 inhibitors induce
natriuresis and osmotic diuresis, reducing preload
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and afterload, thereby improving cardiac function
[44]. Additionally, by reducing glucotoxicity, SGLT2
inhibitors improve insulin sensitivity and p-cell
function, mitigating the adverse effects of
hyperglycemia on the cardiovascular system [45].
These inhibitors also reduce inflammation and
fibrosis in cardiac tissues, contributing to improved
cardiovascular outcomes [46].

In terms of renal protection, SGLT2 inhibitors
provide significant benefits as evidenced by
reductions in the progression of CKD and the
occurrence of renal-related adverse events in CKD
patients with or without diabetes [47]. By enhancing
sodium delivery to the macula densa, SGLT2
inhibitors  restore tubule-glomerular feedback,
reducing intraglomerular pressure and slowing CKD
progression [48]. They also reduce albuminuria, a
marker of glomerular damage, thereby preserving
kidney function [49]. Furthermore, the diuretic effect
of SGLT2 inhibitors alleviates renal hypoxia,
protecting against ischemic damage [50].

The integration of advanced molecular imaging
techniques, including cutting-edge molecular PET
imaging with SGLT-specific radiotracers and other
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Figure 4. SGLT-directed molecular imaging using ['8F]Me-4FDG. (A) Relative to ['8F]FDG (right panel), which interacts with GLUT, ['8F]Me-4FDG is selectively taken
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in Phlorizin- and Canagliflozin-pretreated animals, uptake in the cortex was substantially decreased (along with high bladder activity). Cortex-to-pelvis count ratios (upper row,
right) also displayed lower radiotracer accumulation over time relative to controls. Kidney and blood radioactivity (lower row, right) at 60 min after tracer i.v. showed increased
renal activity only for controls, but not for pretreated animals, thereby indicating high specificity of ['8F]Me-4FDG for deciphering SGLT activity in-vivo. Adapted and changed with
permission from [51], copyright 2022 Sage. Published under Creative Commons Attribution 4.0 License (https://creativecommons.org/licenses/by/4.0/).

Table 1. Overview of selected radiotracers and target mechanisms used along the cardiorenal axis. Cardiorenal axis
(CRA), ¢8Ga-labeled FAP inhibitor ([68Ga]FAPI04), sympathetic nervous system (SNS), [23]]-meta-iodobenzylguanidine (['231]]mIBG), renin

angiotensin-aldosterone  system (RAAS), F18 valsartan
(['8F]Me-4FDG).

(['8F]FV45),

Ipha-methyl-4-deoxy-4-['8F]fluoro-D-glucopyranoside

Target Radionuclide Current use

Inflammation Chemokine Receptor 4

[8Ga]PentixaFor Preclinical monitoring along the CRA: Murine MI model with increased CXCR4 expression early post-infarct

[20], improved cardiac outcome with treatment at peak of PET signal [21] and paralleled heart-kidney CXCR4
expression along the cardiorenal axis [24]

Clinical monitoring along the CRA: Paralleled heart-kidney inflammation in MI patients early after the acute
event, with independent predictive value of PET signal for worsening kidney function [24]

Predictive value after MI: Increased FAPI uptake in the ischemic myocardium 11 days after MI on patients;
uptake associated with later changes of ejection fraction, thereby suggesting predictive potential [27]

Monitoring of renal function: FAPI uptake in the renal parenchyma inversely proportional to GFR values,
suggesting a specific binding for this PET agent in the kidneys [28]

Monitoring of renal fibrosis: after renal artery occlusion [29]

Increased uptake associated with worsening kidney function [36]

Predictive role of combined cardiorenal assessment: [1231]-mIBG cardiac innervation scintigraphy and renal

function can predict lethal arrhythmic events [37]

Fibrosis Fibroblast activation [68Ga]FAPI
protein inhibitor
Neurohumoral Norepinephrine [138I]mIBG
Dysregulation Transporter (NET) for
SNS assessment
[8F]AF78
AT1 Receptor for RAAS  [I8F]FV45

assessment rats [40]

Metabolism Sodium-glucose

cotransporter-2 (SGLT2)

[SF]Me-4FDG

Preclinical: selective interaction with the NET in the heart as proven by blocking experiments in rats [39]

Preclinical: selective interaction with the AT1 receptor in the kidneys as proven by blocking experiments in

Preclinical: selectively taken up by SGLT but not by GLUT as proven by blocking experiments in rats [51]

Molecular imaging agents targeting the cardiac
neurohormonal system, including the aforementioned
SPECT radiotracer ['PIlmIBG and the recently
introduced fluorine-18 NE analog PET radiotracer
[*®F]AF78 can be used to assess the impact of SGLT2
inhibitors on cardiac neurohumoral regulation [52].
Those agents visualize SNS activity, providing
insights into the effects of SGLT2 inhibitors on cardiac
autonomic regulation. Metabolic imaging with tracers
like [®¥F]FDG for glucose metabolism (through
binding of GLUTs) and fatty acid markers such as
18F-fluoro-4-thia-palmitate ([18F]FTP), 18-['8F]fluoro-
4-thia-oleate ([8F]JFTO) PET or ['ZI]beta-methyl
iodophenyl-pentadecanoic acid (['?I]BMIPP) SPECT
can complement SGLT2-specific imaging by
providing a broader view of metabolic changes
induced by SGLT2 inhibitors [53, 54]. Those tracers
can evaluate myocardial metabolism, offering
comprehensive insights into the metabolic effects on
cardiac function. As alluded to earlier, for
inflammation imaging, tracers such as the
CXCR4-targeting PET tracer [®Ga]PentixaFor can
visualize and quantify inflammation in the injured
heart and kidneys post-MI [24]. That can help assess
the anti-inflammatory effects of SGLT2 inhibitors,

further elucidating their role in reducing
cardiovascular and renal complications. SGLT2
inhibitors represent a transformative advancement in
the management of diabetes, with profound benefits
for cardiovascular and renal health; as such,
mechanistic insights from molecular imaging of the
appropriate pathways and targets may be impactful
in optimizing diabetes care.

