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Abstract: Objective: To quantitatively assess cardiac and renal sympathetic nerve activity using 131I-metaiodoben-
zylguanidine (MIBG) imaging, in patients with heart failure with preserved ejection fraction (HFpEF) diagnosed via 
left heart catheterization, compared with matched controls. Methods: The study enrolled 18 HFpEF patients (diag-
nosed via left heart catheterization for exertional dyspnea as the test group) and 10 matched controls. All subjects 
underwent cardiac and renal 131I-MIBG imaging. We measured early (15 min, reflecting nerve density/uptake) and 
delayed (4 h, reflecting neurotransmitter storage/turnover) kidney-to-mediastinum (K/M) and heart-to-mediastinum 
(H/M) ratios, as well as washout rates (WR). Results: Invasive hemodynamic measurements showed elevated mean 
left ventricular end-diastolic pressure (mLVEDP) in the test group [21 (18, 24) mmHg vs. 7.5 (5, 8) mmHg, P < 0.05]. 
Notably, 131I-MIBG imaging indicated significantly higher renal sympathetic activation in the test group during both 
the early and delayed phases (K/M15min: 10.5 ± 2.5 vs. 3.7 ± 0.45 and K/M4h: 8.1 ± 3.3 vs. 4.6 ± 0.3, P < 0.05), 
the former being approximately two to three times greater than the latter. This hypersympathetic state significantly 
paralleled the elevation in LAD and mLVEDP (P < 0.05), indicating a direct link between renal neuro-overactivity 
and cardiac diastolic impairment. Conclusions: 131I-MIBG imaging successfully quantifies renal-cardiac sympathetic 
crosstalk in HFpEF. The markedly elevated K/M ratios demonstrate that renal sympathetic overactivity is a core 
driver of hemodynamic congestion in these patients. Clinically, this technique may serve as a powerful non-invasive 
biomarker to identify candidates for sympatho-inhibitory therapies and provides a precise tool for monitoring thera-
peutic efficacy in HFpEF management.
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Introduction

Heart failure with preserved ejection fraction 
(HFpEF), also called diastolic heart failure, is a 
disease or syndrome with a strong tendency 
toward heterogeneity, and may result from the 
action of one or more disorders [1]. Chronic 
activation of the sympathetic nervous system 
elevates heart rate and myocardial contrac- 
tility, thereby increasing myocardial energy 
demand. This can induce vascular stiffness, 
promote myocardial fibrosis, trigger arrhyth-
mias, impair endothelial function, and ultimate-
ly accelerate the progression of myocardial dys-
function [2]. Yet, the majority of researches 
have concentrated on the cardiac sympathetic 

system, with relatively little attention given to 
activation of the renal sympathetic system, 
especially in HFpEF [3]. Given that the kidneys 
are the primary regulators of sodium balance 
and plasma volume, renal sympathetic overac-
tivity directly triggers the renin-angiotensin-
aldosterone system (RAAS) cascade, leading to 
fluid congestion and elevated filling pressures 
that define the HFpEF phenotype. Thus, quanti-
fying renal-specific sympathetic drive is crucial 
for a comprehensive systemic understanding of 
the disease.

The 123I-MIBG imaging technique utilizes the 
properties of metaiodobenzylguanidine (MIBG), 
a guanidine analogue that can be taken up by 
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the synaptic vesicles of cardiac sympathetic 
nerve endings through the same mechanism  
as norepinephrine, enabling radiolabeling of 
norepinephrine receptor binding and thereby 
allowing non-invasive and quantitative assess-
ment of the function and integrity of cardiac 
and renal sympathetic nerves [4]. In this con-
text, the early-phase (15 min) imaging provid- 
es a measure of sympathetic nerve terminal 
density, while the delayed-phase (4 h) imaging 
reflects the functional dynamics of neurotrans-
mitter storage and turnover, offering a com- 
prehensive view of neuro-effector status. It is 
currently a reliable adjunct for clinical renal 
denervation in patients with hypertension [5]. 
Clinical trials have demonstrated the value of 
quantitative early- and delayed-phase parame-
ters of cardiac 123I-MIBG imaging in predicting 
adverse cardiac events long-term in patients 
with heart failure [6].

