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Abstract: Background: The variation in lung fluid levels dependent on chronotype in patients with
chronic heart failure is unclear. Remote dielectric sensing (ReDS™) is a novel non-invasive system
to quantify the lung fluids, which may correlate to intracardiac filling pressures. We aimed to
understand the variation in ReDS measurements by chronotype in patients with chronic heart failure.
Methods: The patients who were hospitalized for heart failure exacerbations between November
2021 and March 2022 were prospectively included. ReDS values were measured at clinically stable
conditions at the following three time points during the day: 5:00 (morning), 12:00 (noon), and 21:00
(night) (manufacture-recommended reference of ReDS value: between 25% and 35%). Results: Twelve
patients were included. The median age was 84 (75, 90) years and four patients (33%) were men. The
median plasma B-type natriuretic peptide was 235 (178, 450) pg/mL. The median ReDS value was
38% (23%, 41%) in the morning. The ReDS value decreased significantly at the noon measurement,
down to 28% (23%, 29%) (p = 0.005) and again increased significantly at the night measurement, up
to 31% (27%, 42%) (p = 0.002). The patients were clinically stabilized during the observational period.
Conclusions: the lung fluid level varied considerably in patients with chronic heart failure following
clinical stabilization.
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1. Introduction

Variations in human physiology, as exhibited in changes in blood pressure, heart rate,
and metabolism, occur over the course of sleep-wake cycles with specific regulation by
circadian sleep-wake cycles [1]. Patients with heart failure have unique chronotypes, which
may also contribute to changes in day—night vital signs to intracardiac filling pressures,
although rigorous data evaluating this question is lacking [2]. For example, the timing
of onset of cardiovascular disease, including heart failure, stroke, and acute coronary
syndrome, seems to have specific unique trends during the day.

Pulmonary congestion may worsen later in the day, as the effect of neurohormonal
agents wane for those who take medical therapy in the morning, whereas pulmonary
congestion may be at a nadir mid-day, following the true effect of medical therapy and
drops in morning cortisol levels. Of note, changes in lung fluid levels, which often correlate
with intracardiac filling pressures and degree of pulmonary congestion [3], by chronotype
remains uncertain in patients with chronic heart failure. Thus, we hypothesized that there
may be a unique chronotype that explains these potential differences between day and
night. Considerable day—night variation data in these important clinical parameters may
better inform the clinician on appropriate therapeutic interventions.

The remote dielectric sensing (ReDSTM, Sensible Medical Innovations Ltd., Netanya,
Israel) system is a novel electromagnetic-based method to quantify lung fluid levels with
robust inter-rater and intra-rater reliability (Figure 1) [4-6]. According to the previous
studies, ReDS values had an acceptable correlation with pulmonary capillary wedge
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pressure, measured by right heart catheterization and lung fluid amounts, calculated
by high-resolution computed tomography in patients with chronic heart failure [7,8].

Figure 1. A ReDS system, which consists of a monitor and a sensor unit.

In this prospective study, we measured ReDS values successively during the day in
patients with chronic heart failure as a primary concern, to better understand the chronotype
of lung fluid levels.

2. Methods
2.1. Participant Selection

The patients who were hospitalized to treat decompensated heart failure were consid-
ered for inclusion in this prospective study, following clinical stabilization by the inpatient
treatment team. Following comprehensive informed consents, ReDS values were measured
at the following three times during the day: 5:00 (morning), 12:00 (noon), and 21:00 (night).
In the morning, the ReDS value was measured under fasting conditions before taking any
medications, including diuretics.

2.2. ReDS System

ReDS values were measured at sitting position, according to the manufacture-recommended
methodology [4]. ReDS employs low-power electromagnetic signals emitted between two
sensors embedded on the wearable devices (Figure 1). The manufacture-recommended
reference range is between 25% and 35%.

2.3. Statistical Procedures

All continuous data are presented as median with interquartile range. Categorical data
are presented as numbers and percentages. The trends of the ReDS values were analyzed
using the Friedman test and post-hoc Wilcoxon signed-rank test. Statistics were performed
using SPSS Statistics 23.0 software (IBM Corp, Armonk, NY, USA). Two-sided p values less
than 0.05 were considered significant.