Table 1 provides an overview of selected
radiotracers and target mechanisms used along the
cardiorenal axis.

The Paradigm of Cardiorenal
Theranostics

The American Heart Association emphasized the
need for novel imaging techniques for improved
selection and goal-directed reparative interventions
for patients with CRS [1]. Given varying
pathophysiological pillars along the heart-kidney axis
that can be characterized by means of molecular
imaging, SPECT or PET-piloted therapeutic strategies
may improve outcome in MI or HF patients not only
for the primarily affected organ (heart), but also for
the remote kidneys.
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Figure 5. Paradigm of cardiorenal theranostics. In a manner similar to oncology, the concept of theranostics could be transferred to individuals with cardiorenal
syndrome. Patients with increased radiotracer signal, e.g., after injection of inflammatory-directed [¢8Ga]PentixaFor, will receive targeted, anti-inflammatory therapy, thereby
improving cardiorenal functional outcome. For patients with diminished PET signal in both target organs, other treatment options should be identified. As such, PET can then
allow for a molecular image-piloted strategies to determine the most appropriate patient at the right time for the right treatment. Inconsistencies on cardiorenal uptake may be
addressed by dose-depending therapeutic approaches, e.g., lower uptake may trigger lower dose of a cardiorenal protective agent.

In nuclear oncology, recent years have seen an
unprecedented success of theranostics, where the
target on tumor cell surface can be visualized by PET,
followed by treatment using a comparable therapeutic
radiotracer [55]. This principle could also be
transferred to CRS, with target-specific PET agents
deciphering the current status of the receptor that
would also be occupied for therapeutic purposes [56].
For instance, patients with increased signal on
inflammatory PET on both the heart and the kidneys
could then be scheduled for anti-inflammatory drugs,
such as canakinumab. As such, relative to a
blood-based identification of responders (e.g., by
measuring CRP) [13], such a molecular imaging-based
phenotyping would then allow the identification of
subjects with best response. That paradigm of
“cardiorenal theranostics” would then allow for
highly specific targeted intervention, thereby
maximizing functional outcome of both organs
(Figure 5). Nonetheless, molecular imaging can
always be only one selection tool among others, as
therapeutic outcomes may be influenced by various
factors, including individual patient differences, the
resolution limitations of imaging techniques, and the
timing of treatment.

Current Limitations and Outlook

Obviously, some of the herein mentioned
radiotracers have been limited to one single organ to

date. The reasons for this development are manifold:
First, the afore-mentioned radiotracers targeting
inflammation and neurohumoral integrity have a
long(er)-standing  history  relative to  other
radiopharmaceuticals. For instance, the first report on
[*2ImIBG dates back to 1980 [57], while the first
in-human data on FAPI was presented in 2018 [58].
Second, some of those radiotracers are limited to
particular PET centers [39], while other “target of
interests” such as SGLT have just recently gained
attention [59]. To ensure that PET and SPECT become
truly useful for molecular imaging along the
heart-kidney axis, a close collaboration between
cardiologists, nephrologists and molecular imaging
experts focusing on CRA would be essential. Such a
multidisciplinary approach would then ensure that
the next important target for treatment along the
heart-kidney axis would be accompanied by a
respective imaging agent, which allows for an
organ-specific phenotyping. Moreover, the use of
SPECT and PET has been exclusively focused on
cardiorenal interactions with the injured myocardium
serving as “primum movens” and thus, future efforts
should also include molecular imaging along the
renocardiac axis (i.e., focusing on diseases with renal
damage followed by heart injury). Last, the current
use of this imaging technique relative to other
imaging methods needs to be further defined and
thus, the role of PET/SPECT along the CRA may be
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further characterized by head-to-head comparisons,
preferably in clinical trials.

Conclusions

In patients with CRS, systemically applied
SPECT and PET radiotracers can provide information
on a subcellular level for the target (heart) and remote
organ (kidneys) and may even be used to guide
reparative interventions along the CRA (ie. a
paradigm of cardiorenal theranostics). Respective
imaging agents can decipher pro-fibrotic signaling,
overzealous inflammation, impaired nerve integrity,
and/or overactivity of specific renal transporters
mediating  glucose absorption. For instance,
translational studies have already reported parallel
heart-kidney inflammation after acute MI using
chemokine receptor-directed PET, while SPECT-based
neurohumoral impairment was tightly linked to
greater risk of renal functional decline or lethal
arrhythmic events. Future efforts may turn towards
the use of novel '8F-labeled second-generation SNS or
RAAS radiotracers for identifying CRS patients at
greater risk for cardiorenal functional decline.
Moreover, SGLT2 activity reflecting PET radiotracers
may also allow for precise monitoring of SGLT2
inhibitor  efficacy in  reducing  glomerular
hyperfiltration.
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