Despite characteristic changes in 123I-MIBG 
uptake, distribution, and washout in the heart 
and kidney, its application in HFpEF has rarely 
been reported. In China, due to the limitations 
of 123I-MIBG supply in China, we attempted to 
analyze sympathetic nerve activity and its dis-
tribution in the heart and kidney by replacing 
123I-MIBG with 131I-MIBG [7]. Previous studies 
have demonstrated that 131I-MIBG provides 
diagnostic accuracy comparable to that of 
123I-MIBG in quantifying sympathetic activity, 
making it a viable and reliable alternative in 
resource-limited clinical settings [8].

As is well known, the 15 min imaging mainly 
reflects the density of cardiac and renal sympa-
thetic nerve endings; the 4 h imaging mainly 
reflects the functional activity of cardiac and 
renal sympathetic nerves; and the washout 
rate (WR) mainly reflects the storage function 
of vesicles in sympathetic nerve endings [9]. 
However, there is a lack of empirical data 
directly linking renal-specific sympathetic over-
activity to invasive hemodynamic parameters 
in HFpEF patients. Filling this gap is essential 
for identifying physiological targets for emerg-
ing therapies like renal denervation (RDN).

Therefore, this study included patients with 
HFpEF who underwent left heart catheteriza-
tion for diagnosis, as well as volunteers 
matched for age, sex, and blood pressure 
whose mean left ventricular end-diastolic pres-

sure (mLVEDP) was < 10 mmHg. All participan- 
ts underwent underwent 131I-MIBG imaging to 
quantitatively assess cardiac and renal sym- 
pathetic nerve activity and to analyze its rela-
tionship with indicators of left ventricular struc-
ture and cardiac function obtained by echocar-
diography, in order to characterize cardiac and 
renal sympathetic nerve distribution and activ-
ity in patients with HFpEF. All enrolled subjects 
underwent cardiac and renal 131I-MIBG imaging 
within one week after cardiac catheterization.

Methods

Patients

The study enrolled 18 consecutive patients 
diagnosed with diastolic heart failure (HFpEF) 
according to the ESC Guidelines for the 
Diagnosis and Management of Acute and 
Chronic Heart Failure 2021 [10]. These patients 
underwent left heart catheterization because 
of unexplained exertional dyspnea not attribut-
able to respiratory diseases, formed the experi-
mental group. The exclusion of respiratory con-
ditions was confirmed in collaboration with the 
chief resident of respiratory medicine. Patients 
in the control group were matched for age, sex, 
and blood pressure. The experimental group 
comprised 9 females and 9 males, with a mean 
age of 56 years. Conversely, the control group 
included 6 females and 4 males, with an aver-
age age of 58 years.

Patients were excluded based on the following 
criteria: left ventricular ejection fraction (LVEF) 
less than 50% as indicated by echocardiogra-
phy. Age < 18 years; coronary angiography 
revealing the need for intervention because of 
coronary stenosis; diagnosis of obstructive 
sleep apnea syndrome (OSAS), congenital  
heart disease, significant valvular heart dis-
ease (beyond mild stenosis or moderate regur-
gitation), pulmonary hypertension, constrictive 
pericarditis, primary cardiomyopathy, or prior 
heart transplantation, presence of severe infec-
tions, malignant tumors, or a life expectancy of 
less than one month; and severe hepatic or 
renal dysfunction [11].

All participants underwent comprehensive 
hemodynamic catheterization at Hebei Medical 
University to ensure that dyspnea was not relat-
ed to pulmonary diseases.
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Medical ethics

This study was approved by the Ethics Com- 
mittee of the First Hospital of Hebei Medical 
University.

Experimental protocol

Subjects underwent 131I-MIBG imaging within 
one week after cardiac catheterization. Cardiac 
ultrasound and other pertinent clinical data 
were collected during hospitalization.