3. Results
3.1. Baseline Characteristics

A total of 12 patients who were hospitalized for decompensated heart failure were
included (Table 1). The median age was 84 (75, 90) years and four patients (33%) were men.
Half of the patients had a history of previous heart failure hospitalization; no patient had a
history of chronic obstructive pulmonary disease. The median plasma B-type natriuretic
peptide was 235 (178, 450) pg/mL and left ventricular ejection fraction was 59% (56%, 62%).
Half of the included patients were on diuretics prior to admission.
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Table 1. Baseline characteristics.

N=12
Demographics
Age, years 84 (75, 90)
Men 4 (33%)
Body mass index 21.7 (20.2,22.9)
Comorbidity
Hypertension 10 (83%)
Diabetes mellitus 5 (42%)
Atrial fibrillation 3 (25%)
Chronic obstructive pulmonary disease 0 (0%)
Ischemic heart disease 6 (50%)
History of stroke 2 (17%)
Peripheral artery disease 0 (0%)
History of previous heart failure admission 6 (50%)
Laboratory data
Hemoglobin, g/dL 11.7 (104, 13.2)
Serum albumin, g/dL 3.6(3.2,3.9)
Serum sodium, mEq/L 139 (137, 141)
Serum potassium, mEq/L 4.3 (3.8,4.6)
Serum total bilirubin, mg/dL 0.5 (0.5,0.7)
Estimated glomerular filtration ratio, mL/min/1.73 m?2 47 (39, 62)
Serum C-reactive protein, mg/dL 0.3 (0.1, 0.9)
Plasma B-type natriuretic peptide, pg/mL 235 (178, 450)
Echocardiography
Left ventricular end-diastolic diameter, mm 51 (44, 53)
Left ventricular ejection fraction, % 59 (56, 62)
Mild or greater mitral regurgitation 3 (25%)
Mild or greater tricuspid regurgitation 2 (17%)

E/A ratio
Inferior vena cava diameter expiratory/inspiratory, mm

E/e’ ratio

Medication

Beta-blocker

Renin-angiotensin system inhibitor
Mineralocorticoid receptor antagonist
SGLT2 inhibitor

Diuretics

0.74 (0.56, 1.15)
11 (8,15)/6 (4,7)
12.4 (10.1, 14.3)

9 (75%)
7 (58%)
4 (33%)
4 (33%)
6 (50%)

3.2. Chronotype of ReDS Values

The trend of the ReDS values varied considerably during the day, following initial
clinical stabilization (p = 0.001; Figure 2A,B). In the early morning, the median ReDS value
was 38% (23%, 41%). The ReDS value decreased significantly to 28% (23%, 29%) at noon
(p =0.005), and then increased significantly at the night measurement up to 31% (27%,
42%) (p = 0.002). The systolic blood pressure and heart rate showed a similar trend. The
systolic blood pressure was 129 (115, 38) mmHg, 121 (117, 130) mmHg, and 125 (118, 128)
mmHg (p = 0.035). The heart rate was 79 (69, 88) bpm, 76 (68, 77) bpm, and 77 (73, 82) bpm

(p =0.022).

Seven patients had a ReDS value of >35% in the early morning, which had no signifi-
cant association with the baseline characteristics (p > 0.05 for all).
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Figure 2. Trends of ReDS values during the day expressed as median values (A) and individual
absolute values (B). Trends were assessed using Friedman test and post-hoc Wilcoxon signed-rank
test. * p < 0.05.

4. Discussion

In this preliminary proof-of-concept prospective study, we observed a unique chrono-
type of lung fluid levels, as quantified by the ReDS system. Overall, lung fluid levels were
highest in the morning, with subsequent decreases during the day and an uptrend at night.

4.1. Chronotype of Cardiovascular Parameters

In patients with chronic heart failure, sympathetic tone can be abnormally elevated at
night, as observed with incremental changes in blood pressure and heart rate [9]. Addi-
tionally, endothelial dysfunction in patients with chronic heart failure may further increase
peripheral vascular constriction. The activation of plasma arginine vasopressin and renin-
angiotensin systems may be exaggerated during the night hours, which may increase
stressed blood volume [10]. These mechanisms may explain the potential increase in
pulmonary congestion, which in turn triggers heart failure exacerbation [2]. Our find-
ings support this theory, as we observed higher ReDS values in both the night and early
morning measurements. Consistently, using another modality impedance cardiography,
nocturnal whole thoracic volume overload, instead of pulmonary congestion, was recently
observed [11].