Left heart catheterization

Under X-ray fluoroscopy, a 6F pigtail catheter 
was inserted into the left ventricle through the 
radial artery sheath, ensuring the catheter tip 
did not contact the left ventricular wall. A high-
pressure pump facilitated left ventriculography 

to assess ventricular wall motion. Standardized 
calibration was performed to ensure the accu-
racy of invasive hemodynamic measurements. 
Left ventricular end-diastolic pressure (LVEDP) 
readings were adjusted using a level meter 
aligned with the mid-axillary line and the four- 
th intercostal space. Mean LVEDP (mLVEDP) 
was calculated as the average of five consecu-
tive calm breathing cycles, avoiding breath-
holding or Valsalva maneuvers. The mLVEDP 
and its variability (mLVEDPmax-min) were auto- 
matically recorded by a multicontact electro-
physiologic recorder while accounting for  
the effects of respiratory rate and heart rate 
variability. The mLVEDPmax-min represented the 
average difference between the maximum  
and minimum values across five consecu- 
tive resting respiratory cycles, as shown in 
Figure 1.

Figure 1. LVEDP measurement method using left cardiac catheterization. The image illustrates the methodology 
for determining LVEDP via left cardiac catheterization, displayed on a multichannel monitor. The key step involves 
identifying the peak of the R wave on the ECG component of the monitor, which marks the end of left ventricular 
diastole. A vertical line extending from the apex of the R wave intersects the left ventricular pressure waveform, pin-
pointing the instant at which LVEDP is measured. This intersection reveals the LVEDP, which is observed to fluctuate 
with respiratory cycles. The curve of LVEDP respiratory fluctuation shows a maximum and a minimum value during 
each respiratory cycle. The interval between two successive peaks, corresponding to maximum pressures, denotes 
a single respiratory cycle, demonstrates how LVEDP dynamically changes with respiration. LVEDP: left ventricular 
end-diastolic pressure.
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Diagnosing HFpEF with the straight leg raising 
test

The clinical diagnosis of HFpEF was refined by 
incorporating a straight leg raising test at 
approximately 50°, where an mLVEDP ≥ 19 
mmHg indicated HFpEF if the resting mLVEDP  
< 15 mmHg. This method, illustrated in Figure 
2, effectively identifies cryptogenic HFpEF with 
a specificity of 100%, independent of diuretic 
use [12].

Cardiac and renal 131I-MIBG imaging

The procedures for cardiac and renal 131I- 
MIBG imaging, as well as the reproducibility 
analysis of quantitative Heart and renal  
131I-MIBG imaging, are presented in the 
Supplementary Materials. 

Statistical analysis

Data analysis was conducted using SPSS for 
Windows (version 22.0). Continuous variables 
with a normal distribution are presented as 
mean ± standard deviation, whereas non-nor-
mally distributed measures are described as 
median (P25, P75). Pearson correlation coeffi-
cients were used to examine relationships 
between normally distributed variables, where-
as Spearman’s rank correlation coefficients 
were used for non-normally distributed vari-
ables. Differences between groups for normally 
distributed data were analyzed using t-tests, 
whereas the Mann-Whitney U test was used for 
non-normally distributed data. Fisher’s exact 

test was applied to compare categorical vari-
ables between groups. Bland-Altman analysis 
was used to evaluate intra- and inter-observer 
variability, as well as the reproducibility of 
131I-MIBG imaging results. Data visualization 
was supported by MedCalc and GraphPad 
Prism 2021. A p-value < 0.05 was considered 
statistically significant.

Results

As shown in Table 1, the control subjects  
were appropriately matched with the HFpEF 
group in terms of age, sex, and blood pressure, 
with no significant difference observed (age:  
56 ± 10 vs. 58 ± 13, female: 50% vs. 60%, 
SBP: 130 ± 11 mmHg vs. 136 ± 10 mmHg, 
DBP: 84 ± 6.8 mmHg vs. 81 ± 11 mmHg,  
P > 0.05). The HFpEF group exhibited a higher 
E/e’ ratio than the control group (11 ± 2 vs.  
5 ± 0.9, P < 0.05), indicating more severe  
diastolic dysfunction. Invasive hemodynamic 
measurements revealed that both mLVEDP  
and its variability mLVEDPmax-min, were signifi-
cantly higher in the HFpEF group [21 (18, 24) 
mmHg vs. 7.5 (5, 8) mmHg, 10 (7, 12) mmHg  
vs. 5 (3, 7) mmHg, respectively; P < 0.05],  
serving as the primary criteria for participant 
grouping. All participants had hypertension, 
with HFpEF patients requiring a broader range 
of medications for blood pressure manage-
ment (3 vs. 2, P < 0.05).

Analysis of 131I-MIBG imaging, as detailed in 
Tables 2 and 3, indicated no significant differ-
ences in the early and delayed heart-to-medias-

Figure 2. Clinical diagnosis of HFpEF. HFpEF: heart failure with preserved ejection fraction.
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tinum (H/M) ratios (H/M15min: 2.1 ± 0.3 vs. 
2.0 ± 0.2, and H/M4h: 2.0 ± 0.2 vs. 1.9 ± 0.2, 
P > 0.05). However, the kidney-to-mediastinum 
(K/M) ratios in both the early and delayed 

phases were significantly higher in the HFpEF 
group, approximately two- to three-fold greater 
than those in the control group (K/M15min: 
10.5 ± 2.5 vs. 3.7 ± 0.45, and K/M4h: 8.1 ± 
3.3 vs. 4.6 ± 0.3, P < 0.05). The renal washout 
rate (WR) was lower in the HFpEF group (52 ± 
2.1% vs. 56 ± 3.2%, P=0.000). 

Semi-quantitative ROI analysis of bilateral re-
nal radioactivity counts

As shown in Figure 3, rainbow-mode analysis 
revealed that the HFpEF group exhibited higher 
renal radioactivity than the non-HFpEF group 
during both the early and delayed phases, 

Table 1. Baseline characteristics
HFpEF (N=18) Non-HFpEF (N=10) χ2/t P

Age (years) 57.3 ± 13.2 54.7 ± 13.8 0.489 0.629
Female (%) 9 (50) 6 (60) 0.289 0.611
Weight (kg) 74.8 ± 17.4 65.8 ± 11.3 1.461 0.156
BMI (kg/m2) 28.1 ± 4.7 24.9 ± 3.9 1.862 0.074
BNP (ng/L) 30.0 (16.5, 108.5) 11.0 (8.4, 18.5) 0.891 < 0.0001
eGFR (ml/min/1.73 m2) 89.5 (81.6, 105.1) 90.9 (83.8, 97.6) 0.691 0.495
SBP (mmHg) 132.7 ± 10.1 134.9 ± 9.5 0.559 0.581
DBP (mmHg) 84.0 ± 7.1 81.3 ± 10.8 0.802 0.430
NYHA class (%) - -
    I 0 (0) 0 (0)
    II 7 (50) 0 (0)
    III 4 (29) 0 (0)
    IV 3 (21) 0 (0)
mLVEDP (mmHg) 19.5 (18.0, 21.8) 6.5 (5.0, 8.0) 8.594 < 0.0001
mLVEDPmax-min 10.0 (9.3, 10.0) 5.0 (5.0, 6.0) 9.143 < 0.0001
Complications
    Hypertension (%) 18 (100) 10 (100) -
    Atrial fibrillation (%) 5 (27) 0 (0) 3.382 0.066
    Type 2 diabetes (%) 8 (44) 1 (10) 3.497 0.062
Cardiac ultrasound
    LVEF (%) 62 ± 5.4 63 ± 2.6 0.548 0.588
    LAD (mm) 37 ± 6.5 30 ± 2.8 3.222 0.003
    E/e’ 11 ± 2 5 ± 0.9 8.940 0.000
Medication (%)
    ACEI/ARB 7 (38) 5 (50) 0.324 0.569
    β blocker 15 (83) 3 (30) 7.964 0.005
    Calcium antagonist (%) 6 (33) 3 (30) 0.033 0.856
    Diuretic 10 (55) 0 (0) 8.642 0.003
Number of antihypertensive drug types 3 (3, 5) 2 (2, 2) 3.691 0.001
New coronavirus infection (%) 9 (50) 6 (60) 0.289 0.611
Notes: BMI: body mass index; BNP: brain natriuretic peptide; eGFR: estimate the glomerular filtration rate; SBP: systolic blood 
pressure; DBP: diastolic blood pressure; NYHA: New York heart association; mLVEDP: mean left ventricular end-diastolic pres-
sure; LVEF: left ventricular ejection fraction; LAD: anterior-posterior left atrial diameters; ACEI/AEB: angiotensin-converting 
enzyme inhibitor/angiotensin II receptor antagonist.