4.2. Other Factors Associated with Chronotype of Lung Fluid Levels

Another trigger of acute heart failure during the night measurement is body posi-
tion. The supine position increases venous return and worsens pulmonary congestion
in patients with chronic heart failure, as we also demonstrated with the ReDS system
measurements [12]. Of note, ReDS values were measured in this study at sitting position,
instead of spine position. The patients also received their medications, including diuretics,
following the ReDS measurements in the morning. This would be another reason for lower
ReDS values during the day time.

4.3. Study Limitations

This is a preliminary proof-of-concept study and has several limitations. This study
consists of a small sample size. We included patients with chronic heart failure following
clinical stabilization and most of the ReDS values were within the manufacture-suggested
normal range. The findings in this study are not applicable to patients with acute heart
failure requiring ongoing medical optimization. Furthermore, the ReDS values were
measured in a sitting position while patients were awake, and not recorded during periods
of sleep.
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4.4. Conclusions

The ReDS system is a novel and promising device to quantify the amount of lung fluid
with a reference between 25% and 35%. We observed clinically significant variations in the
values between 28% (noon) and 38% (morning) during the observed measurement period.
These unique time-varying differences may inform the clinician as to when therapies may
be dosed to ensure longer periods of clinical stability.

Author Contributions: Conceptualization, T.I.; methodology, T.I.; software, T.I; validation, KK.;
formal analysis, T.L; investigation, Y.U.; resources, T.I.; data curation, Y.U.; writing—original draft
preparation, T.I; writing—review and editing, N.N.; visualization, T.I.; supervision, K.K.; project
administration, T.I.; funding acquisition, K.K. All authors have read and agreed to the published
version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Data acquisition and analysis was performed in compliance
with the protocol approved by the Ethical Committee of the University of Toyama (ethical approval
number MTK2020007). Written informed consent was obtained from all participants prior to study.

Informed Consent Statement: Informed consent was obtained from all participants prior to the study.
Data Availability Statement: Data are available upon reasonable reasons from the corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

Crnko, S.; Du Pré, B.C,; Sluijter, ].P.G.; Van Laake, L.W. Circadian rhythms and the molecular clock in cardiovascular biology and
disease. Nat. Rev. Cardiol. 2019, 16, 437-447. [CrossRef] [PubMed]

Matsushita, M.; Shirakabe, A.; Hata, N.; Shinada, T.; Kobayashi, N.; Tomita, K.; Tsurumi, M.; Shimura, T.; Okazaki, H.; Yamamoto,
Y.; et al. Association between the admission time and the clinical findings in patients with acute heart failure. J. Cardiol. 2013, 61,
210-215. [CrossRef] [PubMed]

Uriel, N.; Sayer, G.; Imamura, T.; Rodgers, D.; Kim, G.; Raikhelkar, ].; Sarswat, N.; Kalantari, S.; Chung, B.; Nguyen, A; et al.
Relationship Between Noninvasive Assessment of Lung Fluid Volume and Invasively Measured Cardiac Hemodynamics. J. Am.
Heart Assoc. 2018, 7, €009175. [CrossRef] [PubMed]

Amir, O.; Rappaport, D.; Zafrir, B.; Abraham, W.T. A Novel Approach to Monitoring Pulmonary Congestion in Heart Failure:
Initial Animal and Clinical Experiences Using Remote Dielectric Sensing Technology. Congest. Heart Fail. 2013, 19, 149-155.
[CrossRef] [PubMed]

Sattar, Y.; Zghouzi, M.; Suleiman, A.-R.M.; Sheikh, A.; Kupferman, J.; Sarfraz, A.; Arshad, J.; Mir, T.; Ullah, W.; Pacha, H.M.; et al.
Efficacy of remote dielectric sensing (ReDS) in the prevention of heart failure rehospitalizations: A meta-analysis. |. Community
Hosp. Intern. Med. Perspect. 2021, 11, 646-652. [CrossRef] [PubMed]

Lala, A.; Barghash, M.H.; Giustino, G.; Alvarez-Garcia, ].; Konje, S.; Parikh, A.; Ullman, J.; Keith, B.; Donehey, J.; Mitter, S.S.; et al.
Early use of remote dielectric sensing after hospitalization to reduce heart failure readmissions. ESC Heart Fail. 2020, 8, 1047-1054.
[CrossRef] [PubMed]