Table 2. Results of cardiac 131I-MIBG imaging 

Heart 131I-MIBG HFpEF 
(N=18)

Non-HFpEF 
(N=10) t P

15 min H/M 2.1 ± 0.3 2.0 ± 0.2 0.940 0.356
4 h H/M 2.0 ± 0.2 1.9 ± 0.2 1.268 0.216
WR (%) 36 ± 3.3 28 ± 1.8 7.065 0.000
Notes: HFpEF: heart failure with preserved ejection fraction; 
MIBG: metaiodobenzylguanidine; H/M: heart-to-mediasti-
num; WR: washout rates.
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underscoring enhanced sympathetic activity in 
the kidneys of HFpEF patients.

Quantitative ROI analysis of bilateral renal ra-
dioactivity counts 

As shown in Tables 2 and 3 and Figure 4, fur-
ther analysis comparing the mean bilateral 
renal R/H ratios at 15 min and 4 h post-injec-
tion revealed that the HFpEF group had signifi-
cantly higher R/H ratios than the non-HFpEF 
group in both the early and delayed phases. 
The former was approximately two to three 
times greater than the latter (K/M15min: 10.5 
± 2.5 vs. 3.7 ± 0.45, and K/M4h: 8.1 ± 3.3 vs. 
4.6 ± 0.3, P < 0.05). These findings indicate 
heightened renal sympathetic activity in 
patients with HFpEF. 

Comparison of mLVEDP and mLVEDP variabil-
ity

Analysis revealed a significant difference in 
mLVEDP between the HFpEF and the control 
groups [21 (18, 24) mmHg vs. 7.5 (5, 8) mmHg, 
P < 0.01] (Figure 5A). Additionally, the variabili-
ty of mLVEDP, measured as the difference 
between maximum and minimum values 
(mLVEDPmax-min), also showed a statistically sig-
nificant difference between the two groups [10 
(7, 12) mmHg vs. 5 (3, 7) mmHg, P < 0.05] 
(Figure 5B). The significant difference in 
mLVEDPmax-min between HFpEF and control 
groups further suggests underlying depletion  
of cardiac functional reserve in HFpEF patients, 
warranting further investigation under hemody-
namic stress conditions [12].

Table 3. Results of kidney 131I-MIBG imaging
Kidney 131I-MIBG HFpEF (N=18) Non-HFpEF (N=10) t P
Left kidney 15 min K/M 10 ± 3.0 3.6 ± 0.5 6.641 0.000
Right kidney 15 min K/M 11.7 ± 2.0 3.9 ± 0.4 12.10 0.000
Left kidney 4 h K/M 8.3 ± 3.1 4.8 ± 0.4 3.525 0.002
Right kidney 4 h K/M 8 ± 3.5 4.5 ± 0.2 3.133 0.004
WR (%) 52 ± 2.1 56 ± 3.2 4.000 0.000
Notes: HFpEF: heart failure with preserved ejection fraction; MIBG: metaiodobenzylguanidine; K/M: kidney-to-mediastinum; 
WR: washout rates.

Figure 3. Semi-quantitative analysis of 15-min and 4-h radioactivity counts of both kidneys in rainbow mode. A and 
B. Depict the ROIs for the early phases of kidney imaging in patients with HFpEF and non-HFpEF. C and D. Illustrate 
the ROIs for the kidneys during the delayed phases of kidney imaging, respectively. The scale on the right represents 
131I-MIBG imaging in rainbow mode corrected using the same contrast standard. HFpEF: heart failure with preserved 
ejection fraction.
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Discussion

The interplay between cardiovascular neuro-
modulation and heart failure progression 
underscores the critical role of sympathetic 
overactivation in patient outcomes, as initially 
proposed by Prof. Floras in 2009 [13]. Althou- 
gh initially adaptive, this sympathetic response 
eventually becomes deleterious and is com-
pounded by diminished vagal reflexes that fail 
to buffer sympathetic outflow [14]. Renal dener-
vation studies in rats and clinical trials have 

Abnormal sympathetic nervous system (SNS) 
activation is pivotal in the development and 
prognosis of HFpEF’s , with both preclinical and 
clinical studies underscoring the role of SNS 
hyperactivation irrespective of hypertension 
[22, 23].

Novelty of our findings

Our study is the first to delineate the critical 
role of SNS overactivity in HFpEF, representing 
a significant advancement in understanding 

Figure 4. Comparison of mean values of bilateral renal R/H values. A. R/H 
ratio in 15 min between two groups; B. R/H ratio in 4 hours between two 
groups. R/H: renal to heart; HFpEF: heart failure with preserved ejection 
fraction.

echoed these findings, high-
lighting the link between 
excessive sympathetic activity 
and the development of heart 
failure [15, 16].

Quantitative analysis of ren- 
al sympathetic nerve activi- 
ty using 131I-MIBG imaging 
underscores the heighten- 
ed sympathetic activation in 
HFpEF patients compared 
with controls, affirming the 
role of renal sympathetic sys-
tem overactivation in HFpEF 
[17].

HFpEF, constituting approxi-
mately half of all heart failure 
cases, has emerged as a 
major research focus over the 
past decade [18]. Despite ini-
tial perceptions of HFpEF as a 
less severe form of heart fail-
ure, recent studies suggest 
that it has become the pre-
dominant type of heart fail- 
ure, challenging previous ex- 
pectations regarding morbidi-
ty and mortality [19]. HFpEF  
is characterized by impaired 
myocardial relaxation and 
compliance, leading to con-
gestive heart failure because 
of ineffective diastolic filling 
and increased left-sided car-
diac loading [20]. Hyper- 
tension, a leading cause of 
HFpEF, exacerbates left ven-
tricular diastolic dysfunction 
and increases cardiac mass 
due to chronic intraventri- 
cular pressure overload [21]. 

Figure 5. Comparison of mLVEDP and mLVEDP variability. A. mLVE- 
DP beween two groups; B. mLVEDP variability beween two groups. The 
mLVEDPmax-min, which indicates the variability of mLVEDP, represents the av-
erage difference between the maximum and minimum values across five 
consecutive resting respiratory cycles Comparison of mLVEDP and mLVEDP 
Variability. mLVEDP: mean left ventricular end-diastolic pressure.
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the pathophysiological mechanisms underly- 
ing this condition. As shown in Tables 2 and 3 
and Figure 3, by semi-quantitatively and quan-
titatively assessing cardiac and renal sympa-
thetic nerve activity through 131I-MIBG imaging 
in HFpEF patients, we unveiled a previously 
underrecognized aspect of HFpEF that may 
have substantial implications for its manage-
ment and treatment strategies.

Implications for renal sympathetic denervation

Moreover, our findings highlight the potential of 
renal sympathetic denervation as a promising 
therapeutic strategy for patients with HFpEF. 
The significantly increased renal sympathetic 
activity observed in HFpEF patients compared 
with controls not only underscores the impact 
of SNS hyperactivation on the development of 
HFpEF but also suggests that targeting this 
overactivity through renal denervation may 
offer a novel avenue for alleviating HFpEF symp-
toms and improving patient outcomes. 

Correlation analysis is presented in the 
Supplementary Materials. 

Limitations

Limited by the availability of 123I-MIBG in China, 
we attempted to analyze sympathetic nerve 
activity and its distribution in the heart and  
kidney using 131I-MIBG imaging. In addition, the 
findings of this single-center retrospective 
case-control study are constrained by its limit-
ed sample size and the high cost and limited 
accessibility of 131I-MIBG imaging. The consis-
tent use of antihypertensive medications 
among participants and the reluctance to dis-
continue these medications may also have 
influenced the study outcomes.

Conclusion

Quantitative analysis of renal sympathetic 
nerve activity using 131I-MIBG imaging sug- 
gests that sympathetic activation in HFpEF 
patients is markedly increased compared with 
that in normal controls, with the former being 
approximately two to three times greater than 
the latter. These findings further suggest that 
patients with HFpEF may benefit from renal 
denervation.
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Supplementary Materials

Cardiac and renal 131I-MIBG imaging

To protect the thyroid gland from 131I uptake, participants received 0.30-0.50 ml of compound iodine 
solution three times daily, starting three days prior to the imaging procedure and continuing for one 
week afterwards. Those on anti-hypertension medications maintained their regimen throughout the 
study. For imaging, subjects were administered 3 mCi of 131I-MIBG through a bolus injection into the 
elbow vein. Anterior planar whole-body images were captured using a Precedence 6 SPECT/CT imaging 
system (PHILIPS, Netherlands) at 15 minutes and 4 hours post-injection.