Imamura, T.; Gonoi, W.; Hori, M.; Ueno, Y.; Narang, N.; Onoda, H.; Tanaka, S.; Nakamura, M.; Kataoka, N.; Ushijima, R.; et al.
Validation of Noninvasive Remote Dielectric Sensing System to Quantify Lung Fluid Levels. J. Clin. Med. 2021, 11, 164. [CrossRef]
[PubMed]

Imamura, T.; Hori, M.; Ueno, Y.; Narang, N.; Onoda, H.; Tanaka, S.; Nakamura, M.; Kataoka, N.; Sobajima, M.; Fukuda, N.;
et al. Association between Lung Fluid Levels Estimated by Remote Dielectric Sensing Values and Invasive Hemodynamic
Measurements. J. Clin. Med. 2022, 11, 1208. [CrossRef] [PubMed]

Portaluppi, F.; Montanari, L.; Ferlini, M.; Vergnani, L.; D’Ambrosi, A.; Cavallini, A.R.; Bagni, B.; degli Uberti, E. Consistent
changes in the circadian rhythms of blood pressure and atrial natriuretic peptide in congestive heart failure. Chronobiol. Int. 1991,
8, 432-439. [CrossRef] [PubMed]

Manfredini, R.; Gallerani, M.; Portaluppi, F; Fersini, C. Relationships of the Circadian Rhythms of Thrombotic, Ischemic,
Hemorrhagic, and Arrhythmic Events to Blood Pressure Rhythms. Ann. N. Y. Acad. Sci. 1996, 783, 141-158. [CrossRef] [PubMed]
Chang, H.; Huang, C.; Cheng, H.; Yu, W.; Chiang, C.; Sung, S.; Chen, C. Nocturnal thoracic volume overload and post-discharge
outcomes in patients hospitalized for acute heart failure. ESC Heart Fail. 2020, 7, 2807-2817. [CrossRef] [PubMed]

Imamura, T.; Hori, M.; Koi, T.; Fukui, T.; Oshima, A.; Fujioka, H.; Ueno, Y.; Onoda, H.; Tanaka, S.; Fukuda, N.; et al. Relationship
Between Body Posture and Lung Fluid Volume Assessed Using a Novel Noninvasive Remote Dielectric Sensing System. Circ.
Rep. 2022, 4, 25-28. [CrossRef] [PubMed]


http://doi.org/10.1038/s41569-019-0167-4
http://www.ncbi.nlm.nih.gov/pubmed/30796369
http://doi.org/10.1016/j.jjcc.2012.10.004
http://www.ncbi.nlm.nih.gov/pubmed/23280417
http://doi.org/10.1161/JAHA.118.009175
http://www.ncbi.nlm.nih.gov/pubmed/30571493
http://doi.org/10.1111/chf.12021
http://www.ncbi.nlm.nih.gov/pubmed/23350643
http://doi.org/10.1080/20009666.2021.1955451
http://www.ncbi.nlm.nih.gov/pubmed/34567456
http://doi.org/10.1002/ehf2.13026
http://www.ncbi.nlm.nih.gov/pubmed/33336881
http://doi.org/10.3390/jcm11010164
http://www.ncbi.nlm.nih.gov/pubmed/35011905
http://doi.org/10.3390/jcm11051208
http://www.ncbi.nlm.nih.gov/pubmed/35268298
http://doi.org/10.3109/07420529109059178
http://www.ncbi.nlm.nih.gov/pubmed/1840179
http://doi.org/10.1111/j.1749-6632.1996.tb26713.x
http://www.ncbi.nlm.nih.gov/pubmed/8853639
http://doi.org/10.1002/ehf2.12881
http://www.ncbi.nlm.nih.gov/pubmed/32681759
http://doi.org/10.1253/circrep.CR-21-0130
http://www.ncbi.nlm.nih.gov/pubmed/35083385

	Introduction 
	Methods 
	Participant Selection 
	ReDS System 
	Statistical Procedures 

	Results 
	Baseline Characteristics 
	Chronotype of ReDS Values 

	Discussion 
	Chronotype of Cardiovascular Parameters 
	Other Factors Associated with Chronotype of Lung Fluid Levels 
	Study Limitations 
	Conclusions 

	References