As shown in Supplementary Figure 1, the heart-to-mediastinum (H/M) and kidney-to-mediastinum (K/M) 
radioactivity count ratios were determined by identifying the regions of interest (ROI) that highlighted 
the myocardial and renal uptake rates of 131I-MIBG. The washout rates (WR) for both the heart and kid-
neys was calculated based on the early and delayed phase radioactivity counts. To ensure accuracy, ROI 
delineation for cardiac and renal imaging was independently performed twice by two experienced 
radiologists.

Supplementary Figure 1. ROIs of heart and kidney. (A and B) depict the anterior position SPECT camera acquisi-
tions for the heart, highlighting the regions of interest (ROIs) drawn for the 15-minute and 4-hour post-injection time 
points, respectively. (C and D) showcase the posterior position SPECT camera acquisitions for the kidneys, with ROIs 
similarly drawn for the 15-minute and 4-hour intervals.

Reproducibility of quantitative heart and renal 131I-MIBG imaging

Bland-Altman analysis showed acceptable reproducibility of calculating 131I-MIBG heart and renal wash-
out. As shown in Supplementary Figure 2, the limits of agreement for inter-and intra-observer reproduc-
ibility of repeat processing of WR of heart from 28 images were 9.0% (r=0.92) and 8.9% (r=0.93), and 
of kidney were 8.7% (r=0.95) and 8.8% (r=0.94), respectively. 
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Supplementary Figure 2. Bland-Altman analyses. (A and B) present the Bland-Altman analyses for intra-observer 
variability, while (C and D) illustrate the inter-observer variability of 131I-MIBG WR in the heart and kidneys among 
the 28 patients, respectively. The analyses’ central point marks the mean difference between the two WR assess-
ments. The upper and lower red dashed lines define the limits of agreement, set at 1.96 standard deviations (SD) 
from the mean.

Correlation analysis

As shown in Supplementary Figure 3, by Pearson analysis of the baseline data of all enrolled patients 
we found that E/e’ and the anteroposterior diameter of the left atrium (LAD) showed a positive correla-
tion (r=0.65). As shown in Supplementary Figure 4, through the study we also found that LVEDP in 
HFpFF patients showed a positive correlation with E/e’ (ρ=0.50). Cardiorenal sympathetic activation 
was synchronized in both early and delayed phases (a positive correlation, ρ=0.52), which shows that 
systemic sympathetic overdrive in HFpEF patients, potentially moderated by the use of selective β1 
blockers. Additionally, renal WR correlate positively (ρ=0.56)with early-phase K/M ratios, indicating 
increased norepinephrine reuptake by renal sympathetic nerve endings, a key factor in the observed 
radioactivity increase in HFpEF patients’ kidneys [1]. 

Interestingly, brain natriuretic peptide (BNP) levels in HFpEF patients do not align with the severity of 
congestive symptoms, suggesting a possible BNP deficiency or insensitivity in this population. The 
evolving understanding of HFpEF’s inflammatory underpinnings, distinct from heart failure with reduced 
ejection fraction, calls for reevaluation of diagnostic and therapeutic strategies, including the role of 
BNP and the efficacy of renal denervation [2].

As shown in Supplementary Figure 4, our findings on the correlation between LVEDP and E/e’ ratios, 
alongside the observed increase in left atrial anteroposterior diameter, underscore the complex patho-
physiology of HFpEF and the potential for symptomatic progression due to compromised cardiac func-
tional reserve [3]. 
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Supplementary Figure 3. Pearson correlation analysis of baseline data. LAD: anteroposterior diameter of the left 
atrium. The Pearson correlation coefficient is denoted by r.

Supplementary Figure 4. Spearman correlation analysis of the HFpEF group. HWR%: washout rate of heart; KWR%: 
washout rate of kidney. The Spearman correlation coefficient is denoted by ρ. The red circle in Supplementary 
Figures 3 and 4 represents positive correlation, the blue circle represents negative correlation, and the darker the 
color, the stronger the correlation, and vice versa. The number on the top right of the image represents the corre-
sponding correlation coefficient.
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